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Background of the project 

 

One of the main objectives for fisheries management as agreed at the Intermediate Ministerial Meeting in 

Bergen in 1997 by the ministers responsible for the protection of the environment of the North Sea and for 

fisheries as well as the European Commission is “to achieve sustainable exploitation of the living marine 

resources, thereby securing a high yield of quality food”. 

The precautionary approach in fisheries management and responsible fishing have played a central role in 

international conferences and agreements on sustainable exploitation of fish stocks in recent years (e.g. The 

Rio Declaration of the UN Conference on Environment and Development, FAO Code of Conduct for 

Responsible Fisheries, The United Nations Conference on Straddling Fish Stocks and Highly Migratory Fish 

Stocks). The implementation of the precautionary approach has been identified in these meetings as the 

central task for future fisheries management strategies. 

An integral part of applying the precautionary approach is the determination of key stock reference points, 

with a priority set for limit biological reference points that result in medium- and long-term sustainability of the 

stock. A crucial factor in determining the biological reference points is the quantification of processes causing 

recruitment variability and uncertainties in stock and recruitment parameters. Presently, ICES Assessment 

Working Groups develop reference points based mainly on single species considerations, thus being 

susceptible to failure due to multispecies interactions (e.g. predator/prey) or fluctuating environmental 

conditions (e.g. deep water oxygen conditions in the Baltic). 

A first prerequisite of accepted management strategies is that there is a quantifiable relationship between 

spawning stock (or some more precise measure of viable egg production) and recruitment. Such a 

relationship is in general very difficult to derive from given time series of stock and recruitment observations 

due to the large environmentally-induced variation in recruitment success. In practice, target values 

identifying recruitment-limiting stock sizes are generally poorly defined and are often taken simply as the 

lowest value of spawning stock size recorded for a specific stock. Depending on the available time series 

and observed range of variation in stock size, the perceived limit value can be very different, giving different 

implications for the long-term exploitation levels and sustainable yield. It is clear that the potential for 

reducing a fish stock to a range of recruitment-limiting stock sizes, or to commercial extinction, appears to be 

high if the stock is at a low level and environmental conditions are prohibitive for recruitment success. 

In the case of cod in the Baltic, there is some evidence of a relationship between spawning stock biomass 

and recruitment. However, this relationship is sensitive to environmental conditions and trophic interactions. 

For example, low oxygen concentrations at cod spawning sites and clupeid predation on cod eggs have both 

been shown to be important determinants of recruitment. The close coupling between cod and sprat, where 

sprat, the principal prey of adult cod influence the predators reproductive success via consumption of cod 

eggs at high sprat stock levels and possibly via reduced viable egg production at low sprat availability, 

necessitates the inclusion of this species in management initiatives on cod. Sprat and cod spawn in the 

same areas in the Baltic, with overlapping spawning periods, however, the spawning strategy and 

recruitment success of sprat is very different from cod. Typically sprat produces a series of year-classes 

below average and then one or two very abundant year classes. The limiting environmental factor for 

reproductive success of sprat appears to be temperature in the intermediate water layer which influences 
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egg mortality. These processes are currently not considered in the management of Baltic cod, but we 

hypothesize that: 

 

a)  different environmental regimes are identifiable, 

b)  their effects on recruitment are quantifiable and as a result, 

c)  different fishing strategies based on these regimes may be justifiable. 

 

If critical spawning stock sizes or threshold egg production values are not adapted to long-term variations in 

the environmental regime, especially the cod population in the Baltic may be at risk of recruitment failure due 

to unfavourable combinations of biotic and abiotic variables, although being above any minimum level 

showing still successful recruitment in the historical data set so far. 

 

Objectives 

 

The objectives of the research project are to: 

 

1. Determine stock-recruitment relationships for Baltic cod and sprat in relation to key 

environmental factors influencing the production of viable spawn and the survival of early life 

history stages. 

2. Improve short-term predictions of stock development by integrating recruitment estimates based 

on the present status of the stock and its biotic and abiotic environment. 

3. Develop predictive recruitment models for medium- to long-term forecasts of stock development 

under different environmental and fishery scenarios. 

4. Estimate biological management reference points, critical stock limits and target spawning stock 

sizes based on stock-recruitment relationships and stock development simulation models, and 

considering the precautionary approach for fisheries management. 

 

By addressing these objectives, the project provides a contribution to the GLOBEC Regional Programmes: 

“Cod and Climate Change” (ICES-CCC) and “Small Pelagic Fishes and Climate Change” (SPACC). 

 

 

Research tasks 

 

The key questions to be answered by the project are: how do environmental factors influence the stock-

recruitment relationship for cod and sprat stocks in the Baltic and what are the implications of variations in 

these factors for the use of biological reference points and critical stock limits in the management of the 

fisheries. These questions will be addressed by following tasks: 
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1) Evaluating the accuracy of the spawning stock biomass as a measure of viable egg production 

by: 

a) determining the reproductive potential of the stocks in relation to size and structure of the 

spawning stocks, sex ratios, maturation processes and spatial distribution of the populations;  

b) determining the viability of the produced eggs in relation to parental growth conditions and 

contamination with toxic substances. 

2) Resolving the direct impact of hydrographic factors on the fertilization and developmental 

success of cod and sprat eggs and early larvae by field and laboratory experiments. 

3) Identifying and describing the hydrographic, oceanographic and behavioural processes 

influencing growth, survival and distribution of young of the year cod and sprat and determining 

the component of the spawning stock contributing to recruitment through the examination of 

survivor characteristics. 

4) Developing and employing combined drift and feeding models to ascertain the potential role that 

interannual hydrographic variability has on survival and growth of eggs and larvae. 

5) Determining the impact of predation on early life stages of cod and sprat caused by clupeids. 

Extending the time series of stock and recruitment estimates of cod and sprat utilizing MSVPA. 

This includes a dis-aggregation of stock and recruitment estimates into different spawning areas 

characterized by specific environmental conditions. 

6) Integrating the findings of the previous tasks into new recruitment models and thereby assess 

the utility of such models in management applications, e.g. simulation of medium- to long-term 

stock development scenarios under different environmental conditions and fishing activities, 

forecasts of annual recruitment ranges to be used as input in short-term stock predictions, 

determining Safe Biological Limits (SBL) and biological reference points and their sensitivity to 

environmental perturbations. 
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Achievements and Conclusions 

 

1. Viable egg production for Baltic cod and sprat 

1.1  Estimate how the spatial distribution and stock composition of cod and sprat 
vary temporally and seasonally in relation to stock size and environmental 
conditions 

 

Introduction 

Cod and sprat aggregate in the deep Baltic basins to spawn, having largely overlapping spawning areas and 

spawning times. However, they show different spawning behaviour, vertical distribution and diurnal migration 

patterns. Sprat is a major prey of the top-predator cod, however, sprat also preys on early life stages of cod, 

both processes depending heavily on the fine- to meso-scale spatial and temporal predator/prey overlap. 

Furthermore, hydrographic conditions conducive for cod and sprat egg survival and food supply for larval as 

well as juvenile and adult life stages may vary considerably not only between, but also within spawning 

areas. Thus, the distribution of the spawning effort within and between spawning areas appears to be of 

importance for the reproductive success. 

This subtask utilizes research survey data to test the hypothesis that the small-scale vertical and meso- to 

large-scale horizontal distribution of cod and sprat vary with stock sizes and hydrographic conditions. The 

studies cover a description of the stock structure of cod and sprat populations and their vertical and 

horizontal distribution during spawning periods in relation to environmental conditions, specifically 

addressing: 

a) within survey and within Sub-division distribution, to study the small- to mesocale hydrographic processes 

affecting the vertical and horizontal distribution, 

b) intra-annual and within Sub-division distribution, to resolve the aggregation pattern in spawning season 

and areas, 

c) intra-annual and between Sub-division distribution, to describe larger scale shifts in distribution between 

seasons in dependence of ambient environmental conditions considering fishing activities, 

d) inter-annual and within Sub-division distribution, to determine the impact of changing environmental 

conditions on aggregation patterns within spawning areas, considering also stock structure and related 

maturation processes, 

e) inter-annual and between Sub-division distribution and abundance characterizing varying population 

development and large scale shifts in the distribution of the stocks. 

 

Results and Discussion 

A depth stratified pelagic trawl survey conducted in the Bornholm Basin in early July 1999 confirmed that 

oxygen conditions in the bottom water limits the vertical distribution of cod, and enabled determination of a 

corresponding threshold value. At intermediate level of oxygen concentration no clear dependence of catch 
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rates on oxygen conditions was detected. However, at higher oxygen concentrations catch rates declined 

sharply, which is related to the preference to higher salinities resulting in cod concentrations in and below the 

halocline characterised by salinities above 11 PSU. In contrast, for sprat no salinity preference was 

detectable within the ranges available. However, the reaction of sprat to low oxygen concentrations was very 

similar to cod, with occasionally higher catch rates at low oxygen saturation. An analysis of hydroacoustic 

data from May/June 1999 and 2001 revealed a corresponding oxygen tolerance for sprat of 1 ml/l oxygen 

concentration. During the trawl survey conducted in July 1999 as well as during summer hydroacoustic 

surveys (e.g. August 2001) sprat utilize the intermediate water as habitat, but in all these occasions the 

prevailing temperature in this water layer was above 4°C, while it is normally colder earlier in the year. 

Hydroacoustic surveys in May/June 1999 and 2001 indicated an avoidance of this water layer at 

temperatures below 4°C. This corresponds to results from hydroacoustic surveys conducted 1992-2000 in 

eastern sprat spawning areas. Outside the basins, in areas where no halocline was present, sprat were 

distributed throughout the water column in larger, more patchy distributed shoals. The gonadal maturation 

stage did not affect the distribution of sprat, i.e. sprat encountered outside the main Bornholm Basin had in 

May/June 1999 on average the same gonadal maturation stage than inside the basin. In contrast, earlier 

observations within the CORE project showed that cod encountered outside the Bornholm Basin were less 

progressed in their gonadal maturation. 

Based on results of the depths stratified trawl survey the distributional overlap volume of cod and its prey 

sprat and herring was estimated for the Bornholm Basin. Only a fraction of the sprat population vertically 

overlapped with the cod population. Sprat occurred in the intermediate water layer, in the halocline, and in 

the bottom water, while herring and cod occurred exclusively in the halocline and in the bottom water. Only 

parts of the sprat population were hence accessible for cod, and only a fraction of the sprat had access to 

cod eggs floating in and below the halocline. Cod-clupeid overlap volumes in summer appear to be 

determined by salinity stratification and oxygenation of the bottom water. Time series of corresponding 

hydrographic variables were used to estimate average habitat volumes and overlap indices for summer 

periods 1958-1999. 

An increase in relative catch rates of cod in the Bornholm Basin throughout the spawning season, as 

determined from trawl surveys conducted in February to August 1996, with a concurrent decrease of catch 

rates in the Gdansk Deep and the Gotland Basin, suggests that fractions of the adult stock migrate from the 

Gotland and Gdansk Deep to the Bornholm Basin for spawning. Catch rates from surveys covering the 

Bornholm Basin during spawning times 1995-1999, showed a consistent pattern with similar proportional 

increases in CPUE as observed in 1996, despite the decline in stock density over time. 

The seasonal development of age-group 2 catch rates in Latvian bottom trawl surveys conducted in Sub-

division 28 indicates a migration of these juveniles from southern nursery areas in Sub-division 26 into the 

Gotland Basin. This has been confirmed by a comparative analysis of the distribution of age-group 1 and 2 

as obtained by the international bottom trawl survey conducted in the 1. quarter. The analysis, in 

combination with drift modelling, has furthermore demonstrated, that high abundances of age-group 1 cod in 

southern Sub-division 26 may originate from successful spawning activity in the preceding year in the 

Bornholm Basin. In addition, the analysis of catch rates from the international trawl survey revealed 

substantial changes of the cod abundance and distribution with time, i.e. a depletion of the spawning stock in 

the eastern Baltic basins with intermediate signs of recovery in Sub-division 26, but not in Sub-division 28. In 



Final Consolidated Report  Executive Summary 
 

 7 

contrast, in Sub-division 25 the hydrographic conditions did allow a regular reproduction and the major part 

of the remaining spawning stock concentrated in the Bornholm Basin. 

Concurrent to a decline in cod stock size since the early 1980s, the majority of the stock concentrated in 

western distribution areas. The international bottom trawl survey, applying an area stratified sampling 

scheme picked up the decline rather early and was also used in area aggregated or dis-aggregated form for 

tuning of multispecies models under Task 5 and validation of recruitment estimates from analytical models 

under Task 6. Catch rates from commercial fishing fleets, however, did not reflect the reduction in stock 

biomass very well and were consequently also not used as tuning indices in the assessment. But if adjusted 

to the habitat size of cod, catch rates of all commercial cutter fleets show a rather similar stock development 

than obtained from the international bottom trawl survey and the Extended Survivors Analysis (XSA) 

assessment. 

Hydroacoustic/oceanographic surveys directed to sprat were carried out since 1978 in eastern areas of the 

Central Baltic (Sub-division 26 and 28). On basis of data from hydroacoustic surveys conducted in May-June 

and September/October 1992-2000 the distribution patterns of juvenile and adult sprat in these areas was 

investigated. The analysis of age-specific abundance data revealed intra-annual meso-scale (between 

statistical rectangles and depth strata) and inter-annual large-scale (between subdivisions and basins) 

changes in the horizontal distribution of sprat. The inter-annual large-scale changes are related to basin 

specific hydrography. The intra-annual variability in meso-scale horizontal distribution of recruits and 

spawning stock is related to seasonal spawning and feeding migration, but again influenced by the depth-

specific hydrography. 

In combination with results from earlier hydroacoustic surveys, it could be demonstrated, that in winter-spring 

sprat aggregations occur mainly in the western part of Sub-divisions 26 and 28, over deep waters of the 

Gotland Basin and Gdansk Deeps, concentrating within the halocline if temperatures in upper water layers 

decline below 3.5°C: In summer-fall sprat migrates eastwards closer to the coast and distributes within two 

layers - the warm surface water and below the intermediate water in the halocline with temperatures above 

3.5˚C as long as the oxygen concentrations are above 1 ml/l. This vertical distribution pattern confirms 

results obtained in the Bornholm Basin. In both layers sprat aggregations were most dense where the 

suitable habitat layer thickness exceeds 30 m. Furthermore, the horizontal distribution is age dependent, with 

juvenile sprat being distributed closer to the coast than adult sprat. 

Pelagic trawl surveys carried out in April, May/June and July 1988-1993 in the Bornholm Basin revealed a 

significant reduction in catch rates of sprat in July compared to earlier month, confirming that sprat leave the 

deeper part of the basin into shallower water areas after finalization of spawning activity. This corresponds 

also to relative distributions derived from hydroacoustic surveys conducted in Sub-division 25 in May/June in 

comparison to July/August throughout the 1980’s and confirms above described observation for the eastern 

Baltic. 

Apart from these intra-annual fluctuations, the relative distribution of the adult sprat stock according to Sub-

division as derived from the international hydroacoustic survey in autumn shows significant time trends with 

first increasing and then declining importance of Sub-division 24 and 25 (during the 1980’s). The relative 

abundance in Sub-division 26 was stable until mid 1980’s, but decreased to values well below 20% in most 

recent years as well. Relative abundance in Sub-division 27 increased to historic high values in most recent 

years, while the corresponding values in Sub-division 28 and also 29south were already relatively high since 
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1989. The distribution of recruits is different, with highest abundances in general occurring in Sub-division 26 

independent of the spawning stock size in that area, and always relatively low quantities in Sub-division 25. 

 

1.2 Evaluate the temporal and spatial development of gonadal maturation in 
relation to sex, length/age and condition 

 

Introduction 

The main objective of this sub-task was to estimate sex specific maturity ogives, sex ratios and mean 

weights at age required for estimation of female spawning stock biomass. A database on Baltic cod maturity 

and sex ratio at age based on survey data was established during the CORE project. Analyses showed that 

males generally matured at a younger age than females, that the age at which sexual maturation occurred 

increased with distance from Kattegat and the Danish Straits and that female longevity exceeded male in all 

areas. Within the present project, the national survey data were recompiled and evaluated to ascertain the 

quality of the age-based data sets and time series of weight at age data were established. For Baltic sprat, 

the spawning stock biomass used in standard assessment is based on a constant, sex and area unspecific 

maturity ogive. A sampling scheme was developed and implemented to obtain sex specific maturity ogives 

and sex ratios. Data were compiled in collaboration with the ICES Study Group on Baltic Herring and Sprat 

Maturation. The variability in the proportions mature at age and sex ratios in sprat in relation to size/age was 

investigated using project derived and other available data. Similarly, data on weight at age in the stock have 

been collected on project related and regular research surveys to investigate variation in weight at age. 

The macroscopic index scale applied to visually grade the reproductive status of female cod in the field 

during the CORE and STORE projects has been histologically validated to document the scale and ascertain 

the quality of data. Selected cod ovary samples representing different size groups, areas and times of the 

year were sampled and analysed. The presence/absence of various cytological features assigning oocyte 

and ovarian development was used to identify stage specific histological criteria and revise the macroscopic 

scale. In addition to the original work program, a histological validation of the applied sprat maturity scale 

was carried out during the project. This staging of sprat is more complicated than for cod scale, because 

sprat is an indeterminate spawner with asynchronous gametogenesis and repeated ripening periods within a 

spawning season. A detailed stage separation of spawning stages is needed for determination of the 

spawning frequency, which in combination with information on batch fecundity and number of batches is 

needed to estimate population fecundity. 

To study the timing of cod spawning, a database on the gonadal maturation of cod containing information 

from project specific (CORE and STORE) and regular trawl surveys conducted since 1995 in the Bornholm 

Basin has been established. The compiled data consists of visually staged gonadal maturation according to 

sex and size. Analysis of the timing of maturation and spawning of different stock components has been 

carried out. Little information on Baltic sprat spawning time exists and this study is basically a pilot study. 

Data were collected during the 1999 field phase of the project and used to determine seasonal and spatial 
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variability in reproductive pattern, while an analysis of inter-annual variations in the timing of spawning 

covered April 1995-1999 in Sub-division 25.   

 

Results and Discussion  

The database on sex specific maturity ogives and sex ratios of cod includes all available survey information 

from Danish, German, Latvian, Polish, Russian and Swedish surveys from 1980-1999 for the months 

January-April. This period corresponds to the time when cod are in the late ripening phase, but is before the 

initiation of the spawning season. This makes the timing of the surveys suitable for estimation of maturity 

ogives. The revised time series of maturity ogives confirmed that males generally mature at a younger age 

than females independent of area and that the age at which sexual maturation occurs, increases with 

distance from Kattegat for both sexes. The most pronounced difference observed is for females with females 

in the eastern Baltic stock maturing on average a year later than in the Kattegat stock. The spatial 

differences also existed within national surveys covering most Sub-divisions and discrepancies in otolith age 

determination between ‘eastern’ and ‘western’ age reading laboratories were considered not to influence 

data significantly. The sex specific difference in the timing of sexual maturation was a consistent pattern. The 

earlier sexual maturation of males causes a skewed sex ratio in the spawning stock with the youngest age 

groups being heavily dominated by males. Furthermore, male longevity was shorter than female, which 

causes female dominance of the older age groups in the stock. This pattern was similar for all subdivisions. 

The spatial and temporal variability as well as sex specific differences therefore were considered important 

and time series of sex specific maturity ogives and sex ratios were established separately for Sub-divisions 

to estimate are specific female SSB. Analysis of cod weight at age data from surveys showed little difference 

in mean weight at age between areas, but a tendency towards lower mean weight of males than of females. 

This is likely to reflect the earlier sexual maturation and reproductive investment of males. The weight at age 

time series indicated substantially lower mean weights in the 1980s than in the 1990s. This pattern was 

identical for females and males and could reflect the changes in stock size relative to clupeid prey 

availability. However, survey weight at age data does not exist for the time period prior to 1989 and an 

alternative time series of area specific weight at age based on commercial landings was used to test the 

weight at age in different time periods. The average weight at age was found to be significantly lower in all 

subdivisions and quarters during 1974-1989 than in recent years, 1990-1999. The consistent differences 

between periods indicate that the main cause relates to changes in stock size and environmental condition 

inclusive relative food availability. Though the mean weights derived from the fisheries are not sex-specific, 

this time series was considered superior to the survey database, because the survey data would not properly 

consider the temporal changes. A too high mean weight at age for the early period would overestimate the 

female SSB and thereby the egg production when using relative fecundity.  

The analysis of maturity ogives for sprat showed the sexual maturation occurred earlier in life for males than 

in females in all investigated Sub-divisions and years as for cod, and similarly the proportion of females 

increased with age, especially from age-group 5. However, these age groups contribute only little to the 

stock biomass applying sex ratios had only a limited impact on the estimated female biomass. The high 

proportion of young fish dominating the stock suggests that fluctuations in maturity ogives in these age 
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groups may be considerably more important. From the available annual maturity data of sprat in Sub-division 

25, a high variability in the proportion sexually mature is obvious for sprat up to 11 cm length. Utilising the 

yearly maturity ogives to calculate the spawning stock results in pronounced deviations compared to 

estimates based on the constant average maturity ogive used in standard assessment. These results 

indicate that the standard assessment procedure may introduce considerable error in the estimation of the 

spawning stock biomass, though the impact might be less severe than in the case of cod where more than 

one age group show high variability in proportion sexually mature. Significant changes in weight at age have 

been observed for Baltic sprat from early 1990’s to 1998 with indications of a reverse trend in most recent 

years. Shortage of food appears to be responsible for the reduction in weight at age with the availability of 

the calanoid copepod species that are the major prey organisms of sprat having declined since late 1980s.  

The maturity determination of cod applied the 8-level maturity scale defined by Maier in 1908, but modified to 

include another two stages i.e. resting condition and specimens with reproductive malfunction. The 

histological characteristics used to judge ovarian development allowed establishment of unique criteria 

separating the 10 stages except the late immature and the resting stage. These stages were also combined 

in the original scale of Maier, but were kept separate in the revised scale to allow recording of spawning 

omission, which is distinguished from the time of occurrence. The interpretation of the female stage II in 

spring changes from being ripening to late immature (preparation) and V changed from being ripening to a 

spawning stage. The stages were aggregation into 6 phases based on the relationships between histological 

characteristics and the reproductive cycle i.e. juvenile, preparation, ripening, spawning, reconstitution and 

degeneration. The description of macroscopic characteristics of stages was revised by selecting 

photographs of histologically stage specific females and stage characteristic males, the latter supplemented 

by fertilisations experiments showing that the male stage V, similarly to the female was a spawning stage. 

The photographs and revised stage descriptions were used to elaborate an illustrated manual. The 

macroscopic maturity scale for sprat established by Alekseev and Alekseeva in 1996 also was histologically 

evaluated and the periodicity of oogenesis and spermatogenesis investigated. As sprat is an indeterminate 

spawner, the maturation and spawning is cyclic during the spawning time, which is reflected in the 

differentiation of stages. The stages were characterised according to histological characteristics of 

gametogenesis and developmental phases reflecting the consecutive changes of sex cells and the morpho-

functional state of the gonads. The revised scale for determination of sprat gonadal maturity is based on 

macroscopic criteria and focus on clear diagnostic features that can be distinguished by the naked eye.  

The results from the analysis of timing of spawning of cod in the Bornholm Basin showed that both the 

duration of ripening process and the timing of spawning differ between females and males. The onset of the 

spawning period was substantially later for females than for males, which was caused by longer duration of 

the early female ripening stage. The time of spawning cessation was similar for sexes, but the average 

duration of the male spawning phase longer (about 4 months for males compared to 2.5 months for females) 

due the earlier ripening. The changed interpretation of the female stage V to be a spawning stage improved 

the agreement with ichthyoplankton data. The fertilisation experiments that ensured that male cod in stage V 

were in spawning condition confirmed this result and the long male spawning period. The proportion of 

spawning specimens generally peaked in July. The timing of spawning of different size groups of males and 

females showed that large specimens start spawning earlier in both sexes, but that the time of peak 
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spawning was similar for the size groups within sexes. The time of peak spawning was used to adjust the 

spawning stock size for fishing mortality during the early part of the year.  For sprat, spawning tended to start 

in January/February in Sub-div. 25 in 1999 but with the proportions of mature females in spawning condition 

being relatively low until end of April. May, June and early July showed the highest spawning intensity, while 

spawning ceased from July to August. The peak spawning time was estimated to be in early June which 

corresponded to the peak abundance of the youngest egg stage of sprat from concurrent ichthyoplankton 

surveys. The spatial variation in the timing of spawning showed that spawning time tends to be slightly later 

in Sub-div. 27 and 28 compared with 25 and 26. Both interannual fluctuations observed in Sub-div. 25 and 

spatial variability tended to be influenced by the ambient water temperature.  

 

1.3 Examine the viability of sex products spawned in the various spawning areas 
in relation to parental age/size, condition and contamination by toxic 
substances 

 

Introduction 

Viability of offspring or egg quality aspects has been in focus of research lately in attempts to explain 

variability in stock-recruitment relationships. A number of investigation on different species suggest that 

maternal effects as female age, size and condition may influence viability of the eggs produced, e.g. that 

opportunities for survival of eggs and larvae are positively related to the size of the egg.  

Potential paternal effects for the spawning success have been less studied. However, low saline water has 

been shown to influence the fertilisation success indicating that spawning success may differ between 

spawning areas and years due to different hydrographic conditions. To obtain information about paternal 

effects on viable egg production i) fertilisation capacity at different ambient salinities, ii) potential differences 

in fertilisation capacity during the spawning period and iii) variations in fertilisation capacity among males 

were examined. 

Further, for fishes with pelagic eggs, as cod and sprat, egg buoyancy, determining vertical egg distribution 

and thus environmental conditions for egg development, has been identified as a major impact factor 

influencing egg survival. Consequently, studies on relationships between female size/age and condition, egg 

size and egg specific gravity, were conducted for both cod and sprat. 

Besides stock related maternal effects on offspring viability, the contamination of spawning products by toxic 

substances may affect viability of eggs and larvae. With the aim to examine potential connections between 

the viability of eggs and larvae from individual running ripe-female cod and the concentration of organo-

chlorines, stripped and artificially inseminated eggs were incubated up to day 10 after hatch. The evaluation 

included viable hatch, larval survival, larval growth, enzymatic activity (hepatic EROD and muscular AChE) of 

the mother fish and ovarian organo-chlorine concentration. In 1999, challenge experiments were additionally 

conducted on subsets of the larvae obtained from the incubations. In addition to organo-chlorine 

concentrations, the enzyme activities of EROD and AChE were also measured in mature male cod in order 

to estimate the influence of sex on these two biomarkers. 
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Results and Discussion 

In accordance with earlier investigations the present study shows that cod egg size is positively related to 

female size, both expressed as length and weight. However, our present study suggests no relationship 

between egg size and female condition (Fulton´s condition factor and hepatosomatic index ). Size of a fish, 

or rather growth is density dependent with higher growth rates at low stock densities as shown for Baltic cod 

within the present study. Higher growth rates and thus larger fish at low stock densities imply higher egg 

quality, i.e. may act as a compensatory mechanism with a higher relative reproductive success at low stocks. 

In agreement with previous results, the investigation showed that the fertilisation capacity/success vary with 

salinity, i.e. that the fertilized egg production might vary with hydrographic conditions, e.g. between spawning 

areas. Further, studying sperm viability (assessed as duration of mobility) resulted in a positive relationship 

between sperm quality and fertilisation rate. Using repeated measurements of sperm mobility during the 

spawning period of individual males suggested that fertilisation capacity is lower early and late in the 

spawning period and that the fertilisation capacity is related to male length and weight but not to condition. 

This suggests, consistent with egg quality and female characteristics, that size/age of the fish affects viability 

of male sex products and thus the spawning success, in particular at poor hydrographic conditions, e.g. 

during stagnation periods. 

With respect to salinity conditions, marine fish species in the Baltic are at the border of their distribution, 

inhabiting an environment with fluctuating salinity influencing spermatozoa activity and fertilisation success. 

For Baltic cod, a minimum salinity of >11 psu is required for activation of spermatozoa. Differences in the 

percentage of fertilised eggs between salinities implies that the viable egg production may vary according to 

hydrographic conditions, i.e. differ between spawning areas and during periods with saline water inflows and 

stagnant conditions respectively. As salinity in the Bornholm Basin is higher, in general reaching 13-18 psu, 

compared to in the Gdansk Deep and Gotland Basin (10 to 13 psu), fertilisation success can be expected to 

be higher in the Bornholm Basin. 

For sprat eggs no difference was found in specific gravity or in diameter of eggs from different spawning 

areas during peak spawning in May-June. Pooled data yielded significant relationships between female size 

and both egg diameter and egg specific gravity. Significant relationships between female parameters and 

egg characteristics suggest that stock related maternal effects involve selective egg survival affecting the 

viable egg production, e.g. that the vertical egg distribution is influenced by female size and/or condition and 

accordingly that eggs are subjected to different environmental conditions. It can be concluded, that along 

with the increase in stock abundance during the 1990s growth conditions have decreased substantially 

influencing egg parameters like egg diameter and egg specific gravity and thereby potentially the 

reproductive success. Despite the described relation between egg size and vertical distribution, the present 

study identified a significant increase in egg buoyancy without an increase in egg size for fish spawning 

during spring and summer respectively, suggesting that egg size cannot explain the change in egg buoyancy 

and vertical egg distribution during spring and summer that have been observed from ichthyplankton data. 

 

The cod fertilisation/incubation experiments carried out in 1999 and 2000 did not reveal any significant 

correlations between the ovary burden of PCBs, hepatic EROD and muscular AChE activity, respectively, 

and the effect parameters hatching rate (%), survival after hatch (%), viable hatch (%) and malformations of 

larvae (%).  
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The range of lethal body burdens (LBBs) found in the challenge experiments was between 55.6 - 185 mmol 

pyrene /kg lipid, indicating a difference in the intrinsic sensitivity between the different larvae batches. 

However, there was no correlation between the contaminants measured in the parental fish and the LBBs 

measured in 5-6 days post hatch larvae. When EROD activity was particularly high in the females, the LBB in 

the larvae was always low. For AChE such an indication was not found. 

A strong correlation between total amount of PCB and pesticides was found in both female and male cod, 

which was similar to our previous findings in the CORE project. All these correlations were statistically 

significant. Positive correlations between the ovary burdens of sum PCBs or DDTs, respectively, and length, 

total and gonad-free weight, gonad weight and gonadosomatic index of female cod were detected. The 

liver/testis burden of PCBs correlated positively with size and maturity of male cod.  

Surprisingly, the mean concentrations of PCBs, DDTs and dieldrin in ovaries of Baltic cod appear to have 

increased steadily between 1996 and 2000. This is quite in contrast to the general trend of declining DDT 

and PCB concentrations in biota in the Baltic, and it is unclear why this general trend does not apply to cod. 

Since p,p’-DDE concentrations increased between 1996 and 1999, but were little lower in 2000 compared to 

the preceding year, it can be assumed that there was either a fresh input of DDT or a remobilisation of DDT 

from contaminated sediments. The organo-chlorine concentrations in the gonads and livers of Baltic cod 

show a pronounced length dependence, which can be attributed either to the effect of variations in the lipid 

content or to the fact that the older fish have been exposed longer to the organo-chlorine concentrations in 

the environment. Positive relations were found between PCBs, DDTs and HCB with GSI of female and male 

cod suggesting that either gonad growth is enhanced by these compounds or larger gonads accumulate 

higher contaminant concentrations. The close correlation between PCBs and organo-chlorine pesticides 

indicates the principal existence of more or less similar correlations with many other contaminants of 

comparable physicochemical properties which could not be measured in the frame of this project, such as 

polychlorinated dibenzodioxins and dibenzofurans, polybrominated diphenylethers, several PAHs, synthetic 

steroid hormones or musk oil fragrances. 

Activity of EROD was visible in most individuals, clearly lower in the females compared to the males. In the 

males, EROD activities also differed with season and between years. EROD activity correlated positively with 

maturity of female cod and condition index (CI) of male cod, but negatively with hepatosomatic index of male 

cod. The PCB congeners measured correlated with EROD activity neither in female cod nor in males. All 

individuals measured had AChE activities ranging between 10 to 80 nmol/min/mg protein. Activity of this 

enzyme was significantly lower in the females than in the males. Furthermore, AChE activities in the females 

tend to be lower in animals with higher loads of pesticides, particularly dieldrin. This negative relation is not 

significant, but in spite of the wide spread of data points, high AChE activities were not found at high dieldrin 

concentrations.  

A comparison of EROD activities found in female and male cod from the Bornholm Basin with those of 

Atlantic cod from experimental and field studies indicate a significant induction of this biomarker to 

contaminant exposure in the Central Baltic. This finding is well in line with a similarly alarming report on 

recently increasing EROD induction combined with decreasing gonad sizes in perch from the Baltic Sea. 

Size of the fish did not correlate with EROD activity, which is surprising since the older fish were mostly more 

contaminated with PCBs and DDTs, which are known to induce EROD activity. This and lack of positive 
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correlations between the organo-chlorines measured and EROD activity indicate that other chemicals or 

factors are responsible for the higher EROD activity found in male cod. 

As a further indicator of biological contaminant effects on Baltic cod, the activity of muscular AChE was 

measured (to our knowledge the first study on this biomarker in Baltic cod). The relatively low and variable 

activities of AChE, when compared to other fish species, suggest the presence of AChE-inhibiting 

substances, e.g. carbamates and organo-phosphates or specific trace metals. A negative correlation found 

between AChE and length, which means lower activities in older specimens, corresponds very well with the 

fact that older cod specimens show higher contaminant levels. This might be another indicator for AChE 

inhibition due to contamination. However, in order to better understand to what extent AChE is inhibited in 

Baltic cod, further investigations are needed. 

The still high concentrations of the “traditional” contaminants measured (plus largely unknown concentrations 

of novel contaminants), the low condition of the few older cod left in the Baltic, the obviously induced EROD 

and probably inhibited AChE activities clearly demand further comprehensive investigations into the impact 

of xenobiotics on Baltic fish stocks. 

 

1.4 Develop models of population egg production and characteristics (e.g. 
viability, size, buoyancy) and evaluate ways to incorporate variability in adult 
growth and condition 

 

Introduction 

Egg production models for cod in the Baltic are presently not used in stock assessment, partly because the 

necessary input data for key parameters (e.g., individual fecundity, maturity ogives, sex ratios) were 

previously not available either for a sufficient number of years, or were not available on an annual basis. 

Nevertheless evidence from other cod and haddock stocks shows that variations in maturity and fecundity 

are related to variations in food availability, condition or growth and might be responsible for significant 

amounts of variation in spawner-biomass recruitment relationships. It was therefore the aim of this 

contribution to establish time series of background information, e.g. fecundity, condition and growth, and 

based on this to derive time series of egg production or proxies that reasonably capture fluctuations in egg 

production to improve stock recruitment relationships for Baltic cod and sprat.  

Two key variables influencing population egg production are individual potential and realized egg production. 

Experience with cod and clupeids in other regions indicate that fecundity and atresia fluctuate strongly from 

year to year and that it may be necessary to include these variables directly into models of population egg 

production rather than assuming constant or randomly varying values. Specifically, this task has therefore 

investigated variations in individual fecundity and atresia, and the factors responsible for these variations. 

Given the observations elsewhere, it is hypothesized that interannual differences in growth and condition 

may influence both variables. The main activities within this section were: i) establishment of otolith-based 

relationships between cod growth and individual fecundity; ii) establishment of time series of different indices 

of condition (i.e. Fulton´s condition factor and hepato-somatic index) and statistical analyses of variations in 

cod condition; iii) estimation of cod egg production by the spawning stock (including analyses of individual 
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fecundity and atresia); and iv) determination of batch fecundity of sprat and its variability. The results are 

then used in models of population egg production for cod and sprat. 

 

Results and Discussion 

Within the present section an otolith shape based analysis of cod growth characteristics has been conducted 

by Fourier Analysis. Software for Elliptical Fourier Analysis of digitised otolith shape has been developed to 

extract information about relationships to individual fecundity. The Fourier descriptors were analysed by first 

reducing the multidimensionality and then evaluating whether there were correlations with individual 

fecundity. About 50% of the variation in fecundity may be explained by a selection of Fourier descriptors. 

Several large and heterogeneous data series for analysis of variability in cod condition have been compiled 

from different sources, resulting in two data series (total sample size = ~50,000 observations) to be used for 

extensive data analyses and interpretations in relation to reproductive potential. The analyses conducted 

indicate that condition of cod in the Baltic has undergone significant variations during the last 20-25 years. 

These variations occur at seasonal and multi-annual scales, and significant amounts of the temporal 

variability in condition were related to fish length and indices of available food supply (e.g. biomass of sprat 

and herring relative to cod biomass). The patterns were strongest for the cod in the southern Baltic, whose 

time series shows more dynamics in food supply per unit of predator. The available time series for cod in the 

northern Baltic covered a period characterized in general by low food supply. 

The potential effect that variation in food supply might have on relative fecundity and atresia in cod was 

analysed on basis of historical and project-derived samples of cod ovaries, histologically investigated to 

enumerate oocytes and the level of atresia. Substantial effort has been allocated to method development so 

that a consistent time series could be established. This is a pre-requisite for any kind of comparative study 

(e.g. among years, areas) and for potential application of the results in stock assessment. Relative fecundity 

(no. eggs per female weight) varied significantly between years, but not between spawning areas and within 

a spawning season. A significant portion of the interannual variability was associated with differences in food 

supply, i.e., clupeid biomass suitable as prey. A model based on this relationship explained a significant part 

of the variability in relative fecundity values. Atresia rates were in general low, although fairly common: 

approximately one third of the population resorbed about 3% of its eggs. The established relative fecundity 

time series was combined with project derived data on maturity- and sex ratio-at-age, and numbers- and 

size–at–age data to estimate potential egg production by the population. As might be expected the time 

series of potential egg production showed more dynamic than the time series for spawning stock biomass for 

the same period. This is primarily due to accommodating the observed interannual variability in individual 

relative fecundity and sex specific maturity data. 

A series of studies in the 1990s has considered batch fecundity in sprat, but these previous estimates of 

sprat batch fecundity have been based on heterogeneous methods and on small sample sizes. The new 

data compiled as part of this project has used consistent methods and employed considerably larger sample 

sizes. A statistical analysis of the relative batch fecundity estimates showed that values were independent of 

body size. Relative batch fecundity varied among months, and generally increased from early to peak 

spawning activity. 

In summary, project activities have made substantial progress towards describing the variability in population 

egg production in both cod and sprat, and how this variability is influenced by environmental processes. 
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Much of this progress has required development and application of consistent methodologies. It is evident 

that significant interannual variations occur in relative fecundity for both species, and that some of this 

variability is related to food availability in the surrounding ecosystem. These interactions imply additional 

dynamics among ecosystem components which are not accommodated by present fishery population 

models used in (Baltic) fisheries stock assessment. The results obtained here and in many other ecosystems 

around the world suggest new multi-species modelling frameworks that also include effects of prey 

consumption on growth, condition, maturation and egg production by the predators need to be developed. 

 

1.5 Estimate the reliability of spawning stock biomass as an unbiased index of 
viable egg production, and evaluate the uncertainty of present and historical 
viable egg production estimates 

 

Introduction 

The present section focused on evaluations of indices and absolute measures of egg production derived 

from adult biology and stock assessment data, and the sensitivity of these indices to variability in input 

parameters. A comparison of the theoretical potential egg production with that estimated from extensive 

ichthyoplankton sampling enabled an independent test of the various indices of egg production, including 

simple estimates of spawning stock biomass for both cod and sprat.  

For cod not only the potential egg production has been estimated, but also the viable egg production. This is 

defined as the number of surviving eggs after consideration of mortality due to low oxygen concentration 

dependent on egg size coupled to female size. Our calculations are based on experimentally investigated 

mechanisms relating female size - egg size - egg buoyancy. Coupling historic size distributions with salinity 

conditions enabled to model the vertical distribution of eggs. Egg survival is then calculated from a 

relationship between relative egg survival and ambient oxygen concentration derived within the CORE and 

validated in the present project. 

Further steps in the analysis were: i) validation of potential egg production as a measure of Baltic cod 

reproductive potential and sensitivity to constant input parameters ii) improving spawning stock biomass 

(SSB) as a measure of sprat egg production.  

 

Results 

Time series of potential egg production in cod were calculated using project derived information on maturity, 

sex ratios, and fecundity in combination with numbers- and size-at-age in the adult stock. The egg 

production estimates were calculated assuming different levels of biological realism: constant vs. 

interannually-varying maturity ogives and sex ratios, knife-edge ogives vs. age-dependent maturity ogives 

and constant vs. interannually varying relative fecundity. These estimates of potential egg production were 

then compared with estimates of realized egg production as determined from historical and ongoing 

ichthyoplankton surveys in the Bornholm basin, i.e., the main spawning area for cod in the Baltic at the 

present time. The comparison was performed by linear regression of the potential and realized egg 

production.  
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This empirical comparison demonstrated that estimates of reproductive potential could be significantly 

improved by including knowledge about the reproductive status of the stock instead of assuming either 

constant or randomly varying biological inputs. This improvement could be achieved by applying routinely 

obtained data on sex ratios and female maturity to stock estimates. Fecundity as the most labour and cost 

intensive factor in the estimation procedure of the potential egg production could be predicted with 

substantial precision. These findings indicate that the estimated potential egg production of cod is an 

improvement of and a reasonable alternative to the spawning stock biomass in stock assessments. 

We found a high correlation between the viable egg production of cod in the Bornholm Basin and the 

realized production of a late egg stage based on ichthyoplankton observations in the same area. 

Furthermore, the results showed that the oxygen related survival of eggs from first time spawners is lower 

than for eggs from repeat spawners, especially under unfavourable hydrographic conditions. 

A similar evaluation of the reproductive potential of sprat was conducted. In this case, spawning stock 

biomass explained a significant but modest level of variation in realized egg production as measured in 

ichthyoplankton surveys. The amount of variation in realized egg production explained by spawning stock 

biomass was higher for sprat than for cod. This suggests that spawning stock biomass is a better measure of 

realized egg production for sprat than for cod, and indicates that inter-annual variability in maturation 

processes, age-dependent sex ratios and individual fecundity are less important for sprat than for cod. 

However, the variation in realized egg production explainable by spawning stock biomass could be 

significantly increased by allowing proxy variables to represent nutritional status and condition of the sprat 

population. These proxy variables were used because the time series for batch fecundity and spawning 

frequency in sprat were too short to allow construction of reliable time series. The proxy variables used were 

the pre-spawning growth anomaly and water temperature during the gonadal maturation period. Hence for 

sprat, environmental conditions related to growth during the gonadal maturation period have an important 

effect on egg production.  

The results obtained in the present section indicate that estimates of potential and realized egg production 

do not always follow trends in spawning stock biomass. The decoupling between potential or realized egg 

production and spawning biomass is particularly critical when assuming constant or randomly varying input 

parameters in the calculation of spawning stock biomass, as had been done by the Baltic Fisheries 

Assessment working group until 1996 for cod and is still done for sprat. In these circumstances deviations 

between potential egg production and spawner biomass can be quite large. When interannual variations in 

relative fecundity, or reasonably configured proxy variables for relative fecundity, are accommodated in the 

egg production estimate, the decoupling between SSB and potential egg production is increased even more. 

These findings are fully consistent with recent studies involving especially cod in the Atlantic. However, what 

is particularly striking about the analyses is the degree of improvement in fit between estimated egg 

production rates and independent field based estimates of egg production rate as measured in 

ichthyoplankton surveys. The correspondence between field and theoretical estimates improved significantly 

as more realistic biology and environmental information was added to the egg production models. 

Furthermore, size dependent egg viability arrays were established for cod showing that oxygen related egg 

survival is coupled to female size and spawning experience, which implies that surviving egg production is 

related to female stock structure. Notably the additional biology (i.e. size distributions, sex ratio, maturity at 

size information and fecundity) or environmental information (e.g. temperature for sprat) can be obtained 
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relatively inexpensively as part of routine fisheries surveys or from calibrated proxy variables. These 

considerations suggest that substantial improvements in stock-recruitment models can be achieved by 

reducing measurement errors in the independent variable, and that biological reference points derived from 

such models can be estimated with greater certainty. 



Final Consolidated Report  Executive Summary 
 

 19 

2. Hydrographic factors influencing the developmental success of cod 
and sprat eggs and early larvae 

 

Introduction 

In task 2 the impact of hydrographic factors on the developmental success of cod and sprat eggs and early 

larvae is studied. The aim is to define the limits for successful reproduction and mortality rates at different 

hydrographic conditions, and thus be able to establish the volume of water suitable for successful cod and 

sprat reproduction respectively.  The work is carried out by: 

• performing surveys to describe the physical environment occupied by eggs and early larvae and 

ascertain drift patterns by utilising survey output in 3-D hydrodynamic models, 

• estimate variations in the mortality rates of these stages, 

• perform experimental studies on the effects of salinity, temperature and oxygen on egg and larval 

viability to quantify the developmental success of the early life stages. 

• Based on surveys, experimental activities and analysis of hydrographic databases, the reproductive 

volume for cod and sprat respectively are defined and time series established. 

 

2.1 Resolve spatial and temporal distribution of successful spawning of cod and 
sprat 

 

Introduction 

To study horizontal and temporal distribution of cod and sprat eggs and larvae, ichthyoplankton sampling 

was carried out during 9 surveys in 1999. A Bongo-net (mesh size 300 and 500µm) additionally equipped 

with a Babybongo liner to collect zooplankton was used. In the Gdansk Deep and the Gotland Basin 

additionally sampling was performed using the vertically operating IKS-80 net. To resolve vertical 

distribution, sampling with a BIOMOC multiple opening/closing net was carried out in the central Bornholm-, 

Gdansk- and Gotland Basins, with at least 3 parallels performed in each site. Additional surveys were 

incorporated to analyse the dial vertical migration patterns of sprat larvae. Three out of five analysed 

samplings were performed more than 10 years ago (1989 and 1990), while the remaining took place in 1999 

and 2000. The samples were analysed, data were entered into a database and made available to the other 

tasks. Additional effort was put in the correction of ichthyoplankton abundance estimates by coupling to a 3-

D circulation model. Concurrently, the influence of different sampling strategies and spatial sampling 

resolutions was investigated to optimise sampling activities. Based on the stage-specific abundance data, 

mortality rates were calculated by several methods. Additionally, a historical data analysis was carried out on 

ichthyoplankton abundance in the Baltic. 

For the Eastern Baltic a model was developed to predict the vertical distribution of sprat eggs. The model 

consists of two steps: first, mean weighted specific gravity of eggs is computed, and second, eggs are 

distributed around this depth. Julian day, water temperature in 10 m depth and water density at the depth of 
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isooxygen 2 ml/l were chosen as main predictors. Multiple linear regression analysis yielded an equation to 

describe the mean specific gravity of sprat eggs.  

The size of spawning stock biomass of sprat in the Gotland Basin was calculated for the years 1999 and 

2000 with the Hensen-Apstein method. The seasonal production calculations were based on 4 and 3 

ichthyoplankton surveys, using the precautious principle. The possible portion of eggs which had died and 

sunk on the bottom was assessed in the process of investigation of the generalised vertical distribution in the 

last 5 years.  

Based on the assumption that hydrographic processes causing environmental heterogeneity can be 

important to juvenile sprat survival, the spatial variability of hydrographic parameters (temperature, salinity, 

density, oxygen) in the halocline and thermocline of the south-eastern Baltic in April-May 1993 and May-July 

1998 (poor year-classes) and in May 1994-July 1999 (strong year-classes) was studied. 

 

Results and Discussion 

The spawning season was well covered in the Bornholm Basin. Sprat eggs occurred from April to July, with 

peak spawning in the beginning of June. Cod eggs were found in the samples from May to August, with peak 

spawning in the beginning of August. Abundance values of egg stage IA at peak spawning time were higher 

for sprat (~23*1011) than for cod (~17*1010). Calculated seasonal production values of egg stage IA were 

16fold higher for sprat compared to cod (58.9*1012 vs. 3.2*1012). Over the spawning season shifts in the area 

of major spawning activity and successful egg development could be detected by mapping the 

corresponding egg distributions. In the Gdansk Deep cod eggs occurred from the end of March to the 

beginning of July in 1999, but the abundance was low and the occurrence patchy, with the highest frequency 

of occurrence in late May. The abundance of cod eggs has decreased from 1996 on; in May 2000 no cod 

eggs or larvae could be identified. In the Gdansk Deep main spawning of sprat was found from late May to 

middle July. After a decrease in egg abundance of sprat in 1994-1996, the abundance values regained a 

high level. For sprat larvae on the other hand an abundance decrease in May from 1998-2000 could be 

identified, which is obviously not coupled to a displacement in spawning time. Historical data analysis 

evidenced the existence of high cod egg abundance in the late forties to the early fifties in all 3 major 

spawning grounds. It may be supposed that also in the late forties an increase in sprat egg abundance took 

place. In the late fifties a predominance of sprat eggs was found in the Gdansk Deep and the Gotland Basin, 

while the ratio of cod and sprat eggs in the Bornholm Basin was nearly equal. 

Two principle dial vertical migration patterns could be differentiated: Small (young) larvae (< 6mm length) 

showed only weak daily migration patterns for all sampling occasions. Larvae >6mm exhibited a clear daily 

migration during 3 of the 5 investigations (May 1989, June 1989, June 1990). Larvae concentrated in shallow 

waters (<10m depth) at night, descended during dawn to depths of 30-50m where they stayed during day-

light hours. At dusk the larvae ascended again to near-surface. Contrary to this, in May 1999 and April 2000 

also for larger larvae no signs of daily migration were identified Larvae concentrated the whole day in upper 

water layers. The length at which the migration commenced was variable: While in June 1989 even the 

smallest larvae had high migration-values, a strong increase in migration-values could be found from 6 mm 

and from 8 mm on in May 1989 and June 1990, respectively. The results from the different 24-hours 

samplings suggested a change in the migration patterns and thereby in the vertical day-time distribution of 

sprat larvae over the past 10-12 years. For all 4 sampling occasions conducted in most recent years, the 
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depth of highest abundance was found independently of day-time in 5 to 10m depth. The layers containing 

~75% of larvae are as well clearly different from the layers calculated for the time period 1989-1990. 

Hydrographic conditions limiting the distribution of eggs and larvae have been derived from the field 

sampling, e.g. sprat eggs in situ were normally developing up to advanced stages at oxygen levels down to 

ca. 1.5ml/l. 

Field based mortality estimates were calculated for the different early life stages by several methods. Cod 

egg mortality was found to be smallest for the youngest egg stages, increasing afterwards. Larval mortality 

was shown to be variable, with high mortality coefficients either in the phase between hatch and first feeding 

or in the time span between onset of feeding and reaching the state of an established feeder. 

Sprat egg mortality was found to be highest in the first developmental stage, decreasing afterwards. 

Seasonal production estimates revealed a by 2% smaller cumulative mortality until hatch for sprat than for 

cod eggs in the Bornholm Basin.  

Additionally to the effort put in the correction of ichthyoplankton abundance estimates by coupling to a 3-D 

circulation model, the influence of different sampling strategies and spatial sampling resolutions was 

investigated to optimise future sampling activities. The different sampling strategies tested had no big 

influence on abundance estimates accuracy, although a sampling scheme working from the edges to the 

centre can in general be recommended. A change in spatial sampling resolution from 45 to 53 stations, 

which are equally distributed about the survey area had only a marginal impact. Only if the number of 

stations was almost doubled, considerable lower uncertainties in the abundance estimates can be expected. 

The mean error in abundance estimates based on the current station grid was found to be in the range of 2-

26%, strongly dependant on the prevailing wind forcing during sampling and the degree of patchiness. 

The results of determination of the spawning-stock biomass of sprat using the Hensen-Apstein method were 

in good agreement with the ones obtained during hydroacoustic surveys. The hydroacoustic surveys carried 

out in October 1999 and in October 2000 resulted in estimates of sprat spawning stock numbers in the 

Gotland Basin (ICES Subdivisions 28/1-4 and 26/1and2) of 49.21*109 and 41.48*109 respectively. The 

discrepancy between the estimates was pretty small. 

The patterns of the vertical distribution of sprat eggs in the Eastern Baltic slightly differed between the 

surveys, but in general they could be characterised by rather broad diapason of depths and water densities. 

Generalised vertical distribution was determined from all surveys in both the Gotland Basin and the Gdansk 

Deep. The distribution did not differ significantly between the Gotland Basin and the Gdansk Deep and also 

not within the season. In all cases it was very close to a normal distribution. Julian day of survey and water 

temperature at 10 m depth proved to be important predictors, giving significant correlations with the 

observed mean specific gravity of sprat eggs: -0.79 and -0.89 respectively. It means that they were 

significant at 0.1% level (d.f.=13). The density of water at the depth of isooxygen 2 ml/l was also significantly 

correlated with the observed mean specific gravity of eggs. In this case only surveys made in May-June in 

both basins have been used. The correlation coefficient in the latter case was 0.80, i.e. statistically significant 

at 1% level (d.f.=8). In general, the model fitted rather well to the observed data, although the fit between 

model and observed data was better in the Gdansk Deep, than in the Gotland Basin. 

When studying the spatial variability of hydrographic parameters in the halocline and thermocline of the 

south-eastern Baltic, the most evident differences for the years considered (1993, 1994, 1998, 1999) were a 

prevailing trend to increasing salinity and temperature and decreasing oxygen in the halocline at the depth of 
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70 m in off-shore direction (mostly from the east to the west or from the south-east to the north-west) in 1993 

and 1998; the opposite trend, i.e. an increase in salinity and temperature and decrease in oxygen in the 

halocline towards the coast was observed in 1994 and 1999. The thermocline was located at 40 m depth 

(below the photic zone) in July 1998 in the eastern part of the Deep as compared to 20 m in July 1999 

(within the photic zone). It is assumed that one cause of these differences is a variant location of water 

upwelling and downwelling zones. The distribution of sprat eggs and larvae relative to their coincidence or 

non-coincidence with the above said zones in view of probable impact upon sprat larvae survival was 

investigated. 

 

2.2 Perform experiments on survival of cod and sprat eggs and early larvae in 
relation to hydrographic factors 

 

Introduction 

To evaluate limits for successful reproduction as well as sub-lethal effects in relation to hydrographic factors, 

series of laboratory and ship-board experiments on egg and larval development were performed. Eggs from 

cod were obtained by regularly stripping of fish held in laboratory whereas sprat eggs were obtained by 

either stripping on board or from sampling in situ using a “living net”. Results from the experiment concerning 

cod egg and larval development at different temperatures (1-11°C) were evaluated statistically. Based on our 

experiences a series of experiments concerning sprat egg and larval development has been carried out. 

Fertilisation success and egg survival at different salinities was studied at 5, 7, 10 and 15 psu. In total 17 

fertilisation experiments and 4 sets of egg incubations up to hatching was performed. Egg and larval survival 

in relation to temperature was studied by incubation at 1, 2, 3, 4, 5, 7, 9, 11 and 13°C including assessment 

of viable hatch, larval size and survival during the yolk sac stage. Measurements of egg specific gravity and 

egg size for eggs obtained by stripping were performed on eggs from 53 females; 29 from the Bornholm 

basin, 13 from the Gdansk deep and 11 from the Gotland basin. Further, in situ vertical egg distribution in 

different spawning areas was assessed by measuring egg specific gravity on eggs sampled vertically from 

the layer with no oxygen, using a “living net”. Data on egg specific gravity was combined with CTD data from 

each sampling occasion and egg distribution in relation to temperature, salinity and oxygen conditions 

assessed. Conditions for successful egg development of sprat during the period 1970-2000 were evaluated 

by combining data of egg specific gravity and available hydrographic data in respective spawning area. 

Potential causes for differences in egg buoyancy between areas and during the spawning season were 

evaluated in relation to size and dry weight of sampled eggs. 

 

Results 

Evaluation of result from the experiment concerning cod egg and larval development at different 

temperatures showed lower viable hatch at both low (1°C) and high (11°C) temperatures compared to at 3-

9°C, and significantly smaller size and lower larval survival at 11°C compared to at 1-9°C. For sprat, 

experiments at different salinities revealed considerably lower fertilisation success and egg survival up to 

hatching at 5 psu compared to at 7-15 psu. The viable hatch decreased significantly with temperature, with a 
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considerably decrease between 4°C and 3°C (less than 50% at 3°C compared to at 4°C) suggesting that 

water temperatures of <4°C may affect the reproductive success seriously. By pooling data on egg survival 

from incubation series, an egg survival curve in relation to temperature was constructed. From this curve 

minimum temperature requirements for egg development was derived, i.e. no egg survival corresponding to 

a temperature of ≈1.25°C.  

Combining data on egg specific gravity for eggs sampled vertically in situ and data from CTD runs, revealed 

large changes in egg distribution with depth during the spawning season. Early in the season eggs occurred 

in the deep layers under the cold surface layer. Later when temperature in the surface layer was higher eggs 

were distributed also in the upper layers. Late in the season eggs disappeared from the surface layer as the 

temperature increased. Differences occurred among the basins but in general egg distribution/survival was 

affected by both low temperatures occurring early in the season and low oxygen concentrations in the deep 

layers as well as changes in the water density late in the season (due to the ability of eggs to keep buoyant). 

However, changes in egg distribution also occurred due to changes in egg specific gravity during the season.  

For eggs obtained by stripping large differences in egg specific gravity were recorded (1.00614-1.01193 

g/cm3) with a highly significant relationship between egg specific gravity and egg size; the larger the more 

buoyant eggs. During peak spawning no difference in egg size, egg dry weight or in egg specific gravity was 

found between spawning areas. However, egg specific gravity differed significantly for eggs obtained at 

different times during the season. Variation in egg specific gravity, and thus the vertical distribution, at a 

certain time during the spawning season is explained mainly by differences in egg diameter [a significant 

relationship between diameter and specific gravity of eggs (r2 =0.71; p<0.001)]. However, as egg diameter 

remains the same throughout the spawning season another process is responsible for the change in egg 

specific gravity with time. The results suggest that the observed decrease in the egg dry weight from April to 

June may cause the decrease in egg specific gravity during the season. 

When combining data of egg specific gravity and available hydrographic data for the period 1970-2000, it 

became obvious that opportunities for successful egg development vary considerably and that egg 

development regularly occurs at unfavourable temperature and oxygen conditions with implications for the 

viable hatch. Considering the relative importance of temperature and oxygen conditions respectively, 

differences occur among the spawning areas. Evaluation of the conditions in the Bornholm Basin (SD 25) 

indicated that low temperatures regularly hamper egg development whereas oxygen conditions is the most 

critical factor in the Gdansk Deep (SD 26) and especially in the Gotland Basin (SD 28). Moreover, water 

density, determined mainly by salinity, influence opportunities for egg survival as conditions allowing all 

produced eggs to obtain neutral buoyancy are regularly not fulfilled in the Gdansk Deep and the Gotland 

Basin implying that the magnitude of the spawning habitat varies. This suggests that egg survival in the 

Gdansk Deep and in particular in the Gotland Basin is dependent on magnitude and frequency of saline 

water inflows governing salinity and oxygen conditions in the Baltic deep basins. Conditions for successful 

egg development in the Bornholm Basin on the other hand, restricted by temperature, are mainly influenced 

by severity of winters affecting the water temperature in the intermediate water, between the thermo- and 

halocline, inhabited by sprat eggs. 
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Discussion 

Experimental results concerning cod egg and larval development in relation to temperature suggest no 

effects of temperature where Baltic cod eggs normally occur; between ≈3-≈6.5°C. However, decreased egg 

survival at 1 and 11°C lower larval viability at 11°C show that cod reproduction might be affected at extreme 

hydrographic situations. Although showing somewhat lower egg survival at 1°C, cod eggs may survive and 

develop into a normal larva at this temperature. 

Concerning sprat in the Baltic, limited information about opportunities for egg and larval survival at different 

hydrographic conditions had been available. Experimental results from the present study suggest no major 

effects of salinity on egg development but considerable effects of temperature. Eggs sampled in situ were 

found at salinities ≥7 psu. Decreased viable hatch 5 psu but only minor differences at 7-15 psu suggest that 

salinity does not have to be included in defining the RV. Significant lower viable hatch between 3 and 4°C 

compared to at 5-13°C show that low temperature affect egg survival considerably as sprat eggs in the Baltic 

regularly occur at low temperatures in and above the halocline early in the season. In situ sampling and 

measurements of egg specific gravity showed that vertical egg distribution differed between areas, and 

during the spawning season due to both changes in hydrographic conditions and changes in egg specific 

gravity during the spawning season. Occurrence of eggs in relation to hydrographic parameters suggest that 

temperature is a major factor affecting survival probabilities but also oxygen conditions as eggs occur also in 

the deep layers below the halocline. Based on both experimental results and occurrence of in situ sampled 

eggs, a definition of the RV for sprat was established. However, further examinations of performance at low 

oxygen concentrations is needed to determine more realistic threshold levels. 

Results from measurements on eggs obtained by stripping and sampled in situ in the present investigation 

are in agreement with the observed change in vertical egg distribution/egg buoyancy between spring and 

summer. A close relationship between egg size and egg buoyancy was found. However, changes in egg 

specific gravity without a corresponding change in egg size during the spawning season imply that another 

factor/factors than size affect egg buoyancy. This remains to be further investigated. 

 

2.3 Resolve reproduction volume of cod and sprat 

 

Introduction 

Oxygen content and salinity, maintained by inflows of saline oxygen rich water into the Baltic, are major 

factors affecting the reproduction success of cod. By simulating a low-moderate inflow event using a 3-D 

eddy-resolving model and actual data, and then modifying physical forcing parameters as total wind energy, 

fresh water runoff and sea surface oxygen saturation, development of the RV for cod in the Bornholm basin 

was investigated. Further, the assumption that local atmospheric conditions over the Baltic Sea (defined as 

the Baltic Sea Index) are mainly responsible for the water volume transports in the Baltic, and that such 

conditions are influenced by large scale atmospheric patterns was tested. 

The reproductive volume (RV) for cod is determined by threshold levels of salinity and oxygen without 

consideration of oxygen concentrations affecting egg survival within the RV. High egg buoyancy involves 

lower risk of being exposed to unfavourable oxygen conditions and hence higher egg survival probabilities. 
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The variability in female size/age in the spawning stock influencing egg specific gravity and vertical egg 

distribution between years was considered and a data-set of egg production per length group and salinity 

unit compiled. Together with hydrographic data and oxygen related mortality (experimental data from the 

CORE-project) a time series of annual viable egg production of cod in respective spawning area during the 

period 1966-1999 was constructed. This analysis is presented in subtask 1.4 (modelling of population egg 

production). 

Threshold levels of temperature, oxygen concentration and water density were defined for sprat using data 

from experiments and in situ sampling respectively. These values were then used for calculation of time 

series of sprat RV during peak spawning in respective spawning area for the period 1966-1999. Additionally 

an egg survival probability series for sprat was calculated using the temperature corresponding to the in 

average depths of occurrence of eggs from in situ sampling and temperature related egg survival from 

laboratory experiments. 

 

Results and Discussion 

Correlation coefficients between cod RV in the Bornholm basin of successive quarters of the year showed 

weak correlations between quarter 1 and 2, i.e. high frequency of inflow events during winter time, but strong 

correlations between quarter 2 and 3, and 3 and 4 respectively, implying that decay in RV in general is 

caused by oxygen depletion. Analyses of temporal evolution of RV in the Bornholm basin showed that 

eastward transportation/advection of water masses through the Bornholm Gat occurred as a result of return 

flows of water under the wind induced layers following a situation of initially westerly winds and then wind 

from north and east. Simulating low-moderate inflow events and varying physical forcing parameters 

experimentally resulted in an 50 km3 increase in RV at 25% decreased river runoff whereas increased river 

runoff only caused a slight difference compared to the reference model run. Simulation of an enhanced wind 

stress (15%) resulted in an additional transport of saline water into the western Baltic but remained due to a 

more westward oriented return flow basically within the western Baltic. Contrary, 15% less wind stress 

revealed an increase of the RV because of less developed return flows in the deep layers in the western 

Baltic. Simulating low near surface water air temperatures in the Skagerrak/Kattegat and western Baltic 

influencing oxygen solubility, RV increased by ≈80 km3 compared to the reference run when a decrease of 

the air temperature by 2°C was applied. 

A minimum oxygen concentration for sprat egg development of 0.7 ml/l was identified and a temperature of 

≤3.5°C corresponding to considerable decreased egg survival. Water density requirements were identified by 

two approaches: by egg specific gravity measurements of stripped eggs and by horizontal sampling in 

respective spawning area resolving the water column in 5-10 m intervals (BIOMOC). Both approaches 

revealed RVs above average during the early-mid 1970s, then in general poorer conditions except for 

somewhat improved conditions in the early 1980s and favourable conditions during the 1990s. For both 

methods the largest RVs were recorded in the Gotland Basin, the smallest in the Bornholm Basin and RVs in 

the Gdansk Deep amounting about one third. However, discrepancies between the two approaches 

occurred. Accordingly, the agreement between the methods was low (r=0.24, 0.25 and 0.78 for respective 

spawning area). The temperature related egg survival probability series showed a similar pattern as the for 

the estimated RV series. To fully be able to estimate egg survival probabilities in relation to hydrographic 
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conditions also oxygen related mortality should be considered. However, at present no such data exist. The 

results have been forwarded to task 6. 

Simulations showed that processes other than major Baltic inflows have the potential to alter the RV of cod 

and sprat, e.g. changes in river runoff regulations and global warming caused by anthropogenic influences 

will potentially affect spawning conditions for Baltic cod and sprat. The correlation between changes in RV 

and the Baltic Sea Index was demonstrated, and furthermore that a clear impact of large scale atmospheric 

conditions on the dynamics of the Baltic Sea exist as the Baltic Sea Index is correlated with the NAO indices. 
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3. Identification of abiotic and biotic processes influencing the feeding 
environment, growth, distribution and survival of larval/juvenile cod and sprat 

 

Introduction 

The purpose of this component is to identify temporal periods and environmental processes leading to 

increased survival success of larval and juvenile cod and sprat. The present consensus in fisheries 

recruitment research is that the success of a year class is determined by a series of density independent 

stochastic processes acting on the egg, larval, and early juvenile stages of a population. After these early life 

history stages, density dependent processes act to limit survival during the juvenile stages. Survival during 

the early life history stages is determined primarily by the availability of food for growth (addressed in this 

Task), by transport to and retention in optimal environments (Task 4) and by predation (Task 5). The 

interaction of these variables create windows of episodic survival, or conversely mortality, whereby survivors 

are determined through variations in growth predation and transport. 

 

3.1 Resolution of environmental processes increasing survival success of young 
of the year cod and sprat 

 

Introduction 

In this Subtask, we use otolith daily increment analysis, zonation transparency and texture, as well as 

estimates of otolith growth to resolve temporal windows of enhanced condition and survival success of 

young of the year cod and sprat. These periods are related to environmental and food web processes. 

Consequently, cod and sprat larvae and juveniles have been examined to determine hatch timing, settling 

time (cod) and selective mortality in relation to growth performance. Windows of survival and potential 

mechanisms causing increased survival success are being examined relative to the production of cod and 

sprat eggs (Task 2.1), hydrographic regimes (e.g. transport and upwelling in connection to Tasks 2.1 and 4) 

as well as food production (this Task). In order to resolve variations in the feeding potential of the pelagic 

stages of cod and sprat, the distribution, abundance and production of the dominant zooplankton (copepods 

and cladocerans) have been analysed relative to existing hydrographic regimes.  

Recognisable checks that correspond to the otolith size at hatch (hatch check) have been hypothesized to 

reflect egg size and perhaps parental size. Studies within the CORE project have shown that the otolith 

hatch check size is related to the survival of the cod larvae in the Bornholm Basin. In the present study it was 

possible to conduct an analysis of the hatch check size and the otolith accretion following the hatch check 

deposition as a survival trait for cod larvae sampled in 1999. 

For sprat a method was developed where temperature-dependent otolith growth patterns formed during the 

larval stage were used to back-calculate day of first primary increment formation in surviving adult sprat. 

Temperature had a significant effect on the otolith growth pattern of sprat larvae caught during the spawning 

season in 1999, so that individuals born at different dates could be distinguished. On this basis, an 
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expression to estimate temperatures experienced by the larvae resulting in the observed otolith growth 

pattern could be calculated. 

The environmental conditions over the sprat-spawning season have been incorporated in a model with the 

purpose to estimate foraging behaviour and growth rates in sprat larvae. Predictions of optimal foraging 

behaviour suggest increasing growth rates at increasing temperatures and faster swimming speeds when 

food abundance declined. 

In addition growth rates of larval sprat caught in different water layers were analysed comparing otolith-size 

to fish-size relationships in order to identify whether sprat larvae staying within and below the halocline have 

lower growth rates. Results were compared to RNA/DNA ratios as measure of protein growth rates. 

 

Results and Discussion 

Standing stocks of different zooplankton species/stages recorded in the Bornholm Basin were in accordance 

with the general life-cycle patterns for these species. P. elongatus, having one or two generations in the 

Central Baltic basins, had its peak reproduction time in April and May, when the highest amount of CVI and 

N were observed. The relatively high amount of copepod eggs encountered in April is likely to be due to P. 

elongatus egg production. Later in the season N abundance is lower compared to spring as is the stock of 

CVI. The occurrence of CVI in summer either indicates a second generation, or these animals stem from 

copepodites which have overwintered in a younger stage and thus have reached maturity late in the season. 

The sesonality of copepodites indicate the accumulation of a resting stock of CIV-V, but also of younger CI-

III. High abundance of T. longicornis and Acartia spp. N were also found in April/May. Later in June and 

August, the copepods, having multiple generations, accumulated CVI to produce new summer generations. 

This is especially visible for T. longicornis, having a large stock of N in August and thus probably 

constributed most to the peak in copepod egg abundance in summer. C. hamatus, preferring higher 

temperatures as well as O. similis were found in lower quantities having their peak abundances also later in 

the year, i.e., in August. C. hamatus accumulated CVI in August and constant occurrence of N indicates 

permanent reproduction. Contrary the cyclopoid O. similis accumulated at all copepodite stages, whereas 

very low numbers of CVI were found. The rise of cladoceran abundance from almost no occurrence in April 

to extremely high abundances in August shows the affinity of this taxonomic group to increased temperature. 

In summer it represents thus the most abundant group of mesozooplankton species in the Bornholm Basin. 

Horizontal distribution patterns of P. elongatus in the Bornholm Basin were associated with their vertical 

distribution. Older copepodites and CVI preferring higher salinities were found in deeper parts of the basin, 

whereas younger stages were found in shallower depths where they are moved by currents to shallower 

regions. The investigation of the vertical distribution of P. elongatus clearly confirmed this ontogenetic 

distribution. Considering the vertical profiles of temperature, salinity and oxygen at the sampling site, reveals 

older stages to dwell in the permanent halocline of the Bornholm Basin. Here the animals find the highest 

salinity, but are confined to very low oxygen contents of < 1ml*l-1. The younger stages were mainly found in 

layers above the thermocline, where the oxygen content and, especially in summer, the temperature is 

higher. This distribution indicates that P. elongatus needs higher salinity for successful reproduction thus 

dwelling deep in the halocline, despite low oxygen concentrations. After hatching of nauplii and younger 

copepodites ascend to reach upper water layers, where oxygen and temperature as well as feeding 
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conditions are better. This vertical ascend of younger stages is indicated by the bimodal distribution of CI-III, 

found in August. 

In the light of declining salinity and oxygen concentrations, predominantly due to the lack of pulses of North 

Sea water to the Central Baltic, the observed vertical distribution of P. elongatus indicates that the suitable 

habitat for successful reproduction of this copepod was deterioted. This may be one of the main reasons for 

the decrease in biomass and abundance of P. elongatus in the Central Baltic. No diurnal vertical migration of 

this copepod is indicated by the result of this study. In contrast, T. longicornis and Acartia spp, not confined 

to high salinities but to warmer waters , were generally found in the upper 50m of the water column and thus 

are distributed also in more shallower regions. Especially in summer these copepods were found in the 

region of the thermocline, where they find warmer water which may support fast growth. The difference 

between day and night distributions of Acartia spp. CVI-f may indicate a diurnal vertical distribution, which 

was however not found for other stages and species. A similar distribution as found for T. longicornis and 

Acartia spp. was found for cladocerans as well as C. hamatus. Although for the latter the vertical distribution 

was very variable, it shows an orientation of these animals towards higher temperatures and a higher 

phytoplankton concentration in upper layers. O. similis showed a similar and even more constant distribution 

in the region of the permanent halocline as observed for P. elongatus. Obviously this cyclopoid copepod 

favours higher salinity, while accepting low oxygen levels, and feeds on detritus in the region of the 

permanent halocline. 

Egg production rates measured in this study were low compared to the maximum values published, but fall 

well in the range of values for small neritic copepods in offshore waters. Egg production in A. longiremis was 

lower than in A. bifilosa. This is probably due to the fact that A. longiremis is the smallest of all the species 

tested. Also, the egg production rates of the largest copepod species, P. elongatus, were relatively low. P. 

elongatus is an egg carrying copepod species in contrast to the other species, which are free spawners. An 

observed trend of increasing egg production from mid April to the end of May in the Bornholm Basin, may 

reflect the increase in water temperature under optimum feeding conditions. In this period, the phytoplankton 

spring bloom usually reaches its maximum with diatoms and dinoflagellates dominating and a large amount 

of ciliates developing in the post bloom period. After reaching maximum values in May, egg production rates 

declined to a lower level in summer. This is probably due to sub-optimal feeding conditions. Phytoplankton 

standing stocks are lower during summer with a higher percentage of small flagellates and cyanobacteria, 

both not regarded as high quality food for copepods. This trend of declining egg production rates towards 

summer was confirmed in the Gdansk Deep and the Gotland Basin. However, in these areas no indication 

for a spring maximum was found. The composition of the phytoplankton spring bloom in the Gdansk Deep 

and Gotland Basin differs from the composition in the Bornholm Basin. Weight-specific production rates 

mostly ranged from 2 - 11 %/d and agree well with published P/B values for small neritc copepods in 

temperate areas. The derived production estimates of cladocerans are based on a simple growth equation 

only. Due to their complicated life-cycles more detailed studies are necessary, including more frequent 

sampling as well as identification and enumeration of the various life-stages, to derive more reliable 

estimates. This was, however, beyond the scope of this study. The production estimates nevertheless show 

clearly the reproduction to start in April from resting eggs and then an intensive rise in productivity in the 

further course of the season triggered by increased temperatures. 
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An investigation of the resolution of prey species and sizes consumed by larval and juvenile cod and sprat 

showed nauplii and copepodites to be the dominating prey organisms. Older sprat larvae also included 

cladocerans in higher numbers in their diet, a fact not observed for cod larvae, which might be explained by 

different vertical distribution patterns of the larvae. For first-feeding stages phytoplankton has been identified 

as important food items by other authors but this was not the case in diet compositions of Baltic cod and 

sprat analysed. This difference might partly be explained by the timing of spawning in comparison to periods 

of high phytoplankton production. At least for cod larvae, additionally to this temporal mis-match, the spatial 

overlap during spring is also rather limited, i.e. highest concentrations of phytoplankton species are 

encountered in 5-15m depth, whereas feeding cod larvae show highest concentrations below the 

thermocline in 25-30 m depth. 

An individual based growth model was developed to produce individual growth trajectories for the larvae and 

juvenile stages of cod. The model was based on individual otolith increment measurements and was 

designed to test for the optimal application among different versions of otolith growth interpretation that have 

been presented in the literature. The model was developed based on cod larvae and it was expected that the 

optimal otolith application estimated in the model could be applied on the survivors of pelagic and settled 

juveniles from the same cohort. However lack of suitable fish samples prevented the completion of model 

development, and estimations of growth trajectories were thus limited to larval stages only. 

Pelagic and demersal juvenile Baltic cod were collected on Rønne bank in the Baltic Sea southwest of the 

Bornholm Basin during two cruises conducted prior to the project in November and December 1998. The 

growth, age at settling and vertical migration pattern were studied by otolith microstructure analysis. The 

relationship between fish and otolith size was found to change at settling, with an increase of fish size in 

relation to otolith size after settling. This change was more pronounced on the slope locations compared to 

the top of the bank. The timing of first settling at the two localities did not differ with respect to fish age. On 

both locations fish hatched early in the season and spent shorter time in the pelagic stage than late hatched 

fish. However, significant differences in growth rate during the pelagic stage were observed, where fish 

captured on the slope had experienced faster growth. On the bank, individuals with fast otolith growth rates 

before settling continued to grow fast after settling. On the slope no relationship between growth before and 

after settling was found. Evaluation of individual increment widths suggested that the fish caught on the 

slope stayed in the surface layer before settling, performed vertical migrations during the early demersal 

stage and stopped migrating after the breakdown of the thermocline. These results suggest that growth of 

juvenile Baltic cod in shallow areas may be affected by food availability, and that fast growing pelagic 

juveniles chose different habitats for settling compared to slow growing fish. 

Due to limited sampling success of fish that represented a cohort of Baltic cod from larvae to the settled 

juveniles stage, an alternative set of otoliths of settled juvenile Baltic cod sampled in 1995 was analysed. 

The primary goal of this study was to supply Task 4 with hatching dates and catch location for the drift 

modelling. A method for analysing the distribution in hatch dates and age composition among settling areas 

for juvenile cod was developed. These analyses are further coupled with the otolith growth pattern that 

related to the larvae stages of the sampled cod. The result showed a significant difference in age 

composition and hatch dates distribution among the settling areas in the central Bornholm Basin. This 

difference is hypothesized to be related to the duration of the pelagic life stage of cod. 
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From analysis of hatch check sizes, a weak trend indicated higher mortality of cod larvae with smaller hatch 

check. However, only a weak trend was observed between the hatch check size and the otolith accretion 

that followed hatch. The analysis of the hatch date distribution of settled juvenile cod indicated that 

differences in the drift history in the pelagic life stages could be regulating the survival and settling processes 

for the juvenile cod. Individuals that settled in the northern and southern areas of the Bornholm basin were 

characterized by being hatched around mid of September. This pattern differed from the eastern and 

northeastern areas where the majority of the individuals hatched in late August. 

The days of first primary increment formation were obtained by searching the day of the year when the 

measured temperatures best matched those estimated from our expression yielding an average difference 

between observed and estimated dates of 6 days. The method was further applied to back-calculate time of 

first primary increment formation in surviving age 1 adults born in 1997-1999 to investigate its influence on 

the onset of maturity. The results showed that a larger proportion of individuals forming their first primary 

increment early in the season mature at age 1 compared to those forming it later. 

Comparison of predicted growth trajectories to those observed from otolith analysis suggest differences in 

the growth trajectories between early and surviving sprat born at the same time of the year. Early hatched 

larvae were growing at low growth rates suggesting possible trade-offs with other fitness-related traits than 

growth as increased risk of predation or starvation. Comparatively, only individuals growing at intermediate 

growth rates were caught as older larvae. These results may indicate selection for growth characteristics 

over time or geographical differences in survivorship. 

No significant difference was identified among sprat larvae located at different depths in the water column. In 

comparison, the RNA/DNA ratio indicated a slightly better nutritional condition of larvae in the lower 

compared to the upper water layers. RNA/DNA ratios were found to be highly variable, with starving and well 

fed individuals in both top and bottom layers. Thus the hypothesis that sprat larvae from the top layers of the 

water column have a superior nutritional condition to their counterparts in deeper waters and that a 

successful initial vertical migration into upper water layers is an important process enhancing larval survival 

probability due to higher food availability cannot be confirmed. In fact, from the RNA/DNA ratios presented in 

this study one might infer a poor feeding success of sprat larvae independent of the vertical location. The 

encountered difference in RNA/DNA ratios in sprat larvae in 1999 and 2001 may be attributed to lower water 

temperatures experienced. 

 

3.2 Develop inter and intra-annual time series of variations in physical 
oceanographic processes influencing the feeding environment and distribution 
of the young of the year pelagic stages 

 

Introduction 

The purpose of this section is to resolve and analyse the hydrographic and climatic forcing, which 

determines the occurrence of key processes influencing growth and survival of early life stages cod and 

sprat. The resolution of these forcing parameters, through the utilisation of existing hydrographic, 

meteorological as well as climatic databases, allowed the development of inter and intra-annual time series 
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of the occurrence of processes modifying the survival success of pelagic early life history stages of cod and 

sprat. The creation of this time series allowed the resolution of the importance of these processes for 

recruitment variability thereby enabling the incorporation of these processes into the modelling component of 

this programme (Task 6). Existing 3-D hydrodynamic circulation models (using real climatic forcing) of the 

Baltic Sea were utilised to simulate the occurrence of processes such as coastal upwelling, thermocline 

bottom interactions as well as turbulence. Comparison of simulated results to remote sensing (e.g. SST) or 

tide gauge measurements were performed to verify that model simulations characterise the occurrence of 

the key features. 

Sea surface temperature and its spatio-temporal variations have been used as indicators for upwelling. 

However, the sea surface temperature is most probable not the best indicator of upwelling because it is 

determined by the heat balance and thus, turbulent mixing, advection and the interaction between sea and 

atmosphere strongly modify the temperature temporally. It is difficult to estimate which part of the changes in 

temperature is really caused by upwelling and which part is coupled to other processes. Due to the problems 

to use temperature as indicator for upwelling, a new approach is presented where the vertical velocity at the 

near surface layers has been utilized. Upwelling associated with stability and with shallow but pronounced 

stratification of surface waters results in enhanced plankton productivity and aggregation around the 

thermocline. The corresponding offshore transport (Ekman) of coastal waters might play another important 

role in the enhancement of biological productivity in the Baltic. In contrast, the direct consequences of 

downwelling are: low stability and stratification, and less intense and less shallower thermoclines than under 

upwelling conditions. Furthermore, nutrients and plankton are transported and dispersed within a wider 

range of the water column. Prevailing downwelling conditions in the south would probably imply a general 

drop of plankton production in the offshore located spawning grounds of cod and sprat in the Bornholm 

Basin. 

 

Results and Discussion 

In order to accomplish the goals of Subtask 3.2 effort has been put into the development and construction of 

indices describing upwelling, turbulence as well as turbulent related larval feeding components (pursuit and 

attack) to be correlated to historic variations in recruitment success of Baltic cod and sprat. Small scale 

turbulence on one hand enhances encounter rates between larval fish and their prey, but on the other hand 

may disrupt food aggregations at subsurface plankton maxima and may affect the vertical distributions of 

eggs and larvae leading to higher mortality.  

From averaged physical model output there is a clear tendency, that along the northern and western coasts 

of the Baltic Sea, upwelling occurs in a distance of about 20-30 km offshore, while along the eastern and 

southern coast downwelling areas can be detected. Upwelling data from 3-D simulations for the time period 

1979 to 1988 as well as wind stress data for a period of almost 50 years provide temporally resolved 

information on the probability of upwelling occurring at both coastal environments of the Bornholm Basin. 

Time series of quarterly accumulated positive vertical transports (upwelling) showed that during the second 

quarter upwelling was predominant within the southern coastal area, especially for the time period prior to 

the 1980's. Compared to the 2nd quarters of the years, from July to September (late cod spawning) the 

spatial occurrence of upwelling regimes totally changed. Due to enhanced wind stress of mainly western 

direction, upwelling is more likely at the northern coast. The same tendency of decreasing upwelling intensity 
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for late 1980's and 1990's as for the second quarters is also clearly visible for the late cod spawning season. 

In order to compare results of this simple approach with other fields characterizing upwelling events, sea 

surface temperatures were computed from AVHRR satellite imagery. Additionally, dissipation rates of 

turbulent kinetic energy have been calculated by the same atmospheric data. Small-scale turbulence, known 

as key factor enhancing encounter rates between larval fish and its prey, at the vertical level of larval sprat is 

one order of magnitude higher than for larval cod. 

Upwelling estimates obtained from the 3-D hydrodynamic model used here were verified with observations of 

salinity, temperature, sea-level and currents. There was a good accordance between the model results and 

the measurements. The Gulf of Finland was used as a test area due to the availability of data and due to the 

complex hydrography of the area. The model also works properly in other parts of the Baltic, which was 

shown by verifying the model results against measurements of the major Baltic inflow in 1993.  

 

4. Modelling the influences of hydrographic/biological processes on the survival, 
distribution and growth of fish early life stages 

 

4.1 Development, application and evaluation of Individual-Based Models (IBM) of 
drift and feeding of larval fish 

 

Introduction 

Recruitment of Baltic cod critically depends on egg survival, with oxygen concentration in dwelling depths 

and to a lesser extend predation by clupeids being important processes affecting egg mortality rates. 

Surviving egg production and larval abundance are hardly correlated, however, larval abundance is 

significantly related to year class strength. This indicates either hatching and/or the early larval stage to be a 

critical period for cod recruitment. In sprat, egg production is significantly correlated to larval abundance, but 

larval abundance is not related to recruitment suggesting that in contrast to cod the later larval or early 

juvenile stage is critical for recruitment success. Based on these findings, he objectives of this task were to: 

 

a) Employ 3-D, eddy-resolving circulation models to describe fluctuations of hydrographic parameters (e.g. 

temperature, salinity, oxygen concentrations) in spawning areas. 

b) Develop a coupled Individual-Based Model (IBM) of larval fish feeding and drift to evaluate how 

hydrographic processes may influence growth and survival of larval fish. 

 

The approach used in constructing an individual-based model of the feeding and growth of Baltic cod was to 

couple a trophodynamic model with an existing multi-level ocean model. This coupled model allows to 

examine the feeding, growth and starvation mortality of larval cod in the Baltic Sea in the context of their 

transports by utilizing trophodynamic relationships along their potential drift routes. Prey fields were 

developed on basis of length specific diets of larval cod. Calanoid copepods Pseudocalanus elongatus, 
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Acartia spp., Temora longicornis and Centropages hamatus have been identified as the predominant prey 

components (Subtask 3.1). 

For larval sprat, a preliminary IBM on temperature dependent early life stage development and drift has been 

established. In contrast to cod, this modelling approach was not able to resolve growth and survival of larval 

sprat in dependency on food availability and physical parameters (e.g. ambient temperature and transport). 

Instead it allows the back- and forward tracking of individual larvae to their initial spawning ground as well as 

to their potential nursery areas. 

 

Results 

The transport of eastern Baltic cod larvae spawned within the presently only important spawning ground, the 

Bornholm Basin, was investigated by detailed drift model simulations for the years 1986 to 1999. In order to 

analyse in which habitats larvae and juvenile cod potentially dwell and where larvae and juvenile might 

change from pelagic to demersal habitat, a coefficient of overlap was utilized instead of simply counting the 

number of larval destinations within the different subareas of the Bornholm Basin. The results of these 

exercises on particles initially released within this spawning ground yielded a clear dependency on wind-

induced drift of larval cod, which is mainly controlled by the local atmospheric conditions over the Baltic Sea. 

Averaged seasonal simulated distributions were compared with field observations. The results suggested 

that juveniles caught during autumn trawl surveys in different areas of the Bornholm Basin can be assigned 

to different times of the spawning season. These observed patterns are very similar compared to our 

simulations, suggesting that numerical experiments on cod larval drift can explain broad trends in 0-group 

distributions of cod in and around the Bornholm Basin. Because of seasonal differences in the circulations 

patterns, the southern coastal environments are on average most important for early and late spawners, 

whereas larvae hatched in mid-summer were transported towards the north or to a higher degree remained 

in the spawning area. Observed lesser abundance of settled juveniles within the deep basin area might be 

explained by non-optimal feeding conditions. Thus, juveniles might only occur in the pelagic zone where they 

could not be sampled by bottom trawls. 

The suitability of our hydrodynamic model of the Baltic Sea for predicting the circulation and correspondingly 

the transport of larval cod in the Bornholm Basin is clearly identified in this coupled field and modeling 

exercise. Occurrence of larvae within the different subareas of the Central Baltic can be explained by strong 

coupling with local atmospheric forcing conditions. When subdivided into more specific regions, these 

relationships partly became relatively weak, especially if considering the more western subareas of the 

Bornholm Basin. Here, larval transport might be influenced significantly by other processes (e.g. inflows from 

the west, complex bottom topography). However, the predictive power of larval drift patterns can be regarded 

as relatively high, because areas of the Bornholm Basin for which intense spawning activity has been 

observed are highly correlated with atmospheric forcing.  

Field studies on foraging behaviour of larval gadoids indicated the dependence of feeding success on the 

availability of nauplii of specific calanoid copepod species. Thus, spatial and temporal variability in availability 

of this prey in combination with variation in ambient physical conditions, e.g. temperature and turbulence, 

might be responsible for fluctuations in larval growth and survival. Integrated measures of primary and 

secondary production in spawning and nursery areas are poor measures of the availability and are unlikely 

to aid in the prediction of fish recruitment. Because local biological and physical events may in fact explain 
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counterintuitive early life stage growth and survival pattern, the development and utilisation of coupled bio-

physical models became important for analysing these combined effects on fish recruitment. These models 

considered the spatial heterogeneity in environmental conditions by integrating larval trophodynamic IBM’s 

into 3-D hydrodynamic models.  

In general, the hydrodynamic models using either Lagrangian particle tracking or advection-diffusion 

equation models resolve the small-scale vertical and meso-scale horizontal hydrodynamics quite well. 

Because of the ephemeral nature of the atmospheric conditions over the Baltic Sea, we, in contrast to the 

majority of the previous studies, considered it necessary to apply realistic atmospheric forcing conditions in 

our model runs. The resulting hydrodynamic features in the Central Baltic are highly dynamic within the 

prolonged spawning period of cod. 

The biological model components caused more problems, with larval growth, starvation and related mortality 

being difficult to model, especially as prey fields are normally not available in sufficient temporal and spatial 

resolution. This general problem lead in previous modelling approaches to the following assumptions: i) prey 

concentration do not limit larval growth, making inclusion of prey dependant feeding success and growth 

rates redundant, ii) mean prey densities are uniform in space and time, iii) variable over season, but invariate 

over years, partly considering feedback by predation on prey density, iv) varying horizontally as output of a 

quasi-static copepod population dynamic model or v) being variable in space and time obtained from a 3-D 

nutrient-phytoplankton-zooplankton (NPZ) model. While we believe that the latter approaches are of great 

potential in future modelling activities, we considered it pre-mature to couple copepod population models and 

more complex NPZ-models for the Baltic Sea into our hydrodynamic model. Instead, our exercise is based 

on horizontally and seasonally variable prey densities in the depths of highest larval abundance obtained 

from extensive vertically and horizontally resolving zooplankton monitoring, applying overall yearly weighting 

factors to account for interannual variability in integrated prey abundance. We consider this parametrization 

as the best available description of the prey field for cod larvae in the Central Baltic and as one of the first 

applications of a realistic prey field in a coupled tropho/hydrodynamic model of larval survival. 

The approach allowed to re-address the question of food limitation in larval Baltic cod, considering explicitly 

temporal and spatial variability in prey species/stage distribution and physical environmental conditions. For 

modelling the trophodynamics, we used only sub-models developed and/or parameters determined for cod 

larvae, although mainly stemming from other geographical locations. The established coupled bio/physical 

model is able to assess the overall influence of small-scale turbulence on encounter rates, but does not 

consider that turbulence can have an overall detrimental effect on larval fish ingestion rate if exceeding a 

certain level depending also on larval behaviour. This is justified by the fact that wind-induced turbulence in 

the Central Baltic during cod spawning time in depths of larval occurrence does not reach intensities, which 

are expected to result in a decline in capture success. 

For larval sprat, the preliminary IBM on temperature dependent early life stage development and drift 

identified spawning grounds being in relatively good agreement with observations. Predicted and observed 

distribution of juveniles showed higher deviations, though the trend of higher concentrations of 0-group sprat 

in eastern Central Baltic areas was similar.  
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Discussion 

The primary aim of this task was to examine the influence of abiotic and biotic environmental variability on 

the potential larval survival success of Baltic cod. Generally larval survival is strongly influenced by transport 

into favourable feeding environments and thus depends on hydrographic and meteorological forcing 

conditions. Although, transport patterns of intermediate water layers where post yolk-sac cod larvae mainly 

occur are relatively well known, validation of the results of our coupled physical/biological modelling 

approaches is difficult. Several processes and factors are only partly resolved and thus parameterized in the 

model calculations. First, transport patterns of larvae are influenced by the initial spawning location assumed 

to be an even horizontal distribution, their initial vertical position in the water column and their behaviour. 

Secondly, trophodynamics are the most difficult processes to implement in models of larval growth and 

survival, because of the difficulties in validating such models experimentally or by data obtained during field 

sampling. Besides the strong non-linearity of trophodynamic relationships utilized, these relationships are 

often simplified to be computationally feasible. Finally, tests and validation of the IBM model results can only 

be performed for specific time periods and areas, for which sufficient information on spatially resolved egg 

and/or larval abundance, its prey and physical forcing data are available; an exercise presently conducted for 

the spawning season 1999. 

The present IBM approach has to cope with a relatively sparse temporal and spatial resolution of prey fields 

utilizing zooplankton data from the entire Central Baltic. However, a sensitivity study demonstrated that the 

coupled biophysical model is sensitive enough to show the effects of parameter uncertainty and to 

demonstrate the impact of natural perturbation especially in encounter and starvation processes. Other 

studies have suggested that biophysical models of larval growth and survival should additionaly include light 

attenuation as well as irradiance. Baltic cod larvae concentrate in the water column just below the 

thermocline, where prey availability and light conditions during day-time are optimal for foraging. Cod larvae 

do not migrate vertically into surface water layers during night, although this would enhance light conditions 

for feeding, most likely to avoid prevailing considerably higher temperatures. In consequence feeding activity 

ceases during night-time. While the latter process is included in our model formulation, we did not include 

variation in light intensity within a day or season assuming cod larvae to adapt to changes in light intensity by 

optimising their vertical position in the water column.  

We computed idealized prey fields by using a multiple non-linear regression technique on existing 

zooplankton abundance data. This procedure yielded seasonal trends in abundance of copepod nauplii 

which resemble the life-cycle patterns of the different species. The univoltine P .elongatus has an abundance 

maximum in April and May. Contrary T. longicornis, Acartia spp. and C. hamatus having multiple generations 

accumulate in June to produce next summer generations. P. elongatus nauplii in the central Baltic are 

associated with the vertical distribution of adults, preferring higher salinities encountered in deeper parts of 

the water column. This explains higher nauplii concentrations in the centre of the basin. T. longicornis and 

Acartia spp., not confined to high salinities but to warmer waters, were generally found in the upper 50 m of 

the water column and are distributed in more shallow regions. Nauplii of C. hamatus were observed mainly in 

the centre of the basin which suggests a spawning in deeper layers similar to P. elongatus. However, the 

overall abundance of C. hamatus is low compared to other species. Although the constructed prey fields are 

considered to be realistic, simulating the decline in P. elongatus by excluding the abundance of this copepod 
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in the low food environment scenario, underestimated the food abundance and thus probably also larval 

survival success. 

Another parameter not well represented in our model approach is the size specific selection of prey. Length 

specific larval gut content data have been used to specify preferred prey organism according to species 

groups and stages for feeding larvae of different size-classes. First feeding larvae rely nearly exclusively on 

copepod nauplii, which we treated as one prey group, as size differences between species and stages are 

limited. Thus, our main results referring to first feeding larvae are most likely not affected by a potential prey 

size selection process not considered in the model.  

Our modeling results indicate central Baltic cod larvae > 6 mm, feeding on all juvenile stages of copepods 

and later on adults and cladocerans to be not food limited. In contrast, first feeding larvae (4.5 - 6 mm length) 

have changed from a non food-limited to a food limited state, thus representing a critical early life history 

stage. This food limitation was caused by the decline in abundance of the copepod P. elongatus within the 

last two decades. Zooplankton distributions suggest prey concentrations to strongly vary in time and space 

independent whether P. elongatus is considered or not. Including the abundance of this copepod, highest 

survival rates occurred during spring and early summer, whereas when neglecting P. elongatus, only late 

hatched larvae, although less in magnitude, had higher chances to survive due to increasing abundances of 

other copepod nauplii. The shift in peak spawning time of Baltic cod obviously accounts for the decline in P. 

elongatus. Larvae are now born later in the season, thus profiting from the increasing abundances of juvenile 

stages of the remaining copepod species T. longicornis and Acartia spp. accumulating at this time of the 

year. It is not clear yet, whether spawning in general is delayed or late spawners are the only surviving part 

of the eastern Baltic cod stock. The spatial analysis of the model output revealed that larvae in recent years 

had only a high survival probability when advected relatively fast to the margins of the Basin. This is due to 

the concentration of these copepods in more shallow areas. 

Our results show the dependence of Baltic cod larvae to climatic forcing conditions both directly in terms of 

transport and temperature and indirectly due to the impact on prey population development. In a recent study 

on the link between the North Atlantic Oscillation (NAO) and the Arctic sea ice export, it was found that the 

NAO underwent a secular change in the longitudinal position of the two pressure centers during the last two 

decades. The eastward movement of the centers of inter-annual NAO variability resulted in an increasing 

influence of the NAO on the Baltic Sea area, which was accompanied by a reduced flux of saline water 

masses into the deep basins of the Baltic Sea and an increased river runoff. A result of the decreasing 

salinity is the decay of the calanoid copepod P. elongatus during the last two decades. Our results showed 

that sufficient food to ensure high survival of Baltic cod larvae is strongly depended on the occurrence of P. 

elongatus in the prey field. Thus, from the results of this task it can be concluded that variations of prey 

availability on a climatic time scale might be considered as input parameters for recruitment predictions of 

fish stocks.  

However, our modelling approach has not yet reached the state where the effects of zooplankton variability 

on early life stage survival can be assessed in a quantitative way, though it is to our knowledge one of the 

very few attempts to include realistic prey fields with spatial and temporal resolution into a bio-physical model 

on larval survival. The modelling exercise has clearly demonstrated that traditional sampling methodology is 

unable to resolve food limitation of larvae without considering flow dynamics and the impact of physical 

conditions. It has demonstrated further that retention and dispersal of early life history stages can have 
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detrimental as well as beneficial effects on off-spring survival within a fish stock depending on seasonal 

specific prey availability. 

For sprat, the constructed coupled IBM/hydrodynamic model has to be taken as preliminary. It revealed a 

substantially higher potential for transport into eastern Baltic areas than for cod confirming information from 

autumn hydroacoustic surveys that nursery areas are located along the eastern Baltic coast line. However, in 

contrast to the hydroacoustic surveys, the predicted distribution of juvenile sprat was more dispers, which 

may indicate either spatial differences in survival success or problems in modelling drift patterns, e.g. 

associated to assumptions about the vertical distribution of larvae and juveniles. On the other hand 

hindcasted distributions of hatch locations match observed distributions of advanced egg stages very well 

without an indication that survival to the larval stage depends on the spawning location. 
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5. Prey/predator interactions and their impact on the dynamics of cod and sprat 
populations 

 

5.1 Estimation of predation on early life stages of cod and sprat by planktivorous 
fish 

 

Introduction 

Subtask 5.1 addresses the hypotheses that: 1) cod recruitment in the Baltic is presently controlled by sprat 

and herring through predation on early life stages and 2) cannibalism on eggs and larvae is a controlling 

factor for sprat stock development. To test these hypotheses we conducted following activities: 

a) evaluate available sprat and herring diet composition databases with respect to ichthyoplankton 

predation, 

b) perform a new stomach sampling and analysis programme covering different month of the spawning 

season as well as different areas, 

c) estimate daily rations of sprat and herring based on evacuation experiments and diel sampling 

programmes, 

d) resolve predator abundances in cod and sprat spawning areas during spawning time, 

e) compare daily consumption rates by predator populations to standings stocks and production 

estimates of prey. 

Based on stomach content analyses of sprat and herring, individual daily predation rates on cod and sprat 

eggs and larvae were updated for years 1997 to 1999. A discrepancy between predator stock sizes derived 

by spatially disaggregated MSVPA runs and hydroacoustic surveys was observed, hampering the estimation 

of sprat population consumption. Thus, an exercise was conducted to estimate the sprat population size in 

the Bornholm Basin by using the daily egg production method. This exercise lead to the estimation of 

alternative predator population sizes used in the quantification of the predation pressure on early life stages 

by sprat and herring. 

 

Results and Discussion 

To estimate the sprat predator stock size by means of the egg production method, egg abundance, stock 

structure, sexual and gonadal maturation, spawning frequency and the batch fecundity of sprat throughout 

the sprat spawning season were simultaneously investigated to obtain an estimate of the population size at 

spawning time. The results confirmed the population estimate from the hydroacoustic survey in May/June 

1999, but contrasted spatially down-scaled results from an area dis-aggregated MSVPA runs. 

Clear interannual differences were encountered in the amount of sprat eggs in sprat stomachs, with a 

reduction by one order of magnitude from 1990-1992 to 1993-1999, although considerable quantities were 

available in the plankton. For herring, a similar tendency of decreasing amounts of fish eggs in the diet is 

obvious for spring and early summer dates, however, far less pronounced. An explanation for the different 

feeding behaviour in the beginning of the 1990’s is a changed vertical overlap between predator and prey, 
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due to significant alterations in the hydrographic regime of the Bornholm Basin after the major inflow in early 

1993 influencing both predator and prey. 

The observed decline in predation on cod eggs by sprat in spring and early summer during most recent 

years is more difficult to explain. A similar change in the vertical overlap of predator and prey due to 

hydrographic conditions, as concluded for sprat eggs, alone does not explain the decline in cod egg 

consumption by sprat. Variations in the abundance of other fish eggs, first of all sprat being most abundant, 

are likely to contribute to the reduction in cod egg predation by sprat as these may act as a trigger for 

switching from zooplankton to fish eggs as prey. 

Comparing consumption by the sprat population to sprat egg abundance suggests cannibalism to be an 

important source of sprat egg mortality in the Bornholm Basin, while consumption by herring is of minor 

importance. For cod eggs, predation pressure by sprat reduced during the 1990s caused by the shift of cod 

spawning time into summer month, as sprat leave the central basin after finalizing their spawning activity in 

July. Additionally, remaining sprat are distributed more shallow in the water column selecting cladocerans as 

prey in the intermediate water instead of copepods and cod eggs within and below the halocline. However, 

herring returning from their spawning to their open sea feeding grounds in June/July, not showing the same 

vertical distribution, replaced sprat partly as predator of cod eggs, still exaggerating a substantial predation 

pressure. This result is independent of the revision of the predator population size, as major deviations were 

encountered in sprat and not in herring population estimates. 

Cod and sprat larvae were obviously not substantially affected by herring and sprat predation, independent 

of the area and date of investigation. This can be partly explained by a limited vertical overlap of prey and 

predator and partly by a size selective predation by herring preying nearly exclusively on larger larvae. Only 

newly hatched larvae concentrate in relatively high quantities within or below the halocline, where they are 

available as prey to herring and sprat aggregating in these water layers while feeding (but note the change of 

sprat vertical distribution in summer enhancing the vertical overlap with larger larvae). 

 

5.2 Extend the time series of predation mortalities and recruitment of cod and 
sprat as well as estimates of spawning stock sizes, structures and fishing 
mortalities 

 

Introduction 

Before STORE, the time series of stock sizes of cod and sprat derived by the MSVPA covered the time 

period 1977-1996. This limited the examination of variations in stock and recruitment relationships due to 

environmental and species interaction processes as well as fisheries actions, especially as years with 

outstanding high recruitment were excluded, e.g. for cod 1976. Thus, multispecies assessment data were 

compiled to cover the time span 1974-1998, and in a second work step revised and updated to 2000. Based 

on these extended data sets, and updated consumption rates based on revised ambient temperatures an 

MSVPA run covering 1974-2000 was performed to supply modelling activities in Task 6 with stock 

abundance, stock structure as well as predation and fishing mortality rates of cod and sprat in the Central 

Baltic. 
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An examination of cod stomach content variability in different quarters, years and Sub-divisions in relation to 

hydrographic conditions, nutritional condition, gonadal maturation and prey availability was conducted using 

long-term biological data sets (1967-1990).  

 

Results and Discussion 

Spawning stock biomass of Eastern Baltic cod derived by the MSVPA run shows a pronounced increase 

from 1977 to 1980, remaining on a high level during the first half of the 1980s, afterwards declining to lowest 

level on record in 1992, showing a restricted intermediate increase in the mid 1990s being presently close to 

the historic minimum. This is well in agreement with the respective estimates from single species VPA. 

Higher deviations between standard and multispecies SSB estimates are obvious for the beginning of the 

1980s. These differences are caused by lower mean weight at age in the stock applied in the MSVPA runs, 

as derived stock numbers are rather similar for age-groups 2+. To get a further indication of the reliability of 

the MSVPA, abundance indices of age-group 2+ from the international bottom trawl surveys were correlated 

to corresponding MSVPA estimates showing a high correlation. Repeating the exercise for recruitment 

estimates at age 2 showed a good agreement between MSVPA and singlespecies output. Fishing mortality 

rates determined by MSVPA and the standard assessment show similar time pattern, with the single species 

assessment estimating in general slightly higher values. Predation mortalities of 0-, 1- and 2-group cod are in 

the same order of magnitude than derived by earlier MSVPA runs.  

The estimated spawning stock biomass of sprat showed a pronounced decline from the mid 1970s to the 

early 1980s, a trend that is slightly less pronounced in the standard assessment. Deviations in sprat 

recruitment estimates are apparent especially for the early years of the time series.  Correlating the MSVPA 

derived sprat stock size (age-group 1+) with the abundance estimate from the Latvian/Russian hydroacoustic 

survey in Subdivisions 26 and 28, revealed a very close agreement. The MSVPA derived fishing mortality 

rates follow rather well the general trend in F estimates from the standard XSA. Predation mortalities of sprat 

showed a continuous decline from mid 1970s to early 1990s being rather constant afterwards. 

Spawning stock biomass estimates of Central Baltic herring derived by the MSVPA run show a continuous 

decline, which is to a large extend caused by reduction in weight at age. A high variability is indicated by the 

hydroacoustic estimate of age group 1+. In contrast to cod and sprat the comparison of stock size estimates 

from MSVPA and hydroacoustic surveys shows more variability with the hydroacoustic survey indicating a 

more pronounced peak of herring abundance in early 1990s due to technical and area coverage problems. 

Recruitment at age 1 derived by the MSVPA does not show a pronounced peak in the early 1990s, but 

rather a declining trend since the early 1980s. In contrast to the good agreement in abundance estimates, 

the SSB shows larger deviations between the multispecies and the standard assessment. The reason is a 

difference in mean weight at age, i.e., the MSVPA uses the mean weight in the 1st quarter, whereas the 

annual mean weight was applied in the standard assessment. The estimated fishing mortality rates obtained 

from MSVPA and standard assessment are rather similar both indicating a doubling of fishing mortality from 

early to late 1990s. Predation mortality follows closely the time trend described for sprat. However, a 

substantial difference between the species is, that predation mortalities of adult herring is very low, reaching 

seldom 0.1 per year.  

Conducted investigations confirmed a relationship between energetic condition of cod and food supply. The 

liver condition index of cod and abundance of clupeids in the diet of cod during autumn/winter and spring 
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was positively correlated. Differences in the diet according to sex- and maturity, liver weight and utilization of 

energy for gonadal growth and spawning were observed. Ripening females on the spawning grounds were 

hardly feeding on clupeids. The liver condition index of females increased with maturation stage until peak 

spawning. Feeding intensity and liver condition index of maturing males decreased earlier than of females at 

the final gonad ripening stage. Cod of both sexes nearly ceased feeding when being in spawning condition 

with the liver condition index declining. 

In 1967-1977, at favourable oxygen/temperature conditions, the gonadal development in pre-spawning time 

(January) was closely related to gonadal maturation during the main spawning season (March-April). During 

the 1980s the spawning population of cod was influenced by poor hydrographic conditions - low oxygen 

saturation and temperature, with gonadal development in pre-spawning time largely decoupled from the 

situation at spawning time. Changes in distribution and age composition of the spawning population of cod 

are associated with a decline in proportion of males on the spawning grounds. The diverging developments 

in the proportion of maturing cod in pre-spawning and spawning seasons indicated that hydrographic 

conditions likely were the cause of the delay in gonadal maturation during the stagnation period in the 2nd 

half of the 1980s and the 1990s. 

 

5.3 Develop area dis-aggregated estimates of recruitment, related juvenile 
predation mortalities as well as spawning stock sizes and structures 

 

Introduction 

The primary objective of this Subtask was to define regional reproductive success in relation to size and 

structure of the originating spawning population, explicitly considering species interactions, i.e. cod 

cannibalism and predation on clupeids as well as area specific exploitation by the fishery. The approach to 

conduct spatially dis-aggregated MSVPAs performed in CORE has been validated. Trends in population 

sizes from research surveys showed a good agreement with the MSVPA estimates for cod and sprat, but not 

for herring. The relative horizontal distribution between areas determined by MSVPA runs and research 

surveys, revealed indications of drift of early life stages and migrations of adult cod and sprat. Migration 

might influence the estimates derived for the different stock components, but does not affect the overall stock 

sizes and key parameters estimated. This is obvious from integrating the results of the MSVPA runs over the 

different sub-areas, which resulted in close agreement with the standard assessments for the Central Baltic. 

Based on these findings the approach appears to be suited for estimating regional spawning stock sizes and 

produced recruitment, especially as this procedure is at present the only feasible way of assessing the Baltic 

fish stocks spatially dis-aggregated. Consequently, area dis-aggregated MSVPA runs were conducted for 

Sub-divisions 25, 26 and 28 containing the major spawning areas of the Central Baltic cod and sprat, utilizing 

the revised and extended multispecies assessment data covering 1974-1999 (Subtask 5.2). 

An investigation of the feasibility and necessity of an implementation of a statistically based spatial 

multispecies framework in the Baltic has been handled within the modelling section 6.1 in connection to the 

implemented modifications of the MSVPA and the developed multispecies stock production model. 
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Results and Discussion 

The performed area dis-aggregated MSVPA runs confirmed distinct trends in population abundance, 

spawning stock biomass, recruitment and predation mortalities of cod, herring and sprat in different areas of 

the Central Baltic. A comparison of cod, sprat and herring SSB and recruitment derived from area 

aggregated, dis-aggregated MSVPA and standard assessment revealed rather similar results in absolute 

estimates as well as time trends. This confirms the finding that assessing the cod and sprat stock 

components separately does not change the perception derived by the standard stock assessments for the 

entire Central Baltic, independent whether migration between different Sub-divisions occurs. 

A comparison of direct stock abundance information from surveys to multispecies results revealed again a 

good coherence in time trends for cod and sprat, but not for herring. Correlations between cod recruitment at 

age 1 derived by trawl survey and MSVPA revealed highly significant relationships for Sub-division 26 and 

28, but not for 25. This is interpreted as evidence, that recruits originating from Sub-division 25 inhabit 

nursery areas located in Sub-division 26 (see Subtask 1.1) and explains also why recruitment indices 

derived by the survey were higher in the latter area, although the spawning stock was in general lower and 

environmental conditions for cod egg survival were unfavourable (see Subtask 2.3). 

For sprat the contribution of Sub-division 25 to the combined stock in the Central Baltic was found to be 

considerably higher in the MSVPA output than in the October hydroacoustic surveys, while in Sub-division 

28 the situation is opposite. Hydroacoustic surveys in May/June (see Subtask 1.1) showed highest sprat 

concentrations in the Bornholm Basin as well, thus fitting to the distribution pattern obtained by MSVPA, but 

being less pronounced. This may indicate a different distribution of sprat during spawning and feeding 

periods, potentially caused by migrations between Sub-divisions (see Subtask 1.1). The conducted 

comparison between spring and autumn hydroacoustic surveys is, however, based on material sampled in 

the 1980’s, a period of low sprat stock size. Indications exist that this seasonal distribution pattern may have 

changed with increasing sprat stock sizes (see Subtask 1.1). Comparing recruitment of age-group 0 

determined by MSVPA and hydroacoustic surveys revealed significant relationships in all areas, serving as 

an independent test of determined recruitment pattern. Deviations in absolute recruitment strength are, 

however, obvious when comparing age-group 1 estimates derived by MSVPA and hydroacoustic survey in 

autumn. Here a similar trend with higher recruitment in Sub-division 25 estimated by the MSVPA and a 

higher recruitment determined by the hydroacoustic survey in Sub-division 28 was encountered, suggesting 

similar drift processes as in cod.  

Application of the derived area specific results in stock recruitment models under Task 6 depended critically 

on the behaviour of recruits when attaining sexual maturity, i.e. whether they show homing behaviour or 

conduct spawning migrations in dependence of hydrographic conditions. Analyses conducted under Subtask 

1.1 revealed indications that this assumption is fulfilled at least for cod. 

In contrast to cod and sprat hydroacoustic survey estimates were not correlated to MSVPA results in herring, 

independent of the area considered. Difficulties encountered to validate the herring stock developments are 

caused by the heterogeneity of the stock structure, extensive migratory behaviour as well as problems to 

assess the different components by research surveys. Also the present approach of separation into Sub-

divisions does not solve this problem, as different stocks inhabit same areas, and the borders of Sub-

divisions are not equivalent with borders of stock distributions. 



Final Consolidated Report  Executive Summary 
 

 44 

6. Model the combined effects of environmental variability and fishery on cod and 
sprat recruitment and evaluate the sensitivity and applicability of critical stock 
limits and biological reference points for fisheries management 

 

Introduction 

An integral part of applying the precautionary approach in fisheries management is the determination of key 

stock reference points, with a priority set for limit biological reference points that result in medium- and long-

term sustainability of the stock. A crucial factor in determining the biological reference points is the 

quantification of processes causing recruitment variability and uncertainties in stock and recruitment 

parameters. Presently, ICES Assessment Working Groups develop reference points based mainly on single 

species considerations, thus being susceptible to failure due to multispecies interactions (e.g. predator/prey) 

or fluctuating environmental conditions (e.g. deep water oxygen conditions in the Baltic). 

A prerequisite of accepted management strategies is that there is a quantifiable relationship between 

spawning stock (or some more precise measure of viable egg production) and recruitment. Such a 

relationship is in general very difficult to derive from given time series of stock and recruitment observations 

due to the large environmentally-induced variation in recruitment success. In practice, target values 

identifying recruitment-limiting stock sizes are generally poorly defined and are often taken simply as the 

lowest value of spawning stock size recorded for a specific stock. Depending on the available time series 

and observed range of variation in stock size, the perceived limit value can be very different, giving different 

implications for the long-term exploitation levels and sustainable yield. It is clear that the potential for 

reducing a fish stock to a range of recruitment-limiting stock sizes, or to commercial extinction, appears to be 

high if the stock is at a low level and environmental conditions are prohibitive for recruitment success. 

The first objective of Task 6 was to develop stock and recruitment models including environmental and 

fisheries effects to simulate and predict the development of Baltic cod and sprat stocks for different 

environmental and fisheries management scenarios. Secondly, established recruitment models were tested 

for their potential to enhance short-term stock predictions and established stock-recruitment models for their 

potential to improve stochastic medium-term prediction models. Finally, based on these models biological 

management reference points were evaluated with respect to their sensitivity and stability to environmental 

variability and longer-term changes. 

 

6.1 Identify and describe causal relationships influencing recruitment and develop 
simulation models 

 

Introduction 

To achieve the first objective, a review and validation of data received from Task 1 to 5 for modelling 

purpose was conducted. The second major task was to identify critical periods in the reproductive success of 

cod and sprat and the third task to incorporate identified processes affecting these critical life stages into 

stock and recruitment models. 
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The first task included an evaluation of established time series of the stocks’s reproductive effort in terms of 

spawning stock biomass, female SSB and potential egg production as well as measures of reproductive 

success in terms of recruitment at age 0 and 1 as established from survey (Task 1) and multispecies 

modelling activities (Task 5 and 6). Furthermore, alternative multispecies models were constructed and 

utilized to estimate historic stock dynamics and enable multispecies predictions. 

The applicability of Bayesian approaches to estimate parameters of stock recruitment relationships was 

tested in a meta analysis for 21 cod stocks in the North Atlantic. This meta analysis was also the basis for 

investigating the carrying capacity of the Baltic and other marine ecosystems for cod recruitment. 

The established coupled tropho/hydrodynamic individual based model of drift and feeding was validated and 

the reliability of results investigated. We tested the sensitivity to perturbations of the model input parameters 

and we compared an index of observed larval survival originating from main spawning activity 1986-1997 

with simulated larval survival probabilities. Finally, we related reproductive success in terms of recruitment to 

the prey availability of Pseudocalanus elongatus for a longer time series covering the period 1966-1998. 

As a first exploratory analysis, an attempt was conducted to identify statistical stock recruitment models for 

spawning areas with best data coverage, i.e. for cod Subdivision 25 encompassing the spawning area of the 

Bornholm Basin and for sprat Subdivision 26 encompassing the Gdansk Deep and the southern Gotland 

Basin. Besides spawning stock biomass an array of environmental variables was considered: quarterly 

average temperature, salinity, oxygen concentration and density during main spawning time in 25 m depths 

layers as hydrographic variables, the NAO index in January/February and the BSI index at spawning time as 

atmospheric forcing conditions reflecting, e.g. transport. An a priori selection of variables was not conducted 

to enable an objective statistical analysis. 

Secondly, an extended exploratory statistical analysis was performed for both species to identify 

environmental factors affecting reproductive success and recruitment. Specifically abundance or production 

data for subsequent early life history stages were related to identify critical periods within the recruitment 

process. Environmental factors showing statistically significant covariance with the survival of one of these 

critical life stages, were incorporated into stock-recruitment models, separately for individual spawning areas 

and combined for the Central Baltic. For cod this study has been started within the CORE project and 

revealed that recruitment depends on egg survival with low oxygen concentration in dwelling depths and 

predation by clupeids as the major causes for egg mortality. Surviving egg production and larval abundance 

were weakly correlated, whereas larval abundance was significantly related to year class strength. This 

indicated that the period between the late egg and the early larval stage is critical for cod recruitment. The 

statistical model obtained for prediction of cod recruitment at age 0 in Sub-division 25 contained besides egg 

production, corrected for egg predation by clupeids, the oxygen condition in the reproductive volume and a 

larval transport index. In the more eastern spawning areas the hydrographic regime did in general not allow 

successful egg development in the prolonged stagnation period throughout the 1980s. Thus, only relatively 

simple models based on the egg production by the spawning stock and the reproductive volume were 

required to achieve a reasonable explanation of recruitment variance. Contrary to cod, the early and late egg 

stage production of sprat as well as the late egg stage production and larval abundance were significantly 

related. However, year class strength was largely independent of larval abundance. Thus, the period 

between the late larval and early juvenile stage appeared to be critical for sprat recruitment. Preliminary 

models established for Sub-division 25 and 26 are based on the spawning stock biomass as a measure of 



Final Consolidated Report  Executive Summary 
 

 46 

egg production, ambient temperature and in the latter area growth anomaly of adult fish throughout the 

feeding and subsequent winter season. These statistical models explained somewhat less than half of the 

variance in recruitment, while for Sub-division 28 no significant model could be developed. 

The established environmentally sensitive and spatially explicit stock-recruitment relationships for cod and 

sprat were further explored by predicting year-class strength 1996-1999, not considered in the parameter 

estimation, and subsequent comparison to updated MSVPA results and survey derived recruitment indices. 

Furthermore, an update of these stock recruitment relationships was conducted at the end of the project 

period considering newest findings from the process analyses sections. These statistical models include 

oxygen related egg survival for all Sub-divisions and more important identified factors affecting cod larval 

survival, i.e. nauplii prey availability. Additionally various other physical forcing conditions affecting larval 

distribution (BSI-index), primary and secondary production (upwelling index) and larval capture success 

(turbulent velocity) were tested for their explanatory power in explaining larval survival. 

For sprat it was investigated more closely how the temperature environment and spawner abundance affect 

recruitment. Conducted process analyses revealed that low temperature suppresses sprat recruitment and 

survival, presumably because sprat in the Baltic Sea is located near the northernmost limit of its geographic 

distribution. Laboratory and field experiments conducted suggest that eggs and larvae suffer increased 

mortality at low temperatures similar to those which occur in spawning habitats in the Baltic Sea. In addition, 

low temperature may suppress sprat growth and gonadal development, and via its influence on general 

hydrographic conditions and food web interactions, affects the potential for sprat egg cannibalism. These 

observations suggest that temperature is a key variable influencing sprat recruitment and possibly population 

abundance in the Baltic Sea. We have investigated this possibility by conducting statistical analyses using 

field estimates of sprat recruitment and water temperature measured at sprat spawning sites during sprat 

spawning times. As part of the investigation also inter-relationships between recruitment and other 

climatological and hydrographic variables were analysed. The objective was to evaluate whether large-scale 

climate variability can be linked via temperature and hydrographic conditions in sprat spawning areas to 

variations in sprat recruitment. 

Coupling the stocks reproductive potential, capturing the stocks contribution to reproduction, with the 

effective reproductive environment (ERE) should allow determination of an index of reproductive success 

closely related to recruitment. ERE may be categorised into two components; the abiotic environment 

(described by e.g. oxygen, salinity, temperature etc.) and the biotic environment (described by e.g. food 

availability, predator abundance etc.), although these are to some extent interrelated. Following this 

approach for cod in the eastern Baltic, environmental factors for potential inclusion in the ERE have been 

selected a priori based on information from process studies under Task 1 to 5. These comprised egg survival 

in relation to oxygen conditions (oxygen content in the reproductive volume) and larval survival in relation to 

Pseudocalanus elongatus nauplii abundance. In a second stage appropriate data sets to represent these 

factors were selected, and then the functional form of the relationship between the factor and egg or larval 

survival was determined in the light of the mechanism by which the factor operates. Using this approach, it 

was possible to estimate a series of weightings which represent the extent to which each factor influenced 

the effective reproduction in each year. These are scaled to between zero (no survival in the relevant year 

due to the influence of the factor) and one (no influence on recruitment in the relevant year). The intention 

was to derive a recruitment model which may be used in medium-term projections for Eastern Baltic cod as 



Final Consolidated Report  Executive Summary 
 

 47 

part of an annual stock assessment. This application dictates a certain simplicity in the approach, both 

because of the need to project any environmental predictors which may be used, and in the use of stock and 

recruitment values estimated by a routine, single-species assessment. 

To enable utilization of constructed recruitment models in medium- to long-term projections, environmental 

scenarios had to be established. This has been achieved by two approaches: i) combining different 

fragments of the historical time series representing either extreme events such as major inflows, or severe 

winter situations, or more usual hydrographic situations during stagnation or inflow periods, ii) applying 

ARIMA (integrated autoregressive moving average processes) models on the compiled time series of 

environmental data. Longer-term projections are generally used to give a probabalistic indication of the 

possible future trajectory of a fish stock subject to certain management actions. Typically this will take the 

form of a series of projections each run assuming a different level of fishing mortality fixed over the prediction 

period. Comparison of the results of these projections then allows a comparison of the relative probability of 

achieving a certain objective (e.g. of increasing SSB to above a specified reference value) over this medium-

term period. Under the precautionary approach to fishery management, one objective of management of the 

fishery is to maintain fishing mortality on the stock at or below the precautionary reference level FPA. 

However, management should also aim to keep the spawning stock biomass above the precautionary 

reference level BPA. To reflect this situation, two to three different fishing mortality scenarios have been 

assumed for medium-term projections for the cod and sprat stock as well as medium- to long-term 

multispecies projections: continuation of fishing mortality at the current level (Fstatus-quo), reduction of F to the 

precautionary level (FPA), and in some cases reduction of F to half of the precautionary level. 

With respect to eutrophication the processes linking nutrient loading to primary production, decomposition of 

organic matter and consumption rates of oxygen are complex and beyond the scope of this project to 

quantify. However, scenario simulations based on a mass-balance model accommodating trophic 

interactions at lower trophic levels and has been applied in a test case in Task 6.3. The full spectrum of 

interactions between eutrophication and climate change, including also interactions with persistent organic 

compounds and their potential affect on reproductive success of key species, is complex and cannot be 

modelled with certainty at the present time. Given the present level of process uncertainty and the likelihood 

that nutrient loading to the Baltic is not likely to change substantially in the next decade, the status quo 

situation was considered most representative for at least 10-year fish stock projection scenarios. 

 

Results 

To determine the reproductive effort of the cod and sprat stock either as SSB, female SSB or potential egg 

production by the SSB two major data sources were made available: i) output of analytical age-structured 

models and ii) international survey results. Due to the relatively short time series of bottom trawl and 

hydroacoustic surveys, especially not covering periods of maximum reproductive success of cod in the 

1970s and early 1980s, analytical stock assessment outputs were used as the major data source, while 

survey results were used for validation purposes. Analytical stock assessment output is available from the 

Baltic Fisheries Assessment WG for the period 1966-2001 from an XSA and from MSVPA runs covering 

1974-2000 and area dis-aggregated for 1974-1999, the latter two conducted within the project. The 

reproductive success in terms of recruitment relies essentially on the same data bases, with the MSVPA 

having the advantage to quantify pre-recruit abundance considering predation mortality by cod. While 
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standard XSA and area aggregated MSVPA produce very similar results, the area dis-aggregated MSVPA 

needed validation. This has been accomplished through comparison with various existing and compiled data 

sets. This allowed the application of the area dis-aggregated MSVPA to spatially resolve the SSB of the 

different spawning basins thereby allowing the utilisation of area specific reproductive success in recruitment 

modelling of these stocks. 

The traditional MSVPA approach was expanded by a module allowing to model weight- and maturity-at-age 

in dependence of prey availability. Besides spatial dis-aggregation, missing this feature has been considered 

as a major disadvantage of the MSVPA approach compared with more modern multispecies models, e.g. the 

Boreal Migration and Consumption model (BORMICON). Furthermore, a stochastic MSVPA version is 

presently under development including maximum likelihood functions for commercial catch-at-age 

observations, CPUE observations, stomach contents observations and a stock-recruitment model. The 

model operates on historical data for estimation of parameters and their variance. A predictive stochastic 

model uses these values and input fishing mortalities to estimate effects of various management measures. 

Given the successful completion of this task, the performance of the MSVPA is at least comparable to 

available statistically based multispecies models. Another initiative, i.e. the EU project “Development of 

structurally detailed statistically testable models of marine populations”, aims at the further development of 

available statistically based multispecies models. In view of these various efforts presently conducted outside 

the project, we concentrated on the development of a more simple statistically based model, the multispecies 

stock production model. 

Multispecies production models are generally less data demanding, and may be especially useful when the 

age structure of the stocks is unknown, or biased as in the case of Baltic cod. The present multispecies 

stock-production model is derived from the age-structured multispecies model of Andersen and Ursin (1977). 

The multispecies interactions in the model are constrained to the impact of the predator stock on the survival 

of prey components – the growth rate of predator is not affected by prey biomass. The advantage of the 

approach is that some of the model parameters can be estimated outside the model. The model allows for 

the estimation of the dynamics of stock biomass and multispecies interactions given catches, predator 

stomach contents, as well as indices of recruitment and fishing effort. The basic shortcoming of the model, its 

applicability to fully exploited part of the stocks only, was solved by developing an additional component 

covering the dynamics of young fish. The model was applied for simulation of the dynamics of the Baltic fish 

stocks, producing results comparable with those obtained from age-structured assessment models forming 

also the basis of medium-term multispecies projections. 

To address broader issues related to Baltic ecosystem management an Ecopath and Ecosim approach was 

established, specifically to estimate indices for carrying capacity and multi-decadal fluctuations in cod, 

herring and sprat biomass. Results of fitting the model to historical time series were then used in medium-

term projections incorporating a semi-Bayesian resampling routine, to explicitly consider the numerical 

uncertainty associated with assumptions and input parameters. 

Estimating parameters of stock-recruit relationships of all 21 cod stocks in the North Atlantic revealed in all 

cases empirical Bayes estimates being biologically reasonable. In contrast, a stock-by-stock analysis 

occasionally yielded nonsensical parameter estimates (e.g., infinite values). In addition the Bayesian 

analyses yielded stock-specific parameter estimates with lower variability than when fitting such relationships 

on a stock-by-stock basis. The Bayesian analysis and simpler stock-recruit analyses were also used to 
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investigate the carrying capacity of the Baltic and other marine ecosystems for cod recruitment. These 

analyses showed that carrying capacities differed significantly among regions, even when standardized for 

obvious influences such as habitat area and spawner biomass. The differences between regions were 

significantly negatively correlated with local water temperatures. The performed modelling exercise suggests 

that Bayesian methods could be especially useful when attempting to derive biological reference points for 

stocks with highly uncertain stock-recruitment data (e.g., sprat in the Baltic Sea). For these stocks stock-

recruit relationships can be determined with significantly less uncertainty if information from other stocks 

throughout the species range is used in the analysis. The Bayesian analysis and simpler stock-recruit 

analyses revealed different carrying capacities of the Baltic and other marine ecosystems for cod 

recruitment. These results have implications for the identification of regime shifts and for evaluating the 

overall structure and function of the Baltic ecosystem. Identification of the occurrence, onset and persistence 

of different oceanographic and production regimes is useful when developing medium- to long-term forecasts 

of stock development under different environmental and fishery scenarios and ultimately the choice of 

biological reference points and appropriate management strategies. 

Reviewing results from conducted process studies revealed most important environmental processes 

affecting the reproductive success of cod as follows:  i) egg production in dependence of ambient 

hydrographic conditions and food availability, ii) egg developmental success in relation to oxygen 

concentration and temperature at depths of incubation, iii) in specific areas egg predation by clupeids 

dependent on predator-prey overlap, iv) larval development in relation to hydrographic processes and food 

availability, and v) cannibalism on juveniles. For sprat, in contrast to cod, egg production and egg mortality 

are of less importance for reproductive success. The period between the larval and early juvenile stage 

appeared to be critical for sprat recruitment. Potential variables identified to affect this life stage were 

ambient temperature and wind stress. Environmental factors showing statistically significant covariance with 

the survival of one of these critical life stages, were incorporated into stock-recruitment models separately for 

individual spawning areas and combined for the Central Baltic, see further below. The development in 

environmental conditions throughout the last two decades negatively affected the cod population, while the 

sprat stock benefited from them, despite a developing industrial fishery, resulting in a regime shift from a cod 

to a sprat dominated system in the Central Baltic. 

 

Investigations on the potential impact of contamination on reproductive success did not reveal any consistent 

relationships and consequently are not included in any modeling approaches. Eutrophication has several 

complex influences on marine ecosystems, including effects on productivity and structure of entire food 

webs. One of the most immediate effects is an increase in primary production rates. Some of this primary 

production can stimulate production at higher trophic levels and indeed eutrophication may have increased 

fish production and biomass in the Baltic Sea during the 1950s and 1960s. However in most eutrophied 

systems a large portion of the phytoplankton production sinks to the seafloor where it is decomposed by the 

microbial food web. Decomposition of the organic matter on the sea bottom is an oxygen consuming process 

and can lead to local episodes of hypoxia and anoxia in coastal marine ecosystems. This situation also 

occurs in the Baltic Sea. In consequence cod and partly also sprat egg habitat (i.e. in and below the 

halocline of the Baltic Sea) has deteriorated. 
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The coupled tropho/hydrodynamic modelling study revealed retention and dispersal from the main spawning 

ground to be a key process influencing cod larval survival, but starvation was found to be important 

exclusively for first feeding larvae. When Pseudocalanus elongatus nauplii were available in the prey fields, 

high cod larval survival rates occurred in spring and early summer. When P. elongatus was not available, 

hatched larvae had only higher survival probabilities later in the year and if transported into shallower coastal 

regions. Caused by the strong decrease in abundance of P. elongatus during the last two decades, the 

results of the model runs indicate that larval cod changed from a non-limited to a food limited stage. In this 

respect, a shift in peak spawning time of cod from spring to summer throughout the last decade ensured a 

certain level of reproductive success, despite the decline in abundance of P. elongatus.  

An exploratory statistical analysis was conducted to identify factors impacting on cod and sprat reproductive 

success without prior selection of variables utilizing data from spawning areas best covered. This analysis 

revealed highly significant GLM recruitment models explaining a major part of the variability in recruitment of 

cod and less of sprat. For cod SSB, NAO winter index, oxygen concentration in all water layers, temperature 

in nearly all water layers and density in the 25-50 m depths layers were found to be significant variables. For 

sprat SSB, NAO winter index, oxygen in all water layers, and density in upper water layers were significant, 

while prey availability performed somewhat inconclusive depending on the model set-up. 

The predictive capabilities of the environmentally sensitive area dis-aggregated stock-recruitment 

relationships established early in the project were considered to be satisfactory for cod, but for sprat the 

combined model for the Central Baltic was only able to catch the overall long-term trend, but not substantial 

interannual variability. Despite of shortcomings and uncertainties also for cod, the presented stock-

recruitment models may be utilised for improving short-term recruitment predictions for this species 

expanding the prediction time frame by at least one year. They could be based on: i) most recent female 

spawning stock biomass and relative fecundity estimates, ii) hydrographic conditions during spawning 

periods and at spawning sites, which would enable prediction of the egg and larval survival in relation to 

ambient oxygen concentrations and larval transport out of the western spawning area, and iii) predator 

population sizes as well as spatial overlap between predator/prey in Sub-division 25, both forced by 

measurable hydrographic processes. For sprat, the presented analysis has to be taken as a first step to 

establish stock-recruitment relationships. However, the information may still be highly relevant for i) 

hindcasting stock developments so far not fully understood, ii) define stock projection scenarios for 

simulation of different fishery management strategies under varying environmental conditions considering 

species interactions and iii) elucidate areas of future research to further enhance our predictive capabilities. 

An updated environmentally sensitive spatially explicit stock recruitment relationship for cod established in 

the final project phase explains a considerable part of the variability encountered in recruitment. The 

statistical model contains oxygen related egg survival factors which replace the reproductive volume or the 

sum of oxygen in the reproductive volume utilised before in statistical stock recruitment models. As 

prerequisite for the development of the oxygen related egg survival factor, the vertical distribution of cod 

eggs had to be predicted from vertical egg abundance profiles monitored in various seasons and at different 

hydrographic conditions. Compared to the recruitment and also larval abundance, the estimated egg survival 

rates are very low in Sub-division 26 and especially 28, which might indicate an underestimation of the egg 

buoyancy in these areas. However, the fraction of eggs obtaining neutral buoyancy as well as egg survival 

rates correspond very well to estimates obtained in Task 1 based on experimentally derived female size – 
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egg buoyancy relationships. Comparisons of the oxygen related egg survival with field based egg survival 

rates revealed highly significant correlations, but also indicate clearly that other sources of egg mortality are 

of importance. Similar to the stock recruitment relationships, the association between larval abundance and 

recruitment in Sub-division 25 and 26 was significantly enhanced by inclusion of prey availability (turbulent 

velocity times Pseudocalanus nauplii abundance) as an additional variable. Other variables, e.g. the 

transport or the upwelling index did not improve any of the relationships. Despite shortcomings and 

uncertainties, the presented stock-recruitment models may be utilized for enhancing short-term recruitment 

predictions similar to the approach described above, but adding as an additional variable the average 

Pseudocalanus nauplii abundance derived either from regular zooplankton monitoring or predicted via the 

established Pseudocalanus standing stock – salinity relations. Transport being i.a. a proxy for food 

availability was removed from the model and also predation on cod eggs being of importance in Sub-division 

25 only were not considered to keep the model as simple as possible. The remaining variability in 

recruitment not explained may be due to a number of processes not included in the present exercise such as 

egg fertilization and the influence of parental (age/size structure, condition) on egg and larval characteristics 

(buoyancy, survival probability, but also uncertainties in the way variables are assumed to represent 

processes of interest. The spatially dis-aggregated approach presented here, allows an investigation of the 

impact of different stock components on the reproductive success of cod in the Central Baltic. This is a 

necessary prerequisite for area based fisheries management, i.e. an area closure within the Bornholm Basin 

during cod spawning time enforced by the International Baltic Sea Fisheries Commission (IBFSC 1999). 

An analysis of 45 years of data on the temperature dependence of sprat recruitment demonstrated that 

production is positively related to sea temperatures when sprat gonads, eggs and larvae are developing. 

Comparative geographic evidence supports this finding. There are two sprat populations for which analytical 

assessments of recruitment are available (Baltic and Black Seas); these areas span nearly the entire 

geographic range of the species. Temperature is positively related to recruitment of sprat in the north, but 

negatively related to recruitment in the south. We next demonstrated that ice cover was a strong predictor of 

water temperatures in the following May and explained significant variation in sprat recruitment later in the 

same year. Furthermore the winter index of the NAO (January-February) was a strong correlate of both ice 

cover and water temperature as well as sprat recruitment. This chain of relationships between the NAO, ice 

cover, spring water temperature and sprat recruitment gives several additional months of forecast leadtime 

compared to the standard assessment procedure. We next evaluated whether environmental variation 

related to temperature may have contributed to past uncertainties in quantifying a relationship between sprat 

spawner biomass and recruitment. However, the statistical fits of four standard models of this relationship 

(Cushing, Beverton-Holt, Ricker, Shepherd) were poor and explained little variance. A simple linear 

regression model relating log recruitment to spawner biomass performed better than any of these models. 

Residuals from a log recruitment – temperature relationship were more likely to be positive in years when 

spawner biomass was above average than would be expected if there was no association between spawner 

biomass and residual recruitment variability. 

Coupling the cod stocks reproductive potential with the effective reproductive environment (ERE) captured a 

major part of the environmental influence on cod recruitment, and has resulted in a quite good linear 

relationship between effective reproduction and recruitment. However, one desirable characteristic of a 

recruitment model is that it should pass through the origin, i.e. a zero stock results in a zero recruitment. The 
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derived linear relationship does not, and as a result this relationship would indicate a positive recruitment 

even in the absence of any spawning stock in the area. In the case of the Eastern Baltic cod stock, this is 

theoretically possible due to the movement of fish from the adjacent western Baltic stock, but in this case the 

result seems more likely to have resulted from estimation errors in the recruitment estimates. As a 

compromise to overcome this problem, a Ricker curve has been fitted to the index of reproductive success 

and recruitment at age 2 data to model recruitment for projection purposes. The recruitment estimates 

available for the eastern Baltic cod stock are subject to measurement error. This is largely due to problems in 

the catch data such as unaccounted discarding, and age-reading errors. With this caveat, the approach 

described seems to provide a useful and reasonably effective way of including information on key 

environmental effects into a recruitment model for Baltic cod. 

 

6.2 Enhance short-term predictions  

 

Introduction 

Based on the conducted extended process and statistical analyses on environmental factors affecting the 

reproductive effort and success of cod and sprat in space and time, the feasibility of an implementation of 

identified processes and relationships to estimate input variables into short-term predictions is discussed. 

Besides the explanatory power of relevant variables, their predictability and related predictive time frames 

are of major importance for a potential application in stock predictions.  

Short term prediction are sensitive for assumption of the mean weight at age in the catch as well as in the 

stock. A normal ICES assessment practice is to use mean weight at age for a range of most recent 

observation years, but it has been shown that this assumption does not hold for all cases, because these 

"previous year" estimates are not based on following the same cohort. The rationale for doing this is 

presumably empirical, i.e. it gives a good prediction in practice. There seems no other obvious rationale for 

basing the prediction of future weight at age of a cohort on the previous weight at age of one or more 

different cohorts. For eastern Baltic cod stock we analyzed the sensitivity of predictions to assumptions of 

the range of years to be used for mean weight at age input in short term predictions.  

Cod larval abundance and 0-recruitment are significantly correlated in Subdivision 25 and 26, but not in 

Subdivision 28. Here recruitment regularly occurred despite the lack of larvae in the ichthyoplankton surveys. 

This can be explained either by a problem in sampling efficiency of the gear in use at low and probably 

patchy larval abundance or a transport/migration of juveniles into the Gotland Basin. Evidence exist, for both 

passive transport of larvae/pelagic juveniles from the Bornholm Basin into the eastern basins as well as 

active migration or habitat expansion into the Gotland Basin of demersal juveniles during the second year of 

life. In the present section it is tested whether the integrated abundance of cod larvae in all three spawning 

areas is related to overall recruitment, thus integrating over spatial heterogeneities. 

The conducted exploratory analyses indicated that sprat recruitment can be predicted using spring water 

temperatures and other climate-related variables (ice coverage, NAO winter index). In this section we 

compared retrospectively the quality of the predictions with those made by the ICES standard stock 

assessment, which are presently based on the geometric mean recruitment during the past 10 years. 
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Results and Discussion 

The bases for short-term stock predictions are estimates of the current stock sizes. These may be improved 

by considering the effect of changes in habitat suitability and shifts in the distribution of stocks when using 

commercial or research survey catch rates for tuning of VPA’s or related assessment models. This requires 

detailed knowledge about habitat preferences and behavioural response to unfavourable conditions, as well 

as sound information on gear selectivity and avoidance in relation to behavioural changes. 

Recruitment estimates may also be important in short-term predictions, depending of course on the impact 

that recruiting year-classes have on the catch and the spawning stock development. If recruits sustain a 

substantial part of the catch and/or get sexually mature shortly after recruiting to the fishery (e.g. sprat in the 

Baltic), the applied recruitment estimates will affect the prediction, especially if high variability in recruitment 

occurs. Recruitment estimates may either be derived by i) adequately designed late larvae or pre-recruit 

surveys, potentially backed-up by hydrodynamic modelling to determine advective losses and gains, ii) 

empirical proxies related to survival success during the early life stages (e.g. size at age), or iii) predictions 

based on the size/structure of the spawning stock and observed or predicted environmental conditions 

affecting offspring survival, similar to the procedure suggested for medium- to long-term projections. 

Predation mortality may be an important factor to be considered for short-term prediction of prey species in 

systems dominated by single or a few predatory species exhibiting large fluctuations in stocks size. 

Especially if alternative prey species fluctuate anticyclic to the predator abundance, changes in predation 

mortality from year to year may be pronounced. Existing multispecies prediction programs are able to handle 

this type of interaction, given that the functional response of the predator to changing prey availability is 

adequately described. Potential candidates for the implementation of multispecies predictions are obviously 

small pelagics, e.g. Baltic sprat. 

None-predatory natural mortalities are presently kept constant over the prediction period. If evidence of 

drastic environmental changes and/or pronounced fluctuations in prey abundance is observed, inter-annual 

variability should in principal be incorporated into short-term predictions. However, sufficient knowledge on 

factors affecting non-predatory natural mortalities are not available for any marine fish stock, and even with 

an improved knowledge the application will be restricted to fish stocks at their limit of the distribution and 

thus vulnerable to changes in abiotic conditions and/or heavily dependent on single fluctuating prey taxa 

(e.g. gadoids in boreal systems). 

 

The conducted sensitivity analysis on the assumption of the range of years to be used for averaging mean 

weight at age demonstrated that the short term predictions are sensitive to the assumption of the mean 

weight at age in the future, clearly indicating the necessity to improve predictions of weight at age not only in 

medium- to long-term but also short-term predictions. Growth and maturation will respond to similar changes 

in environmental conditions. While substantial changes in residual mortality are relatively seldom 

catastrophic events, weight at age and maturity ogives will respond more closely to environmental changes 

and are thus also more important candidates for dynamic inclusion in short-term predictions. Possibilities 

exists to make predictions of weight at age and also maturity at age operational, as clear relationships have 

been established between prey availability and changes in weight and proportion mature at age for some of 

the well studied gadoid stocks. For some pelagic fish species, density dependent changes in weight at age 
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have been resolved and consequently relationships to stock sizes, potentially including population sizes of 

competing species, may be utilised to predict weight at age changes (e.g. sprat and herring in the Baltic). 

Integration over spatial heterogeneities in cod larval abundance resulted in a highly significant predictor of 

cod recruitment at age 0 in the Central Baltic. If adding prey availability as variable the relationship between 

larval abundance and 0-group recruitment is highly significant. Application of the recruitment – larval 

abundance/environmental relationship to predict recruitment in short-term stock and catch predictions 

repeating the forecast procedure conducted by the Baltic Fisheries Assessment WG in 1997-2000 resulted in 

better predictions of yield and SSB than obtained by the standard procedure adopted. Comparing the 

recruitment values as predicted by the WG and observed values from the latest assessment output, revealed 

that in three out of four cases the recruitment estimate by the WG was too optimistic. The only exception is 

the last year, for which the real value is still rather uncertain. In contrast, the recruitment predicted from larval 

abundance was always an underestimate. Applying this underestimated recruitment in a short-term 

prediction in which the most recent stock estimate from the XSA is likely to be overestimated, as the stock 

assessment shows a strong retrospective pattern, resulted in catch and SSB values being closer to reality. If 

there is a retrospective pattern in the assessment consistently overestimating stock sizes in a period of 

declining stock abundance, recruitment from the RCT3 procedure tends to be overestimated as well. 

Application of independent information may be of advantage in such a situation. 

The test on the predictive power of the temperature – recruitment relationship in short-term predictions of 

sprat stock dynamics revealed that the temperature – based predictions were less biased (smaller error) and 

were more certain than those derived using ICES’ procedures based on the 10-year mean. This result was 

consistent regardless of which of three temperature-related environmental variables was used in the 

prediction. In all cases, the environmental variables outperformed the existing technology. Since the 

recruitment model is very simple, it is likely that models including additional variables or variables more 

appropriately configured to sprat feeding, growth, maturation and egg/larval production would give even 

better predictions than those obtained here. In any case, the results indicate that using relatively simple 

environmental variables that represent complicated biological and oceanographic processes could potentially 

be useful when making short-term predictions of both sprat recruitment and stock dynamics. 

 

6.3 Incorporate recruitment models into stochastic single- and multispecies 
medium-term stock prediction models 

 

Introduction 

As a first task the feasibility of an implementation of identified processes and relationships to estimate input 

variables into medium- to long-term stock projections has been reviewed. Baltic cod and sprat were in focus, 

but comparison to similar species in other areas enabled a generalised discussion of the findings. 

ICES routinely produces medium-term projections of population abundance for a large number of fish 

populations, including Baltic cod and sprat. Biological inputs for these projections are mean values with 

random variation based on historical data. Notably one of the major uncertainties in projections of fish 

population development is a functional relationship between recruitment and any other variable, including 

spawner biomass. In the absence of a functional relationship, assessment working groups often must 
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assume a mean recruitment with random variability, or a highly uncertain relationship (i.e. one which explains 

little variation) between spawner biomass and recruitment.  As a result, projections based on these inputs 

are also highly uncertain. 

Recruitment of sprat in the Baltic Sea co-varies with temperature. The temperature-recruitment relationship 

was integrated into a population projection model used by the Baltic Fisheries Assessment Working group 

and the expected spawner biomass trend for the next 10 years was predicted as probability distributions for 

different temperature and exploitation scenarios. Specifically emphasis was given to the probability that SSB 

falls below the “precautionary approach biomass” (BPA). 

Based on established GLM stock-recruitment relationships for cod in Subdivision 25 and sprat in Subdivision 

26 (see Task 6.1), medium-term projections were conducted using the ARIMA model predictions of 

environmental variables. The feedback of recruitment on the spawning stock biomass was modeled by a 

GLM with SSB as a function of lagged values of recruitment. 

Medium-term projections for cod incorporating environmental effects on recruitment (ERE-approach) were 

run to represent a ten-year period. Five hundred simulations were run for each scenario, where a scenario 

consisted of an assumed level of fishing mortality and an assumed sequence of environmental variation. The 

results are summarised in terms of the percentile distributions from these replicate runs in order to give a 

probabilistic summary of the possible outcomes. Population numbers at ages three and older at the start of 

the projection period are drawn randomly from log-normal distributions were the mean value is the XSA 

estimate of survivors at that age from the regular assessment, and the variance is the associated variance of 

that estimate. Recruitment are drawn from the ERE stock-environment-recruitment model established under 

Task 6.1. Estimates of weight at age in the catch at the youngest age are derived by randomly selecting a 

mean value from the observed values at that age over the last three years. For older ages the procedure is 

to randomly select a growth increment at the appropriate age from the last three years and add this to the 

most recent observation or estimate of the weight at age of the relevant year-class. Estimates of maturity at 

age are derived from the estimated catch weights at age using a sigmoid relationship between catch weight 

and maturity fitted to the observed data. 

Multispecies medium- to long-term projections were used to predict different scenarios of stock and catch 

development with the forecast mode of the 4M programme. Emphasis was given to the impact of predatory 

interactions (cod cannibalism and cod predation on clupeids) on future stock dynamics as well as the 

coherence between precautionary biomass (Bpa) and fishing mortality reference points (Fpa), i.e. does fishing 

at Fpa lead to Bpa under different recruitment scenarios. Four projection scenarios were set-up: i) food 

suitabilities as estimated by the MSVPA key-run and status quo fishing mortalities in the prediction. 

Recruitment estimated from a stochastic Ricker SSB-recruitment relationship, ii) similar to the key-run, but 

prediction Fs were scaled to Fpa for the three species, iii) high cod stock: stomach content data from 1977 to 

1983 as input to the suitability calculation in an alternative MSVPA run, recruitment was estimated from a 

log-normal distribution fitted to data for the period 1974–1983 and iv) low cod stock: stomach content data 

from 1984 to 1993 as input to the suitability calculation, recruitment was estimated from a log-normal 

distribution fitted to the period 1984–1999. 

The multispecies production model developed in Task 6.1 was used for medium-term projections of cod, 

herring and sprat biomass and catches in the central Baltic. Projections were conducted for a range of 

fishing mortality options and different assumption on environmental conditions, influencing projected 
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recruitment. Recruitment was predicted from a relationship of recruitment per SSB ratio – environmental 

relationship. Environmental variables considered are those identified to be statistically significant in the GLM 

modeling approach in Task 6.1. Different combinations of environmental conditions for cod and sprat were 

simulated, resulting in both low, both high, low-high, and high-low recruitment. In addition, standard stock-

recruitment models (Ricker model for cod and Beverton and Holt model for herring and sprat) were fitted. 

These models were used in another series of multispecies medium-term projections (traditional approach). In 

the projections apart of uncertainty in recruitment, the stochasticity in the initial biomass estimates and 

growth were introduced. 

An Ecosim model was fitted to data covering the period from 1974 to 2000 and projections were run until 

2031 under various management schemes. In this 30-year forecasts it was analyzed what is likely to happen 

if: i) fisheries is managed by status quo fishing pressure, ii) fisheries is managed by precautionary approach, 

iii) nutrient input is reduced, iv) major recovery of seal populations takes place, v) fisheries is managed by a 

strategy maximizing the profit, vi) fisheries of clupeids is closed because of the dioxin problem, vii) enacting 

several management actions and plans at once. 

 

Results and Discussion 

Medium- to long-term projections in contrast to short-term predictions depend heavily on the recruitment 

model employed. In ICES standard projections, recruitment is in general modeled via traditional stock-

recruitment relationships. Given that recruitment depends on a combination of environmental conditions, 

spawning stock characteristics and species interactions, it can be expected that the predictive power of this 

approach is limited. Consequently, recruitment models need to be expanded to incorporate most important 

processes affecting the reproductive success. Among the factors and processes to be considered are: i) 

size, structure and condition of the spawning stock and its viable egg production, ii) temporal and spatial 

distribution of spawning effort, iii) impact of physical/chemical conditions on fertilisation, egg development, 

hatching success and larval survival, iv) food availability for larvae and juveniles in terms of quantity and 

quality, and v) predation pressure on all juvenile life stages. In order to do this, we are faced immediately 

with two major problems: Various combinations of processes act in different species and even between 

different stocks of one species. Thus, sound conceptual models of the effects of processes are required for 

each stock. Secondly, changes in major environmental conditions may prove to be impossible to predict, 

even a generation time ahead, leading to the conclusion that stochastic approaches may be the only way to 

proceed. However, if major changes in the environment are likely to happen, e.g. environmentally driven 

regime shifts, or if typical cycles or general trends can be identified and the impact on specific important 

processes has been resolved, modeling of corresponding scenarios appears to be important. 

In fish stocks exposed at times to adverse abiotic environmental conditions and/or suffering from highly 

variable food supply, egg production may be highly variable, largely independent of the size of the spawning 

stock. Thus, the spawning stock biomass as input parameter for stock-recruitment relationships should be 

replaced by the potential egg production as a function of stock size and structure, utilising relationships 

between growth, maturation rates and fecundity. In case of limited databases, proxies closely related to the 

viable egg production may be utilised instead of the estimated populations egg production. If strong 

relationships exist to major prey species, for which regularly assessments and predictions are conducted, 

existing multispecies forecast models may be modified to include identified processes. If the reproductive 
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potential of a stock is substantially affected by fluctuating abiotic environmental conditions, any prediction is 

limited to a time frame of years equivalent to the recruiting age plus one year at best, while long-term 

forecasts are restricted to scenario modelling, assuming trends in specific environmental conditions, 

empirical cycles or random variation. 

In addition to the quantity, also the quality of the egg production may be modelled as a function of size/age 

structure of the spawning stock, spawning experience and nutritional condition of the spawning stock. Atresia 

is a commonly observed process in fish, which is linked to the nutritional condition of the females. The 

intensity and thus the impact on the realised egg production is in general not well understood and need to be 

studied in more detail. 

For egg and early larval survival, temperature may be especially important to consider in northern or 

southern areas of the distribution range, while salinity and oxygen cause problems mainly in stratified 

systems. Based on established relationships between physical factors and developmental/survival rates, 

considering information on temporal/spatial distribution of spawning activity, survival until the larval stage 

may be hindcasted and also predicted given that the environmental conditions are known. 

Predation mortality on early life stages is in general not well understood and will hamper predictions if a 

substantial and variable impact on survival rates occurs. There is a clear necessity of substantial research 

input, especially with respect to the functional response of predators and the role of temporal/spatial overlap 

between predator and prey under varying environmental forcing conditions. For larger juveniles the 

traditional multispecies prediction models offer the possibility to forecast abundance and predation mortality, 

given that major predators are incorporated in the model and environmental variability does not seriously 

affect the functional response implemented, an assumption which remains to be tested. 

Hatching success and larval activity are again coupled to the quality of spawning products, but also to abiotic 

environmental conditions during incubation. Larval feeding success is dependent on larval activity and the 

quantity and quality of available food as well as abiotic environmental conditions affecting capture success 

(e.g. turbulence, temperature). Although this area has been a focus of recruitment research for the last 

decades, the complex interplay between various trophodynamic processes at lower trophic levels and abiotic 

environmental variability made it difficult to develop hindcasting or even prediction models. Advances in 

hydrodynamic modelling and increased capabilities to include larvae as “intelligent” tracers into the models, 

and to generate at the same time the abiotic environment are major steps to hindcast distribution pattern, 

identify potential and actual nursery areas and describe conditions that lead to survival success. 

The implementation of advanced coupled hydro- and trophodynamic models considering besides different 

early life stages, the temporal and spatial heterogeneity in the dynamics of food availability and spatial 

overlap to predators are major future steps in modelling recruitment processes. These models allow to test 

suggested environmental indices and to develop new indices to be used as proxies for survival probability 

(e.g. upwelling indices, transport rates, temperature, zooplankton abundance). However, their predictive time 

frame will be limited by our ability to forecast large-scale atmospheric forcing conditions, with response times 

in ocean characteristics being in the best cases some months. Thus application in long-term projections will 

be restricted to scenario modelling approaches. 

As an example, integrating the temperature-recruitment relationship into a population projection model for 

Baltic sprat used by the Baltic Fisheries Assessment Working group indicate that there is little likelihood that 

SSB will fall below Bpa in the next 10 years under average or above-average temperatures and with current 
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fishing mortality rates. This conclusion is a result of the positive influence of temperature on recruitment. If 

temperatures fall to lower levels and remain low for the next 10 years, the probability that spawner biomass 

will decrease below Bpa increases. This probability rises even further if fishing mortality rates equivalent to 

Fpa are permitted (note that status quo F is less than Fpa). Thus, our calculations suggest that fishing at a 

precautionary level during a cold environment regime may not be sustainable. The effects of climate 

variability on sprat recruitment may have consequences for predator-prey interactions among the major fish 

species in the Baltic Sea.  Sprat are predators of cod eggs and of calanoid copepods being in juvenile stages 

the major prey of cod larvae. Thus, a warm environment that favours sprat recruitment could indirectly 

suppress cod recruitment, delay cod population recovery and promote a regime shift towards clupeid 

dominance of the Baltic Sea fish community and ecosystem. This situation exists at the present, and it is 

likely that the warm conditions of recent years have contributed to this shift. 

Medium-term projections based on established GLM stock-recruitment relationships for cod in Subdivision 25 

and sprat in Subdivision 26 resulted in extremely positive dynamics of cod SSB. The ARIMA model used to 

predict environmental variables for the projection period, forecasted partly unrealistic hydrographic 

conditions. For sprat the ARIMA input values are more reasonable, with recruitment driven to a considerable 

degree by changes in water density. Modelling the spawning stock size with a GLM model has to be 

considered as a short-cut, as methodology exists to predict the SSB development in dependence of 

recruitment, fishing mortality, growth and maturation processes, i.e. the multispecies forecast models utilized 

below. 

Medium-term projections for Baltic cod incorporating environmental effects on recruitment were run, 

reflecting the combination of the three fishing mortality (FStatus quo, Fpa and 0.5xFpa) with four environment 

scenarios. The four environmental scenarios are based on observed sequences of environmental conditions, 

in terms of oxygen and food availability. Three of the scenarios take a fixed starting year and assume the 

same sequence of environmental conditions as were actually observed from that year onward. The fourth 

scenario takes the environmental conditions as a random variable by assuming a randomly chosen starting 

year for each run. In conventional medium-term projections, it is assumed that any environmental effects can 

be regarded as random noise around a fixed stock-recruitment model. Hence there is an implicit assumption 

that the environment will remain the same during the projection period as it has been during the period for 

which stock-recruitment observations are available. With the methodology applied here, the assumptions 

about future environment are made explicit. Even though it may not be possible to predict future 

environmental conditions with any degree of precision, it is nonetheless instructive to investigate the possible 

stock development under various possible environmental scenarios. In this respect, it is notable that the 

scenario run where environmental variation has in effect been incorporated as part of the random variation in 

the system lead to much higher uncertainty around the projections than under the fixed environment 

scenarios. The inclusion of environmental factors in medium-term projections allows some inferences to be 

drawn about the current management plan for the fishery. Under the precautionary approach to fishery 

management, fishing mortality on this stock should be kept at or below the precautionary value (Fpa). In 

addition, management should also aim to keep the SSB above Bpa. With the approach to medium-term 

projections employed here, there is explicit acknowledgement that SSB is not the only contributing factor to 

recruitment; a situation which has implications for SSB-based reference points, see Task 6.4. It is notable 

that under certain environmental scenarios, even reduction of fishing mortality to Fpa is not sufficient to 
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ensure at least a 50% probability that the spawning stock will increase. This perhaps implies that Fpa should 

ideally be reduced to below the present value of 0.6 for this stock, although some increase in SSB is 

apparent at Fpa in the scenario where environment is random. In contrast, only under exceptional 

environmental conditions will any increase in SSB occur if the stock continues to be exploited at the current 

level of fishing mortality. 

The performed multispecies medium- to long-term projections using the forecast mode of the 4M programme 

confirmed that in periods of low reproductive success as apparent for the period 1987-1999 even a reduction 

of the fishing pressure to Fpa does not result in an SSB reaching Bpa. In fact the long-term average SSB is 

only marginally above Blim. The option of remaining at FStatus quo yielded a SSB being stable well below Blim, 

but only slightly reduced catches compared to the Fpa option. The high and low cod stock scenario 

projections clearly demonstrated that high recruitment success is a pre-requisite for an increase in SSB to 

above Bpa level, independent from the intensive cannibalism associated with this scenario. The low cod stock 

scenario resembled the key-run prediction with applied Fpa, meaning that this prediction is slightly more 

optimistic than the key-run under Fstatus quo assumption. This is explainable by the reduced cannibalism but 

also by the different recruitment model used. The biomass of sprat follows the oscillations in the cod biomass 

inversely caused by predation. In the high cod stock scenario predation diminishes the sprat biomass to 

approximately one third of the initial value, while in the low cod stock scenario sprat biomass is more stable. 

The multispecies production model was as well sensitive to environmental conditions. Under favourable 

environmental conditions the cod biomass is almost twofold higher at Fpa than biomass at unfavourable 

conditions. Fishing at Fstatus quo leads to extinction of biomass at unfavourable environmental conditions but in 

case of favourable conditions the cod biomass increases above Bpa. The biomass and catch at fishing 

mortality of F0.1 or lower do not depend much on environmental conditions. So, for low fishing mortality levels 

the major difference between cod medium-term projections at different environmental conditions is the rate 

of reaching high levels of biomass. The development of projected biomass and catches of sprat depend on 

both fishing mortality and environmental conditions for sprat and fishing mortality and environmental 

conditions for cod, feeding on sprat. Assuming unfavourable environmental conditions for both cod and 

sprat, exploitation of sprat at Fpa leads to stock extinction, and status quo fishing mortality result as well in 

low stock sizes, with 50% probability of decreasing below Bpa in medium-term. When cod is fished at Fpa 

sprat fishing mortality has to be reduced to 0.2 to be sustainable. At favourable environmental conditions the 

sprat stock development changes dramatically. Now even fishing mortality of 0.6 leads in medium-term to 

high stock size and catches. Assuming good environmental conditions for cod and unfavourable for sprat the 

sustainable stock size can be kept only at very low fishing mortality of sprat. In medium-term at F equal to 

0.1 stock biomass approaches Bpa at very low catches, and sprat F has to be reduced to 0.05 to give 

reasonably stable stock biomass. As it could be expected, the simulations employing standard stock-

recruitment relationships, cod and sprat biomass and catches are in between the results of simulations 

basing on environmentally driven recruitment. Presented medium-term projections should be treated with 

caution, especially options with favourable cod or sprat environmental conditions, as these options very often 

produced stock sizes at which modeled recruitment was higher than the maximum observed. When stock 

size increases to high levels one can expect density dependent effects in growth and recruitment which are 

not simulated in the present approach. In addition, the assumption of favourable environmental conditions 

being maintained in medium-term appears to be rather unrealistic. It could be rather expected that alternate 
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unfavourable and favourable environmental conditions occur, with lower frequency of good conditions. Such 

scenarios can also be simulated, basing on the observed record of environmental conditions. The present 

analysis was conducted for all combinations of environmental conditions for cod and sprat, i.e. both 

unfavourable, both favourable, and unfavourable-favourable, favourable-unfavourable. However, the 

parameters of the GLM recruitment models show that for 7 environmental variables used in both cod and 

sprat models, 5 have coefficients with opposite signs. This may indicate that unfavourable environmental 

conditions for cod mean favourable environmental conditions for sprat and vice versa (see also discussion 

on regime shifts above). If this is the case the simulations assuming low or high environmental conditions for 

both species should be rejected. The presented multispecies predictions based on multispecies production 

model should be viewed as an example of application of a new tool, allowing for species interactions and 

inclusion of environmental conditions into recruitment models. The recruitment models and environmental 

scenarios should be carefully evaluated and arranged to prevent extreme recruitment values exceeding 

maximum observed levels before the projections could be used for stock management. At present the major 

disadvantage of the presented multispecies projections model is knife-edge fishing pattern: no fishing at 

younger ages and constant selection at older ages. The advantage of the approach for medium-term 

projections is its simplicity, e.g. the model does not need age structure. 

As a summary of the performed Ecosim simulations, it can be concluded that: i) status quo fishing will not be 

sustainable and the exploitation rates should be reduced, ii) lower fishing pressure in general will yield higher 

SSB, yields and profit in long term, iii) reduction of nutrient load will in general yield lower fish production and 

thus less fish, iv) the increase of seal populations do not have any significant effects on sprat, herring and 

cod populations, v) the main driving forces in the Baltic fish food web are cod - herring - sprat interactions. 

 

6.4 Determine biological management reference points 

 

Introduction 

When this project was originally specified, the purpose of this task was to determine biological management 

reference points. The specification of the project pre-dated the adoption and use of reference points by ICES 

in relation to the precautionary approach to fishery management. As a result of the considerable 

developments in this field, both scientifically and institutionally, it is not considered appropriate to propose 

revised reference points on the basis of the results of this project. The main justification for this is that 

reference points cannot be established solely on the basis of information on the recruitment process, but that 

a wide variety of other factors also need to be taken into account. The precautionary approach is framed 

around a rather simple model of stock dynamics, i.e. that there is a specific value of spawning biomass 

below which recruitment is impaired, and that fishing mortality is the only external factor which influences the 

size of the spawning stock. Such a simple approach is open to criticism, particularly in view of the information 

becoming available from process studies conducted in Task 1 to 5. It should be noted, however, that the 

simplicity of this conceptual model has a number of advantages from a management perspective. Firstly, the 

two indicators, SSB and mean fishing mortality, are readily available from age-based stock assessments, so 

their estimation does not require data or modelling beyond what is already routine. Secondly, the simplicity 

also implies a correspondingly simple control rule for management action, e.g. ‘If B < Blim, then Take Action’. 
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Thirdly, the implication that SSB is influenced only by fishing mortality is often not far from the truth for 

heavily exploited stocks, with the added justification that fishing mortality is usually the only factor influencing 

SSB which fishery managers can seek to manage. Potential criticisms of the conceptual model underlying 

the ICES implementation of the precautionary approach are: firstly there is the implicit assumption that SSB 

is an adequate measure of the stock’s reproductive potential, which is obviously not the case – see Task 1 

and 6. Secondly, there is the assumption that there is a fixed level of SSB below which recruitment is 

impaired. This in turn implies that recruitment is determined only by reproductive potential; another point 

which is not consistent with the results of process studies conducted under Task 2 to 5. Thirdly, reference 

points are different in single and multispecies contexts. This is explored in detail in the present section by 

simulation studies deploying single and multispecies prediction models. 

 

Results and Discussion 

For cod in the Central Baltic both target and limit reference points have been defined with the former (Bpa) 

corresponding to a spawning stock biomass (SSB) of 240,000 t and the latter (Blim) as 160,000 t. Bpa is 

adopted from the former MBAL estimate derived by a Ricker stock-recruitment relationship (1976-1994) as 

the SSB at which 50% of the maximum recruitment (age-group 2) originate. Blim is according to ICES 

(1998/ACFM:10) derived from Bpa * exp(-1.645*σ) with σ being the standard error of the biomass estimate 

from the international bottom trawl survey. Spawning stock biomass has been determined with a constant 

maturity ogive (used up to 1997 in the standard assessment) and constant weight at age for the periods 

1976-1982 and 1991-1993. The precautionary fishing mortality (Fpa) has been determined as 0.65 leading to 

an SSB corresponding to the 10% lower fractile of SSB’s above Bpa, based on medium-term simulations 

conducted by ICES. A Beverton and Holt stock recruitment relationship assuming log normal errors fitted to 

year-classes 1981-1995 has been applied in the simulations, thus omitting extraordinary high recruitment 

originated in preceding years. This period selection was justified by changed environmental conditions 

leading to on average lower recruitment in latter period (see CORE 1998). The simulations utilized an 

average weight at age, maturity ogive and exploitation pattern determined for the period 1995-1997. This 

takes into account updated maturity ogives, but no trends in weight at age detected for Baltic cod. Likewise, 

the skewed sex distribution in the stock is not considered, with an increase in the female proportion at 

increasing age which results in higher egg production by SSB’s consisting of older individuals. A revision 

made by ACFM based on the 5% percentile of Fmed resulted in Fpa of 0.6 being officially adopted as 

precautionary reference point. The limit fishing mortality Flim corresponds to Fmed: 0.96 derived from a 

stochastic stock recruitment relationship covering year-classes 1966-1995 applying weight at age in the 

stock as described above, but period specific maturity ogives (averages over 5 years) up to 1994 and 

afterwards yearly data. The weight at age, combined maturity ogives and exploitations patterns utilized in the 

equilibrium calculation part are averages over most recent three year. 

The determination of biological reference points for cod in the Central Baltic considers only to a limited extent 

the data available to characterize the reproductive potential of the stock. Firstly, both biomass reference 

points were calculated with constant maturity ogives, although test suggests application of yearly or periodic 

maturity at age will enhance the SSB as a measure of egg production. Even more promising is the utilization 

of female SSB or further the potential egg production based on the predicted relative fecundity in relation to 

food availability, i.e. mainly sprat and juvenile herring dynamics. Secondly, weight at age in the stock from 
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international bottom trawl surveys are available only for certain years and age-groups. Here an alternative, 

could be to use the multispecies weight at age in the catch data for age-groups 3+. These data have been 

tested against survey derived weight at age data and have the advantage that they are available for any 

given quarter, year and Subdivision and thus may also be applied for spatially explicit modelling approaches. 

The problem of deviations in sex specific weight at age however has to be addressed by an analysis of the 

international trawl survey database. Updated period specific combined maturity ogives were considered in 

the stock recruitment relationships applied in medium-term projections to determine Fpa and for the 

determination of Fmed from stock recruitment plots, however the principal problem in the weight at age is the 

same as above. Thirdly, all medium-term projections applied by the assessment WG or ACFM utilized 

average combined maturity and weight at age over a certain time period, in the best case adding 

stochasticity, however neglecting density dependent feedback mechanisms and longer-term time trends in 

dependence of environmental conditions. As demonstrated structural uncertainties in projection models with 

respect to coupled consumption, growth and maturation processes impact substantially on biological 

reference points. Clearly an enhanced understanding of the linkage between prey availability, weight and 

maturity at age and realized fecundity is needed to improve medium-term projection methodology. Finally, 

effects of the stock structure on the quality of egg production affecting fertilization success, egg buoyancy 

and larval growth have been demonstrated, but have not been considered in any stock simulation studies 

yet. 

Changes in environmental conditions largely affecting the developmental success of cod early life history 

stages have been considered in the Fpa determination by the Baltic Fisheries Assessment WG. The stock 

recruitment relationship has been divided into two different regimes. At present, only stock recruitment data 

from 1981 onwards are applied, representing unfavourable conditions for egg and larval survival. The earlier 

period represents a regime characterized by favourable oxygen conditions caused by frequent inflow events 

increasing the probability of high survival success. Simulations with a medium-term projection programme, 

explicitly incorporating environmental conditions, i.e. the reproductive volume and sprat stock size as a 

predator on cod eggs, have been conducted earlier by ICES. The reproductive volume used in the 

projections was a historic average with random variability superimposed. Similarly, the average sprat stock 

size was introduced. The latter procedure may be significantly enhanced by incorporation of an 

environmentally sensitive stock recruitment function into a multispecies prediction programme, e.g. MSFOR 

implemented in 4M. This also would allow to simulate fish prey availability to be coupled to growth, 

maturation and fecundity of cod. With respect to oxygen conditions, the situation is more difficult, as the 

reproductive volume is not predictable for more than one year in advance, as large-scale atmospheric 

processes responsible for inflow events cannot be forecasted. For medium- to long-term simulation of stock 

development under different hydrographic conditions, scenario modelling is at present the only solution. 

For sprat the reference point Blim (200000 t) corresponds to MBAL, while Bpa (275000 t) is set to Blim*1.38. 

Flim is not defined. Fpa set at 0.40, being the average Fmed in recent years, allowing for variable natural 

mortality. The latter procedure was tested for stability by computing various fishing mortality reference points 

for a range of natural mortality values. Several sets of average natural mortality rates were adopted referring 

to present, low, medium and high levels of M. Weight at age and selection patterns were assumed as 

averages over the years 1997–1999. The mean natural mortality was added to F reference points to derive Z 

reference points. The values of Fmed, Fhigh and Floss generally decrease with increasing natural mortality and a 
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similar pattern is observed with the Z reference points. F0.1 and Z0.1 behaved in a reverse manner, both 

increasing with increasing natural mortality. The assumption in the above calculations of the same weights 

and selections for different levels of natural mortality may not be realistic as with higher mortality higher 

weights may be expected (density dependent effects). So, additional estimates of Zpa points were computed 

on basis of natural mortalities, weights and selection patterns from the corresponding earlier periods. The 

estimated Zmed values are considerably higher than the estimates of Zmed referring to the same periods but 

basing on weight and selection pattern from most recent years. Clearly changes in weight at age have to be 

considered in the determination of biological reference points. This may be achieved by applying simple 

weight at age – stock abundance relationships. Tests on the impact of variable maturity ogives revealed a 

more limited impact on biological reference points. 

Reference points for fishing mortality based on single species yield and SSB calculations are difficult to use 

when natural mortality depends on the abundance of the predators and their alternative prey. For example, 

multispecies predictions conducted suggest that the cod stock in the Baltic should be reduced to a very low 

level of biomass in order to allow benefit from the higher productivity of herring and sprat, its major prey, 

when considering yield solely in quantity. Such a result stresses the need for incorporating socio-economic 

considerations in the definition of target reference points. Management advice based on biomass reference 

points will also differ. In the single species situation the combinations of cod and pelagic fishing effort for 

which the equilibrium spawning stock biomass of the three species is above the biomass reference points 

forms a rectangular area. When biological interaction is taken into account the limits of this area becomes 

curved. Reference limits for forage fish cannot be defined without considering changes in the biomass of 

their natural predators. Likewise, reference limits for their predators cannot be defined without considering 

changes in the biomass of their prey. Also considering variability in predation mortality by computing total 

instead of fishing mortality reference points for sprat did not result in stable alternative management 

objectives. 
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1. Viable egg production for Baltic cod and sprat 

1.1. Estimate how the spatial distribution and stock composition of cod and sprat 
vary temporally and seasonally in relation to stock size and environmental 
conditions 

Introduction 

Cod and sprat aggregate in the deep Baltic basins to spawn, having largely overlapping spawning areas and 

spawning times (Bagge et al., 1994; Parmanne et al., 1994). However, they show different spawning behaviour 

vertical distribution and diurnal migration patterns (e.g. Tomkiewicz et al., 1998; Orlowski, 2000). Sprat is a major 

prey of the top-predator cod (e.g. Sparholt, 1994), however, sprat also preys on early life stages of cod (Köster 

and Schnack, 1994), both processes depending heavily on the fine- to meso-scale spatial and temporal 

predator/prey overlap (Neuenfeldt, 2002; Köster and Möllmann, 2000a). Furthermore, hydrographic conditions 

conducive for cod and sprat egg survival (Nissling, 1994, Wieland et al., 1994) and food supply for larval 

(Hinrichsen et al., 2002) as well as juvenile and adult life stages (Köster et al., 2001a) may vary considerably not 

only between, but also within spawning areas. Thus, the distribution of the spawning effort within and between 

spawning areas appears to be of importance for the reproductive success. This subtask utilises research survey 

data to test the hypothesis that the small-scale vertical and meso- to large-scale horizontal distribution of cod 

and sprat vary with stock sizes and hydrographic conditions. The studies cover a description of the stock 

structure of cod and sprat populations and their vertical and horizontal distribution during spawning periods in 

relation to environmental conditions, specifically addressing: 

a) within survey and within Sub-division distribution, to study the small- to mesocale hydrographic processes 

affecting the vertical and horizontal distribution, 

b) intraannual and within Sub-division distribution, to resolve the aggregation pattern in spawning season and 

areas, 

c) intraannual and between Sub-division distribution, to describe larger scale shifts in distribution between 

seasons in dependence of ambient environmental conditions considering fishing activities, 

d) interannual and within Sub-division distribution, to determine the impact of changing environmental 

conditions on aggregation patterns within spawning areas, considering also stock structure and related 

maturation processes, 

e) interannual and between Sub-division distribution and abundance characterizing varying population 

development and large scale shifts in the distribution of the stocks. 

 

Fine- to meso-scale vertical/horizontal distribution of cod and sprat during spawning periods in relation to 

environmental conditions 

Based on a series of project related research surveys the hypothesis was tested that the vertical distributions of 

cod, herring and sprat, and consequently their distributional overlap, can be described by hydrographic 

stratification. Field activities comprised combined demersal/pelagic trawl and hydrographic surveys (July 1999) 

as well as hydroacoustic/hydrographic surveys (May/June 1999 and 2001, August 2001). 

Results of the depth stratified trawl survey in July 1999 were used to establish a time series of habitat sizes of 
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cod, sprat and herring as well as their distributional overlap at spawning time. Tomkiewicz et al. (1998) on basis 

of CORE (1998) results suggested that Baltic cod prefer salinities >11 during spawning in the Bornholm Basin. 

Furthermore, Baltic cod avoid oxygen saturation < 28% in experiments (Plante et al., 1998), but voluntarily enter 

waters with oxygen saturation as low as 16 % for short feeding excursions (Claireau et al., 1995a). While cod 

stay in highly saline water within and below the halocline throughout the day, sprat and herring undertake diel 

vertical migrations during spring and summer, swimming downwards at dawn and upwards at dusk, and form 

schools during daylight hours (Orlowski, 2000; 2001).  

Fishery independent estimates of pelagic stocks in the Baltic have been carried out by hydroacoustics since the 

end of the 1970s. The results from annual autumn surveys have been used for calibrating (“tuning”) VPAs 

(Virtual Population Analyses) of area aggregated standard assessments (ICES, 2002) as well as area dis-

aggregated approaches (Köster et al., 2001b). In some years hydroacoustic surveys were additionally conducted 

in the Southern and Central Baltic in May. The main target species was sprat since the largest fraction of the 

herring population during this time of the year concentrates in coastal areas for spawning, i.e. outside the area 

covered by the hydroacoustic surveys (Aro, 1989). Corresponding spring hydroacoustic surveys were conducted 

in May/June 1999 and 2001 in Sub-divisions 24-28. Additionally a hydroacoustic survey was performed in 

August 2001 covering the most important spawning area of cod in the Central Baltic, i.e. the Bornholm Basin, 

during peak spawning time in order to investigate the spatial overlap of clupeid predators and cod early life 

stages as their prey (Köster and Möllmann, 2000a).  

 

Interannual variability in meso-scale horizontal distribution patterns of cod and sprat during in relation to 

environmental conditions 

Environmentally defined thresholds and preferences for occurrence can determine the species distributional 

overlap volume in the Baltic Sea, because it is physically heterogeneous. The Baltic has the property of a 

permanent vertical stratification of temperature, oxygen concentration, and salinity (Matthäus, 1995). It is semi-

enclosed, and consists of several basins with one very tight connection to the North Sea (Dietrich et al., 1975). 

High saline and oxygen rich water is only added to the system by rare North Sea water inflow events. The 

permanent halocline separates low saline surface water (7.5 to 8 PSU) from high saline deep water (11-18 PSU, 

varying between basins). In periods without salt-water inflow the oxygen conditions below the halocline 

deteriorate and the halocline depth increases (Matthäus and Franck, 1992). 

Both experimental (e.g. Schurmann and Steffensen, 1994a, 1994b) and field studies (e.g. D’Amours, 1993; 

Tomkiewicz et al., 1998) suggest that cod avoid oxygen saturation below 25 %. Tomkiewicz et al. (1998) found, 

that Baltic cod at the same time prefer salinities above 11 PSU during spawning in the Bornholm Basin. Gröhsler 

et al. (2000) (see activity 1 above) reported that in the Bornholm Basin sprat is mainly concentrated below the 

halocline. 

Demersal trawl hauls with accompanying temperature, salinity and oxygen saturation measurements were 

conducted in February/March 1994-95 and 1997-99. The catch per unit of effort data from these hauls were 

used to test the hypotheses that species density at a given location is related to oxygen saturation, salinity, 

temperature and slope of the seabed. 

The distribution of sprat in the Baltic depends largely on winter conditions, i.e. the availability of water volumes 

above 4°C (Rechlin, 1967), found normally within and below the permanent halocline in the deep Baltic basins. 

The lower range of the vertical distribution is restricted by the oxygen concentration in the bottom water (see 
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above). Shifts in wintering distribution from the Gdansk to the Gotland Basin have been reported in relation to 

encountered hydrographic conditions (Vasilieva, 1996). After wintering, the sprat shoals start spawning in deep 

water, but orient themselves into upper water layers as vertical mixing is increasing the temperature in the 

intermediate water (Parmanne et al., 1994). In summer, after finalisation of spawning activities, feeding 

migrations of sprat to shallower coastal waters take place in intensity and direction depending on the 

hydrographic conditions as well as the age structure of the stock (Shvetsov and Gradalev, 1989). 

A comprehensive analysis of distribution patterns in relation to the environmental conditions within and between 

Sub-divisions 26 and 28 was conducted on basis of Russian/Latvian hydroacoustic surveys conducted in 

September/October and occasionally also May/June 1987-2001. The objective of the investigation was to 

estimate how the spatial distribution and stock composition of sprat in the Central Baltic vary temporally and 

seasonally in relation to stock size and environmental conditions. 

 

Interannual variability in large-scale horizontal distribution, abundance and population structure in relation to 

hydrographic features 

Direct abundance estimates of Baltic cod (recruits and adults) are based on demersal trawl surveys (ICES, 

2000a). There have been some ad hoc attempts to use hydroacoustic to measure Baltic cod spawning 

aggregations and spatial distribution on spawning grounds, but it has not been a standard practice. 

Hydroacoustic have also been used to estimate Baltic cod 0-group abundance in the pelagic phase within the 

CORE project (Nielsen and Lehmann, 1996), but without any major success. The main body of trawl survey data 

originates from regular national and in recent years, internationally co-ordinated trawl surveys in the western 

Baltic since 1978 and in the eastern Baltic since 1980 (ICES, 2000a). The basic data have now been compiled 

into a Baltic International Trawl Survey (BITS) database containing about 9500 records on single haul basis 

(ICES, 2000a) in a special format. The major part of the data is originating from the first quarter of the year and a 

smaller part of the data is from the fourth quarter. Over the years, this database has been used to analyse the 

overall interannual variation of Baltic cod abundance for stock assessment and to a lesser extent to estimate the 

spatial distribution pattern. In recent years, the Baltic Fisheries Assessment Working Group has used the 

approach presented by Sparholt et al. (1991), modified by Sparholt and Tomkiewicz (1998 and 2000) and this 

project (Aro et. al., 2000) for the calculation of standard abundance and biomass indices for cod in the Baltic 

Sea. 

Within the project, spatially dis-aggregated data were used i) to describe interannual variations in large scale 

spatial distribution of cod SSB in relation to changes in the hydrographic regime (Aro, 2000) and ii) establish 

tuning data for area dis-aggregated are MSVPA approaches (Köster et al., 2001a). Alternative time series of 

recruitment and spawning stock indices were computed on basis of the Latvian trawl survey database (Plikshs et 

al., 1999) comprising data for the southern and central Gotland Basin from surveys conducted at various times of 

the year, utilised also in the following analysis section. 

With respect to sprat (and herring as prey and predator), abundance estimates according to Sub-division from 

the Baltic International Hydroacoustic Database were made available for tuning of area dis-aggregated MSVPA 

runs (Köster et al., 2001a). Furthermore, longer-term shifts in large-scale distribution of sprat were investigated. 

In the latter analysis juvenile and adult sprat abundance from Sub-divisions 24 to 29 south were considered, i.e. 

all areas surrounding the study areas in Sub-division 25, 26 and 28. 
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Intraannual variability in the large-scale horizontal distribution of cod and sprat  

In order to investigate the variability in the large-scale distribution of cod within years, i.e. to identify basin-wide 

shifts in stock distribution, trawl survey data conducted at different times of the year as well as extensive tagging 

data for cod have been compiled. Survey derived catch rates for different regions of the Baltic were investigated 

with respect to their seasonal progression considering internal factors, as spawning and feeding migration, as 

well as external forcing conditions, like physical/chemical environmental conditions. 

For sprat meso- to large-scale intraannual changes in distribution pattern are investigated on basis of project 

related hydroacoustic survey results conducted in May/June and September/October in Sub-divisions 25 and 26 

compared to preceding and successive international hydroacoustic surveys conducted in autumn. A similar data 

set is available for May/June and September/October 1994 and 1995 (Vasilieva, 1996). Throughout the 1980’s 

hydroacoustic surveys were conducted at various times of the year, i.e. in May/June 1979-1986, in July/August 

1981-1988 and annually in September/October. Stock biomass values from these surveys in and outside of the 

Bornholm Basin were determined. This data was used to describe distribution changes within Sub-division 25 

during the year. The analysis was complemented by a comparison of sprat catch rates in pelagic trawl surveys 

conducted in the Bornholm Basin in April, May/June and July/August 1988-1993. 

 

Effect of environmental conditions on catch rates from commercial fleets and research surveys 

Stock assessment methodologies rely in several assessments heavily on catch rates from commercial fishing 

fleets to tune Virtual Population Analyses (VPA). The catchability of the fish by these fleets is an important 

variable, yet limited process knowledge is available to describe how catchability varies over time, with stock 

distribution or environmental factors. Investigations on northern cod off Canada demonstrated that the area 

occupied by the stock was reduced considerably, when the stock declined (Atkinson et al., 1997). A positive 

relation between the area occupied by a stock and abundance has been reported before (e.g. Winters and 

Wheeler, 1985; Rose and Leggett, 1991), and is no principal problem for assessing the stock size if the fish 

distribute uniformly over the stock area (Swain and Sinclair, 1994). However, in reality a uniform distribution is 

seldom encountered (Paloheimo and Dickie, 1964) as habitat selection regularly occurs (MacCall, 1990). In the 

case of northern cod, a reduction in the suitable habitat took place concurrent with decreasing stock size 

(O’Driscoll et al., 2000). This resulted in a shift in distribution to remaining areas with high habitat suitability 

sustaining high densities and commercial catch rates in these areas. Only after the stock size had fallen to a 

very low level, the decline in abundance became visible from commercial catch rates in these areas of stock 

concentration. This problem, is not restricted to the northern cod, but has also been observed for cod in the 

Central Baltic. Concurrently to a decline in stock size since the early1980s, the majority of the stock concentrated 

in western distribution areas (see above). The International Bottom Trawl Survey, applying an area stratified 

sampling scheme picked up the decline rather early (Sparholt and Tomkiewicz, 2000). Catch rates from 

commercial fishing fleets (ICES, 1999a and 2000), however, did not reflect the reduction in stock biomass very 

well and were consequently also not used as tuning indices in the assessment (ICES, 2000). 

 

Materials and Methods 

Fine- to meso-scale vertical/horizontal distribution of cod and sprat during spawning periods in relation to 

environmental conditions 
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Trawl survey in the Bornholm Basin in July 1999 

The overlap of the distribution of cod, sprat and herring during spawning time was investigated on a cruise with 

R/V Dana in July 1999 in the Bornholm Basin (15°-17° E; 54°-56° N). The horizontal area sampled is shown in 

Figure 1.1.1. A depth stratified random sampling programme, containing both demersal and pelagic hauls was 

carried out. Fifty-six 0.5 h hauls were carried out during the daytime using an EXPO trawl with a mean ± S.E. 

vertical opening of 11.4 ± 2.8 (m) towed at 6.475 kmh-1. If the distance between head-rope and sea-bottom was 

≤ 11.4 m, a haul was defined demersal. If the distance was > 11.4 m, a haul was defined as pelagic. Vertical 

profiles of salinity, temperature and oxygen saturation were obtained at each trawl station using a Seabird CTD-

probe with a mounted oxygen sensor. Bottle samples were taken for calibration of conductivity and the oxygen 

sensor using an AutoSal Guildline Model 8004B salinometer and Winkler-titrations respectively. For each trawl 

haul, the CTD data falling into the depth range between headrope and footrope of the trawl were used to 

estimate the average oxygen saturation, salinity and temperature the fishes experienced at haul depth.  

In order to model the catch in numbers per 0.5 h haul (CPUE) in dependence on oxygen saturation and salinity, 

the non-empty catches (CPUE>0) were considered first. A log-normal distribution with parameters ln(μ) and σ2 

was assumed, where μ was dependent on oxygen saturation and salinity while σ2 was assumed independent. 

The expected value for the non-empty catches was hence 
25.0 σµ e⋅ . The environmental parameters salinity and 

oxygen saturation are recognised by individual fish as scalars and not as vectors (Kils, 1986), i.e. the animals 

always have to use marginal surfaces or gradients for orientation.  A simple way to capture this property is to 

assume a sigmoid response curve of the mean catch per unit of effort towards the respective environmental 

parameter x , i.e. [ ] 1)( 501
−−−+⋅= xx

x eA αµ . With the purpose of estimating habitat threshold values of x, it is 

defined that unfavourable and favourable sides of the gradient are adjacent where the environmental parameter 

has the critical value xc and that this critical value xc equals x50-1.317α-1, i.e. the point of maximum increase of 

curvature of the sigmoid function. On the unfavourable side of the gradient at x ≤ xc, μ is close to 0, while within 

the gradient at x = x50, μ equals 0.5A, and on the favourable side of the environmental gradient μ is independent 

of x and equals A. Since two environmental parameters were of interest, the expression used for μ at given 

oxygen saturation p and salinity s in the analysis was:  

[ ] [ ]{ } 1)()( 5050 11),(
−−−−− +⋅+⋅= sspp eeAsp βαµ . 

The effects of oxygen saturation and salinity were assumed to be multiplicative. With respect to the conditions in 

the Bornholm Basin this implies that at low oxygen saturation there is no effect of salinity, and at low salinity 

there is no effect of oxygen.  

The second step in order to model the CPUE in relation to oxygen and salinity was to account for the information 

included in zero catches at limit (p,s)-conditions. The probability of an empty haul P(0) was put to e-γ μ(p,s) where γ 

is considered a species specific constant. The unconditionally expected CPUE including zero hauls were 

consequently  

( ) ( ) [ ]),(5.0 1,)(
2 speespCPUEE µγσµ ⋅−⋅ −⋅⋅= . 

Maximum likelihood based estimates of the parameters and their S.E.s were derived using the R programming 

language (http://www.r-project.org). The thresholds pc and sc were estimated by setting the third derivative of 

( ) ( ) [ ]),(5.0 1,
2 speesp µγσµ ⋅−⋅ −⋅⋅  with respect to p or s to 0 (second derivative positive) and solve for p 
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respectively s. Considering pc and sc as functions of the unknown true model parameters, a consistent estimate 

of the standard errors of their estimates was derived by Taylor expanding (Burg et al., 1992) the thresholds 

around the ‘true’ parameters. Based on the parameter estimates of the model, the vertical distributions of sprat, 

herring and Baltic cod were modelled by inserting salinity and oxygen saturation averages representing the 

conditions in 1 m depth intervals. 

In order to estimate a time series of average July-September habitat and overlap volumes from 1958 to 1999, 

oxygen saturation and salinity data as applied in MacKenzie et al. (2000) were used. The thresholds, pc and sc 

derived from the July 1999 data were assumed constant for all years. For each year, the average vertical profile 

of oxygen saturation from July to September was estimated. With the upper and lower depth limits for a species’ 

habitat, the corresponding volume (km3) between these limits was obtained by horizontal integration using a 

high-resolution spherical grid topography (Seifert and Kayser, 1995). The habitat overlap of predator and prey 

was calculated as percentage of the prey habitat shared with the predator. 

 

Hydroacoustic surveys in the western and southern Central Baltic in May/June 1999 and 2001 

The hydroacoustic surveys in May/June 1999 and 2002 were performed with a Simrad echosounder EK500, 

using a working frequency of 38 kHz. The echosounder was connected to a Bergen-Integrator BI500 for storing 

and analysing the echo signals. The specific settings of the hydroacoustic equipment were used as described in 

the ‘Manual for the Baltic International Acoustic Surveys (BIAS)’ (ICES, 1999e). The hull mounted split beam 

transducer ES38 was calibrated prior to the surveys near the Tysnes in the Hardanger Fjord. All acoustic 

investigations were conducted during daytime from 4 a.m. to 6 p.m. UTC. The mean volume back scattering 

values (Sv) were integrated over 1 nm intervals from 8 m below the surface to the bottom. Contributions from air 

bubbles, bottom structures and scattering layers were removed from the echogram.  

Trawling was done with the pelagic gear „PSN205“ in the midwater. The mesh size in the codend was 10 mm. 

The intention was to carry out at least two hauls per ICES statistical rectangle. The trawling depth and the net 

opening were controlled by a net-sonde. The trawl depth was chosen to catch the ‘characteristic indications’ 

appearing in the echogram. The trawling time lasted usually 30 minutes, but in dense concentrations the 

duration was reduced. The cruise track and the position of trawl hauls are shown in Figs. 1.1.2, 1.1.3 and 1.1.4. 

The survey covered the whole Sub-divisions 24, 25, the western part of Sub-division 26 and limited areas in 

Sub-divisions 27 and 28, however continued in the eastern Baltic in 1999 by the hydroacoustic survey with RV 

AtlantNIRO (see below). 

For all Sub-divisions the statistical rectangles were used as strata (ICES, 1999e). The pelagic target species 

sprat and herring are usually distributed in mixed layers so that it is impossible to allocate the integrator readings 

to a specific species. Therefore the species composition was based on the trawl catch results. For each 

rectangle the species composition and length distribution were determined as the un-weighted mean of all trawl 

results in this rectangle. From these distributions the mean cross-section was calculated according to the 

following target strength-length (TS) relationships: 

Clupeoids   TS = 20 log L (cm) - 71.2    (ICES, 1983) 

Gadoids      TS = 20 log L (cm) - 67.5   (Foote et al., 1986) 

The total number of fish (total N) in one rectangle was estimated as the product of the mean area scattering 

cross section (Sa) and the rectangle area, divided by the corresponding mean cross section. The total numbers 

were separated into herring and sprat age classes according to the mean catch composition and the age 
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readings. 

After each trawl haul a vertical CTD profile was taken with a ME-KMS3 probe in order to measure salinity and 

temperature. The profiles covered the entire water column down to three meters above the ground. The CTD 

probe was used in combination with a water-sampling device. The water samples were taken in different layers 

in order to identify oxygen-poor and anoxic layers. The oxygen content was determined using the Winkler 

titration method. In total the oxygen content of 125 and 158 water samples from 47 and 72 hydrographic stations 

were analysed respectively.  

Further investigations were carried out together with the RV "Alkor" in May/June 2001 on a triangle track in the 

central part of the Bornholm Basin, starting at 55°21’N 16°00’E with an average water depth of 83m, during two 

days. RV ”Walther Herwig III” investigated the distribution patterns and the vertical migration of fish, while RV 

“Alkor” estimated the fine-scale distribution of the zoo- and ichthyoplankton and of the hydrographic parameters. 

Fishery hauls were executed around the clock in co-operation with RV “ALKOR” from 04th to 06th June 2001. 

Hydroacoustic data from the sampled triangle course were integrated in 1m depth strata over 0.1nm intervals. 

The processed data were used to calculate the weighted mean depth, which was plotted against time of day in 

context to global radiation, elevation of the sun and hydrographic profiles sampled with RV Alkor. 

 

Hydroacoustic survey in the Bornholm Basin in August 2001 

A hydroacoustic survey was performed with RV Alkor in August 2001; covering the deep Bornholm Basin was by 

5 east west transects (8th – 14th August 2001). Due to bad weather conditions the north south transects of the 

May/June survey with RV “Walter Herwig III” could not be sampled. The hydroacoustic equipment was similar to 

the May/June 2001 survey, but a hullmounted 38kHz single-beam transducer 38-26 was used, calibrated prior to 

the survey in the inner Kiel-Fjord. 

In contrast to the ‘Manual for the Baltic International Acoustic Surveys (BIAS)’(ICES, 1999e), all acoustic 

investigations used for echo integration and therewith abundance estimation where carried out between 4 a.m. 

and 6 p.m.  Fishery hauls for identification of echo targets were hampered by rough weather conditions, so they 

were conducted rather irregularly. Trawling was carried out with an Engel Kombi-trawl with 13m vertical opening 

in midwater. The mesh size in the codend was 10mm. The trawling depth and the net opening were controlled 

by a net-sound. The trawl depth was chosen according to get a representative catch (species composition). The 

hydroacoustic transects and positions of trawling stations are presented in Fig. 1.1.5. 

Data were processed using methodology as described in BIAS (ICES, 1999e). For abundance estimations 

quarters of the statistical rectangles were used as strata to get a higher resolution. For comparing the 

abundance observed during the August 2001-survey with May/June 2001, the same stratification was used as in 

the latter survey. CTD profiles were taken at the regular ichthyoplankton station grid with an ADM CTD equipped 

with a fast oxygen sensor for continuos oxygen profiles. 

 

Interannual variability in meso-scale horizontal distribution patterns of cod and sprat in relation to environmental 

conditions 

Bottom trawl surveys in February/March 

The data used for the case study were obtained in the Eastern Baltic Sea during surveys with R/V Dana in 

February/March 1994, 1995 and 1997-1999. Sampling coverage is illustrated in Fig. 1.1.6. A depth stratified 

random sampling with highest sampling intensities in depth strata with highest cod abundance was applied. 



Final Consolidated Report               Task 1 

 71 

One-hour hauls were carried out during daytime using a GRANTON trawl, towed at 3.5 knots. The GRANTON 

trawl is a demersal gear, with a vertical opening of approximately 3 m and a horizontal opening of approximately 

18 m.  Given the speed, the resulting sampling volume was about 105 m3 per haul with a swept bottom area of 

0.12 km2, both of which were assumed constant for all hauls. The species compositions by length were 

estimated based on the trawl catches. Herring and sprat are pelagic, and migrate downwards during daytime 

(Blaxter and Parrish, 1965). Hence, bottom trawl catches of these species do not reflect their density at a given 

station. However, we assumed that the density estimates derived from the demersal trawl hauls approximated 

available clupeid prey for cod.  

Vertical profiles of salinity, temperature and oxygen saturation were obtained at each trawl station using a Neill 

Brown CTD in 1994/95, and a Seabird CTD in 1997-99. An oxygen sensor was mounted on the CTD. Bottle 

samples were taken for calibration of conductivity and the oxygen sensor using an AutoSal Guildline Model 

8004B salinometer and Winkler-titrations respectively. To account for the differing maximal salinities, salinity 

measurements were scaled to the maximum salinity at oxygen saturation above 25 % at a haul location. Hence, 

in the following the term relative salinity refers to this scaled value. 

As salinity and temperature in the Baltic Sea are vertically stratified, both sound speed and density of the water 

vary vertically. Hence, the pressure recorded by the CTD was converted to depth using the specific weight of the 

water column calculated by integrating salinity and temperature from the CTD profile according to Fofonoff and 

Millard (1983). For each trawl station, the average trawling depth, measured by echosounder, was corrected by 

calculating the deviation of true sound velocity from the sound velocity set in the echosounder. True sound 

velocity was determined at the station based on the CTD profile, using the Chen-Millero correction for sound 

velocity in seawater as proposed in Fofonoff and Millard (1983). The corrected depth data for both CTD profiles 

and trawling depths were used to relate the catches in numbers to the environmental conditions at catch depth. 

The averages of the calibrated CTD and oxygen data within a range of 3.5 m above and below the vertical 

midpoint of the trawl, assumed to be 1.5 m above average trawling depth, were taken in order to estimate the 

physical conditions the fish experienced.  

Cod catches were grouped into fish ≤35cm and >35 cm for comparison. The environmental variables included 

were oxygen saturation, temperature, and relative salinity. The relationships between catches in number and 

hydrographic variables were examined using cumulative distribution functions following the technique described 

in Perry and Smith (1994). Exclusively data from 1998 and 1999 were applied for the analysis of habitat 

selection, because in other years water volumes with oxygen saturation below 20 % were not sampled. By 

pooling all years here, the observed cumulative distributions would have been biased. The empirical cumulative 

relative frequency f (x) of each environmental variable was calculated by: 

∑∑=
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where Wh is the proportion of the area of depth stratum h to the total area of all strata, nh is the number of hauls 

in stratum h, x hi is the value of the hydrographic measurement in stratum h in the ith haul and I(xhi) is an indicator 

function given by:  
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where t is an indicator variable that attains increasing values within the range of the habitat variable and xhi refers 

to the observed measurements, i.e. the indicator function returns 1, if the observed xhi is less than or equal to t, 
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and 0 if it is greater. In case of oxygen saturation, the indicator variable t started at 0 % and was increased to 

100 % in steps of 5 %. The temperature indicator variable ranged from 1.5°C to 9°C using increments of 0.5 °C.  

The indicator variable for relative salinity started at 0.6 and increased to 1.25 in steps of 0.05. 

To analyse habitat preferences of small and larger cod, the cumulative frequency distribution f(x) of each 

environmental variable was weighted by the ratio between observed catch in numbers at each station and 

stratified mean catch: 

∑∑=
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where dhi is the catch in numbers in haul i in stratum h, d  is the estimated stratified mean catch, i.e.: 

∑=
h

hhdWd  

where hd  is the estimated mean catch in stratum h. Both f(x) and g(x) range between 0 and 1. 

The function f(x) gives the distribution of the habitat variable over its sampled range. The function g(x) illustrates 

how large a proportion of the total number of a species caught was encountered at or below a given value of the 

habitat variable. Depending on habitat selection, f(x) and g(x) can differ widely. Difference is greatest, where 

most fish are associated with one particular habitat value. In this analysis the Bornholm Basin (Sub-division 25), 

Slupsk Furrow, and the Gotland Basin (Sub-division 28) were combined. 

The saturation of the haemoglobin with oxygen in vivo is dependent on the oxygen saturation of the water and 

was assumed to follow a sigmoidal function with increasing oxygen partial pressure, as does haemoglobin 

saturation in the fish blood in vitro (for a review see Riggs, 1970). Hence, a sigmoidal function was chosen that 

focused on modelling the threshold below which CPUE (indicated as U) could be expected to be less than 1 due 

to oxygen deficiency: 

( )501 ppe
AU −−+
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The parameter A gives the CPUE-level of the upper plateau of the sigmoid, p is oxygen saturation of the 

surrounding sea-water, p50 is the oxygen saturation at which predicted CPUE is 50% of the upper plateau. 

Please note that this is not necessarily the saturation at which only 50 % of the fish would survive under 

experimental conditions. The model was fitted to the survey data using the NLIN procedure in SAS (SAS 

Institute Inc., 1989). The oxygen thresholds for cod (now small and large combined, see results), herring and 

sprat were estimated to be at the maximal saturation at which predicted CPUE was still less than 1, i.e. where 

0)1ln( pAp +−−<  and 0)1ln(1 pAp +−−>+ . In the estimation procedure p was increased by 

increments of 1 % starting at 0 % oxygen saturation. For habitat selection this indicates that at in water volumes 

with oxygen saturation below the threshold value there is no fish, while at oxygen saturation above the threshold 

value and below ‘a-saturation’, average fish density should increase rapidly. Above ‘a-saturation’ oxygen 

saturation is no longer important for habitat selection, i.e. there is no correlation to expect. Afterwards, residuals 

from the resulting relationship were inspected for effects of salinity and temperature. This analysis was 

conducted for the Bornholm Basin (Sub-division 25), Slupsk Furrow and the Gotland Basin (Sub-division 28) 

separately for the species cod (small and large combined), herring and sprat. 

A database including spatially dis-aggregated catches of cod, herring and sprat from Danish bottom trawl 

surveys with trawl related data on temperature, salinity and oxygen saturation has been established. Depth 
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stratified surveys have been carried out yearly in February-March during the period 1982-99 covering Sub-

divisions 25, 26 and 28 with cod as the target species. The trawl data series include position and depth specific 

information on cod, sprat and herring catches including 0-catches. In the first part of the period vertical 

hydrographic profiles were recorded at selected trawl stations (1982-1993), while it has been attempted that all 

trawl stations were accompanied by a CTD cast in recent years (1994-1999). During the latter period water 

samples were collected regularly to calibrate oxygen and salinity. The established database includes length-

based data on cod, sprat and herring from trawl stations with complementary hydrographic profiles and depth 

information. Data evaluation and exploratory analyses have been conducted.  

 

Hydroacoustic surveys in the eastern Baltic 

With respect to the Latvian/Russian time series analysis of seasonal distribution patterns, hydroacoustic surveys 

in ICES Subdivisions 26 and 28 were carried out from 1978 to 1991 in May, from 1983 to 2001 in September - 

October and in some years - in July. The surveys were performed on a relatively uniform standard grid of 

transects. Trawl samples were taken routinely with intervals of about 20-30 miles (Fig. 1.1.7). The total extent of 

transects varied within 1000-1300 miles by years, the number of trawl samples were about 60. Echo-integration 

was carried out by every 10-meter layer and Sa readings were recorded for each mile. The surveys were made 

only in light time. The hydroacoustic surveys were carried out with two main purposes: 

− to assess sprat and herring stocks, age structure and to obtain information on fish biological condition; 

− to provide data for fish spatial distribution research, sprat in particular, in the study area. 

To achieve these purposes different methods of the survey data processing have been applied. In the first case 

the stocks were assessed by standard ICES rectangles. The mean Sa value was estimated for each rectangle, 

and ρ was determined with mean catch estimate based on all trawl hauls carried out in the given rectangle. In 

the second case, when sprat distribution was investigated, the analysis of fish echo records was carried out and 

transect segments were allocated and assigned to a particular trawl. The mean value of ρ of fish was estimated 

for each trawl: 

kikij f ,, σσ ∗= ∑                                 (1) 

where ρj- average back-scattering cross section of fish in j trawl catch, ρI,k - average back-scattering cross 

section of fish of i-th length class (cm) of к species, fI,k – occurrence frequency of fish of i-th length class of к 

species. Sprat density was determined for each mile, moreover the density was estimated by integration layers 

individually.  

=sprρ
fspr* j

Sa
σ                                       (2) 

where ρspr – quantity of sprat per unit area (mln/nm2), fspr – sprat proportion in a catch, Sa – nautical area 

scattering coefficient (m2/nm2). 

Further in analysis of general sprat distribution by each mile we took the sum of densities by all integration 

layers, while in sprat distribution analysis at particular sea depth levels the density values were summed only for 

integration layers included into analysed depth level. 

Age-specific abundance and biomass data from surveys have been compiled per Sub-divisions and statistical 

rectangle. Taking into account the depth-specific nature of the Baltic hydrography, the age composition of sprat 

population has been analysed separately in the “deep-water” (average depth > 70 m) and “shallow-water” 
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(average depth < 50 m) rectangles. For the purpose of this work the age-specific abundance data in each 

rectangle has been dis-aggregated by the sampling horizon where sprat were detected by acoustic. 

In all hydroacoustic surveys hydrologic stations were additionally carried out. Hydrologic stations were located 

with rather regular intervals in each transect. The total number of hydrologic stations per survey was 60 - 100 

(Fig.1.1.7). At each station the water temperature by standard sea layers was measured, moreover at the 

majority of stations salinity and oxygen content were determined at the same depth levels. 

 

Interannual variability in large-scale horizontal distribution, abundance and population structure in relation to 

basin specific hydrography 

International bottom trawl surveys 

Historical distribution patterns and stock structure of Baltic cod in relation to estimates of reproduction volume 

are examined on basis of 1st quarter data series available within the BITS database from 1982 to 1999. The 

distribution of 1-goup cod is used to elucidate the importance of nursery areas. A detailed description of the 

methods and model utilised within this analysis can be obtained from Aro et al. (2000). In an earlier project 

related analysis, the country effect (fishing power) was taken into account in the model. However, the fishing 

power of various fishing vessels is varying very much depending for example on the size and engine power of 

the vessel, demersal trawl type used, settings of the trawl, fishing operations, skills of the master etc. In addition, 

area coverage of the survey is one of the main contributors to variance. Over the period of 1982-1999, there 

have been changes in fishing operations. In order to standardise and re-scale original data a General Linear 

Model (GLM) has been used to estimate the fishing power of vessels (country effect). In the analysis, it is 

assumed that fishing power for a country is the same for all age groups and that there is no difference between 

quarters (ICES, 1999a). In this context, the GLM approach is a rather handy method for the analysis of variance 

of unbalanced data. GLM handles classification variables, which have discrete levels, as well as continuous 

variables, which measure quantities. It also allows specifying any degree of interaction (crossed effects) and 

nested effects (SAS, 1988). In principle we have three sources of data (excluding tagging data here) to obtain 

the spatial distribution of cod: i) commercial catch at age data, ii) commercial catch per unit of effort data and iii) 

survey abundance indices. From these, the survey data are addressed in the presented analysis, while other 

Sub-tasks direct to analytical assessment models cover an analysis of commercial catch at age data. Before 

conducting the analysis, the Baltic International Trawl survey database (BITS) has been checked, improved and 

corrected with respect to several erroneous data entries. 

 

International hydroacoustic survey 

Sprat hydroacoustic data from Russian/Latvian surveys 1992-2001 were compiled according to the Manual for 

the Baltic International Hydroacoustic Survey (ICES, 1999e) and incorporated in the international hydroacoustic 

database (BAD1). The data including abundance at age and weight at age per Statistical Rectangle as well as 

basic values for the computation and survey characteristics. An analysis of the database was performed to 

detect long-term shifts in relative distribution and abundance of sprat between Sub-divisions considering also the 

impact of removals by the fishery. 
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Intraannual variability in the horizontal distribution of cod and sprat  

Trawl surveys at different times of the year 

As a continuation of the CORE-project, trawl surveys directed to cod were performed throughout the spawning 

season in April, May and July 1995-1999 in Sub-division 25 covering the Bornholm Basin. Depending on the 

oxygen concentration in the bottom water and the fish concentrations detected by the echosounder and the net-

sound system the trawl was deployed either pelagic or demersal, shifting also within one trawl set. The surveys 

allowed the estimation of a rough index of spawning stock biomass concentrating on the spawning ground of the 

Bornholm Basin. 

Within the CORE-project trawl surveys directed to cod spawning grounds in Sub-divisions 25, 26 and 28 were 

carried out in February/March, May/June, June/July and July/August 1996. The relative CPUE of sexually 

mature cod between different spawning areas was inspected for area specific trends potentially indicating a re-

distribution of the adult stock from pre-spawning periods in February/March to peak spawning time in summer. 

Cod abundance indices by age have been computed from the Latvian trawl survey database according to the 

procedure proposed by Sparholt and Tomkiewicz (2000), correcting and re-scaling the catch rates for different 

fishing power of participating vessels and applying a depth stratified computation scheme. For validation of the 

area dis-aggregated MSVPA’s, the time series refer to ICES Subdivision 25, 26 and 28, encompassing the 

Bornholm Basin, the Gdansk Deep and the Gotland Basin, while Sub-division 26 has been subdivided into a 

northern and a southern part for recruitment modelling purposes. In relation to the latter, the northern part is 

either allocated to the Gotland Basin or handled separately as an independent area depending on the type of 

analyses. The Latvian trawl data refer to January/February, March/April and November/December 1975-1999, 

with early and late surveys in the year carried out up to 1991 only. Hydrographic data to be related to the 

distribution patterns were compiled from the LATFRI hydrographic monitoring programme. 

 

Hydroacoustic surveys in May/June vs. September/October 

With respect to sprat, results of above described hydroacoustic surveys conducted in May/June 1999 are 

compared to preceding and subsequent hydroacoustic abundance estimates from autumn 1998 and 1999 

according to statistical rectangle. This comparison allows identifying changes in distribution within and between 

Sub-divisions 25 and 26. In addition biomass estimates derived from hydroacoustic surveys in May/June 1979-

1985 and July/August 1981-1988 performed by the former GDR, the former USSR (Falk et al., 1981; Kästner et 

al., 1981, 1983 and 1984; Orlowski, 1985; Shvetsov et al., 1986) and Poland (Orlowski, 1988, 1989, 1989b) are 

utilised to describe the change in distribution of sprat after finalisation of spawning activity. 

 

Effect of environmental conditions on catch rates from commercial fleets and research surveys 

Investigations on habitat preferences and threshold values in the Baltic (Tomkiewicz et al., 1998, Neuenfeldt, 

2002), suggested that the adult cod stock concentrates in areas with salinities of >11 PSU. When these salinities 

are not available or not accessible, due to low oxygen concentrations in the bottom water, cod appears to prefer 

at least salinities of >10 PSU in Sub-division 25 and >8 PSU in eastern areas. Independent of salinity, cod avoid 

water layers with oxygen concentrations <2.5 ml/l, which corresponds to the threshold described for Gulf of St. 

Lawrence cod (D’Amours, 1993). Assuming these threshold values allowed a rough estimation of a time series 

of habitat areas, which was used for scaling available catch rates from commercial fishing fleets (ICES, 1999a 
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and 2000) for changes in density caused by fluctuating habitat size. 
 

Results 

Fine- to meso-scale vertical/horizontal distribution of cod and sprat during spawning periods in relation to 

environmental conditions 

Trawl survey in the Bornholm Basin in July 1999 

The hydrographic conditions encountered in July 1999 were typical for the Bornholm Basin (Fig. 1.1.8). A 

thermocline had formed, starting at app. 10 m's depth. Above this thermocline the temperature was 17.5° C and 

the water was over-saturated with oxygen. Within the thermocline, between 10 and 20 m depth, temperature 

decreased from 17.5 to 6° C. Between the thermocline and the permanent halocline temperature decreased 

further from 6 to 4° C and oxygen saturation was ca. 90 %. The permanent halocline began at 50 m's depth 

extending to 65 m.  Below 65 m, salinity still increased with depth, but not at such a high rate as in the halocline. 

Oxygen saturation decreased rapidly within and below the halocline, almost linearly from 80 to 20 % saturation 

between 50 and 70 m depth. Temperature increased again within and below the halocline from 4° C at 50 m to 

7° C at 70m. 

The catch rates of Baltic cod with a length of 20 to 45 cm were higher in the demersal than in the pelagic hauls 

(Fig. 1.1.9a). There was no difference in the demersal and pelagic catch rates of larger Baltic cod.  About 90 % 

of the cod greater than 40 cm were in spawning condition (Fig. 1.1.8a). Of the Baltic cod < 41 cm, 35-55 % were 

spawning. The fraction of cod in spawning condition increased with length, but differences were not significant, 

except between the length groups 36-40 and 41-45 cm. Within length groups the ratio of spawners did not differ 

between demersal and pelagic strata for Baltic cod greater than 30 cm. The ratio of spawners was greater in the 

pelagic stratum for Baltic cod < 30 cm (Fig. 1.1.9b).    

The Baltic cod CPUE values in water volumes with an oxygen saturation  < 20 % were very low (Fig. 1.1.10a). 

Catch rates in water volumes with oxygen saturation between 60 % and 90 % were also very low compared to 

the CPUE at intermediate oxygen saturation. Within 20-60 % oxygen saturation catch rates appeared high and 

independent of oxygen saturation. CPUE of Baltic cod was low at salinities below 11 (Fig. 1.1.10b), 

corresponding to oxygen saturation from 60 to 90 %, and also corresponding to temperature < 5.5° C (Fig. 

1.1.10c). Herring catch rates were also very low at < 20% oxygen saturation, but in contrast to Baltic cod the 

herring CPUE did not show a clear decline at high oxygen saturation (Fig. 1.1.10d). The average herring CPUE 

at low salinity appeared lower as compared to high salinity, but not to the same extent as for Baltic cod (Fig. 

1.1.10e). The herring CPUE appeared to be independent of temperature (Fig. 1.1.10f). Sprat catches showed 

basically the same pattern as herring catches (Figs. 1.1.10g, h, i), however, the variability of the catch rates was 

higher. Note that 5000 sprat were caught at an oxygen saturation of only 6.9 % and an additional four 

observations of 17 000 to 27 000 sprat caught between 16 and 25 % oxygen saturation were made (Fig. 

1.1.10g). The catch rate appeared to be completely unaffected by low salinity, because five out of 12 hauls 

above the halocline included a relatively large number of sprat (Fig. 1.1.10h).  

The parameter estimates for the models describing critical oxygen saturation and salinity are given in Tab. 1.1.1. 

For Baltic cod, the critical salinity sc was within the halocline conditions, and also the lower S.E. of sc was still 
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within the halocline conditions. Hence, the vertical Baltic cod distribution was significantly limited to the halocline 

region and below. The critical salinity for herring was also within the halocline conditions. The lower S.E. of the 

critical salinity, however, corresponded to conditions in the intermediate water layer. The critical salinity sc for 

sprat was below the minimal salinity in the Bornholm Basin. For all species the logarithmic model residuals were 

normally distributed at the 5 % significance level (Kolomogorov-Smirnov test). For herring and sprat, the upper 

depth limits of their distributions during daytime were determined by salinity. The lower depth limit for all three 

species was determined by the critical oxygen saturation pc (Tab. 1.1.1). The model based predictions of vertical 

distributions are illustrated in Fig. 1.1.11. Baltic cod vertical distribution was limited to the halocline. The vertical 

herring and sprat distributions also peaked in the halocline, but both herring and sprat occurred also above the 

halocline.  

Habitat volumes for summer 1958-1999 computed on basis of sc and pc and hydrographic data are plotted in Fig. 

1.1.12a. The distribution overlap volume where herring and sprat could be considered accessible as prey for cod 

in July 1999 was identical with the cod distribution volume. The fractions of the herring and sprat habitat volumes 

where both species occurred together with cod varied Fig. 1.1.12b. The fraction of the herring habitat volume 

where they occurred together with cod showed a decreasing trend between 1958 and 1975 and increased in the 

early 1990s. The respective fraction of the sprat habitat varied without any trend.  

 

Hydroacoustic surveys in the western and southern Central Baltic in May/June 1999 and 2001 

The length distribution of sprat by Sub-division is presented in Fig. 1.1.13 and Fig. 1.1.14. The mean length 

decreased from the western (Sub-division 24) to the eastern part of the survey area (Sub-divisions 26, 27 and 

28). The estimated number of sprat by age group and Sub-division/rectangle including the adult stock (age 

group 3+) is given in Tab. 1.1.2 and Tab. 1.1.5. The mean weight by age group and rectangle is shown in Tab. 

1.1.3 and Tab. 1.1.6 and the corresponding biomass by Sub-division/rectangle in Tab. 1.1.4 and Tab. 1.1.7. The 

estimated total abundance of sprat in 1999 was 67.0 x 109 specimens with a corresponding biomass of 591,6 x 

103 t, while the stock estimate in 2001 was 56.4 x 109 specimens with a biomass of 596,3 x 103 t. In both years, 

the main part of sprat was concentrated in Sub-division 25 and the small investigated parts of Sub-divisions 26, 

27 and 28. The abundance of recruits (age 1) was very low in 1999 and somewhat higher in 2001. In the former 

year recruits were encountered only in Sub-division 24 and 26, while in the latter they were more evenly 

distributed over the central Baltic, but again highest concentrations in Sub-division 26 (Fig. 1.1.15). East of 

Bornholm the age structure was dominated by age classes 2 and 3 in 1999 and 2 to 4 in 2001. In the Arkona 

Sea the age distribution was characterised by a more uniform contribution of age class 2 to 5.  

The estimated number of herring by age group and Sub-division/rectangle including the adult stock (age group 

3+) is given in Tab. 1.1.8 and Tab. 1.1.11. The mean weight by age group and rectangle is shown in Tab. 1.1.9 

and Tab. 1.1.12. The corresponding estimates of herring biomass by Sub-division/rectangle are summarised in 

Tab. 1.1.10 and Tab. 1.1.13. The herring stock was estimated to be 2.4 x 109 individuals or about 96.9 x 103 t in 

1999 and 1.2 x 109 individuals or about 66.3 x 103 t in 2001 (Fig. 1.1.16). Sprat and herring were found in the 

entire area investigated. Only in some parts of Sub-division 24 herring and sprat had the same share of the total 

biomass (Fig. 1.1.16). In all other parts of the investigated area sprat was the dominant species comprising more 

than 80 percent of the total biomass. 

The Sa-values recorded in May/June 1999 were used to show the vertical fish distribution. The factor to transfer 
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the Sa-values into sprat biomass per rectangle were varying in Sub-divisions 25-28 only to a low extend (σ = 1.2 

– 1.8). Since the abundance of herring in Sub-divisions 25-28 was low limited, the raw Sa-values are directly 

reflecting the sprat biomass. Fig. 1.1.17 shows the vertical distribution of Sa-values per Sub-division. Sprat 

shoals occurred down to a water depth of 90 m in the investigated area. Sprat was not evenly distributed in the 

water column. In all Sub-divisions, a maximum of the Sa-values was found in water layers from 15 to 22 m 

depth. A second maximum was found in the Arkona Basin (Sub-division 24) in water depths of 35 to 45 m. Fish 

in this more shallow water was concentrated close to the bottom. A second maximum was also found in Sub-

division 25 in water depths of 62 to 80 m’s and in Sub-division 26 in water depths of 68 to 90 m.  Fig. 1.1.18 

shows the vertical distribution of sprat along a transect following 15.7° E from south to north across the 

Bornholm Basin. The occurrence of shoals is highly depending on the water depth of the area. In the deeper 

central part of the Bornholm Basin the echo traces were found from water depths of 60 to 75 m. In this area 

almost no echo traces were found above 60 m. Fish was mainly concentrated in layers of small shoals with a 

small vertical extension. At the border of the deeper part the traces raised above 60 m.  In more shallow waters 

this layer was missing. The fish in shallow water was distributed all over the water column or concentrated in 

depth around 15 to 25 m.  

The mean Sa-values in the water layers 8–30m, >30–60m and >60–90m depending on bottom depth as found 

in May/June 1999 are given per Sub-division in Fig. 1.1.19. There were no Sa-values in the water layer >60–90 

m since the maximum water depth in Sub-division 24 reached only about 60 m. Depending on the bottom depth 

the contribution of the mean Sa-values in the different water layers in Sub-division 25, 26 and 28 were showing 

only minor differences. In shallow water areas highest clupeoid abundance were found in the 8-30 m layer, while 

most of the fish in deeper areas were found in the 60-90 m layer. In Sub-division 28, echo traces were only 

rarely found in the 60-90 m layer. No echo traces were found in the shallow sea areas (bottom depth < 30 m) in 

Sub-division 27. In contrast to the results from all other Sub-divisions, the highest mean Sa-values were 

measured in the upper water layer (i.e. 8–30 m) in the deeper part of this area. 

The total investigated survey track on the triangle track was 342 nm.  72 nm were not used because of double 

coverage. Horizontally the NASC- (nautical area back-scattering) values were nearly equally distributed along 

the transect with an increasing tendency in the northern part. Less of 5% of all miles had a NASC of zero and 

about 10% of more than 1000 m²/nm². The mean NASC of all miles was 439 m²/n.mi². The main scatter objects 

were small shoals with a diameter of few meters. In the deeper basins these shoals were found in a narrow layer 

at about 50 to 80 m’s depth. 

The thermal stratification in the investigated area was characterised by typical spring situations with surface 

temperatures between 9 and 13 °C (1999) and 7.2 and 13.3 °C (2001). A distinct thermocline occurred between 

10 and 20 m depth, separating the winter water with temperatures of about 5 - 6 °C from the surface layer. 

Temperature and thickness of the warm surface layer decreased from west to east (example 1999 in Figs. 

1.1.20 and 1.1.21. The temperature further decreased from waters below the thermocline up to the permanent 

halocline. The temperature minimum was found mostly just above the permanent halocline. The salinity of the 

surface layer ranged between 6.8 psu in the east and 7.3 psu in the west of the investigated area. The vertical 

distribution of the salinity was nearly homogeneous down to 35 m in the Arkona Basin, to 55 m in the Bornholm 

Basin and to 60-65 m in the southern Gotland Sea. Below the permanent halocline temperature and salinity 

increased with increasing water depth. The oxygen content in the surface layer ranged from 5.3 ml/l to 8.2 ml/l.  

Below the halocline the oxygen content decreased rapidly with increasing salinity. In water depths of 60–70 m 
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the oxygen content was in most cases below 2 ml/l in the Bornholm Basin. In the southern Gotland Basin this 

border was situated at about 80 m, however in 2001 an intermediate water layer with oxygen concentrations > 

2ml/l was found in the Gotland Basin between 100 and 110 m. 

In Fig. 1.1.22 the relationship between echo-strength and hydrographic parameters on 4 central stations in the 

Bornholm Basin in May/June 1999 are shown as cumulative frequency distribution plots. In the nearly complete 

absence of other fish species in the central Bornholm Basin during this survey, it is assumed that all echoes are 

related to sprat. Echoes were found within an oxygen-range from 0.1ml/l and 5ml/l. 8% of all echoes were 

measured in water layers with less than 1ml/l oxygen and 56% in water with an oxygen-content between 1.0 and 

2.1ml/l, with highest concentrations between 1.7 and 2.1ml/l oxygen. The salinity-range, occupied by sprat is 

between 11.2 and 14.5 psu (lower part of halocline), where 94% of all echoes were measured. In addition 92% 

of the echo-energy was registered within a temperature range of 5 and 7°C and 98% between 57m and 70m 

corresponding to 17% of the available potential habitat. 

Fig. 1.1.23 shows that in shallower areas the variation in echo-energy per integrated nautical mile is much higher 

than in the deep parts of the basin, where a more homogeneous distribution was found during both dates 

May/June 1999 and 2001. These differences can be explained by high patchiness of clupeids (mostly sprat), i.e. 

in shallower parts the echograms showed large isolated shoals occupying the entire water column, whereas in 

the deeper parts of the basin many and smaller shoals were forming a narrow band below the halocline. 

The daily rhythm in the vertical distribution of clupeid fishes in Bornholm Basin in June 2001 is shown in Fig. 

1.1.24. As mentioned above the mean depth of the distribution is limited by the halocline (upper limit) and by 

insufficient oxygen content (lower limit). Some exceptions are caused by the occurrence of large shoals in the 

upper water column. The start of the vertical migration in the evening was not recorded, but the migration seems 

to be finished at 10:30a.m. local time (1 hour after sunset). During the dark period (11p.m. to 4a.m.) most of the 

echo-energy was measured above the thermocline, being homogeneously distributed in upper water layers. 

During the dark period only a few echoes were measured below the halocline. A first analysis of single target 

strength indicates a large portion of cod in these water masses. At 3:30a.m. (1 hour before sunrise) some single 

echo-targets beginning to migrate downwards. The absence of herring in trawl hauls in the surface layer after 

3:30a.m., indicates that these single echoes were herring. At the same time the echoes in the upper water layer 

begin to accumulate to small shoals. A few minutes before sunrise these shoals begin to descend down to the 

halocline. This vertical migration is finished shortly after sunrise. 

 

Hydroacoustic survey in the Bornholm Basin in August 2001 

Abundance and horizontal distribution of pelagic fishes in the Bornholm Basin in May/June 1999, 2001 and in 

August 2001 are compared in Fig. 1.1.25. Clearly sprat dominates the fish fauna in the Bornholm Basin in late 

spring, with highest concentrations in both covered years in northern areas, but has left the spawning ground 

after finalisation of spawning activity in August. In contrast herring returns from coastal spawning areas in late 

spring forming highest abundance on their feeding ground in August.  

A clear relationship between echoes and hydrographic features was found seldom (in the northern parts of the 

Bornholm Basin). Here the lower limit of a narrow band of echo-traces was the 8°C isotherm and the upper limit 

of the second (broader) band was identified as the 9psu isohaline. Such concentrations were not found in the 

central and southern parts of the Bornholm Basin. In these areas echoes were distributed over the whole water-

column. Most of the fishes above the halocline were aggregated in huge shoals. Due to difficulties in catching 
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separate shoals in the midwater no clear species identification of these echo-targets was possible. 

 

Interannual variability in meso-scale horizontal distribution patterns of cod and sprat in relation to environmental 

conditions 

Bottom trawl surveys in February/March 

The derived cumulative frequency distributions of cod CPUE from bottom trawl surveys conducted in 

February/March in relation to hydrographic conditions, showed no apparent differences between large and small 

cod. The habitat-function in Fig. 1.1.26a shows that the oxygen conditions sampled were evenly distributed 

between 0 % and 100 % saturation. The habitat function in Fig. 1.1.26b shows that 90% of all salinity samples 

were at each station collected at relative salinity between 0.9 and 1.0. Hence, sampling was very uneven with 

relation to salinity. Within the sampled ranges of oxygen saturation and salinity, there was no preference visible 

for neither large nor small cod. Temperature has been sampled evenly between 1.5°C and 9°C (Fig. 1.1.26c). As 

for oxygen saturation and salinity, there was no preference identifiable. As a consequence of the similarity of 

large and small cod they were treated combined in the further analysis. 

The results from the regression model for oxygen tolerance are listed in Tab. 1.1.14. The regression is in all 

cases highly significant. For cod in the Bornholm Basin the avoidance threshold was estimated to be at 16 % 

oxygen saturation, while for cod inhabiting the Gotland Basin it was estimated to be at 25 % saturation. Yet, the 

estimates were not significantly different. Oxygen thresholds for herring and sprat were similar within basins, but 

differed markedly between the Bornholm and Gotland Basin. While in the Bornholm basin both species have 

thresholds of 50 % respectively 40 %, in the Gotland Basin the thresholds were estimated to 10 % respectively 

18 %, i.e. within the sampled range herring and sprat catches were virtually independent of oxygen saturation in 

the Gotland Basin. The regression based predictions were plotted together with observed values in Fig. 1.1.27a 

to f. The residuals from these regression were then plotted versus relative salinity and temperature for the 

Bornholm (Fig. 1.1.28a to f) and the Gotland Basin (Fig. 1.1.29a to f). There were no effects visible over the 

sampled ranges of salinity and temperature. In Fig. 1.1.30 cod CPUE is plotted over the bathymetry for the 

Bornholm Basin. Maximum CPUE occurred each year at locations with differing slope of the seabed. In 1994 for 

example, 4 stations on a line beginning at 55 ° N and 15.5 ° E and leading south-eastwards yielded CPUEs on 

the same level, although they had all different slopes. Fig. 1.1.31 illustrates the shrinking of the cod habitat 

between 1994 and 1999 based on deterioration of oxygen conditions. While in 1994 almost the whole bottom 

area of the Bornholm Basin and Slupsk Furrow and large parts of the seabed of the south-eastern Gotland Basin 

were accessible for cod, they encountered hypoxic conditions in 1999. It should be noted that this figure reflects 

the assumptions that cod avoid oxygen saturation below 20 % and do not cross the halocline upwards. 

 

Hydroacoustic surveys in the eastern Baltic 

Sprat abundance and biomass distribution by Sub-division and seasons are presented in Fig. 1.1.32. From this 

data a shift in the distribution between Sub-division 26 and 28 in the last half of 1990s is obvious. In the first half 

of 1990s, the population in Sub-division 26 formed the major part of the constituting about 70% of total biomass, 

but in recent years the importance of this Sub-division decreased while the proportion of the sprat population 

biomass in Sub-division 28 increased to 56 %. 

The estimated number of sprat in SD 26 in May-June 1994-1995 and 1999-2000 dis-aggregated by statistical 

rectangle and age group are shown on Fig. 1.1.33. From this data it is clear that the structure of sprat stock in 
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the subsequent years considered was rather different, depending mostly from the recruits abundance at age 1. 

The results of the analysis of the age composition of sprat population separately in the “deep-water” and 

“shallow-water” rectangles are presented in graphs on Figs. 1.1.34 to 1.1.37. The associated depth-specific 

hydrography (water temperature and salinity by depth strata and statistical rectangles) is also shown on Figs. 

1.1.38 to 1.1.41. An analysis of age-specific abundance data from hydroacoustic surveys conducted in May-

June (Alekseeva and Alekseev, 2002), revealed significant differences between sprat distributions according to 

age in deep water areas. In rectangles where sprat were abundant, 1-year old sprat exhibit a clear affinity to 

upper warm water layers (T > 40C) down to 40 m (above the thermocline or the cold intermediate water layers). 

In contradiction, the adult and spawning sprat demonstrate a clear affinity to the saline and warm deeper water 

layers below the halocline (compare Figs. 1.1.25, 1.1.37, 1.1.38, 1.1.41). In most shallow water rectangles, 

characterised by depths of 37-50 m, the described clear differences in young and adult sprat distribution was not 

detected. 1-year old sprat was distributed more evenly through the water column with a preference to the warm 

water in the sub-surface layers in 2000. Only a minor part of the adults sprat were left in the shallow water for 

feeding, being as well in a less mature conditions then in deep-waters rectangles (Alekseeva and Alekseev, 

2002). The reason for this is the absence of the halocline and warm saline water as environmental preconditions 

for the fast ripening, spawning and successive reproduction of sprat. In 1994, characterised by a low contribution 

of 1-year old sprat to the stock, almost all adults concentrated in two deep-water rectangles 3864, 3954 where 

salinity and temperature conditions were the most favourable for sprat spawning. 

The conducted analysis of long-term seasonal distribution patterns of sprat in the Sub-divisions 26 and 28 

revealed two basic types of spatial distribution: 

− Winter-spring (January to May), when major sprat aggregations distribute mostly over deep-waters in 

the Gotland Basin and the Gdansk Deeps in the water layer from 60 to 100m depths. 

− Summer-fall (June to December), when sprat migrate closer to the coast and occur in depths of 30-40 to 

100 m. In this period a certain portion of a sprat migrates into the warmed surface water layer while the 

other fish remain in the deepwater layer. 

The distinction in these two types of distribution pattern rather convincingly illustrated the pattern of sprat 

distribution in May and September 1987 shown in Fig. 1.1.42 and 1.1.43. In these figures it is evident, that in 

May the densest sprat concentrations were in the western part of SD26, and in September - in the eastern part 

of SD26 and 28 in the shallower coastal zone. We have also analysed autumn (September/October) distribution 

of sprat for the last 15 years. During this entire period sprat distributed in the eastern part of Sub-division 26 and 

28. No significant differences in the distribution were encountered in years with low (1987) and high (2000) sprat 

abundance (Fig. 1.1.43 and 1.1.44). It should be noted that the distribution of sprat is highly patchy. It is possible 

to allocate locations with stable dense fish concentration: 

− North of Ventspils in the Irben Strait traverse; 

− off Liepaja; 

− off and southwards of Klajpeda; 

− periodically in the Gulf of Gdansk. 

The sprat distribution pattern in October in the surface and deep-water layers was analysed separately in 

relation to habitat layer thickness. The distance from the sea surface to the depth level where the homothermal 

layer ends and the intermediate cold layer begins is assumed to be the upper habitat layer. The bottom layer is 

assumed as the distance between the depth layer below the cold intermediate layer with temperatures above 
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3.5°С and the depth at which an oxygen concentration of 1 ml/l is reached. In Figs. 1.1.45 to 1.1.48 sprat 

densities are plotted in relation to the habitat layer thickness for 1998 and 2001. From the figures it is evident that 

sprat aggregations occur both in the upper and the bottom layers if the vertical extension of the habitat exceeds 

30 m. However, even in these areas, sprat distribution is rather patchy. Obviously other factors, e.g. plankton 

availability, affect the distribution of sprat. 

Further we have compared sprat distribution by age groups. Fig. 1.1.49a shows the distribution of sprat age 

group 1 and Fig. 1.1.49b of age group 2+ in autumn 1987. It is evident, that one-year sprat distribute mainly in 

locations close to the coast, while older fish distribute westwards over open waters. However it should be noted, 

that in 1987 one-year sprat abundance was high and considerably exceeded the older fish abundance and that 

density dependent effects may have forced older fish into open sea habitats. 

 

Interannual variability in large-scale horizontal distribution, abundance and population structure in relation to 

basin specific hydrography 

International bottom trawl survey 

Earlier analyses of abundance indices derived from the international bottom trawl survey (Sparholt et al., 1991; 

Sparholt and Tomkiewicz, 1998 and 2000; Aro et al., 2000) indicated that the year effect is the main contributor 

to the variance. The established model was able to estimate the year effect rather precisely, when evaluated 

against catch-at-age analysis. The estimated fishing powers of various research vessels do vary considerably, 

but the estimates seem to be quite robust. The analysis results show (plain arithmetic means from re-scaled data 

or least squares means from GLM) that the overall change in spawning stock biomass between 1982-1999 from 

a high abundance in the 1980s to the low abundance in the 1990s does increase the variation and lowers the 

correlation. The output statistics however show, that the model used is quite robust (R2 = 0.43, CV of SSB on 

average 46%). In general the spawning stock abundance is rather well estimated by the model and the 

coefficient of variation is in the range of 29-66% and R2 is between 0.22-0.77 by Sub-areas. However, the 

estimates of age-group-1 are highly variable and the abundance estimates are only indicative. 

The spawning stock biomass in the early- and mid-1980’s was high in all sub-areas. At that time there was a 

high abundance of spawning cod in the Gotland Deep spawning grounds (sub-areas 262, 281-284) as well as in 

the Gdansk Deep spawning grounds (sub-area 261 and 264) (Fig. 1.1.50). The Bornholm Basin has remained 

an important spawning area throughout the observation period while the Gotland Deep and Gdansk Deep lost 

their importance as spawning ground because of poor environmental conditions after 1981 as shown in Fig. 

1.1.51a and b.  The most pronounced reduction of SSB has been observed in Sub-division 28, where the 

abundance of SSB has decreased to about 10% of the maximum value observed in the time series (Fig. 

1.1.53e). Fig. 1.1.52 gives the spatial distribution and annual changes of spawning stock abundance in the first 

quarter of the year in 1982-1999 by individual hauls in Sub-divisions 25, 26 and 28. These estimates are the 

original observations re-scaled by fishing power multipliers. The distribution of pre-spawning aggregations shows 

clearly how critical the stock situation in 1992 was. The SSB was very low and concentrated only in the vicinity of 

the Bornholm Basin.  

The estimates of 1-group cod (least square means/hour, Fig. 1.1.53a-f, 2nd 1.1.38 a-f) indicate the importance of 

the Gotland Deep area as a nursery ground in the early 1980’s and show that in the 1990s the Gotland Deep did 

not have any significance for either successful reproduction or young-of-the-year survival. There is also 

indication of the importance of Sub-division 26 and its coastal areas as a nursery area for young cod (Sub-areas 
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261 and 264, Fig. 1.1.53d). Plotting the re-scaled arithmetic mean catch rates for Sub-divisions 25, 26 south, 26 

north and 28 over time demonstrate that throughout the whole time series, highest 1-group cod abundance were 

encountered here (Fig. 1.1.54, 2nd 1.1.39), independent of the relatively low spawning stock size in the Gdansk 

Deep or environmental conditions sustaining egg development in the area (Fig. 1.1.52b). In contrast Sub-division 

25 contained always a relatively large spawning stock (with the exception of the minimum in 1991 and 1992), in 

fact the largest of all areas since 1985 (Fig. 1.1.54), and has the most favourable hydrographic conditions for 

egg development. Nevertheless, the abundance of recruits was in general low until 1991 (Fig. 1.1.54). Since 

then the abundance of recruits was above average, with the exception of the years 1996 and 1997, being low 

also in the eastern neighbouring Sub-division 26. The distribution of juveniles of age group 2 is different from age 

group 1, with Sub-division 26south being less important as a nursery area (Fig. 1.1.54). Here the importance of 

Sub-division 26 north increases and in most years highest catch rates were recorded in Sub-division 25.  

 

International hydroacoustic survey 

Sprat population estimates derived by autumn hydroacoustic surveys for combined Sub-division 22-29 south are 

compared to combined stock sizes encountered in Sub-division 25, 26 and 28 in Fig. 1.1.55. It is obvious, that 

the major part of the sprat stock is located in our study area, containing the major spawning areas as well. 

However, there appears to be quite some variability, i.e. between 50% and 94% of the sprat were gathering in 

the study area in 1999 and 1987 respectively. In this context, it should be noted that before mid of the 1980’s the 

most western Sub-divisions 22 and 23 were not covered by the hydroacoustic surveys. This is, however, not 

expected to affect the picture obtained, as sprat stock sizes in these western Baltic are in general low, i.e. 5% of 

the Central Baltic stock according to the MSVPA runs for the Western and Central Baltic, which is also confirmed 

by hydroacoustic surveys below. The population size estimated by MSVPA for the entire Baltic (results of 

MSVPAs for the central and western Baltic added) compared to the corresponding estimate obtained by area 

dis-aggregated MSVPAs for Sub-division 25, 26 and 28 revealed in principal the same picture as the 

hydroacoustic survey in autumn, however, with less sprat aggregating in the study areas in the second half of 

the time series and higher proportions in early years (Fig. 1.1.56). The latter tendency is confirmed from relative 

distributions of sprat population sizes (age group 0+) according to Sub-divisions 22-29 south as derived by 

hydroacoustic surveys from 1992-1999 (Fig. 1.1.57). Quite obvious the contribution of Sub-division 26 to the total 

stock size has significantly declined throughout the 1990’s, while the importance of northern areas, i.e. Sub-

division 27-29 south increased substantially. Inspecting a longer time series of relative abundance of sprat age 

group 3+ according to Sub-divisions 24-29 south from hydroacoustic surveys in 1978-1999 revealed an 

increasing importance of the stock components in Sub-divisions 24 and 25 until mid 1980’s (constituting over 

50% of the stock), followed by a pronounced decline to less than 20% in most recent years (Fig. 1.1.58). The 

relative abundance in Sub-division 26 was in contrast stable until mid 1980’s (constituting 20-30% of the stock), 

but decreased to values well below 20% in most recent years as well. Relative abundance in Sub-division 27 

increased to historic high values in most recent years (15-31%), while the corresponding values in Sub-division 

28 and also 29 south were high in the beginning of the time series (combined well above 50%) and decreased to 

less than 20% in the mid 1980’s. Since 1989 the relative abundance in these northern areas has been on 

average higher, with a maximum of 36% of the adult sprat population encountered in the 1999 hydroacoustic 

survey in Sub-division 29south. For sprat recruits at age 1, the importance of Sub-division 26 as a nursery area 

is high, independent of the contribution of the spawning stock size in the area (Fig. 1.1.59). Abundance of 
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recruits in Sub-division 28 is more variable and constantly low in Sub-division 25. Other areas play only a minor 

role as nursery areas, even when relatively high stock sizes were encountered in the autumn hydroacoustic 

survey. Inspecting the relative abundance of 1 year old recruits in Sub-divisions 25, 26 and 28 over the entire 

time series available (Fig. 1.1.60) confirms the importance of Sub-division 26 as nursery area, even in periods of 

high sprat abundance in Sub-division 24 and 25. The contribution of Sub-division 25 is on relative scales only 

high, if recruitment in absolute terms is low, i.e. in 1985 and 1988. 

 

Intraannual variability in the horizontal distribution of cod and sprat  

Trawl surveys at different times of the year 

Catch rates of adult cod in benthopelagic trawl surveys covering the Bornholm Basin in April, May and July 

1995-1999 reflect clearly the increase in cod biomass concentrating on the spawning grounds as well as the 

decline of the spawning stock throughout most recent years (Fig. 1.1.61). 

The seasonal development of relative CPUE values of adult cod between different spawning grounds has been 

computed for 1996. As to be expected from the present stock distribution, the CPUE was substantially lower in 

the Gotland Basin than in the Bornholm Basin and the Gdansk Deep (Fig. 1.1.62). A consistent increase in the 

CPUE is apparent for the Bornholm Basin with progress in spawning time, while the CPUE decreased with time 

in both other areas. 

Relative catch rates of cod recruits (age group 2) in the central and southern Gotland Basin at different times of 

the year (i.e. in 1st, 2nd and 4th quarters) as determined from the Latvian trawl survey database are presented 

in Tab. 1.1.15. While the relative catch rates in Sub-division 28 fluctuated widely throughout the first part of the 

time series (i.e. 1981-1985, a period with still substantial recruitment at age 1 originated in Sub-division 28, see 

activity 3), in the later years a clear trend of increasing proportions of age group 2 in the catches throughout the 

year is obvious. This trend is not clear from catch rates in Sub-division 26 north (the southern Gotland Basin), 

however, on average the relative catch rates in the 4th quarter are also higher (47 compared to 28-34%). 

 

Hydroacoustic surveys in May/June vs. September/October 

Hydroacoustic surveys performed in autumn 1998 and 1999 as well as spring 1999 revealed a stock size (age 

group 1+) of 17 * 109 sprat in Sub-division 25 and 54 * 109 fish in Sub-division 26. In the following May/June the 

abundance estimates of age group 2+ sprat were 39 * 109 and 63 * 109 individuals, i.e. fitting in Sub-division 26, 

but being considerably higher in Sub-division 25. In autumn 1999 population sizes of age group 2+ were lower, 

only 10 * 109 fish in Sub-division 25 and 26 * 109 sprat in Sub-division 26. Apart from mortality caused by fishing 

and predation, this reduction for Sub-division 26 can be explained by a shift out of the area into northern 

direction, i.e. Sub-division 28 and especially 29 south. For Sub-division 25, a similar shift into western or northern 

direction is not indicated (Tab. 1.1.16). However, within and also between Sub-division 25 and 26 a re-

distribution from spring to autumn is obvious (Fig. 1.1.63). While in spring sprat in Sub-division 25 were widely 

distributed, they concentrated in Sub-division 26 in deeper areas. In autumn, however, highest abundance were 

derived in shallow coastal areas, especially in Sub-division 26 along the Russian, Lithuanian and Latvian coast. 

In fact the coastal rectangles were the only ones in which the spring survey was not estimating the highest 

values, but one or both autumn surveys revealed higher abundance. 

The proportions of sprat biomass from Sub-division 25 concentrating within the Bornholm Basin in May/June 

were considerably higher from 1979-1985 than in 1999 (Tab. 1.1.17). Between 41 and 74% of the population 
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were estimated to gather in the Bornholm Basin (area enclosed by the 60 m depth isobath). A somewhat lower 

percentage of 36% was derived for 1986, but being still considerably higher than the 16% in 1999. Relative 

biomass values in this order of magnitude were derived by hydroacoustic surveys in July/August 1981-1988 

showing between 14% and 24% of the sprat to concentrate still in the Bornholm Basin. Pelagic trawl survey 

catch rates in 1988-1993 were significantly different between April-June and July/August. The arithmetic mean 

catch rates were in fact 12 times higher in May/June than in late July. This compared to the hydroacoustic 

survey large difference may be explained by a lower catchability of the sprat in the trawl survey as sprat at this 

time of year distribute over a large part of the water column, while they concentrate in spring within and below 

the halocline. 

 

Effect of environmental conditions on catch rates from commercial fleets and research surveys 

Based on assumed threshold levels of salinity and oxygen concentration, annual values for habitat area have 

been defined for Baltic cod and multiplied with the corresponding CPUE data from the commercial fleets This 

product provides a reasonable index of stock size, indicating a trends in development rather similar to other 

indices (Fig. 1.1.64). Thus, when accounting for shifts in distribution and concentration during time periods of 

reducing habitat suitability, applicability of commercial CPUE data is obviously improved. 

 

Discussion 

Fine- to meso-scale vertical/horizontal distribution of cod and sprat during spawning periods in relation to 

environmental conditions 

Trawl survey in the Bornholm Basin in July 1999 

The cod-clupeid overlap clearly depends on oxygen and salinity characteristics of the habitat. Most of the herring 

but only a fraction of the sprat overlapped spatially with Baltic cod. The critical oxygen saturation was estimated 

with considerable uncertainty. For example, the 95 % C.I. of pc for sprat extends from 0 to 18.6 % saturation. 

This means that an a priori hypothesis of a critical oxygen threshold of, 18 % cannot be rejected although pc is 

estimated as low as 2.5 %. The advantage of applying the maximum likelihood method is that S.E. can be 

obtained for all parameter estimates. One consequence of the high S.E. of pc for future sampling should be that 

the sampling effort is increased in the dynamic range that has been identified in this study.  The low estimates of 

pc may be due to the relatively wide vertical opening of the trawl; i.e. catches assigned to the average 

hydrographic conditions of the fishing depths could as well be captured exclusively in the upper section of the 

vertical opening. In this case, oxygen saturation thresholds would be underestimated. To give an example, 

oxygen saturation decreased linearly between 65 and 75 m depth from 35 to 5 %, i.e. with a rate of 3 % m-1. The 

average oxygen saturation estimated over 10 m would hence be 20 %, while taking only the upper 3 m’s would 

lead to an estimate of 30.5 % oxygen saturation. The advantage of the Expo trawl catching pelagic shoals, i.e. 

that it has a wide opening and samples a large section of the water column, tended to be counteracted in this 

case by a too large vertical sampling scale hampering accurate estimation of the ambient hydrographic 

conditions of the fishes. Using a trawl-mounted sensor instead yields a point measurement, which might be just 

as unrepresentative for the conditions the fishes actually experienced, when fished in pronounced vertical 

environmental gradients.  

The data used to estimate the time series of habitat volumes come from one single station in the centre of the 
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basin. This procedure seems to be appropriate because MacKenzie et al. (2000) show that the reproductive 

volume of Baltic cod, which was calculated from these data is tightly correlated to the reproductive volume 

derived from a complete station grid. The assumption that the effects of oxygen and salinity were multiplicative 

implies in the special case of the Bornholm Basin that at low oxygen saturation salinity has no effect on μ(p,s) 

and vice versa, because oxygen saturation and salinity were negatively correlated. At depths of low oxygen 

saturation salinity was maximal. To give an example, for a high salinity s=16, the salinity estimated by 

[ ] 1)( 501
−−−+ sse β

 became 0.96 for Baltic cod and hence modified the oxygen sigmoid and thereby μ(p,s) only by 

a decrease of 4 %. This assumption of oxygen-salinity independence is supported by experimental findings 

(Claireaux and Dutil, 1992) showing that acclimation of Atlantic cod to salinities from 28 to 7 had no repercussion 

on their ability to tolerate low oxygen levels. 

The inclusion of the model of empty hauls had an important impact on the estimation of the mean CPUE. The 

factor 1-P(0) simply forces the mean CPUE to become zero when μ(p,s) approaches zero. The need for a (p,s)-

environmental model for P(0) also stems from the fact that empty hauls mainly occurred in the intermediate 

water above the halocline and that these hauls in the dynamic range of the sigmoid were not sufficient for a 

purely empirical estimate of P(0). Surprisingly there were no empty hauls at low oxygen saturation at great depth 

(with the exception of one empty haul for sprat). The chance of capturing fishes in the trawl before or after the 

target depth is reached, however, must increase with catch depth. This possible source of bias might in future 

studies be eliminated by using multiple cod ends that open at the desired catch depth and close before the trawl 

is pulled up. 

Estimates of p50 were lower but not significantly different from literature values describing oxygen thresholds for 

G. morhua and herring. For the Gulf of St. Lawrence Atlantic cod it was found experimentally that half of the fish 

in 28 % oxygen saturation died after 96 h (Plante et al., 1998). Hognestad (1994) reported for Lake Rossfjord in 

Norway, that herring occurred at oxygen saturation levels down to 22%. It is possible that individuals caught at 

very low oxygen saturation were on short feeding excursions outside their preferred oxygen habitat. These 

conditions can be considered non-lethal, if the residence time is short. Claireaux et al. (1995a) for example 

document that Atlantic cod generally avoid zones of low oxygen (<9 kPa, or 50% saturation at their experiment), 

but continued voluntarily to enter regions with values as low as 3.0 kPa (16% saturation) either for short 

excursions or if food was offered. This is not significantly different from the pc for Baltic cod. In particular for sprat 

the low estimates and the inherent large variability were technically generated by relatively high catches at low 

oxygen saturation and by the lack of empty hauls in these deep waters. It should be noted that an examinations 

of sprat maturity stages (Task 1.2.) show no dependence on depth and hence that the high sprat catches in 

deep waters cannot be explained by prespawning aggregations.  It cannot be ruled out, however, that these 

observations represent fish caught with the upper section of the trawl or while the trawl was on the way down or 

upward. The consequence of the uncertainties in pc for the calculation of habitat volumes and overlap are of 

minor importance. The herring and Baltic cod habitat volumes would each be 6% smaller in all years if estimated 

based on p50 instead of pc. The sprat habitat volume would only be 2 % smaller.  

Tomkiewicz et al. (1998) found that Baltic cod in the Bornholm Basin during spawning prefer salinities >11. This 

value is within the 95 % C.I. for sc (8.93 to 12.9). Atlantic cod is considered to be a euryhaline fish (Odense et al., 

1966; Fletcher, 1978a, b). Dutil et al. (1992) showed that Atlantic cod directly exposed to ambient salinities as 

low as 7 did not experience severe osmoregulatory disturbances. The present data indicate that a large part of 

the sprat population stayed above the halocline during daytime in July. This coincides with an increased 
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proportion of cladocerans in the sprat diet in July and August (Köster and Schnack, 1994). The cladocerans are 

not found to the same extent in the stomachs of herring (Köster and Möllmann, 2000). Salinity limits the 

reproduction of sprat and hence the large-scale distribution of the sprat population, but not in the Bornholm 

Basin where salinity even in the surface layer is always > 7. Only in water with a salinity < 6 do the pelagic sprat 

eggs die (Kändler, 1949). Sprat eggs, but not larvae, are found in the northern part of the Botnian Sea (Sjöblom 

and Parmanne, 1980). Temperature > 5.5˚ C was available both above and below the halocline, and above the 

halocline oxygen saturation was higher. Baltic cod were not caught above the halocline, indicating that 

temperature plays only a very limited role in the vertical distribution of Baltic cod under the environmental 

conditions encountered during the survey period. Although there is experimental evidence (Brown et al., 1989; 

Staurnes et al., 1994; Claireaux et al., 1995b) that temperature plays an important role in fish physiology, there 

was no clear signal in the observed data. Furthermore, the increase in temperature occurred with a decrease in 

oxygen saturation. Hence, compensation of low oxygen saturation by seeking lower temperatures (Schurmann 

and Steffensen, 1992) was impossible. 

The Bornholm Basin was partitioned in two sections: below the halocline containing both Baltic cod and clupeids, 

and a predator-free section above the halocline containing clupeids only. The water volume below the halocline 

in the centre of the basin did not represent a Baltic cod, and hence predator-free area for sprat and herring. This 

is different from the spring situation (Neuenfeldt and Beyer, unpubl. data). The zone between the secondary 

thermocline in appr. 15 m’s depth and the halocline could constitute a vertical refuge area for sprat during the 

Baltic cod spawning period. Sprat had the potential to reach the refuge by moving only a few metres upwards. It 

is therefore possible that the vertical refuge area above the halocline represents the environmental factor that 

enables sprat to prey on cod eggs while at the same time being prey for Baltic cod. Estimates of sprat predation 

on Baltic cod eggs (Köster and Möllmann, 2000a) should probably not include the whole sprat population, but 

only the fraction that overlaps with the eggs. Furthermore, any estimation of Baltic cod predation on sprat should 

account for the fact that only a limited fraction of the sprat stock is accessible to Baltic cod. In order to scale 

distributional overlaps to population fractions it is crucial to assess the rates at which sprat cross the halocline 

downwards and upwards during the daytime and to investigate if the exchange rates increase with sprat 

population densities, for example as consequence of food (cladocerans) limitation in the intermediate water.   

 

Hydroacoustic surveys in the western and southern Central Baltic in May/June 1999 and 2001 

Sprat in the Baltic is assessed since 1992 as one single unit (Sub-divisions 22-32). According to the latest 

assessment, the total spawning stock biomass size had a moderate level of about 500,000 to 600,000 t in the 

early and mid-1970s (ICES, 2000). It then decreased to a minimum size of about 130,000 t in 1981. Until 1984 it 

recovered slightly and remained on a level of about 300,000 to 400,000 t. Since 1990, sprat spawning biomass 

constantly increased and was on its highest level on record in 1997 with about 1,500,000 t. During the last years 

the stocks size was estimated to be at a lower level of about 1,000,000 t. 

The main investigated area of the hydroacoustic survey in May/June 1999 and 2001 was Sub-division 25. The 

total sprat biomass in this area was estimated to be 356,000 t and 293,000 t respectively. Former investigations 

at the same survey time in this area resulted in far lower stock size estimates, which can be explained by the 

positive stock development since the 1980s (Falk et al., 1976: 144,000-170,000 t, Linquist et al., 1977: 47,000 t, 

Falk et al., 1981: 150,000-167,000 t; Kästner et al., 1984: 89,700 t; Shvetsov et al., 1986: 83,600 t. The area dis-

aggregated MSVPA conducted in Task 5.3 revealed a somewhat higher biomass estimate for Sub-division 25 in 
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of 447,000 t in 1999 (beginning of 2nd quarter). 

Sub-division 25 contains the Bornholm Basin, which is considered as one of the main spawning areas and in 

May/June the adult sprat spawning population concentrate in this. In contrast to May/June 1999 a considerable 

amount of young sprat (age group 1) was encountered in the survey area in 2001. Echo intensities were during 

both surveys distributed relatively homogeneous in the deeper parts of the Bornholm Basin. In shallower areas 

sprat was distributed more heterogeneous occupying the whole water column with high patchiness related to 

considerably larger shoal sizes. Fish concentrations below the permanent halocline have been described 

already by Rechlin (1967). Especially during winter sprat concentrated in the halocline, with nearly no diurnal 

vertical migration encountered. They always concentrated below the thermocline, which is at that time of the 

year the same as the permanent halocline. Sprat concentrations were not found at water temperatures below 4 

°C. Kästner et al. (1984) and Shvetsov et al. (1986), who carried out hydroacoustic surveys in May 1984 and 

1986 in the central Baltic, also describe these sprat concentrations below the permanent halocline. This 

distribution pattern in relation to temperature corresponds to the results obtained here. 

Hydroacoustic methods have been used earlier for the investigation of diurnal rhythm in the Baltic Sea (Götze et 

al., 1993, Orlowski, 1997; Szczucka, 2000). In our present investigation a detailed description of diurnal pattern 

migration pattern was given in relation to time, global radiation and hydrographic parameters. The results 

confirmed the assumptions made in Task 5.1 with respect to the vertical distribution of clupeid predators during 

their daily feeding period (Köster and Möllmann, 2000a). 

Salinity does obviously not limit the range of the vertical sprat distribution, but low oxygen concentrations do. In 

contrast to temperature there is no common accepted oxygen limit for the distribution of clupeids, see discussion 

above. Hydroacoustic and hydrographic data from May/June 1999 showed a centre of gravity of vertical 

distribution in waters with oxygen content between 1,7 and 2,1ml/l. However, already at 0.05 ml/l oxygen 

concentration echo traces were detected and 8% of the echo intensities were found at concentrations below 1 

ml/l. This corresponds to results derived from the trawl survey conducted in July 1999. 

 

Hydroacoustic survey in the Bornholm Basin in August 2001 

Temperatures below 4°C were almost absent in the midwater in August 2001, which meant that the vertical 

distribution of sprat was not limited by temperature, as e.g. described for May/June, and sprat were widely 

distributed over the water column. Hence the vertical overlap of clupeid predators on cod eggs is lower in the 

later spawning period of cod and sprat are preying on cladocerans at this time of the year (Köster and Schnack, 

1994). 

The abundance of sprat in the Bornholm Basin was significantly lower than estimated in May/June. As 

demonstrated from the analysis of historic hydroacoustic surveys (Task 5.1) and reported in the literature 

(Shvetsov et al., 1988; Aro, 1989; Hoziosky et al., 1989) sprat leave the basins after spawning season and 

migrate towards shallower /coastal areas. 

 

Interannual variability in meso-scale horizontal distribution patterns of cod and sprat in relation to environmental 

conditions 

Bottom trawl surveys in February/March 

The obtained results indicate that in February/March the cod distribution is limited by oxygen conditions. Cod 

avoid oxygen saturation below 16 % in the Bornholm Basin and 25 % in the Gotland Basin. Oxygen saturation 
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above 30% had no effect on cod density. Claireaux et al. (1995b) tested the effect of a decrease in water 

oxygenation level from full saturation (17.9 kPa, 100%) down to 50%. As they experimentally showed, this 

decrease is followed by decreased oxygen consumption over the whole range of swimming speeds and 

decreased resting heart rate. Low oxygen levels decrease the amount of oxygen transported per heartbeat. 

They conclude that fish generally avoided zones of low oxygen (<9 kPa, 50% saturation at their experiment), but 

continued voluntarily to enter regions with values as low as 3.0 kPa (16% saturation) for short excursions or if 

food was offered. For the Gulf of St. Lawrence it was found, that cod would avoid areas with oxygen 

concentrations below a threshold of 28%. (Plante et al., 1998). In their experiments, no fish survived at 10% 

saturation and only a few survived at 16% saturation, whereas no mortality occurred at 34 and 40% oxygen 

saturation. Furthermore they conclude that small and large cod have the same tolerances for hypoxia.  

Our data included no hauls above the halocline, to test empirically the anecdotal knowledge that cod stay below 

in case they encounter a halocline. Very few studies have actually investigated the impact of acute salinity 

changes on the metabolic rate. Davenport and Vahl (1979) studied in the euryhaline species Blennius pholis the 

effect of salinity fluctuation in the range 0-34 ‰ at tidal periodicity. They found that the oxygen consumption 

increased at low and rising salinities but dropped back to routine level at high or falling salinities. These authors 

also reported no significant changes on the metabolic rate. Atlantic cod is also considered to be a euryhaline fish 

(Odense et al., 1966; Fletcher, 1978 a,b). For example, Dutil et al. (1992) showed that cod directly exposed to 

ambient salinities as low as 7 psu did not experience severe osmoregulatory disturbances, even during the first 

24 h in diluted seawater. Similarly, Claireaux and Dutil (1992) showed that acclimation of cod to salinities from 28 

to 7 psu had no repercussion on their ability to tolerate low oxygen levels.Although there is experimental 

evidence (Staurnes et al., 1994; Claireaux et al., 1995a; Brown et al., 1989) that temperature plays an important 

role in fish physiology, there was no clear signal in the observed data. An explanation is, that due to the vertical 

stratification pattern the increase in temperature co-occurred with the decrease in oxygen saturation. 

Claireaux et al. (1995b) conclude that inferences about the behavioural response of free-ranging animals facing 

a given set of ambient conditions based only on their physiological ability to endure these conditions could be 

very misleading. The telemetry experiment by Claireux et al. (1995 a,b) clearly revealed that, as for temperature, 

small changes in salinity or oxygenation level are important when trying to understand individual cod behaviour. 

When a low-salinity water layer was made available to the fish, they all moved into it and were then reluctant to 

leave. When full-strength seawater was then added to the tank, fish distribution was altered again as they tried to 

escape from the approaching higher salinity water mass. However, if food was introduced into the high salinity 

layer, fish did not hesitate to drive in to feed, but they always returned to the low salinity layer soon afterwards. 

This finding on conservatism in relation to salinity together with the experimental results that salinity within the 

range observed in the Baltic Sea is physiologically rather unimportant is an argument for the hypothesis that cod 

do not cross the halocline where it is encountered, except possibly for short vertical feeding migrations when 

they do not find sufficient fish food below. Yet, to understand these mechanism behavioural observations on 

individual scale, e.g. using data storage tags would be necessary. 

A next step could be to quantify the level of environmental stress for the individual and use this as quantification 

of habitat quality. This implies a closer analysis of oxygen dissociation in the blood of cod at different activity 

levels. The description of species specific determinants of the blood’s oxygen capacity is necessary. A concept 

for the different effects to account for is proposed in Fig. 1.1.65. 
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Hydroacoustic surveys in the eastern Baltic 

The increasing proportion of sprat in Sub-division 28 in recent years may have several reasons among which the 

following is most important: i) improved reproduction and feeding conditions for sprat due to warm water inflow 

into the Gotland Deep (Zezera, 2001); ii) and low predation mortality of adult sprat due to very low abundance of 

cod in that area (Aro, 2000; Köster et al., 2001a). Due to the lack of appropriate time series data, it was not 

possible to perform a correlation analyses between the abundance of sprat in different statistical rectangles and 

hydrographic elements, but the preliminary results of the present study support the hypothesis that the 

interannual changes in abundance of sprat between Subdivisions 26 and 28 is related to basin specific 

hydrography.  

The comparison of hydroacoustic survey results obtained in May/June and September/October 1999 and 2001 

as well as September 1998 showed i) a migration of sprat into shallow water areas of Sub-division 26 at the end 

of the spawning season and ii) a northward migration into Sub-division 28 and further north into Sub-division 

29south, which showed the highest densities of sprat during autumn. The comparison between hydroacoustic 

survey results from spring and autumn 1978-2000 allowed to analyse long term changes in intraannual variability 

in horizontal distribution of different components of the stock such as recruits and spawning stock (within 

Subdivision 26 at least). This analysis revealed a different distribution pattern of sprat during spawning and 

feeding periods, which might be related to seasonal spawning and feeding migrations, and may further be 

influenced by the depth-specific hydrography.  

The short-term observations are, thus, confirmed to be a general trend by the long-term analysis of seasonal 

patterns. In general, results of the hydroacoustic surveys provided a good opportunity to analyse the pattern of 

sprat quantitative distribution both by seasons of the year and for different years. The analysis of such data, in 

combination with corresponding data on environmental conditions, allowed not only showing the particular fish 

distribution, but also indicating the role of environmental factors determining fish migration and distribution 

pattern. 

 

Interannual variability in large-scale horizontal distribution, abundance and population structure in relation to 

basin specific hydrography 

International bottom trawl survey 

The conducted analysis of catch rates from the Baltic international trawl survey revealed substantial changes of 

the cod abundance and distribution with time, i.e. a depletion of the spawning stock in the eastern Baltic basins 

with intermediate signs of recovery in Sub-division 26, but not in Sub-division 28 (Aro, 2000; Sparholt and 

Tomkiewicz, 2000). More interesting is the described distribution of recruits. Age group 1 concentrates in 

southern areas of Sub-division 26, from where they with high likelihood did not origin, as hydrographic conditions 

in most of the years did not allow successful egg development. In contrast, in Sub-division 25 the hydrographic 

conditions did allow a regular reproduction and the major part of the remaining spawning stock concentrated in 

the Bornholm Basin resulting in relatively high egg productions (Köster et al., 2001b). Drift model simulations 

confirmed that a drift of larvae and pelagic juveniles in 1994 was responsible for the high abundance of 1 year 

old cod in southern Sub-division 26 in March 1995 (Fig. 1.1.66). This drift pattern is likely to occur regularly 

explaining the described discrepancies in the distribution of suitable environment and spawning stock on one 

hand and recruitment on the other. It explains also the deviations between trawl survey and MSVPA based 

distributions (Köster et al., 2001a; ICES, 2001c). However, it should also be pointed out, that the trawling effort in 
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shallow areas of Sub-division 26 was higher than in other areas, which might result in an over-representation of 

juvenile fish in the survey. 

Further noteworthy is the re-distribution of age group 2 recruits, which obviously migrate out of Sub-division 26 

south into northern and probably also western direction, confirming a preliminary analysis of catch rates from 

surveys conducted at different times of the year in the Gotland Basin (see above).  

 

International hydroacoustic survey 

Reason for the determined long-term shifts in relative abundance of sprat between the different Sub-divisions of 

the Baltic as determined from hydroacoustic surveys may be: 

i) higher fishing pressure in southern areas of the Central Baltic throughout the 1990’s (Köster et al., 2001a) 

may have contributed to the decline in relative abundance in these areas, as well as a decline in predation 

pressure by cod in northern Sub-divisions may have favoured the positive development of stock components 

in these areas, 

ii) density dependent migrations out of the central stock distribution area (the deep Baltic basins); the proportion 

of sprat in Sub-divisions 25, 26 and 28 (as sum of stock sizes determined by area dis-aggregated MSVPA) in 

comparison to the entire Central Baltic stock (from area aggregated MSVPA) or the entire Baltic stock (added 

western and eastern MSVPA) are in fact significantly negatively correlated with stock size (Fig. 1.1.67). 

iii) hydrographic factors affecting the distribution, i.e. cold winters resulting in dense overwintering aggregations 

in the deep basins with a pronounced halocline ensuring temperatures well above the mixed surface layer, 

however, the relative abundance are not significantly correlated with winter temperature, although a negative 

relationship is indicated; this may indicate non-linear response processes as for example certain threshold 

levels (see above). 

The distribution of recruits appears to be somewhat independent of the adult stock distribution, with high 

concentrations encountered in Sub-division 26 and at times also in Sub-division 28. Other western or northern 

Sub-divisions were of less importance as nursery areas. 

 

Intraannual variability in the horizontal distribution of cod and sprat  

Trawl surveys at different times of the year 

The consistent increase in the relative CPUE of cod in the Bornholm Basin throughout the spawning season, as 

determined from trawl surveys conducted in February to August 1996, with a concurrent decrease in CPUE in 

both other areas, indicates that fractions of the adult stock migrate from the Gotland and Gdansk Deep to the 

Bornholm Basin for spawning. CPUE-values from surveys covering the Bornholm Basin during spawning times 

1995-1999, showed a consistent pattern with similar proportional increases in CPUE as observed in 1996, 

despite the decline in stock density over time. 

The seasonal development of relative catch rates of cod age group 2 recruits in Sub-division 28 at low levels of 

age group 1 recruits caught in preceding years indicates a migration of juvenile cod from southern nursery areas 

into the Gotland Basin. 

 

Hydroacoustic surveys in May/June vs. September/October 

The comparison between hydroacoustic survey results from spring and autumn 1979-1986, indicated a different 

distribution of sprat during spawning and feeding periods, caused by migrations between Sub-divisions. The 



Final Consolidated Report               Task 1 

 92 

comparison of hydroacoustic survey results obtained in May/June 1999 and September/October 1998 and 1999 

confirmed i) a shift into shallow water areas of Sub-division 26 and ii) a northward shift into Sub-division 28 and 

most likely further north into Sub-division 29south, having highest abundance’s on record. A similar shift in 

distribution between Sub-divisions has been described above for Sub-division 26 and 28 in 1994 and 1995. 

 

Effect of environmental conditions on catch rates from commercial fleets and research surveys 

As demonstrated for cod, accounting for shifts in distribution and concentration during time periods of reducing 

habitat suitability, applicability of commercial CPUE data can be improved. In principal this is known (e.g. Swain 

and Sinclair, 1994) and can also easily been seen from mapping CPUE data (Hilborn and Walters, 1992). 

However, it is seldom accounted for in stock assessment, probably because a variety of other processes are 

known to affect the catchability and catch rates of commercial fleets, which are difficult to separate from 

environmental impact. Habitat association between fish stocks and hydrographic variables will affect research 

survey catch rates as well (e.g. Perry and Smith, 1994), especially if a stratified random sampling design is 

utilised and the stratification does not sufficiently consider the factors influencing the distribution patterns.  

 

1.2 Evaluate the temporal and spatial development of gonadal maturation in relation 
to sex, length/age and condition 

Introduction 

Estimation of the female spawning stock size is fundamental to calculate the viable egg production and to test 

the reliability of the spawning stock biomass as an index of the stock reproductive potential. The estimation of 

the female spawning stock size requires proper information on which size or age classes contribute to spawning. 

Males often mature at smaller sizes than females causing a skewed sex ratio in the spawning stock due to male 

dominance of the younger age groups (Jakobsen and Ajiad, 1999) and the proportion of maturing specimens 

also may differ between years and areas due to variability in growth. Individual fecundity varies with female size 

and weight and proper estimates of weight at size/age are needed to consider temporal and spatial variability in 

growth, condition and relative fecundity. Estimation of the timing of spawning in relation to stock size and 

composition was considered an important aspect too, because the timing of spawning activity varies and may 

show even longer-term trend, as in Baltic cod (Wieland et al., 2000b). Timing of spawning affects the survival 

potential of the offspring and might be related to changed stock composition (MacKenzie et al., 1996; Hinrichsen 

et al., 2002) and environmental conditions, e.g. temperature in both cod (Wieland et al., 2000b) and sprat 

(Grimm and Herra, 1984). Accordingly, the objectives of this sub-task were to: i) estimate sex specific maturity 

ogives, sex ratios, mean weights in the stock and their spatial and temporal variation ii) determine timing of 

gonadal maturation of cod and sprat in different Sub-divisions.  

The analyses of variations between years and areas in sex ratios at size and gonadal maturation in relation to 

sex, length, age and condition has been based on newly collected and existing data for cod and sprat. Selected 

cod and sprat ovary samples representing different size groups, areas and times of the year have been analysed 

histologically to ascertain the data quality and improve the visual grading of gonadal maturation applied in field 

studies.  Different time series of sex ratios, maturity and weight at age have been evaluated. For sprat, the 

investigation of maturity data and sex ratios has largely had the character of a pilot study due to scarcity of data, 
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while weight at age in the stock have been sampled in a standardised way on internationally hydroacoustic 

surveys though not regularly during the spawning season. Timing of spawning and characteristics of spawners 

for both cod and sprat has largely been determined by survey sampling in the different spawning areas with this 

project and existing data from the CORE project. The following text has been organised into the following 

subjects: 

1) Maturity ogives, sex ratios, and mean weights 

2) Histological validation of macroscopic maturity scales 

3) Timing of spawning  

 

Maturity ogives, sex ratios, and mean weights 

Cod 

Within the CORE project maturity ogives were established for various parts of the Baltic Sea, Kattegat and the 

Danish Straits in collaboration with the ICES Working Group on Baltic Fisheries Assessment. The database 

includes age-based data on sex ratios and sex-specific maturity ogives for Kattegat and the Baltic Sea based on 

records from Danish, Swedish, German, Russian and Latvian surveys during the years 1980-1997. An analysis 

of spatial, temporal and sex specific variability showed that males generally mature at a younger age than 

females, and that the age at which sexual maturation occurs, increases with distance from Kattegat and the 

Danish Straits independent of sex (Tomkiewicz et al., 1997). An exploratory analysis based on an updated 

database on maturity ogives, sex ratios and mean weight at age was conducted to ascertain this result as this 

trend coincides with documented discrepancies in age determination between different laboratories in the area 

(ICES, 1999d). A comparison between subsets of length and age based data national data sets showed good 

agreement that the trend indicating later sexual maturation towards North and East in the Baltic Sea also was 

evident within national data covering more Sub-divisions except for one aberrant data set that was eliminated. 

Analyses of the validity of the temporal variability and the effect of applying constant sex ratio maturity and mean 

weight was performed in Sub-task 1.5. These analyses using age-based data further indicated that the 

inconsistency in age interpretation not substantially influenced the accuracy of maturity ogives, sex ratios and 

mean weights or hamper analyses or temporal and spatial variations in these parameters. Sex specific 

differences in longevity and weight at age were analyses and different time series of weight at age have been 

evaluated, as the survey database does not extend back to the time when stock sizes were at its highest in the 

mid 1980s.  

 

Sprat 

The computation of the spawning stock biomass in standard assessment of Baltic sprat is based on a constant, 

sex and area unspecific maturity ogive. Within the project a sampling scheme to obtain sex specific maturity 

ogives and sex ratios for sprat was developed and implemented to test the potential for improving indices of the 

reproductive potential. Sampling has been conducted at the highest feasible level of effort to enable subsequent 

investigations of spatial and temporal (within season) variability encountered. Data obtained for Sub-division 25, 

26, 27 south and 28 south have been analysed. Combined maturity ogives for sprat in sub-division 25 for the 

period 1976 to 1987 have been compiled in a joint effort with the ICES Study Group on Baltic Herring and Sprat 

Maturation (ICES, 2002b). These data sets were analysed with respect to i) the variability in the proportions 

mature at age, ii) whether proportions being sexually mature vary from year to year and iii) whether sex ratios in 



Final Consolidated Report               Task 1 

 94 

sprat are size/age dependent. The established data sets have been used in Subtasks 1.4 and 1.5 to test for the 

potential impact of using even sex ratios and ignoring the interannual variability in sex ratios and maturity ogives 

on egg production estimates. 

Data on weight at age in the stock have been collected on project related and regular research surveys in 1999-

2001 at different times of the year and in different sub-areas. These data were used in Task 5.2 and 5.3 to test 

for the validity of the application of quarterly weight at age in the catch as weight at age in stock. Finally, the 

reasons for the drastic weight at age changes observed since the early 1990’s have been investigated as a 

potential process affecting the egg production by the stock as well as the fishing mortality leading to a specific 

TAC. 

 

Histological validation of macroscopic maturity scales 

Cod 

A histological validation of a maturity scale used by Partner 1 and 2 in the field to visually grade gonadal 

maturation during the Baltic CORE and the present project was carried out to ascertain the data quality and 

achieve a more exact determination of the ovarian development. The maturity scale originates from an 8-level 

scale defined by Maier (1908), but has been modified to include another two stages i.e. resting condition and 

specimens with reproductive malfunction. Ovaries have been sampled for the histological examination and 

laboratory analyses conducted to elaborate histological criteria corresponding to the 10 macroscopic stages of 

the female reproductive cycle. The separation of immature and mature cod in the size range where transition 

occurs and the separation between immature, early maturing and resting received special attention. The 

macroscopic characteristics of the histologically staged gonads were established from photograph of the gonads 

taken prior to preservation. A photo-illustrated manual documenting the revised scale to support maturity 

determination in the field has been elaborated. The manual also includes males and though the complete scale 

has not been validated for males, the spawning stages have been confirmed by shipboard fertilisation 

experiments to ensure that the revised female and male spawning stages were in agreement with each other.   

 

Sprat 

In addition to the original work programme, a validation of a macroscopic gonadal maturation scale used for 

sprat (Alekseev and Alekseeva, 1996) has been carried out. By means of histological analyses of ovaries and 

testes the periodicity of oogenesis and spermatogenesis was investigated. As sprat is an indeterminate 

spawner, the maturation and spawning is cyclic during the spawning time, which is reflected in the differentiation 

of stages. The stages were characterised according to histological characteristics of gametogenesis and 

developmental phases reflecting the consecutive changes of sex cells and the morpho-functional state of the 

gonads. The revised scale for determination of sprat gonadal maturity is based on macroscopic criteria and 

focus on clear diagnostic features that can be distinguished by the naked eye. The analysis addresses aspects 

of gametogenesis, gonadal maturation, gonadosomatic index and spawning characteristics of sprat. 

 

Timing of spawning 

Cod 

The timing and duration of the spawning season of temperate fish stocks is believed to be well adjusted to the 
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prevailing environment so that the eggs and larvae emerge into favourable conditions (Cushing, 1969). 

However, temporal and spatial variability in environmental conditions (MacKenzie et al., 2000) as well in timing 

and duration of the spawning season (Wieland et al., 2000b) exists that potentially may have a positively or 

negatively effect on the recruitment success. Investigation of sex and size specific differences in the ripening 

process and timing of spawning of cod might be important for the understanding of the change in spawning time 

observed from the 80’s to the 90’s e.g. as different stock components may be ripe at different time. If there is an 

association between the stock structure and the time and duration of spawning this might represent important 

sources of variability in the reproductive success of the stock due to seasonal changes in environmental 

parameters. In the Baltic Sea sprat and cod reproduce in the same areas, but with significant differences in 

recruitment success. In order to investigate the seasonal occurrence phases of the reproductive cycle and 

identify the onset of the ripening process as well as the timing and duration of spawning, it was attempted to 

sample and stage cod onboard surveys at different times of the year. Data available from the CORE project 

were included in the analysis. 

 

Sprat 

The timing and duration of the spawning season of indeterminate spawners might be influenced by 

environmental conditions as e.g. water temperature (Elwertowski, 1964; Johnson, 1970; Wahl and Alheit, 1988) 

and the structure of the stock (Trippel et al., 1997; Tomkiewicz and Köster, 1999). So far, no attempt has been 

undertaken to evaluate the temporal and spatial variability in the spawning time of Baltic sprat by means of 

maturity determination in the field. Relating the timing of spawning to stock structure or hydrographic conditions 

might lead towards an enhanced understanding of variations in recruitment success as well as adequate design 

of ichthyoplankton surveys for application of the daily egg production methods to estimate the spawning stock 

size independent of fisheries information. Within the project, a length stratified sampling scheme was 

implemented in 1999 to determine the onset of spawning, the duration of the spawning season as well as the 

spawning frequency of sprat using visual maturity staging. Sprat egg abundance data from ichthyoplankton 

surveys conducted in parallel to maturity sampling were used to validate the 1999 data. Temporal (interannual) 

and spatial variability in the timing of spawning additionally has been investigated on basis of available 

maturation and ichthyoplankton data. 

 

Materials and methods 

Maturity ogives, sex ratios and mean weights 

Cod 

The database established during the CORE project (Tomkiewicz et al., 1997; ICES, 1998c) has been updated 

through i) recompilation of maturity data and sex ratios by national laboratories to ascertain validity of the age 

based data and include mean weight at age, and i) compilation and evaluation of additional data. The present 

database includes age based data on sex ratios, sex-specific maturity ogives and mean weights for Sub-

divisions 21-28 and mainly the years 1988-1999 based on Danish, German, Latvian, Polish, Russian and 

Swedish surveys. These surveys has been carried out in January-April as part of the Baltic International Trawl 

Survey (BITS). National data on proportion mature from systematic sampling per length group have been raised 

by the complementing length frequencies before calculation of maturity ogives, sex ratios and mean weights. 
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Data on sample sizes per category is included in the database to estimate the accuracy of estimates. 

Statistical analyses of maturity ogives and sex ratios at age for different Sub-divisions has been carried out on 

basis of above data including estimation of the standard deviation of the average ogives and sex ratios. Maturity 

ogives from national data sets were compared within and between Sub-divisions to investigate: i) if the 

proportion mature at age from different national data sets within Sub-divisions showed systematic deviations 

from the mean, which could be attributed to age reading discrepancies, and ii) whether the trend with a 

decreasing proportion mature at age with increasing distance from the Kattegat and Belt Sea could be observed 

within national data sets. Length based national data have been provided to test differences between specific 

data sets. Causes for differences in proportion mature between years and periods are discussed in relation to 

prey availability and year class strength on basis of data from the multispecies VPA developed in Task 5 (Köster 

et al., 2001a). Analyses of cod weight at age by sex was carried out on basis of the updated survey database 

(1988-1999), while an alternative analysis was carried out on basis of weight at age (combined sexes) from 

commercial landings. These data which are on a quarterly basis and extends back to 1974 have become 

available from compilation of area and quarter data for the area-disaggregated MSVPA in relation to Task 5 

(ICES, 1999b).  The weight at age in the landings is in this context assumed to be equal to weight at age in the 

stock. This may overestimate the weight at age of the youngest age groups due to size selection by commercial 

gears (before 1989 and after 1990), but for the mature females starting at age 3, the weight at age in the two 

data bases should not differ significantly (ICES, 1999b).  

 

Sprat  

A sampling scheme for sprat maturity ogives and sex ratios was established and applied on all trawl and 

hydroacoustic surveys conducted in relation to the project in 1999 to 2001. Additional sampling of the 

commercial fishery has been carried out in pre-spawning month not covered by surveys. A length stratified 

sampling design was chosen to collect sprat sex and maturity data with 10 to 20 individuals sampled per 1 cm 

length class per trawl haul. The sampled specimens were sexed and staged and the weight of the combined 

sample per length class was determined. A modified macroscopic visual scale proposed by Alekseev and 

Alekseeva (1996) outlined in Tab.1.2.1 was used to determine maturity stage, see also below. In addition to the 

maturity determination in the field, length stratified samples of sprat were frozen for analysis in the laboratory. 

For these samples not only sex and maturity stage was determined, but also the age and individual weights 

were assessed. For calculating sex specific maturity ogives per Sub-division, data were weighted by station 

specific catch rates and raised by the length distributions. The sampling covered the Bornholm Basin monthly 

from January to August 1999, while the entire Central Baltic (Sub-divisions 24-28) was covered at peak 

spawning time in May/June. A database was set up, comprising sex specific maturity at length and where 

available age and individual weight. 

The computation of sprat maturity ogives and sex has been done in accordance to the guidelines of the Study 

Group on Baltic Herring and Sprat Maturation (SGBHSM) (ICES, 2001d). Sex specific data sets provided by IfM 

Kiel are length based only. The updated Russian time series provided age based sex specific ogives derived 

from commercial sampling in Sub-division 26 for the first and second quarters. An overview on all data sets 

derived in the framework of the project is presented in Tab. 1.2.2 and 1.2.3. A time series of maturity ogives for 

females and males combined covering Sub-division 25 from 1976 to 1987 was established in collaboration with 

the Study Group SGBHSM (ICES, 2001d).  
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Weight at age in the stock are routinely sampled in a standardised way on internationally hydroacoustic surveys 

(ICES, 1999e). This sampling and analysis procedure has been applied on the project related hydroacoustic 

surveys (see Task 1.1). As for cod, weight at age in the commercial landings has been used as an alternative to 

weight at age in the stock as the survey based weight data are representing only part of the year. Quarterly 

average weight data on at age in the catch were compiled in Task 5.2 and 5.3 for the period from 1974 to 1999. 

After testing for potential significant deviations between weight at age in the stock and in the catch, the latter 

data was used for modelling purposes and studying the timing and reasons of the observed drastic changes in 

weight at age. This analysis addresses three hypothesis put forward to explain similar drastic but earlier decline 

in weight at age of herring: i) a reduction in size selective feeding by cod, preying predominantly on smallest 

individuals within a herring age group (Beyer and Lassen, 1994), ii) different developmental success in sub-

stocks exhibiting different growth rates (Sparholt, 1994b), and iii) limitation in food supply (Cardinale and 

Arrhenius, 2000). 

 

Histological validation of macroscopic maturity scales 

Cod 

Cod were sampled during 5 trawl surveys with R/V DANA in the central Baltic Sea (15-25°E, 54-60°N) in 

February-March 1998 and 1999, July 1999 and November-December 1998 and 1999). For cod, the sex, total 

length (cm), whole and cleaned (gonad, liver, stomach and viscera removed) body weight (g), gonad and liver 

weight (0.1 g) of 3 specimens per cm group (starting at 15 cm) in the catch was recorded. Gonadal development 

was visually staged according to the maturity scale of Maier (1908) (Table 1.2.4); but modified to: 1) sub-divide 

Stage II into immature (remains Stage II) and resting specimens (Stage IX), and 2) include a Stage X describing 

gonads with signs of malfunction. 

For histological analysis (Tomkiewicz et al., 2003), ovaries covering the 10 stages were selected from females of 

different length aiming at a sample size of 5 specimens per 10 cm interval for each stage. Additionally 10 ovaries 

were sampled from specimens that were difficult to categorise. In total 139 ovaries were sampled from 7032 

staged specimens. Photos of whole ovaries were taken prior to fixation in Bouin’s fluid. Ovary samples were 

embedded in paraplast and serial 7-μm sections were stained with Ehrlich’s haematoxylin and eosin. Oocyte 

and nucleus diameter within samples was estimated from the serial sections. Within ovaries, only the larger and 

more advanced oocytes were examined to determine reproductive status. Oocytes and nuclei were measured 

and characterised by a set of histological features representing progressive oocyte development (Fig. 1.2.1). The 

presence/absence of the following characters was recorded NU1: Nucleus with peripheral nucleoli; CNR: 

circumnuclear ring; CH1: thin initial chorion; CA: cortical alveoli formation; NU2: nucleus with detached nucleoli; 

VT1: peripheral yolk granules among cortical alveoli; VT2: yolk granules fill most but not the entire cytoplasm; 

VT3: yolk granules entirely fill and expand cytoplasm, central circular nucleus; CH2: enlarged, advanced chorion; 

NE: large yolk granules and eccentric, irregular nucleus; FG: coalescent yolk granules, peripheral, stellate 

nucleus; HYD: Hydrating oocytes. Additionally, the prevalence of the following characters within ovaries was 

recorded: AT: Atretic vitellogenic oocytes; ERE: encapsulated residual eggs and POF: post-ovulatory follicles.  

The presence of oocytes with different characteristics and prevalence of additional histological characters within 

ovaries was compared with the original staging (modified Maier Scale). Single characters or character sets that 

applied to the majority of ovaries within stages were identified and used to establish unique histological criteria 

for each of the 10 macroscopic stages. All ovaries were re-classified according to these criteria and the resulting 
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relationship between oocyte development, size and histological maturity stage was investigated. The gross 

appearance of the ovaries within histological stages judged from for their photos was used to identify and revise 

the criteria of the 10 macroscopic maturity stages. The female gonadosomatic index, IG (gonad weight / cleaned 

body weight * 100); hepatosomatic index, IH (liver weight / cleaned body weight * 100), Fulton’s condition factor, 

K (whole body weight * 100 / LT3) and total length, LT, per stage was calculated to evaluate their applicability as 

supporting stage descriptors.  

 

Sprat 

The sampling plan to record sprat gonadal maturity implemented in this project applied a modified macroscopic 

visual scale proposed by Alekseev and Alekseeva (1996) (Table 1.2.1. To describe the sexual and the gonadal 

maturation stage, the visual scale for females differentiates between juvenile, resting, maturing (two categories), 

pre-spawning, spawning and spent stages. The spawning stage is further subdivided into: a spawning, two 

maturing and a pre-spawning stage describing ripe condition and the subsequent maturation process of another 

egg batch, based on egg size categories. For males the applied scale is simpler, not separating between the 

second maturing and pre-spawning stage, also it has only two spawning stages. As this staging scale is rather 

complicated and requires trained personnel, the histological validation was performed also for a simpler scale to 

be used by untrained observers.  

Material was collected in the south-eastern Baltic (ICES Sub-div. 26) in 1990-2001 during February-June, and in 

October. Sprat were sampled at random 70-100 sprat specimens per cruise and fixed in Bouin’s fluid. Biological 

analysis of fixed fish were carried out at land laboratory and included: total length, total weight, weight of gutted 

fish and weight of gonad, sex determination and maturity staging. The gonads were processed for histological 

examination (Alekseeva and Alekseev, 2002). A mixture of ethyl and butyl was used for dehydration of gonads 

for histology processing purposes (Roskin and Levinson, 1957).  The slices of 5-7 μm thick were coloured with 

hematoxylin by Heidenhain and with method by Mallory, and then put into fir-tree or Canada balsam.  Diameters 

of all oocytes (larger then 0.2 μm) in 0.07-0.16 g sub-samples were measured in order to examine their size 

distribution in ovaries of different maturity stages (from the beginning maturation of gonads till to the end of 

spawning). Histological and cytological characteristics are provided for each maturity stage and a brief micro-

anatomic description of sprat milts in the process of their anatomic differentiation and maturation has been 

made. Mean values of gonadosomatic indices (GSI) are given for all maturity stages of the macroscopic scale. 

 

Timing of spawning 

Cod 

The database to determine cod maturation processes and spawning timing include data on sex, maturation 

stage, length distributions and catch per unit effort from German, Danish and Swedish research vessels during 

the years 1995-99 obtained during the CORE and STORE projects. The cruises conducted during the periods 

January-March and late August-October mainly applied bottom trawl hauls and covered the depth range from 

30-90 m in Sub-division 25. The cruises conducted during the period April-early August applied pelagic as well 

as bottom trawl hauls and covered the area in the Bornholm Basin deeper than 60 m including the spawning 

area. The coverage, gear and trawl duration differed between cruises and hauls, and catches were therefore 

standardised to the average catch rate per trawl hour for each survey.  

The sampling to determine sex and maturity stage at size aimed at a sample size of at minimum 3 specimens 
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per cm group larger than 14 cm per trawl haul. The data were raised to population level by the length frequency 

according to the sampling design (haul/sub-area) to calculate the CPUE per sex and maturity stage. Around 

70.000 cod were length measured and around 20.000 cod sex and staged during the period in total, but the 

sampling intensity and size varied between surveys. The maturity was staged visually according to the 10-level 

index scale described in the above section on histological validation of the macroscopic scale. The present data 

analyses include data for the years 1995-1997.  

Specimens in Stage X (malfunction of gonads) were omitted, as these fishes may not show normal behaviour. 

Stages II and IX were combined, because the two stages cannot be separated accurately and specimens in 

these stages sampled during prespawning or the early spawning period are not supposed to contribute to 

spawning (Tomkiewicz et al., 2003). Maturation stage I were omitted in analysis of the maturation process, 

because the main part of specimens in this stage belongs to the size group below 15 cm, which were not sexed 

and staged. In the analysis of the maturation process, the relative CPUE per maturation stage or phase 

(maturing: III+IV, spawning: V-VII, spent: III, and late immature and resting (II+IX) was calculated for each sex 

(and size group: 15-39 cm, 40-59 cm and > 60 cm). The methodology follows the approach of Iles (1964). 

Applying this procedure, the progression of the relative proportion in particular stages in the population over time 

indicates the duration, peak occurrence and timing of the stages in the population during a specific period. The 

median day of the particular cruises was applied to reference the time of sampling. The proportion per sex and 

maturity stage/phase from cruises conducted at the same time of the year was averaged over the range of years 

using 2 weeks periods as time intervals. In the analysis of the proportions by length group, however, all cruises 

conducted in April were combined. This was necessary due to low catch rates and limited coverage of the 

survey in April 1995, which did not include enough specimens to separate data by length group, sex and 

maturity stage. In the analyses of sex ratios all cod larger than 15 cm were included independent of their maturity 

stage, because the earlier sexual maturation of males compared with females (Tomkiewicz et al., 1997) 

otherwise would influence the sex ratio and obscure the results. The estimated sex ratio per survey were based 

on CPUE data as in above analyses. 

 

Sprat 

To assess the spawning frequency, peak spawning time and duration of the spawning season in 1999 sampling 

was carried out on hydroacoustic and pelagic trawl surveys during the entire spawning and post-spawning 

period in ICES Sub-division 25. Samples from commercial fisheries covering the pre-spawning period seemed to 

be biased towards larger individuals and were, therefore, only included to estimate the starting point of the 

spawning season (Tab. 1.2.5). A length stratified sampling scheme (10 individual per 1 cm length class per 

station) was chosen to estimate sex ratio and maturity. The modified macroscopic visual maturity scale 

according to Alekseev and Alekseeva (1996) (see above) was applied. Length frequency distributions were 

established for each station measuring approx. 200 randomly chosen individuals. An average length frequency 

distribution was compiled for each cruise by weighting the haul specific length-frequency distributions by haul 

specific catch rates. Proportions of mature females in spawning condition (pfs; maturity stages 4-5; 5; 6-3; 6-4; 6-

4h) were averaged according to: 
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To estimate the duration and peak of the spawning season, the pfs were related to the sampling time and a 

three-parameter Gaussian curve was fitted (considering survey data only). To estimate the spawning frequency 

the above scheme was applied again with pfs being substituted by the portion of pfs containing hydrated eggs 

(pfh; maturity stages 4-5; 5; 6-4h). It is assumed that these individuals will spawn within the next 24 hours. To 

validate the analysis of peak spawning time the data were contrasted with abundance of the youngest sprat egg 

stage determined from concurrent ichthyoplankton surveys (subtask 2.1). 

The timing of spawning in different Sub-divisions was studied on basis of samples obtained on a German 

hydroacoustic survey at peak spawning time in June 1999 covering Sub-division 25 to 28. Samples from Sub-

divisions 27 and 28 were grouped to achieve a sufficient sample size in the southern Gotland region. Proportions 

of adult females in the various maturity stages have been grouped into spawning (pfs) and pre-spawning 

condition (p-pfs), proportions in post spawning condition were nearly or equal to zero in all Sub-divisions and 

were, therefore, not considered. In contrast to the above calculation scheme, Sub-division specific length 

frequency distributions were compiled and used to calculate average proportions. The further estimation 

procedure closely followed the scheme described above, whereas maturity stages 3 and 4 were used to 

estimate p-pfs and stages 4-5, 5, 6-3, 6-4, 6-4h represented pfs. To detect spatial differences in the timing of 

spawning p-pfs and pfs in each Sub-division have been compared.  

Timing of spawning in different years: Sampling for this analysis was carried out on pelagic trawl surveys 

conducted in April/May 1995, 1996 and 1999 complemented by data from commercial fisheries in April 1998. No 

data is available for 1997 (Tab. 1.2.5). For the survey data the calculation of average p-pfs and pfs followed the 

scheme described above with cruise-specific length frequency distributions. A different methodology had to be 

applied for the commercial samples because of a possible bias in the corresponding length frequency 

distribution. To account for differences in the sample sizes of each length class, the inverse variance was 

applied as weights (Tomkiewicz et al., 1997; Eq. 2; Eq. 3). 
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The weighted average over all length classes was than computed as followed: 
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Again p-pfs were contrasted with pfs for every year. 

 

 

Results 

Maturity ogives, sex ratios and mean weights 

Cod 

The age-based database comprising sex specific maturity ogives and sex ratios of cod in different Sub-divisions 

(Sub-div. 21-28) established during the CORE project (Tomkiewicz et al., 1997; ICES, 1998c) was recompiled to 

ascertain the data quality and to include additional data available. The database includes all available survey 

information from Danish, German, Latvian, Polish, Russian and Swedish surveys from 1980-1998 for the months 

January-April, primarily February-March. This period corresponds to the time when cod are in the late ripening 

phase, but is before the initiation of the spawning season. This makes the timing of the surveys suitable for 

determination of the proportion mature and estimation of maturity ogives (Bleil and Oeberst, 1997; Tomkiewicz 

and Köster, 1999; Tomkiewicz et al., 2003).  

The established time series of maturity ogives have shown that males generally mature at a younger age than 

females independent of area (Fig. 1.2.2). The age at which sexual maturation occurs, tends to increase with 

distance from Kattegat for both sexes. The most pronounced difference is observed for females, where the 

females in the eastern Baltic stock (Sub-div 25-28) on average mature one year later than in the Kattegat cod 

stock (Sub-div. 21). Such a pattern could be caused by discrepancies in otolith age determination with ‘eastern’ 

age reading laboratories giving otoliths older age than ‘western’ (ICES, 1999d). An exploratory analysis was 

therefore carried out to ascertain the spatial and temporal differences in maturity ogives. A comparison of length 

based data with age based data was carried out for sub-sets of data. One of the new data sets that differed 

substantially from the average age based maturity ogive also differed from general pattern on length basis. This 

aberrant data set was eliminated from the analyses which otherwise tended to reliably estimate the proportion 

mature at age. The trend with later sexual maturation towards North and East in the Baltic Sea also was 

apparent in an analysis of the Danish and Swedish data, which covers most Sub-divisions with both countries 

including the extremes Kattegat (Sub-div. 21) and Gotland Basin (Sub-div. 28).  

The spatial variability was thus considered important and time series of maturity ogives and sex ratios were 

established separately for Sub-divisions. Also the sex specific differences in the timing of sexual maturation were 

considered important for the estimation of the stock reproductive potential. The observed difference in the age at 

sexual maturation will cause a skewed sex ratio in the spawning stock with the youngest mature age groups 

being dominated by males. Furthermore, male longevity is generally shorter than female longevity, which causes 

female dominance of the older age groups in the stock (Fig. 1.2.3). This pattern was similar for all subdivisions. 

As the fecundity substantially increases with female size and age the application of the female spawning stock 

size or biomass seems to be required for reliable estimation of stock egg production. The time series of maturity 

ogives varied temporally as well as spatially. The maturity ogives for females in Sub-div. 25 are shown for 4 time 

periods in Figure 1.2.4.  The lowest proportion mature was observed in the period 1985-89 and the highest in the 

most recent period 1995-98, which is concurrent with changes in stock size and recruitment. This suggest some 
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density dependence in growth and maturation, and there appears to be a general trend of attaining sexual 

maturity at an earlier age concurrently with reduced year-class strength and increasing prey biomass resulting in 

higher prey availability per unit of cod biomass (Fig. 1.2.5). However, the annual variability in the proportions 

attaining maturity at an age of 3 and 4 was considerable and no simple model relating maturation pattern to 

growth anomaly, mean weight or prey availability could be established. Tests of the applicability of various time 

series of spawning stock biomass (SSB) and female SSB, however, shows that incorporation of temporal 

variability in proportion mature significantly improves the reliability of egg production indices (Sub-tasks and 1.5 

and 6.1.  

Corresponding data on mean weight at age from the surveys have been compiled within the project. An analysis 

of a sub-set of data showed little difference in mean weight at age between areas, but a tendency towards lower 

mean weight of males than of females (Fig. 1.2.6). The weight at age is similar for age group 1 and 2 but differ in 

age group 3 and older specimens. This difference in growth pattern is likely to reflect the earlier sexual 

maturation and reproductive investment of males. The weight at age tended to differ also between periods as 

exemplified by surveys data from Sub-div. 25, which are available from 1989 and onwards (Fig. 1.2.7). The 

highest mean weights for the older age groups were observed in the 1990-1994 period while the lowest weight 

at age was observed for 1989 with consistently lower weight of age 3 and older age groups. This pattern was 

identical for females and males and could reflect the changes in stock size relative to clupeid prey availability 

(see Sub-task 1.4).  However, surveys data for the time period prior to 1989 does not exist. An alternative time 

series of area specific weight at age based on commercial data established as part of the area disaggregated 

Multi-species VPA (Sub-task 5.3) was used to test whether the observed difference in weight at age in early part 

of the time period (1974-1989) and the recent period (1990-1999). Figure 1.2.8 shows quarterly data from Sub-

division 25, 26 and 28. In all cases, the mean weight for all illustrated age groups tend to be lower and less 

variable in the early period than in the later, with the lower weights being present at age 3 for all Sub-divisions. 

The increased weight at age might be influenced by changes in gear and fleet behaviour. Changes in the relative 

proportion of gill net to trawl landing would cause slightly higher mean weights, while the effect of changed mesh 

size on age group 3 and older specimens comprising the spawning stock biomass is assumed to be limited. 

However, the consistent differences between periods indicate that the main cause relates changes in stock size 

and environmental condition inclusive relative food availability. In spite that the mean weights derived from the 

fisheries are not sex-specific, this time series was considered superior to the survey database. The latter would 

not cover the temporal change in weight at age and using constant weight at age for the early period would 

overestimate the egg production using female SSB and relative fecundity. Removing the temporal variability in 

the time series significantly reduced the reliability of the SSB in the estimation of the egg production (Sub-task 

1.5). The average weight at age deviated between Sub-divisions with significantly higher values in Sub-division 

25 compared to 26 (Kruskal Wallis, p < 0.02 for age groups 3-7) with Sub-division 28 being intermediate. 

Therefore Sub-division specific time series of mean weight at age was established from this source for 

calculations of the egg production in Sub-task 1.4 and times of SSB and FSSB tested in Sub-task 1.5. 

 

Sprat  

Length specific sex ratios and maturity ogives compiled for Sub-division 25, 26, and 27/28 are presented in Tab. 

1.2.6 and corresponding age specific data for Sub-division 26 in Tab. 1.2.7. For all investigated Sub-divisions 

and years the onset of maturation was observed to be earlier in males than in females. Similar to cod, the 
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proportion of females increases with age, especially from age group 5 onwards, though a certain interannual 

variability is obvious (Fig. 1.2.9). However, age groups 5+ contribute on average only 8% of the stock biomass in 

Sub-division 26 (Fig. 1.2.10). Consequently applying sex ratios as presented in Fig. 1.2.9 has only a limited 

impact on the estimated female biomass. In turn, the high proportion of young fish dominating the stock structure 

implies that fluctuations in maturity ogives in these age groups may be considerably more important. From the 

available annual maturity data of sprat in Sub-division 25, a high variability in the proportion being sexually 

mature is obvious for sprat up to 11 cm length with an extremely early maturation in 1980 and a late in 1987 (Fig. 

1.2.11). In terms of variability in age-specific proportions, this translates into a high variability in age group 1, 

while age group 2 is in general to more than 90% mature (Fig. 1.2.11). An exception is here 1987. Utilising these 

yearly maturity ogives to calculate the spawning stock results in pronounced deviations compared to estimates 

based on the standard average maturity ogive invariant over time (ICES, 2001a). Especially in 1983, 64% of the 

1-year old sprat were sexually mature, which together with a high recruitment of the 1982 year-class resulted in 

a doubled SSB estimate. In other years the SSB was between 3 and 35% higher than determined with the 

constant maturity ogive. These results indicate, that this standard procedure may introduce a considerable error 

in the estimation of the spawning stock biomass, however, less severe than in the case of cod where in general 

more than one age group show a high variability in sexual maturation success. 

Significant changes in weight at age have been observed for Baltic sprat from early 1990’s to 1998 with 

indications of a reverse trend in most recent years (Fig. 1.2.12). In contrast to herring (Fig. 1.2.13), the decline in 

weight at age started at a low predator abundance, which indicates that a reduction in size selective predation by 

cod cannot explain the observed change in weight at age. The second hypothesis that an increase in abundance 

of a stock component with slower growth rate is responsible for the apparent change in growth, appears unlikely 

as a decrease in weight at age is obvious for all Sub-divisions of the Central Baltic (Fig. 1.2.14). The remaining 

hypothesis that a shortage of food supply is responsible for the reduction in weight at age appears to be 

reasonable if inspecting the food availability per clupeid (Fig. 1.2.15). The availability of the calanoid copepod 

Pseudocalanus elongatus, being a major prey organism of herring, has declined since early 1980s, while the 

availability of Temora longicornis and Acartia spp., being the major prey organisms of sprat (Möllmann and 

Köster, 1999), has declined since late 1980s. The latte fits exactly the time when the weight at age of sprat 

started to decline. The long-term change in prey availability of calanoid copepods is related to two processes: i) 

changes in the copepod community coupled to long-term changes in hydrographic variables (Fig. 1.2.16, note 

the decline in P. elongatus concurrent with salinity) and ii) the drastic increase in sprat stock size in all areas of 

the Central Baltic (ICES, 2002).  

 

Histological validation of macroscopic maturity scales 

Cod 

The occurrence of the established histological characteristics (Fig. 1.2.1) in relation to oocyte size is shown in 

Fig. 1.2.17. The least developed oocytes included in the analyses were primary growth oocytes in perinuclear 

stage (NU1), which were present also in the smallest specimens analysed. The circumnuclear ring (CNR) 

occurred in oocytes possessing a NU1 type of nucleus in the range 80-190 μm. The size ranges of oocytes with 

an initial chorion (CH1) and cortical alveoli formation (CA) were almost identical  (app. 140-340 μm) though CH1 

occurred at slightly smaller oocyte sizes. The appearance of nuclei with detached nucleoli (NU2) coincided with 

the attainment of CH1 and CA, and this type of nucleus persisted until final maturation with nuclear 
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disintegration. The bimodal course of the size frequency distribution of NU2 deviated from the general 

distribution pattern. Peripheral yolk granules (VT1) were first observed in oocytes of a size around 200 μm and at 

a size around 300 μm yolk granules filled most of the cytoplasm (VT2). The observed increase in size from the 

smallest VT1 to the largest VT2 was restricted compared with the expansion of the oocyte that took place during 

late vitellogenesis (VT3). Yolk granules entirely filled and dominated cytoplasm in the VT3 oocytes and cortical 

alveoli though present in the periphery were no longer used as character. VT3 oocytes possessed without 

exception an enlarged chorion (CH2), which did not exist in VT2 oocytes. VT3 oocytes ranged from 240 to 700 

μm. Vitellogenic oocytes with eccentric nucleus (NE) considerably overlapped the size range of VT3 oocytes 

(375-830 μm). Oocytes with coalescent yolk granules and peripheral nucleus (FG) ranged from 500 to 900 μm 

and the largest hydrated oocytes (HYD) were estimated to app. 1100 μm.  The successive appearance of these 

characters with increasing oocyte size was used to rank oocytes according to their most progressed feature.  

The development characteristics of oocytes and ovaries were compared with the original staging to establish 

histological criteria for the 10 maturity stages (Tab. I.2.8). The most advanced oocytes in ovaries graded as 

Stage I commonly were in perinuclear stage (NU1), while the most developed oocytes in Stage II ovaries 

generally had reached the circumnuclear ring stage. The presence of CNR separated Stage II from I, however 

the CNR was the most advanced character of oocytes both in Stage II and Stage IX (resting condition). Only 

remains of spawning products, atretic vitellogenic oocytes (AT) or encapsulated residual eggs (ERE) identified 

ovaries of females in resting condition.  

Oocytes with cortical alveoli formation (CA) were characteristic of Stage III ovaries and often vitellogenesis had 

commenced (VT1 or VT2). These oocytes normally also possessed a nucleus with detached nucleoli (NU2) and 

a thin initial chorion (CH1). However, CH1 was also observed in oocytes from the ovaries of one spent and one 

large resting female. The latter was characterised by the presence of ERE among CNR. This specimen was 

sampled in March when similar sized females show progressed vitellogenesis, which suggest omission of 

spawning. Consequently, CH1 could not be used to indicate onset of ripening and thus may occur in Stage II as 

well. Prevalent VT3 oocytes with an advanced chorion (CH2) clearly characterised Stage IV ovaries and oocytes 

with eccentric irregular nucleus (NE) occurred. VT3 oocytes also dominated ovaries graded Stage V, but single 

post-ovulatory follicles (POF) occurred in the majority of samples often together with single hydrating oocytes 

(HYD) or final growth oocytes (FG). These characters categorise the ovaries as ripe and Stage V as the first 

spawning stage. VT3, HYD and POF also were characteristic for Stage VI and VII ovaries and an estimate of 

their relative abundance was required to separate spawning stages. Thus, high frequencies HYD, POF as well 

as VT3 oocyte was used to characterise ovaries of Stage VI, while high POF abundance, prevalent hydrated 

eggs but scarce or missing VT3 oocytes identified stage VII. 

Ovaries in spent condition (Stage VIII) were characterised by abundant POF and potentially AT among oocytes 

in primary growth phase either NU1 or CNR. Single hydrated oocytes were present in one specimen while 

atresia prevailed in another two. Stage IX was characterised by the presence of AT or ERE among CNR 

oocytes. However, two specimens originally staged IX had a greyish cast and wrinkled wall indicating previous 

reproduction, but neither AT or ERE could confirm this. These specimens were categorised as II:IX. In general, 

the transition from spent to ripening was smooth. Two ovaries attaining CA oocytes as well as POF (or 

potentially very late atretic oocytes) were classified as III:VIII and another ovary with abundant atretic vitellogenic 

oocytes among CA and VT1 oocytes was categorised as III:IX.  

The stage X describing ovaries with malfunction separated into two categories. In Stage Xa ovaries hard 
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degenerated parts proved to consist of numerous residual eggs encapsulated by fibrocytes and macrophages 

(Fig. 1.2.1h). In between these, normally developing oocytes were observed, but the extensive fibrous tissue 

rendered it unlikely that they could be successfully ovulated. Other abnormalities (Xb) included two ovaries that 

were distended but oocyte development was comparable to Stages II and IX.  

These stage indicators were used to elaborate a description of the 10 histological stages (Tab. 1.2.9), which 

based on the histological features was aggregated into phases of the reproductive cycle: juvenile, preparation, 

ripening, spawning, regeneration and degeneration (Fig. 1.2.18). The histological characteristics of ovaries in 

preparation and regeneration (IX) are largely similar and therefore shown as a complex including omission of 

spawning.  

The histological criteria were used to reclassify ovaries including ungraded specimens. The histological staging 

reclassified 26 ovaries (20 %) with the majority entering an adjacent stage. The reliability of staging was low in 

the November-December sampling, with 40 % of the samples being reclassified. At this time of the year, ripening 

is just about starting with most females being in Stage II, III and IX, however a large part of ovaries staged II and 

IX proved to have initiated ripening (Stage III), though it was difficult to see. The staging error was substantially 

lower in February-March when ovarian development is more progressed (16%). The sampling error in the 

spawning season (July) was similar to February March, but the July survey was restricted to the spawning area.  

The median oocyte diameter per stage considers variation in relative abundance of different categories of 

developing oocytes both within and between ovaries (Fig. 1.2.19a). Stage I oocytes were smaller than in any 

other stage, whereas the median oocyte size of stages II, VIII and IX ovaries were within the same range with 

little variation within stages. The median oocyte size of Stage III was significantly higher than in the Stage II, VIII, 

IX group. The variation in oocyte size of both Stage III and IV was substantial, but their ranges clearly differed. 

The upper range of Stage IV oocyte sizes reached the range of late vitellogenic oocytes (VT3 and NE) in the 

spawning stages: V, VI and VII. In the spawning stages, the co-occurrence of vitellogenic, final growth and 

hydrating oocytes reflected the cyclic pattern of final maturation and hydration of oocyte batches. The oocyte 

size ranges did not differ substantially, but showed a tendency towards decreasing median oocyte sizes towards 

the end of spawning. The oocyte size range of malfunctioning ovaries with fibrous tissue formation  (Stage Xa) 

reflected the development of normal oocytes in the samples, while median size the Xb oocytes were 

intermediate to Stage IX and III. The oocyte diameters and nucleus:oocyte diameter ratios were used to support 

the histological stage description where relevant. 

The changes in gonadosomatic index (IG) in relation to maturity stage (Fig. 1.2.19b) largely reflected the variation 

in median oocyte size. The increase in median IG from Stage I to II females was negligible. The median IG of 

Stage IX was higher than II approaching the level of Stage III except for the female believed to omit spawning, 

which had a very low IG. The median IG of Stage III was considerably higher than in Stage II, and the increase in 

IG from Stage III to V reflected the enlargement of oocytes (Fig. 1.2.19a). The substantial variability in IG of Stage 

V and VI ovaries reflects both increased abundance of hydrated oocytes in the tissue and presence of hydrated 

eggs and fluid in lumen. The large variation in the latter reflects the cyclic pattern of final maturation, hydration 

and spawning of egg batches. The IG decreased to a low level in Stages VII and VIII except for ovaries with large 

amounts of atresia. The variation in IG of Stage Xa reflects the stage of the unaffected parts, while Xb illustrates 

the abnormally high IG of these ovaries compared with the negligible oocyte development. The variation in 

hepatosomatic index, IH, was substantial within stages (Fig. 1.2.20a). The median IH of Stage I was lower than 

other stages except Stage IX, where the skip of spawning female had an extremely low IH. From Stage II through 
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Stage III to IV, the median IH increased, but thereafter it decreased in Stages V and VI and reached a low level in 

Stage VII and VIII except for ovaries with atresia. The median IH of females in resting condition was surprisingly 

high except for the skip of spawning female. Also, the IH of Stage X females was high.  

The variation in female condition factor (K) within stages similarly was substantial (Fig. 1.2.20b). The median K 

was high for females in stages IV to VI compared with I to III, which largely reflected the increase in ovarian 

weight. By the end of spawning (Stage VII) the median K fell and reached it lowest level in Stage VIII (excluding 

ovaries with AT). The K of the females in resting condition (IX) or with ovarian malfunction (X) was comparable 

to the level of stages I-III.        

The length distribution of females in relation to maturity stage indicated the threshold level of maturation (Fig. 

1.2.20c). Females with Stage I ovaries were rare at lengths above 30 cm, while Stage II ovaries were observed 

in females from 26 to 60 cm, but with those above 50 cm showing visual signs of previous spawning (II:IX). The 

minimum size of ripening females was 27 cm, but 95 % of the Stage III females were larger than 31 cm and 

none of the more progressed stages were smaller than this size. The smallest female in resting condition (IX) 

was 46 cm and the largest was the skip of spawning female (79 cm). The females of Stage X all were of large 

size.  

Photographs of the histologically staged ovaries were used to revise the description of the corresponding 10 

stages of the macroscopic scale (Tab. 1.2.10a). Visual characters related to ovary proportions, structure and 

appearance were emphasised. Colour was included as a guideline, but substantial variation within stages 

occurs. The IG was considered relevant for macroscopic stage determination in general and LT for few stages, 

while IH and K was considered too imprecise to be useful for this purpose. The photographs in combination with 

the stage description have been used to elaborate an illustrated manual to determine maturity stages of Baltic 

cod (Tomkiewicz et al., 2002). Also males are included in the manual, but a histological evaluation has not been 

carried out yet. However, shipboard fertilisation experiments have been conducted in 2001 to investigate 

whether the male stage V is also a spawning stage. The result of this pilot project showed that the spermatozoa 

of male stage V can be activated by addition of salt water just as well as spermatozoa of males in stage VI. The 

fertilisation success of stage V males was almost identical to that of stage VI male with the actual fertilisation 

percentage being largely determined by the female (Köster and Tomkiewicz, unpubl. data). Accordingly the 

interpretation of the male stage were changed from ripening to ripe as was the case for the females and the 

description of stages improved by comparison with photographs (Tab. 1.2.10.b).  

 

Sprat 

The gametogenesis during which spermatozoa and eggs are formed from primordial sex cells is described for 

the sexes separately below with the oogenesis and spermatogenesis divided into periods and steps.  

Oogenesis  

The oogenesis of sprat that was examined histologically follows the general pattern for teleosts. The oogenesis 

was subdivided into following periods: 1) oogonia production; 2) premeiotic nuclear metamorphosis; 3) 

protoplasmatic growth (previtellogenesis); 4) trophoplasmatic growth or vitellogenesis and 5) oocytes maturation. 

1) Oogonia production. In sprat this period is related to the early ontogenesis which precede the anatomic 

differentiation of ovaries. At this stage, sex cells are represented exclusively by oogonia both resting and dividing 

with clearly contoured large round nucleus (8-9 µm in diameter for resting cells and 6-8 µm for dividing). The 

nucleus has a single large nucleolus and pronounced chromatinic net and is surrounded by a thin layer of 
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cytoplasm having unclear external contour. Individual follicular cells are located among dividing oogonia, which 

make groups. Oogonia production continues up to sexual maturation. Oogonial division occurs very rarely in 

adult fish. 

2) Period of premeiotic nuclear transformation. During this period oocytes get ready to meiosis, which 

cytologically appears in the typical morphologic changes of chromosomes and their location in oocytes nucleus. 

At the beginning of this period (leptonema) oocytes are of 12 µm in diameter with nuclei up to 10µm. By the end 

of the period (diplonema) cells size lightly increases up to 14-16 µm, while nuclei size remains unchanged. 

3) Period of protoplasmatic growth (previtellogenesis). This period is characterised by an increase in the size of 

oocytes and nuclei. The diameter of oocytes increases from 14-16 µm in the beginning to 190-220 µm by the 

end of the period, while their volume increases nearly by 2 thousand times. Nuclei diameter increases from 10 

µm to 100-120 µm.  The period of protoplasmatic growth can be subdivided into 4 stages on basis of the typical 

changes associated with the gradual formation of intensively coloured aggregations with increased RNA content 

in the cytoplasm (so called perinuclear zone, peripheral ring or circumnuclear ring).  

The first step of protoplasmatic growth is characterised by uncoiling of chromosomes and the appearance of 

large nuclei close to the nuclear membrane. Cytoplasm becomes clearly contoured and coloured lightly and 

evenly with hematoxyline and aniline blue. As a rule oocytes are of irregular rounded/polygonal shape. Their 

diameter increases from 16-20 µm at the beginning to 30-35µm by the end of this step. Nuclei are located off the 

centre and their diameter increased up to 22µm.  

During the second step, the cricumnuclear ring (perinuclear zone) in the cytoplasm is formed. The nucleoli have 

a rounded shape up to 4.2 µm in diameter. The circumnuclear ring is separated from the nucleus by faintly 

coloured homogenous cytoplasm. Oocytes retain their rounded-polygonal shape and a central location of nuclei. 

Few rounded nucleoli of 5-6 µm in diameter are located close to the nuclear membrane. The diameter of oocytes 

and nuclei increases up to 100-110µm and 50-55 µm, respectively.  

In the third step, cytoplasm is clearly differentiated into perinuclear (faintly coloured, homogenous) and 

peripheral (strongly and unevenly coloured) layers with a sharp boundary between them. Oocytes become more 

regular in shape with nuclei located in the centre. Nucleoli are close to the nuclear membrane in the form of 

elongated shingle-shaped bodies, which increase in numbers. The thin filamentous chromosomes are well 

distinguished in the carioplasm. The oocyte diameter approaches 150-170 µm and nuclei 90-98 µm. Flat 

follicular cells with elongated nuclei are located on the oocyte envelope. The follicular envelope is about 1.5-2 

µm thick. As oocyte size increases the dark peripheral layer of cytoplasm (the circumnuclear ring) becomes less 

coloured and the contrast to near-nuclear cytoplasm decreases and sharp boundary between these layers 

gradually disappears.  

The oocytes in the fourth step have a diameter of 190-210 µm and nuclei of 100-120 µm.  The cytoplasm is 

coloured faintly and evenly, and it has a small-grained structure. Follicle formation is completed. Nuclei of 

follicular cells are located close to each other. The external connective tissue envelope of follicles becomes 

distinguishable. Follicle thickness approaches 3-4 µm.  The oocyte envelope is a thin membrane. Numerous flat 

nucleoli are located on the nuclear membrane. Chromosomes look like “lamp brushes”. Oocytes at the fourth 

step of protoplasmatic growth appear in juvenile fish just prior to maturation. 

4) Period of trophoplasmatic growth (vitellogenesis). This period is subdivided into 4 phases characterised with 

distinct cytomorphologic features. 

Vacuolisation phase: This phase is characterised by the appearance of small spherical vacuoles (cortical alveoli) 



Final Consolidated Report               Task 1 

 108 

being 2-3 µm in diameter in peripheral layer of cytoplasm. Diameter of oocyte is 180-210 µm, nuclei is up to 120 

µm. Numerous nucleoli of irregular shape are located close to the nuclear membrane which has scalloped 

contour. By the end of this phase vacuoles occupy the outer quarter of cytoplasm and increase up to 2-5 µm. 

Oocytes diameter is up to 300 µm, nuclei up to 120 µm. Oocytes envelope thicken up to 2-2.5 µm, follicular 

envelope – up to 6-9 µm. 

Phase of small yolk grains formation: This phase commences with the appearance of small strongly coloured 

grains in the peripheral cytoplasm between the vacuoles. Minimum oocyte size is about 250 µm. Yolk grains 

increase up to 4-5 µm in diameter and fill the entire cytoplasm excluding a thin perinuclear layer. By the end of 

this phase oocytes approach about 400 µm in diameter with nuclei of 130-150 µm. Their own envelope becomes 

thicker up to 5 µm and acquires typical cross lines (zona radiata); follicular envelope is up to 9-10 µm thick. 

Phase of active trophoplasmatic growth: This phase is characterised by the formation of large (about 10 µm) yolk 

grains in entire cytoplasm including perinuclear layer. The oocyte diameter increases up to 550-600 µm, nuclei – 

up to 150-170 µm. Zona radiata approaches 7 µm, follicular envelope is 10-11 µm thick.  

Phase of oocyte filled with yolk or oocyte of definitive size: Oocytes that have completed trophoplasmatic growth 

and are ready to maturation proceed to this phase. The oocyte diameter is about 600 µm.  Cytoplasm is totally 

filled with oval large yolk grains of 14-15 µm in diameter.  Nuclei are in the centre. No chromosomes are visible. 

Zona radiata is about 10 µm thick and the follicular envelope is up to 20 µm.  This phase is short and oocytes 

transfer to the maturation period soon after the end of vitellogenesis. 

5) Maturation period. This period is characterised by rapid and sharp changes of oocyte structure and size. 

During this period yolk grains enlarge and coalesce, yolk hydration occurs and the nucleus migrates from the 

centre towards the micropyle (animal pole) and “disintegrates. Unlike some other marine fish species with a 

gradual nucleus migration process, yolk grains coalescence and yolk hydration, these processes occur 

simultaneously in sprat. Hydration begins parallel to coalescence of yolk and before total oocyte polarisation 

(nucleus shifted to the animal pole). As a result of hydration the oocyte size increases (Fig 1.2.21). Yolk 

coalescence begins from the centre of the cytoplasm and nucleus start migrating from the centre towards the 

animal pole. No total homogenisation of the cell contents occurs – the yolk in sprat eggs is segmented. When 

hydration is completed at the end of this period with an oocyte diameters in the range 1.2-1.55 mm (for ovaries 

preserved in formaldehyde). The ovulation takes place when the oocytes are of this size. 

 

Ovary ripening and spawning pattern 

In the beginning of the sexual maturation process or repeated ripening of adult females) the expendable fund is 

formed, i.e. oocytes to be spawned during the next spawning period, but also a reserve fund exist from which 

additional oocytes might be recruited. In sprat, the expendable fund formation occurs according to so-called 

“continuous pattern” (Götting, 1961, Hickling and Ruttenberg, 1936). This pattern is characterised with a gradual 

long-term transformation of oocytes into trophoplasmatic growth. The ovaries are full of continuous series of sex 

cells from oogonia to oocytes filled with yolk immediately prior to the beginning of spawning. Oocytes of the 

expendable fund transit vitellogenesis asynchronously (Fig. 1.2.21). In ripe ovaries, the size composition of 

vitellogenic oocytes shows that a group of oocytes in the final vitellogenic stage gradually appear (Fig. 1.2.21a, 

b). Oocytes from this group enter the final maturation period forming a batch of differing size, which are finally 

hydrated, while other oocytes close to the end of vitellogenesis, constitute the next portion (Fig. 1.2.21b). This 

pattern group is repeated until the end of the spawning period.  
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The samples from the Bornholm Basin in 1999 showed that the absolute size of a batch in females of the same 

length and weight was relatively constant during the most of the spawning period. An increase in the relative size 

of a batch compared to the amount of vitellogenic oocytes during spawning evidenced that the expendable fund 

was gradually depleted. Relatively early in the spawning period (April), the portion of oocytes constituting one 

batch amounted from 5.9 to 10% of the expendable fund. During the spawning period the relative size of a batch 

gradually increased to 25% and more by the end of spawning (Fig. 1.2.21e, f). The expendable fund is thus not 

replenished from the reserve fund or the replenishment does not fully compensate the loss from spawned 

batches. Based on these assumptions, an attempt was made to estimate of the minimum number of batches per 

female on average by dividing the estimated total number of expendable fund oocytes early in spawning period 

by the average oocyte number in a batch. In April, the relative size of a batch constituted on average 8.5 % of 

the current expendable fund, i.e. the probable mean number of batches per female would be around 11. In May, 

the batch constituted on average 11.3 % with expected number of remaining batches being on average 9 

batches. In early June, the relative batch size increased to 16.3 %, i.e. the June females would be expected to 

have 6 remaining batches on average. However, it seems that the ripening is somewhat asynchronous among 

females with some being ripe already in March or earlier, while ripening females are also observed in late April-

May that might not spawn until May-early June (Fig.1.2.22). Accordingly, the duration of individual females 

spawning time might be significantly less than the duration of the spawning period of the population. At the time 

one batch is ripe, the most developed vitellogenic oocytes has a diameter around 0.58 µm, i.e. they are close to 

the end of vitellogenesis and maturation. This indicates that the intervals between spawning of subsequent 

batches are relatively small (not more than 5 days). This is supported by the presence of easily distinguishable 

post-ovulatory follicles concurrent with oocytes in hydration. If intervals between batches are in the magnitude of 

5 days and the average total number of batches is around 11, the individual spawning period would on average 

be approximately 2 months.  

  

Spermatogenesis 

Spermatogenesis in fish is generally subdivided into 4 periods: 1) period of spermatogonia production; 2) period 

of the first order spermatocyte growth; 3) maturation period and 4) period of spermia formation – 

spermiogenesis. 

1) Production of spermatogonia begins short time before sexual maturation. The clusters (cysts) of smaller cells 

– secondary spermatogonia (nuclei diameter of 3.5-4.2 µm) are formed as a result of multiple divisions of original 

spermatogonia (nuclei diameter of 6.8-8.5 µm). Cysts are separated with a layer of few flat follicular cells. All sex 

cells in one cyst are of the same state. 

2) The period of the first order spermatocytes growth was not evident in this analysis. The first order 

spermatocytes were not significantly larger than definitive spermatogonia and their nuclei sizes were similar to 

secondary spermatigonia (3.5-4.2 µm in diameter). 

3) The maturation period begins from the first meiotic division of the first order spermatocytes with formation of 

two spermatocytes of the second order. The nuclei diameter of the second order spermocytes is about 2.7-3.2 

µm. Each of them divides into 2 spermatides with a nuclei diameter of 2.3-2.8 µm. 

4) During spermiogenesis spermatides transform into spermia (heads diameter of 2.0 µm), cysts walls breaks 

and spermia enter the empty space of ampoules. As a rule spermia heads in each cyst are oriented uniformly, 

forming a kind of “bouquet” with closely adjoining “stalks” of tails and “a corona” of heads. 
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Testes ripening and spawning pattern 

The anatomic structure of sprat testes (like in other clupeids) is of the acinar (cyprinoid) type. Developed testes 

are of lamellar (ribbon) shape with dorsal-medial nodule. They are more or less triangular in cross-section. The 

lateral side of this triangle is the longest; the dorsal-media is the shortest one. The dorsal side is attached to the 

wall of the peritoneal cavity with mesorchia. The excretory duct is situated in the dorsal top of testes. No 

excretory duct is observed in the cranial third of the testicle. It may be traced as a system of channels (cavities), 

which has a cellular structure in the caudal direction. At the posterior end ducts of both testicles joint into one 

excretory duct, which is opened into a urogenital pore. 

The testes consist of numerous curved spermatic ducts - ampoules opened into excretion ducts. Ampoules are 

oriented with their longitudinal axis along the testicle and inclined backwards and upwards. Their blind ends are 

located in the more cranial and ventral direction, while open ends are located in a more caudal and dorsal 

direction. Ampoule diameter varies significantly in cross-section and equals 0.24 µm on average. The largest 

blood vessel – testicle artery – is situated in dorsal-medial part, usually at the top of testicle nodule. Its diameter 

increases from 0.11 µm in firstly maturating fish to 0.45-0.60 µm in repeatedly spawning fish.  

Formation of specific anatomic structure of testes occurs during the spermatogonia production period prior to 

male sexual maturation. The ampoule system develops simultaneously with formation of cysts with secondary 

spermatogonia. The system has connective tissue partitions and lining of follicular cells. Ampoules are 

completely filled with cysts and spermatogonia. Cyst size is about 22-45 µm in testicle cross-sections during 

spermatogonia production. Individual resting spermatogonia (diameter of nuclei is up to 8.5 µm) are located in 

the ampoule walls.  

In sprat, spermatogenesis is an asynchronous process. The asynchrony is apparent by differences in cyst 

development within a single ampoule as well as among ampoules in different parts of testes. Some cysts with 

spermatocytes, spermatides and spermia are observed in the dorsal part in the beginning of the ripening 

process, when cysts with spermatogonia are representative of other parts of testes. The asynchrony 

spermatogenesis remains during the entire ripening period. Some ampoules in all parts of testes have free 

spermatozoa at the onset of spawning. All these ampoules as a rule contain numerous cysts with spermatocytes 

and spermatidae as well. Continuous spermatogenesis compensates gradually expenditure of sperma during 

the spawning period. 

 

Index scales to determine of sprat gonadal maturity stages 

The histology was compared with visual criteria to validate macroscopic stages and describe the comparable 

histological pattern. 

 

Stage I: juvenile 

Macroscopic characteristics: gonads are thin, filiform, transparent and colourless. Sex can not be distinguished 

(by the naked eye). 

Histological criteria: sex cells are represented by gonias, in females some oocytes of premeiotic nuclear 

transformations and initial protoplasmic growth may occur. 

Females 

Stage II: immature  
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Anatomic differentiation of gonads is completed and sex is easily distinguished. 

Macroscopic characteristics: ovaries are thin, tubiform, transparent or semi-transparent, colourless or greyish to 

pinkish. Oocytes can be distinguished by the naked eye. They are transparent, hyaline under magnifying glass 

or microscope and up to 0.2 mm in diameter. Ovarian cavity has no empty space. Gonado-somatic indices (GSI) 

ranges from 0.3 to 2.0. 

Histological criteria: oviparous lamellas are tightly filled with sex cells from oogonias to oocytes at the last stage 

of protoplasmic growth. Sex cells have rounded-polygonal shape. No oocytes of vitellogenesis period are 

available. 

Stage III: ripening 

Macroscopic characteristics: ovaries enlarged and by the end of this stage occupying up to 2/3 of the body 

cavity. They are semi-transparent at the beginning of this stage and opaque by the end. Ovaries change colour 

from whitish to light yellow and yellow. Opaque oocytes of trophoplasmatic growth can be observed by the 

naked eye. Oocytes diameter changes from 0.2-0.3 mm at the beginning to 0.5 mm at the end of the stage. 

Ovarian cavity has no empty space. To differentiate maturating females and females close to spawning it is 

useful to subdivide stage III into sub-stages III a and III b. 

Stage III a: early ripening 

Macroscopic characteristics: ovaries are small, semi-transparent. Oocytes are visible by the naked eye. They are 

small (0.2-0.3 mm in diameter), “dotty”, opaque, and whitish. GSI=2.0-5.3. 

Histological criteria: sex cells from oogonias to oocytes are at the phase of small yolk grain accumulation. 

Stage III b: late ripening 

Macroscopic characteristics: large, elastic ovaries occupy more than a half of the body’s cavity. Their colour is 

opaque yellow. Numerous opaque yolk oocytes of 0.2-0.5 mm in diameter are observed through ovary wall. 

GSI=3.9-5.6 

Histological criteria: oviparous lamellas are tightly filled with sex cells from oogonias to oocytes in the phase of 

active trophoplasmatic growth. 

Stage IV: ripe 

Macroscopic characteristics: opaque, yellow ovaries occupy the entire empty cavity of the body. Opaque yolk 

oocytes up to 0.6 mm in diameter are well seen through the thin stretched cover. GSI = 5.3-9.6 

Histological criteria: presence of sex cells from oogonia to oocytes with completed vitellogenesis (oocytes of 

definitive size). 

Stage IV-V: pre-spawning 

Macroscopic characteristics: female belly is swollen; however no eggs appear at a light pressure. Ovaries 

occupy the entire empty space of the body pressing at other viscera. Large (0.7-1.5 mm in diameter) translucent 

or transparent ripening oocytes are seen through the stretched walls of ovaries. They are evenly distributed 

among different-size opaque yolk oocytes. No ovulated eggs are seen in the ovarian cavity. GSI=9.6- 27.0. 

Histological criteria: there are sex cells from oogonias to oocytes are in the initial phase of active trophoplasmatic 

growth and oocytes are of maturation period (in the process of homogenisation and hydration). No ovulated 

eggs are available. New postovulatory follicles are absent. 

Stage V : running, spawning 

Macroscopic characteristics: female belly is swollen, eggs are running out the urinogenital opening at light 

pressure. Ovaries are swollen; no hydrated oocytes are seen through their stretched walls. Ovarian cavity is 
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filled with ovulated eggs. (Running females often lose eggs partially or totally in the trawl, especially when 

catches are large. The typical external indications of spawning females may absent in such cases, however the 

residual eggs run out easily during belly massage). 

Histological criteria: There are sex cells from oogonias to oocytes in the early phase of active trophoplasmic 

growth and new postovulatory follicles. Numerous ovulated eggs are in ovarian cavity.  

According to fish condition, maturity stages of partially spawned females are determined as VI-III, VI-IV, VI-IV-V 

and VI-V. 

Stage VI-III: partially spent, ripening 

Macroscopic characteristics: ovaries are similar to stage III b, however less in size, reddish or brown in colour 

and soft. Individual unspawned eggs may occur in the ovarian cavity. GSI=3.5-5.0. 

Histological criteria: There are sex cells from oogonia to oocytes in the phase of active trophoplasmic growth and 

new postovulatory follicles. Few unspawned eggs may occur. Oocytes are distributed in oviparous lamellas 

loosely. 

Stage VI-IV: partially spent, ripe 

Macroscopic characteristics: This stage differs from stage IV in reddish and brownish colour and smaller size of 

ovaries. Absorption of unspawned eggs may occur in the ovarian cavity. GSI=4.8-9.2 (4.0-6.0 by the end of 

spawning). 

Histological criteria: There are sex cells from oogonia to oocytes of definitive size and absorption empty follicles. 

Absorption of unspawned eggs may occur. Loose oocyte distribution retains in oviparous discs. 

Stage VI-IV-V: partially spent, spawning 

Macroscopic characteristics: Oocytes of this stage differ from stage IV-V in reddish, brownish colour, and 

significantly less size of the second part of the spawning period. GSI=5.0-25.0. 

Histological criteria: There are sex cells from oogonia to oocytes in the phase of active trophoplasmic growth and 

oocytes in the phase of hydration (same as at the stage IV-V). “Old”, partially absorbed postovulatory follicles are 

available. Individual ovulated eggs with evident destruction may occur. 

Ovaries transit into stage VI after the last batch of eggs spawned. 

Stage VI: spent 

Macroscopic characteristics: ovaries are small, soft or flabby to the touch, reddish-brown, semi-transparent, few 

residual yolk oocytes may be seen through their walls. The ovarian cavity has large empty space in cross-

section and may contain individual unspawned residual eggs. GSI=2.0-4.0. 

Histological criteria: in oviparous lamellas there are postovulatory follicles and few oocytes under absorption in 

various phases of trophoplasmic growth period and a complex of oocytes specific to stage II. Individual 

unspawned eggs are observed in the ovarian cavity. Oviparous lamellas are hyperemic with numerous blood 

vessels. Oocytes are loosely distributed. 

“Recovery” processes occur in ovaries of spawned sprat females during several months: there is a gradual 

absorption of postovulatory follicles, unspawned residual eggs as well as yolk oocytes with incomplete 

development. Ovaries size decreases, the colour changes from reddish-brown to reddish, pinkish. This state of 

ovaries is determined as stage VI-II. 

Stage VI-II: adults in resting condition 

Macroscopic characteristics: ovaries are small, reddish, and seem-transparent. Oocytes are not visible by the 

naked eye. Ovaries at this stage are larger than those of stage II, moreover there is an empty space in the 
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ovarian cavity and envelope is thicker. GSI=1.6-2.0. 

Histological criteria: sex cells are represented with oocytes at all step of protoplasmic growth. The traces of 

passed spawning are seen on oviparous discs in the form of oocyte residuals under absorption and debris of 

connective-tissue envelopes of postovulatory follicles. Sex cells are loosely distributed.  

The ovaries enter stage II after the end of the recovery process. 

 

A simplified scale of ovarian maturity stages may be used when less detailed information suffice the purpose of a 

study. The simplified scale includes the following stages: 

Stage II – immature. No opaque yolk oocytes visible to the naked eye, though they are about 0.2 mm in diameter 

and larger.  

Stage III – ripening. Opaque yolk oocytes of 0.2-0.5 mm in diameter are seen with the naked eye. Hydrated 

oocytes are absent. 

Stage IV – ripe. Ovaries are at the stage immediately before maturation and spawning the first (stage IV) and 

subsequent (stage VI-IV) batches of eggs. Ovaries occupy over 2/3 of the body cavity; they are yellow or reddish 

(brown). Large yolk oocytes of 0.6 mm in diameter are seen through the ovary walls. Hydrated oocytes are 

absent. 

Stage IV-V – pre-spawning. Ovaries are at the stage immediately before spawning the first (IV-V) and 

subsequent (VI-IV-V) batches of eggs. Female belly is swollen, however no eggs are running at slight pressing. 

Ovaries occupy the entire empty cavity of the body pressing other viscera. Large (0.7-1.5 mm in diameter) 

transparent or translucent ripening oocytes are seen through the stretched walls of ovaries. They are evenly 

distributed among different-size opaque yolk oocytes.  No ovulated eggs are available in the ovarian cavity. 

Stage V – running (spawning). Ovaries are at the stage of spawning the first (V) and subsequent (VI-V) batches 

of eggs. Female belly is swollen; eggs run out at slight pressing. Ovaries are swollen; no hydrated oocytes are 

seen through their stretched walls. Ovarian cavity is filled with ovulated eggs. 

VI- spent. Ovaries are small, soft and flabby to the touch, red-brown, semi-transparent. Few residual yolk 

oocytes may be seen through the walls. In cross-section the ovarian cavity has large empty space and may 

contain individual unspawned residual eggs. 

 

Males 

There is a considerable difference between the ripening and functioning of ovaries and testes. Each ovarian 

stage is characterised by specific characteristics of sex cells (period and phase of oocytes in the older 

generation). In males, especially those with indeterminate batch spawning, mature sex cells (spermia) appear 

during the early testis maturation in maturity stage III. The differences between this and subsequent maturation 

stages are more quantitative than qualitative. Maturity stages of ripening testes are determined on the basis of 

the quantitative ratio of spermatogenetic elements and not from the most developed gametes criteria. Therefore, 

subdivision of the whole period of testis maturation into maturity stages within the seasonal cycle from the 

beginning of spermatogenesis to the functional maturity (running stage) is rather conditional. No definite criteria 

are available to distinguish ripening (stage III) and ripe (stage IV) testes and determination of these stages is 

hypothetical.  

Stage II: immature 

Macroscopic characteristics: testicles are thin, flat at the ventral edge, semi-transparent, and greyish. GSI=0.2-
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2.0. 

Histological criteria: in immature males testicles consist basically of cysts with secondary spermatogonia; 

ampoules (spermatic ducts) are not formed; the individual resting primary spermatogonia are located in the 

peripheral part of testicles between cysts with secondary spermatogonia. The primary spermatogonia are larger 

than the secondary ones, and their nucleus has a single large nucleolus. In sexually maturing males, the 

connective tissue of ampoule walls forms the specific anatomic structure of the organ. This process occurs 

parallel to an increase in the number of cysts with spermatogonia and then with spermatocytes of first order. A 

dense network of blood vessels and capillaries penetrates testes. GSI below 1.0.  

In mature males cysts with secondary spermatogonia occupy most volume of testicles however cysts with 

spermatocytes are always seen; few spermia occur in some ampoules opening and excretory ducts; individual 

cysts with spermatozoa are observed. Few resting spermatogonia are located on the ampoule wall. GSI=0.9-2.0. 

Stage III: ripening 

Macroscopic characteristics: testicles are enlarged and occupy most of the body cavity by the end of the stage. 

They are soft, pinkish at the beginning of the stage, white by the end. In cross-section they retain shape without 

“gutter”; no sperm is excreted. GSI=1.5-6.4. 

Histological criteria: testicles are strongly enlarged as a result of increasing cyst numbers with spermatogonia 

and spermatocytes of I and II order. Ampoules with spermatides and spermatozoids appear in the testes dorsal 

part. Cysts with spermatides and spermatozoids gradually appear in all parts of testes during this stage. 

Asynchrony in spermatogenesis appears in cysts with different cells from spermatogonias to spermatozoa within 

one ampoule. By the end of this stage spermatozoa appear in the ampoules empty space and excretory ducts. 

They form very dense aggregations not diluted with spermatic liquid. (In preparations spermatozoa aggregations 

are located close to the walls of ampoules, cysts with spermatocytes and spermatides and to the walls of the 

excretion duct). 

Stage IV: ripe 

Macroscopic characteristics: soft, white testicles occupy the entire empty space of the body cavity. In cross-

section they “gutter” excreting thick sperm. GSI=1.5-6.4. 

Histological criteria: testicles are of maximum size. There is an increase in number of cysts with spermatides and 

spermias, in number of thick sperm in ampoules and channels of testicle ducts. Asynchrony of spermatogenesis 

retains. Actually all ampoules have cysts with spermatocytes, spermatides and spermias. Relative number of 

cysts with spermatogonia decreases. 

Stage V: spawning 

Macroscopic characteristics: thin sperm runs out of the urino-genital opening at a light pressure on the belly. 

GSI=10.3-20.0. 

Histological criteria: this stage is characterised with strongly pronounced testis hydration, dilution of thick sperm 

in ampoules and mostly in channels of excretory ducts. Due to dehydration during the histological treating 

process the entire testicle body has numerous empty cavities and germinate tissue looks “loose” in preparation 

as large empty spaces form in ampoules with spermias and channels of excretory ducts. The spermias number 

per unit area of the cross-section in ampoules empty spaces and excretory ducts decreases sharply as 

compared to stage IV. Regular orientation of spermias “bouquets”, typical at stages III and IV, changes into 

random distribution.  

At the beginning of the spawning period (in April) ampoules with sperm occupy from 1/3 to 1/2 testicles cross-
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sections area. Most parts of the testes contain cysts with spermatogonias, spermatocytes and spermatides. The 

numeric ratio of spermatogenetic elements changes during the spawning. Spermatides and spermias constitute 

the largest part, while the relative number of cysts with spermatogonia and spermatocytes decreases. There are 

ampoules, which have only spermias and few resting spermatogonias. Absolute size of testes decreases during 

the spawning period and GSI values reduce. 

Stage VI-IV: partially spent, ripe  

Macroscopic characteristics: at the beginning of the spawning period testicles are similar to stage IV, however, 

soft and with reddish or brown tint; in the spawning when most batches are spawned, they become smaller, red-

brown and flabby to the touch; white spots are seen through the testicle walls; excretory ducts always contain 

some sperm. GSI decreases to 5.0-2.5. This state of testes retains during entire individual spawning period 

transferring sometimes into stage V (“running” stage). 

Histological criteria: all elements of spermatogenetic series from resting spermatogonia to numerous spermia are 

represented in testicles; in the spawning process the portion of cysts with the second order spermatocides and 

spermatides increases as well as the relative number of ampoules with sperm in openings; there are ampoules 

without cysts with spermatogonia and the first order spermatocides. Ampoules with spermia and few cysts with 

spermatocites and spermatides occupy the most testis body by the end of the spawning period; empty openings 

appear in many ampoules (empty ampoules). 

Stage VI: spent  

Macroscopic characteristics: testes are small, flabby, red-brown, often with white spots; excretory ducts are 

stretched and may contain some sperm. 

Histological criteria: testes structure is flabby at cross-section due to empty openings of ampoules and excretory 

ducts; the most testicle body is filled with stroma and blood vessels. There is some sperm in ampoules and 

excretory ducts; spermia phagocytosis occurs due to cells of ampoules follicular epithelium, epithelium of 

excretory ducts and histiocides appearing in ampoules openings; as a rule individual cysts with the 

spermatocides of the first and second order and spermatides remain in most ampoules; cysts with 

spermatogonia are observed; numerous resting spermatogonia occur in the ampoules walls.  

After the end of spawning period sprat testicles never transfer into the “classic” maturity stage II when sex cells 

are represented only by resting and dividing spermatogonia. 

 

Timing of spawning 

Cod 

The results from the analysis of spawning timing of cod in the Bornholm Basin showed that both the ripening 

process and the timing of spawning substantially differ between females and males. The seasonal occurrence 

and duration of different females and males maturity stages (Tab. 1.2.10) are illustrated in Fig. 1.2.23. Females 

based on the observed proportions of the population being in different maturation phases and stages of the 

reproductive cycle (Tomkiewicz and Köster, 1999). The surveys from September through March attempt to cover 

the entire population in Subdivision 25, while the April through August mainly the cover the spawning area in the 

Bornholm Basin (>60m). An increase in the proportion in early maturing stage (III) was observed in September-

October. The proportion of males leaving the preparation (II) and resting stages (IX) to enter the ripening stages 

ceased from January through March. The progression of the ripening process is visualised by the decreasing 

proportion of males in the early maturing stage (III) from January and onwards, while the proportion in stage IV 
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peaks in early March. Almost all males had completed the late maturing stage (IV) by the end of May. The time 

at which the female ripening process was initiated was similar to that of males but the early ripening stage of 

females tended to be longer than for males. Thus, the proportion in the early maturation stage (III) increased 

from January to April before starting to decline and the proportion in late maturing stage (IV) did not peak until 

May. Females in the latter stage were observed until July and the duration of this stage tended to be similar for 

the two sexes. As a consequence of the shorter ripening phase, the males entered the spawning stages 

(V+VI+VII) earlier than females and the duration of the different stages was longer resulting in a longer overall 

duration of the spawning period, which extended from March to September. The female spawning period 

extended from mid May to September. The cease of the spawning illustrated by the decrease in the proportion in 

late spawning condition (VII) and the increase in the proportion of spent specimens (VIII) was concurrent for 

males and females and occurred in August.  

The allocation of energy to the egg production is reflected in the condition of female (Fig. 1.2.24; Kraus and 

Tomkiewicz, unpubl. data). The Fulton’s condition factor, K, based on the total weight showed that the females 

substantially gained in weight during the ripening stages (III and IV) and peaked in the initial spawning stage (V) 

where hydration is initiated. The condition substantially falls during the spawning stages to reach a minimum in 

the spent stage (IX). The liver index (hepatosomatic index, HSI) based on total as well as gutted weight similarly 

increased during the ripening stages indicating the stored lipid energy reserves are build up concurrently with the 

gonadal growth and not used until spawning is initiated. During the spawning period, when food intake is limited 

(Sub-task 1.1), the liver reserves gradually are used. The condition factor, K, based on gutted weight shows a 

gradual decline from stage IV and onwards indicating a slight loss in somatic weight already in the late maturing 

stage. 

The average proportion in the ripening, spawning and recovery phase (spent stage only) are combined in Fig. 

1.2.25 to illustrate their average duration. The average duration of the spawning phase indicated by the length of 

time with the proportion of stages V+VI+VII being above 50 %, was about 4 months for males and around 2.5 

months for females. The difference owed to a lag in the time at which 50% had reached spawning condition. 

Shipboard fertilisation experiments were conducted to ensure that the interpretation of stage V as the first 

spawning stage for both females and males was correct. The results descriped under validation of macroscopic 

maturity scales showed that males in Stage V are fully capable of fertilising spawned eggs and thus support that 

the male onset of spawning is substantially earlier than the female. The proportion of spawning males peaked in 

June and July, while the spawning female proportion peaked in July. The relatively limited overlap between the 

three phases confirms that the average individual spawning period is relative long.   

The timing of spawning of different size groups of males and females is illustrated in Fig. 1.2.26. The proportion 

of males in spawning phase for the different size groups indicated that larger males in general start spawning 

earlier and spawn longer, but that the time of peak spawning is similar for all size groups i.e. in June-July. 

Around 25 % of the larger males (>60 cm) were observed to be in spawning condition already in early March 

and spawning specimens in this size group were observed into September with around 25 % being in spawning 

condition at the beginning of this month. Spawning males in the smallest size group (<40cm) were mainly 

observed from April to August with only a negligible proportion in spawning condition by the end of August. The 

medium sized males (40-59 cm) exhibited an intermediate pattern throughout the season. The overall length of 

the spawning season covered 8 months for the largest size groups of males and about 6 months for the smallest 

male size group. The larger sized females similarly were in spawning condition for longer periods than smaller 
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sized females, but as for males the time of peak spawning tended to be similar for all size groups, i.e. in July. 

The proportion of large females in spawning condition increased from a few percent in March to more than 25% 

in mid April and a low proportion tended to continue into September. The smallest female size group (<40cm) 

showed a pronounced delay in the onset of spawning and spawning ended earlier. Only around 10 % had 

reached spawning condition in mid May and hardly any were spawning by mid August. As for males, the 

intermediate female size group (40-59 cm) showed an intermediate pattern with respect to the onset and ending 

of spawning. The overall spawning season of small females was considerably shorter, i.e. less around 4 months, 

than for the largest size group i.e. around 6 months.  

Earlier arrival in the spawning area due to the earlier progression of the male ripening process was evidenced by 

the observed sex ratio Fig. 1.2.27. The male proportion dominated the female on the spawning ground in the 

early spawning period (April/May) reaching a maximum of two thirds being males, while the proportion of female 

exceeded male in late spawning season (July/August) reaching a maximum of almost three quarters being 

female. In contrast, the sex ratios derived from trawl surveys in January-March and August-September assumed 

to cover the entire population in Sub-division showed a relatively even sex ratio.  

The redefinition of stage V as a spawning stage based on the histological revision of the cod maturity scale has 

improved the agreement between the observed occurrence of spawning females and the observed seasonal 

egg abundance’s from ichthyoplankton surveys (Sub-task 2.1). Figure 1.2.28 shows the seasonal variation in the 

proportion of females in spawning condition in comparison with egg abundance from the ichthyoplankton 

sampling during 1996-1999. Some variability exists in both data sets with a tendency towards low egg 

production estimates relative to the spawner frequency in the early spawning period and relatively high in the 

late period. Some of this variation might be due to differences in female batch fecundity and duration between 

batches. The peak spawning time was in both cases estimated to be around 1 July.  

This confirmed the previous project results showing that the time of peak spawning has changed gradually over 

time with peak spawning being around May in the 1980s but shifting to early July in the 1990s (Wieland et al., 

2000b). The late timing of spawning affect the calculations of the spawning stock as the fishing mortality reduces 

the SSB substantially from the beginning of the year until the time of peak spawning (Fig. 1.2.29 a and b). 

Consequently, the stock sizes derived from the area disaggregated MSVPA (Sub-task 5.3) and mean weight at 

age (quarterly data from commercial landings) were adjusted to peak spawning time in calculations of the 

spawning stock biomass used in egg production models for Sub-div. 25 and Sub-div 25, 26 and 28 combined 

(Sub-task 1.4. and 1.5) (Fig. 1.2.29b and c). The time of peak spawning was defined as the middle of the second 

quarter for the period 1976-89 and as the start of third quarter during 1990-99. The female and male spawning 

stock biomass that applied the established sex ratios and maturity ogive time series also illustrate the sex-

specific differences in stock size varies in a non-systematic way. 

 

Sprat 

Spawning of sprat in Sub-division 25 started in 1999 already in January/February with a relatively low increase of 

the proportions of mature females in spawning condition (pfs) until end of April (Fig.1.2.30). May, June and early 

July displayed the highest spawning intensity, while the pfs sharply dropped from July to August. The spawning 

activity stopped mid of August. An analysis of the gonadal maturation process estimated the peak spawning time 

to be in early June (Fig. 1.2.30). The maturity data were compared with the abundance of the youngest egg 

stage of sprat from concurrent ichthyoplankton surveys. The peak spawning time was similar in both 
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investigations, whereas the rate of increase and decrease differed between the analyses. Thus relatively high 

pfs were observed during spring, while a major increase in the egg abundance was not observed before 

May/June. Towards the end of the spawning season egg abundance tended to decrease earlier than the pfs 

(Fig. 1.2.30). 

The cruise specific average spawning frequencies were estimated via the proportions of females with hydrated 

oocytes (pfh) of pfs. The highest spawning frequency was observed during the April cruise with 85 %. May, June 

and July samples showed a low variability in spawning frequency with values between 26% (July) and 30% 

(May). The extraordinary high value of pfh in April (85 %) was excluded from the calculation of the spawning 

interval as a regular spawning pattern had obviously not been established (pfs: 21%) by that time. Utilising data 

for May, June, July, i.e. the main spawning time, resulted in an average spawning frequency of 27 % indicating 

an average spawning interval of approximately four days for Baltic sprat. 

To investigate spatial variations in the timing of spawning, samples had to be obtained quasi simultaneously in 

all Sub-division to be compared. Data on gonadal maturation used within this analysis were obtained on a hydro-

acoustic survey (WH 206) during peak spawning time (June1999) within the time frame of one week in Sub-

division 25, 26 and 27+28. The pfs for Sub-division 25, 26 and 27 and 28 were generally high varying between 

0.72 in Sub-division 27+28 and 0.85 in Sub-division 25, whereas the proportion of females in pre-spawning 

condition (p-pfs) varied between 0.04 in Sub-division 25 and 0.11 in Sub-division 27+28. Similar conditions were 

observed in Sub-division 25 and 26, whereas spawning seemed to be later in Sub-division 27+28, with the 

proportion in pre-spawning condition being 36% higher and the proportions in spawning condition being 25% 

lower (setting the highest value 100%) than in Sub-division 25. 

A tendency towards later timing of spawning was observed from 1995 to 1999. In April 1995 pfs added up to 92 

% showing a sharp almost linear decrease to 1999 with only 37% being in spawning condition in April (Tab. 

1.2.11). As proportions in post-spawning condition were negligible for all sampling years, a complementary trend 

was observed in p-pfs indicating that the timing of the spawning season of sprat in Sub-division 25 shifted 

towards summer in the most recent years. However, abundance of sprat eggs from ichthyoplankton surveys 

conducted in the Bornholm Basin generally shows high year to year variability in the time of spawning (Fig. 

1.2.31). Spawning tends to commence in March and the egg abundance gradually incrases to reach maximum  

in May/June. The decrease in egg abundance is more abrupt like observed for cod with the ending being eng of 

Jumne/July. When comparing these four years interannual fluctuations are obvious, but a consistent shift in 

spawning time as observed for cod is not revealed by these data. The interannual fluctuation might be influenced 

by the stock composition with larger sprat tending to spawn earlier (Torstensen, 1998), but more likely is an effeft 

of the temperature of the ambient water. The onset as well as the time intervals between spawning of batches 

have ebbn found to be negatively correlated with water temperature (Grimm and Herra, 1984, Elwertowski, 

1964). 

Spatial variation in the time of spawning has been observed also with indication of a temperature effect. The 

onset of the sprat spawning season in the Gotland Basin is generally later than in the Bornholm Basin (Fig. 

1.2.32). Under normal temperature conditions, spawning starts in April in the Gotland Basin, which is around one 

later than in the Bornholm Basin. Spawning is most intense in June/July and ends in August. This difference in 

the main spawning period between south-western and north-eastern areas of the central Baltic has been 

confirmed by Kraus and Köster (2001) classifying maturity stages of sprat (Alekseev and Alekseeva, 1996) 

caught during a pelagic trawl survey conducted in different areas of the central Baltic in June 1999. However, in 
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years characterised by cold winters and prevailing low temperature in the intermediate water, the peak spawning 

time in the Gotland Basin was found to shifted towards the end of July and beginning of August.  

 

Discussion 

Maturity ogives, sex ratios and mean weights  

Cod 

The analysis of sex specific proportions of sexually mature individuals at age (maturity ogive) and sex ratios of 

cod derived from the 1st quarter Baltic International Trawl Survey has revealed:  i) that males generally mature at 

a younger age than females, ii) that maturity at age shows significant spatial and temporal variability, and iii) a 

dominance of the proportion of females with increasing age. The establishment of time series of variable maturity 

ogives during the CORE project has been a major step forward in the improvement of the data basis for stock 

assessment. An analysis comparing stock derived and ichthyoplankton derived indices of the egg production 

using Sub-div. 25 as test area, showed that there was no relationship between SSB based on the constant 

maturity ogives previously used in routine stock assessment and the average daily egg production (r2 =0.03; 

p=0.49) (Sub-task 1.5; Köster et al., 2002d). The SSB based on the revised maturity ogives (also combined 

sexes) with annual data for recent year and period averages for the early part of the time series changed the 

relationship from being insignificant to being significant (r2=0.30; p<0.03). The former constant maturity ogive 

were in reality an average ogive based on field data from a few years in the late 1980s and Sub-div. 25 except a 

single data set from Sub-div. 26. These data thus were stock derived, but did not consider spatial and temporal 

variability in contradiction to the established maturity ogive time series. A test of the reliability of the annual 

variability in the data series was performed in Sub-task 1.5 confirming that the variable data series performed 

significantly better than using the average when comparing them to the ichthyoplankton derived estimates of the 

egg production. These results emphasise that spatial and temporal variability is important to consider in the 

reproductive biology of Baltic cod. The variable maturity time series for sexes combined is now implement in 

Baltic cod routine assessment.  

Köster et al. (2002d) also compared the FSSB applying sex ratios and females ogives to establish the female 

spawning stock with the daily egg production index. The resulting improved significance of the relationship  

(r2=0.61; p<0.001) is a consequence of that the sex ratio in the spawning stock is not constant, but varies with 

the age structure. The fact that male Baltic cod generally mature at a younger age than females as well as the 

female cod having a longer life span thus causes the sex ratio in the SSB to fluctuate depending on its age 

composition (Jakobsen and Ajiad, 1999). The FSSB was thus considered a significantly better estimator of the 

reproductive potential than the SSB and used in calculations of the potential egg production in combination with 

the relative fecundity (Sub-task 1.4. and 1.5). The analyses of the reliability of the data series to ensure that the 

age based data were not significantly affected by age determination discrepancies showed that data evaluation 

is important to ensure quality of data. However, the high significance obtained in the relationships between 

ichthyoplankton derived egg production indices and the FSSB or potential egg production (Sub-task 1.5) shows 

that the influence of age determination discrepancies on the egg production estimates is marginal. This is 

fortunate as the age-based data integrate growth changes and it makes the combination with the generally age 

based stock size and weight at data simpler. 

The variability in the maturity time series reflects changes in growth related with substantial changes in stock 
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size and prey availability that occurred within the year range covered (Sub-task 1.4; Köster et al., 2001b). 

Growth also affects the likelihood of attaining sexual maturity at a given age or size (e.g. Nikolsky, 1962; 

Dragesund et al., 1980; Hutchings, 1997). A decline age and length at sexual maturity has been observed for 

most gadoid stocks in the Northwest Atlantic since the 1970’s (Trippel et al., 1997), but also for stocks in the 

Northeast Atlantic (e.g. Jørgensen, 1990). This has been explained by higher growth rates and better nutritional 

condition at smaller size, due to increased food supply per individual at low stock levels (Trippel, 1995). In 

agreement, the proportions of mature cod within the age groups 2 - 5 were substantially higher in the 1990’s 

than in the 1980’s (Tomkiewicz et al., 1997; Cardinale and Modin, 1999). However, the relationship between the 

proportion mature or maturing in a given year could not be explained as a simple function of relative food 

availability or growth anomaly and temperature.   

The increase in proportion of females with increasing age was similar for all Sub-divisions, a pattern that also 

has been observed for a number of other cod stocks (e.g. Ajiad et al., 1999), but the temporal variability was 

limited except for the oldest age groups with few samples. The shorter longevity of males compared to females 

most likely is a consequence of both higher fishing mortality and natural mortality. Fisheries in spawning areas 

that the males occupy considerably longer than females is likely to cause a higher male fishing mortality, but also 

higher natural mortality should be expected (Jakobsen and Ajiad, 1999) both due the earlier sexual maturation 

and longer spawning period which affect male growth and condition.  

The changes in growth of Baltic cod over time was reflected in an increase of the weight at age concurrent with 

the decline in stock size the late 1980s and early 1990s. The analysis of compiled weight at age data from 

commercial fisheries (Sub-task 5.3) revealed substantial temporal variation with the same pattern for Sub-div. 

25, 26 and 28. The mean weights were significantly lower during the 1980s when the stock was at a high level 

than in the 90’s, when the stock size was lowered. The latter period also showed considerably higher variability 

in weight at than the former, which might relate to the large variation in cohort sizes in this decade. The survey 

database showed the same tendency, but its application in egg production modelling was hampered by lack of 

data for the time period before 1989. The analysis of the weight at age data from the BITS database, however, 

showed other aspects of interest. The mature specimens within cohorts thus tended to be larger than immature 

independent of sex, while males in general tended to have a lower mean weight at age than females from an 

age of 3 and older. The lower male weight is likely to be due to the earlier sexual maturation and probably longer 

spawning duration. However, the variability in survey data sets was high at this resolution (female/male, 

immature/ mature) and differences were generally non-significant, while the temporal changes in mean weight at 

age were significant and consistent. As the temporal trends in mean weight have major implications for 

estimates of the FSSB and the relative fecundity population fecundity, the consistent time series of quarterly 

weight at age data from the fisheries was therefore preferred in the estimation of egg production (Sub-div. 1.4 

and 1.5). The sex-specific differences and links between somatic growth and reproduction thus has been 

neglected in the weight at age time series, which might slightly underestimate female spawning stock biomass 

and the potential egg production. 

  

Sprat 

The basic data to compute the total or female spawning stock biomass from stock sizes, by applying sex ratios 

and maturity ogives are much more restricted for sprat than for cod. Fortunately, the variation in these variables 

are also more limited compared to cod due to a number of reasons. For example, total and female SSB show 



Final Consolidated Report               Task 1 

 121 

very similar time trends, despite a skewed sex ratio towards a female dominance in older age groups due to the 

fact that age-groups 5+ contribute on average less than 10% of the stock biomass. This insensitivity is a result of 

relatively high natural mortality rates (Köster et al., 2001a) and flat-top growth curves (see Task 1.4). Thus, 

application of combined maturity ogives biases estimates of the reproductive potential only to a limited degree. 

On the other hand, this high proportion of young fish dominating the stock structure implies that fluctuations in in 

the proportion mature at age 1 and 2 may be of considerably more importance. From the available annual 

maturity data of sprat in Sub-division 25, a high variability in the proportion being sexually mature is obvious for 

sprat up to 11 cm length with an extremely early maturation in 1980 and a late in 1987, the latter being the last 

severe ice winter in the Baltic. In terms of variability in age-specific proportions, this translates only into a high 

variability in age group 1, while age group 2 is in general to more than 90% mature, with the exception of again 

1987. Utilizing these yearly maturity ogives to calculate the spawning stock results in pronounced deviations 

compared to estimates based on the standard average maturity ogive invariate over time (ICES, 2002). In 

summary, our results indicate that this standard procedure of using constant maturity ogives may introduce a 

considerable error in the estimation of the spawning stock biomass, however, less severe than in the case of cod 

where in general more than one age group show a high variability in sexual maturation success. 

Significant year to year changes as well as longer-term trends in weight at age are frequently observed for small 

pelagic fish. A dramatic example with severe socio-economic consequences is the Baltic herring (Raid and 

Lankov, 1995, Cardinale and Arrhenius, 2000), which showed a decline in weight at age by more than 50% in all 

age-groups since the beginning of the 1980’s (ICES, 2000). We observed a similar decrease for Baltic sprat, 

only starting later, i.e. from early 1990’s to 1998 with indications of a reverse trend in most recent years. For 

herring, three different hypothesis have been put forward for explanation. First of all, a decrease in size specific 

predation by cod is apparent (Beyer and Lassen, 1994), which will primarily provide a relief to the smallest 

herring of an age group, being more vulnerable to predation by cod than larger ones. Secondly, as the herring 

assessment unit in the Baltic consists of a considerable number of sub-stocks with different growth rates (e.g. 

Ojaveer, 1989), a shift in dominance of these different sub-stocks has been suggested (Sparholt, 1994). Thirdly, 

a shortage of food supply, accelerated by increasing competition with the rapidly increasing sprat stock was 

hypothesised (Cardinale and Arrhenius, 2000). For sprat the explanation is more easy than for herring, as the 

decline in weight at age started at a low predator abundance and additionally the suitability of sprat as prey of 

cod does not change very much with age (ICES, 1997b). Furthermore, there exist no such clearly distinct sub-

stocks of sprat in the Baltic and those which could be separated (Ojaveer, 1989) show relatively similar growth 

changes. With respect to the third hypothesis, sprat weight at age was significantly correlated to the food 

availability per clupeid as well as daily rations estimated from stomach content data, stomach evacuation rates 

and daily feeding periods (for methodology see Möllmann and Köster, 1999). 

 

Histological validation of macroscopic maturity scales  

Cod 

The histological characters used to judge ovarian development allowed establishment of unique criteria 

separating the 10 stages of the applied macroscopic scale except Stage II and IX, where ovaries showed the 

same basic oocyte development (Tomkiewicz et al., 2003). These stages were also combined in the original 

scale of Maier, but were kept separate in the revised scale to allow recording of spawning omission. The 

aggregation of stages into 6 phases was based on the relationships between histological characteristics and the 
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reproductive cycle. 

The reliability of staging depended on the time of sampling within the year. The ability to separate Stage II, IX 

and III thereby differentiating females that will contribute to spawning the following season was very low in 

autumn-winter when ripening is just about to start. Staging error was substantially lower in early spring and 

summer, when ovarian development is more progressed. However, a changed stock distribution in relation to 

spawning with reproducing cod in deep areas and non-reproducing fish in more shallow water complicates 

representative sampling of the stock. Sampling in February-March thus is considered optimal for sampling of 

maturity data to estimate spawning stock size  (Burton et al., 1997; Trippel et al., 1997b). The ability to identify 

early ripening stages was however error prone also in early spring as evidenced by the high proportion of 

reclassified Stage IX and ungraded specimens. These ovaries were from larger females (55-91cm) with a grey 

cast that makes them intransparent and early vitellogenesis invisible. A fast and reliable method in case of doubt 

is to analyse oocytes of fresh ovarian tissue spread out in a petri dish using light microscopy, which allows 

identification of different oocyte characters (Kjesbu, 1991). In general, the majority of classified ovaries entered 

an adjacent stage and accordingly the aggregation of stages into reproductive phases reduced the number of 

reclassifications to less than 10 per cent in early spring.  The staging error will, however, be considerably lower 

in practice, because sampling in the present study was not representative, but systematic in the attempt to cover 

all stages and different length groups which implies that ovaries and stages difficult to grade were 

overrepresented.  

The separation between mature and immature specimens has received special attention (e.g. Woodhead and 

Woodhead, 1965; Shirokova, 1977; Holdway and Beamish, 1985; Burton et al., 1997), because this information 

is needed to establish maturity ogives traditionally applied in analytical stock assessments to compute spawning 

stock size. Maier (1908) assumed that resting and virgin specimens of Stage II will spawn in the following 

season, but while this interpretation likely is to be valid in autumn and winter, it is not in spring prior to spawning. 

Thurow (1970) excludes Stage II from stages reproducing within the present year, which adjust the interpretation 

to the calendar year as used in assessment. This interpretation implies that maturity ogives established on basis 

of the Maier scale exclude resting specimen as well as immature specimens. It seems reasonable to exclude 

resting females and specimens with ovarian malfunction from calculation of the spawning stock size. A spawner 

probability function defined as the proportion of ripening and ripe specimens (Stage III-VI) at size or age in the 

stock prior to spawning seems preferable to a maturity ogive, because it integrates biological aspects influencing 

population fecundity.  

The revised macroscopic femle maturity scale followed the structure of the histological scale. The macroscopic 

criteria applied photographs of the most characteristic ovaries within stages to identify and improve criteria 

separating stages assisted by the gonadosomatic index and female length while the large variation in 

hepatosomatic index and Fulton’s condition factor rendered these indices too imprecise to be useful as stage 

descriptors. Even though a similar evaluation was not planned for males, sampling has been conducted 

simoultaneously with the female sampling. Due to the changed interpretation of the female stage V, experiments 

were requiered to explore whether the male stage V also was ripe and a spawning stage. As this was found to 

be the case the female and male stages are considered to reflect steps in the gonadal development in a similar 

way. An attempt was made to improve the description also for males by selecting photographs of stage 

characteristic males based on the macroscopic criteria of the Maier scale modified to include 10 stages as for 

the females. The photographs and revised stage descriptions were used to elaborate an illustrated manual with 
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the purpose to improve the quality of maturity data on Baltic cod and thereby the basis for estimation of 

spawning stock biomass and reproductive potential. A plastic laminated version of the manual is focused on its 

practical application onboard research vessels. 

Considering that the scale of Maier was developed one century ago and not specifically for cod, the accordance 

between stages and morphological changes in ovaries was remarkably good. The stage description and 

interpretation was improved, but the stage identification and separation was found to be valid. This implies that 

archived data and existing databases could be considered reliable with a potential combination also with future 

data. The fine grading of the modified Maier scale has been an advantage in study on the timing of spawning 

allowing detailed recording of seasonal occurrence of different reproductive stages.  

 

Sprat 

A histological investigation of the sprat reproductive cycle for was carried for both females and males. The 

characteristics of gametogenesis was compared with the gonadal maturation and spawning characteristics and 

used validate a maturity scale used to determine maturity stages of sprat in the Baltic (Alekseeva and Aleseev, 

2002). The maturity scale has been implemented in the course of the project. Similar to cod, the histological 

work for sprat largely confirmed the stage separation applied in the macroscopic maturity scale. In contradiction 

to cod, sprat is an indeterminate spawner with asynchronous oocyte development. The histological criteria and 

the validated maturity scale consider the periods or cyclic maturation pattern for sprat.  

The degree of detail of a female maturity scale needed depends on the specific purpose of an investigation. The 

separation of ripening ovaries (stage III) into 2 sub-stages: III a and III b is important, if the purpose of the study 

is to differentiate females close to spawning from females just starting ripening (e.g. to investigate the 

asynchrony in onset of spawning including potential size or age dependence). For description of the individual 

reproductive cycle and to identify different phases in the spawning progression (beginning, active spawning, 

peak spawning, spawning cessation) it is useful to differentiate stages IV and VI-IV. Stage IV-V (hydration to 

before ovulation) should be recorded separately when 1) examining daily rhythm of ripening and spawning, i.e. 

intervals between batches, and 2) sampling ovaries for assessment of batch fecundity and portion of females 

spawning per 24-hour period. The assessment of batch fecundity is established by the applying method of 

estimating fish with hydrated ovaries.  

The number of stages and sub-stages complicates the scale but the developmental variations accounted for by 

the sub-stages consider methodological differences in the application of such scales. For example, the daily egg 

production method to estimate stock sizes is frequently applied to small pelagic fish species and requires a fine 

resolution of the spawning stages to estimate the spawning frequency and batch fecundity. If, however, one of 

the issues relevant to stock assessment is to estimate the reproductively active proportion of the stock, a 

simplified macroscopic scale would be sufficient. The histological criteria developed here for sprat allowed to 

validate the fine resolution macroscopic scale as well as to develop a low resolution scale that though not 

allowing fine resolution of the spawning stages, enabled reliable estimation of the proportion of mature 

individuals. 

 

Timing of spawning 

Cod 

The analysis of maturation processes and timing of cod spawning in the Bornholm Basin has provided 
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knowledge about sex and size specific reproductive patterns of cod. The accuracy increases when data are 

aggregated into reproductive phases with relatively limited overlap between the phase preceding and proceeding 

a given phase. The fine grading of the applied scale has been fortunate with respect to the redefinition of Stage II 

and V, which has not affected the applicability of existing data. The redefinition of the female stage V from being 

the last ripening stage to the first spawning stage led to a higher degree of agreement between the observed 

timing of female spawning and the observed seasonal egg abundance. The considerable time lag between the 

occurrence of the male and female stage V required an evaluation of the male stage V to ascertain that a 

reclassification of the male stage V as a spawning stage was valid. A histological analysis of the male 

reproductive cycle was not planned and might also not accurately assess whether the males are capable of 

fertilising ripe eggs. Therefore, a pilot study on the fertilisation success of Stage V males compared to Stage VI 

males was carried out in 2001. The similar fertilisation success for the two stages ascertained that the stage V 

males are ripe and that this stage is comparable to the female Stage V.   

The stage V thus marks the onset of spawning and as the duration of Stage IV was quite similar for males and 

females, it appears to be the duration of the early ripening stage (III) that differ and causes the later onset of 

female spawning. The stage III is characterised by recruitment of the oocytes that should be spawned in the 

following spawning season. Females in Stage III were present already in samples from the 4th quarter of the 

preceding year and 1st quarter of the year in which spawning would take place in summer. The histological 

examination confirmed this finding and even revealed that the proportion of samples in stage III even is likely to 

be underestimated as specimens in the earliest part of stage III (appearance of cortical alveoli) are difficult to 

identify by visual inspection. The fecundity analyses presented in Sub-task 1.4 identify variability in relative food 

availability in 4th quarter of the preceding year of a given spawning season to be the main factor determining the 

potential relative fecundity (Kraus et al., 2002). This time of the year corresponds to the occurrence of stage III, 

which thus seems to be critical both to fecundity and timing of spawning. The shift in timing of spawning to later 

months of the year (Wieland et al., 2000b), however, seems not to be caused by low food availability as both 

Fulton’s K and the liver index, IH, are high compared with other cod stocks and increase early in the ripening 

process. The decrease in condition mainly occurred during the individual spawning period where also food 

intake is reduced (Sub-task 1.1) and reached the lowest level in the spent stage. This pattern differ from other 

studies of cod, e.g. St. Lawrence cod in which a substantial decrease in condition from prespawning to spawning 

has been observed (e.g. Lambert and Dutil, 2000). However, in experiments with captive cod, Hemre et al. 

(1995) did not find any decrease in liver size or lipid content during the build up of gonads, indicating no net use 

of stored liver energy, as long as the fish were offered sufficient food. The trend in IH combined with the general 

high level of both K and IH probably reflects that Baltic cod at present is not food limited, which agrees with a very 

high clupeid prey abundance relative to cod stock size (Köster et al., 2001b). The seasonal variation in 

hepatosomatic index was higher in earlier decades, where also relative food availability was lower (Sub-task 1.4)   

The progression of stage III into stage IV in February-March in combination with a very low proportion in 

spawning condition confirms that this time of the year is optimal for sampling data to estimate maturity ogives 

and the spawning stock size (Bleil and Oeberst, 1997; Tomkiewicz et al., 1997; 2003). Migration to the spawning 

areas in the deep basins is not pronounced, as indicated by the relatively even sex ratio in the population. In 

April and the following months the skewed sex ratios in the spawning area clearly demonstrates the 

redistribution of the stock with the ripe males appearing early than females. The disappearance of specimens in 

the preparatory stage from April to August should not be perceived as an indication of that all specimens in this 
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stage enter maturing stages. This stage occurs throughout the year in the more shallow areas outside the 

spawning area, which were not covered during the April to August surveys. The maturity ogive and sex ratio 

database established with the CORE project and this project based primarily on data from the Baltic International 

Trawl Surveys conducted in February and March thus seems to be sampled at the optimal time of the year. 

The findings that males reached spawning condition earlier than females and spawned over a greater length of 

time agree with previous investigations of this stock (Berner, 1985; Bleil and Oeberst, 1997) and the observed 

pattern in other cod stocks (e.g. Hutchings and Myers, 1993; Kjesbu et al., 1996; Thorsteinsson and 

Marteinsdottir, 1998). Peak spawning time of males was observed in June-July and in July for females, which 

agreed with peak spawning dates in the Bornholm Basin derived from cod egg abundance estimates obtained 

from ichthyoplankton sampling. The time of the onset and the duration of the spawning phase differed between 

length groups of females and to a lesser extend also between male length groups with the larger fish maturing 

earlier and having a more extended spawning season. The increased fecundity with size and larger number of 

egg batches to be spawned by females might explain the longer duration of the spawning period. The time of 

peak spawning, however, did not differ substantially within size groups independent of sex. These preliminary 

results tend not to support the hypothesis that a change in the stock structure towards a higher proportion of 

younger females should contribute significantly to the change in time of peak spawning to later in the year during 

the last decade (Wieland et al., 2000b). Spawning ceased concurrently for both sexes in the early part of August. 

However, the abrupt decline of spawning might to some extent be due to the unbalanced data with the late 

spawning season only being covered in 1995. Extending the analysis with data from 1998 and 1999 will improve 

the description of the late spawning period is likely to smooth the decent of the function, but like the results for 

sprat the curve for spawner prevalence seems not to follow a normal distribution. 

The spawning time of cod is relatively late the year than for most other Northwest Atlantic cod stocks (Brander, 

1994). As stock assessment traditionally uses the stock size at the beginning of calendar year as basis of the 

calculation of SSB, the SSB would be overestimated if the fishing mortality prior to and during the spawning 

season were not considered. The established cod FSSB and potential egg production time series were thus 

adjusted to the peak spawning time. The catches occurring in the 1st and 2nd quarter were very high in the early 

part of the time series and the changes in the fishing effort over time also influence the estimates of spawning 

stock biomass.  The female and male spawning stock biomass were calculated using the maturity ogives and 

sex ratios derived from the February-March surveys, but in reality the fishing mortality of the two sexes might 

differ. The changed distribution of the adult stock with aggregation of males in the spawning areas during 

prespawning time might cause a high male fishing mortality in these areas that would result in shorter life span 

for males then for females.  

 

Sprat 

The investigation of the reproductive biology of sprat including the annual reproductive cycle has been the 

subject of research since many years and various stocks have been investigated (Heidrich, 1925; Petrova, 1960; 

De Silva, 1973; Alheit, 1988; Torstensen, 1998). In the study of the timing, duration and spawning frequency of 

Baltic sprat in 1999, consistent data were only available for the major spawning period from April to August. To 

determine the starting point of the spawning season samples from commercial fisheries have been included in 

the analysis. The the latter data however did not fit pfs data from survey carried out in January to Marchas they 

tended to increase faster (Fig. 1.2.30). The data from commercial catches might biased towards larger 
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individuals (e.g. due to gear selectivity or selective fisheries in spawning areas). As larger sprat start spawning 

earlier in a season than smaller ones (Torstensen, 1998), this would overestimate pfs determined from 

commercial data.  

The determination of the spawning frequency and, hence, the spawning interval clearly revealed that that this 

type of analysis should only be performed during the main spawning season when spawning aggregations with a 

regular spawning pattern have established. The spawning frequency of 85 % in April concurrent with only 21 % 

of the females in being in spawning condition was unreliable and excluded from the analysis. Sampling in the 

months May, June and July were characterised by more than 60 % of the females in spawning condition 

provided stable values for estimating the spawning frequency. The average spawning frequency was 27 % 

lwhich lead to an estimate of an approximate spawning interval of four days for Baltic sprat. 

A prolonged spawning season lasting from early spring to mid summer has been described for many sprat 

stocks including Baltic (Heidrich, 1925; Graumann, 1980; Müller et al., 1990), North Sea (Wahl and Alheit, 1988; 

George and Alheit, 1987) and west of Scotland (De Silva, 1973) stocks. Most investigations of variations in the 

onset and duration of the spawning season have been based on abundance estimates of eggs and larvae from 

ichthyoplankton surveys (Wahl and Alheit, 1988; Graumann, 1980). The two different approaches used in this 

study agreed reasonably well confirming the peak spawning time estimated from the ichthyoplankton data. For 

multiple batch spawners the duration of the individual spawning period increases with fish size (Hunter and 

Macewicz, 1985) due to, inter alia, an increase in the number of batches and time interval between batches 

(Trippel et al., 1997). No investigations of the course and intensity of spawning could be performed within the 

spatial and temporal analysis. All three Sub-divisions were only covered by one cruise during peak spawning 

time in 1999 and historic data were restricted to April. Nevertheless, these analysis were, for the first time, able 

to show marked differences in the timing of spawning between the Bornholm/Gdansk Basin and the Gotland 

Basin with delayed spawning activities of sprat in the latter. Both southern and the northern area show 

pronounced differences in the temperature regime (ICES, 1999b), with the Gotland Basin characterised by in 

general colder water temperatures. Furthermore, the severity of the winter influenced the timing of sprat 

spawning, with a delay at unusually cold temperatures in the intermediate water layer. 

 

1.3 Examine the viability of sex products spawned in the various spawning areas in 
relation to parental age/size, condition and contamination by toxic substances 

Introduction 

Viability of sex products in relation to male and female age/size and condition 

Egg quality, or the ability of a female to produce viable offspring, has been in focus lately in explaining stock 

recruitment relationships (Rijnsdorp et al., 1991; MacKenzie et al., 1996). Both changes in age composition and 

condition of spawners, and the relative abundance of a year-class have been put forward in explaining 

recruitment variability (Kjørsvik, 1994; Solemdal et al., 1995; Marteinsdottir and Steinarsson, 1998). This may be 

of particular importance for a declining stock due to heavy exploitation (e.g. Daan, 1994; Schopka, 1994) as for 

the Baltic cod. Hence, including maternal effects on variability in egg quality and estimation of the viable egg 

production may improve stock recruitment relationships. A number of investigations on different species, 

including cod, suggest that viability of eggs and larvae is positively related to egg size (e.g. Solemdal et al., 1995; 
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Kjesbu et al., 1996; Marteinsdottir and Steinarsson, 1998; Trippel et al., 1997), and that egg size vary according 

to female age/size and condition as well as spawning experience. 

Within the CORE project a relationship between egg size and female size for Baltic cod was established. 

Further, a positive relationship between egg size and larval size and survival during the yolk sac stage, as well 

as between egg size and egg buoyancy, was found (Nissling et al., 1998; Vallin and Nissling, 2000). This implies 

higher egg and larval survival for offspring originating from large eggs and thus a higher relative importance of 

older females for recruitment of Baltic cod. Results obtained within the project indicated a significant relationship 

between female condition and egg size within age groups, i.e. suggested higher opportunities for egg and larval 

survival for eggs from well fed females. 

Potential paternal effects for the spawning success have been less studied. In the Baltic, marine teleosts have to 

cope with low saline brackish water influencing both fertilisation success and egg development (Solemdal, 1970; 

Westin and Nissling, 1991). Although Baltic cod is adapted to low saline conditions for spawning through 

selection (Nissling and Westin, 1997) fertilisation and thus spawning success may differ between both spawning 

areas and years due to different hydrographic conditions. A minimum salinity of 11 psu is required for activation 

of spermatozoa and thus successful fertilisation (Westin and Nissling, 1991). Project results suggested that 

fertilisation capacity/success varies with salinity, changes during the spawning period and differs among males.  

With respect to the Baltic sprat stock, during the last decades considerable changes both in terms of size, 

composition (age and growth) and distribution were observed (ICES, 2000). As a number of year classes above 

average were produced during the 1990s, the stock has reached historically high levels accompanied with a 

decrease in growth conditions (Raid and Lankov, 1995; ICES, 2000; Casini et al., 2002b). Hence, including 

maternal effects on variability in egg quality and estimation of the viable egg production in sprat may also 

improve stock recruitment relationships. As not not only indicated for cod from present results but also from a 

number of other investigations on different species, the viability of eggs and larvae is positively related to egg 

size (e.g. investigations on cod; Solemdal et al., 1995; Kjesbu et al., 1996; Marteinsdottir and Steinarsson, 1998; 

Trippel et al., 1997), and egg size may vary according to female age/size and condition as well as spawning 

experience. Further, for fishes with pelagic eggs, including sprat, egg buoyancy, determining vertical egg 

distribution and thus environmental conditions for egg development has been identified as a major impact factor 

influencing egg survival (e.g. Nissling et al., 1994; 2002). Results obtained during the project revealed a 

significant relationship between the specific gravity and the size of the egg for Baltic sprat suggesting that egg 

size influence the vertical distribution of eggs and thus opportunities for egg survival.  

 

Contamination of sex products by toxicants 

During the past two decades, different types of reproductive disturbances, including inadequate ovary 

maturation, low fecundity and early life stage mortality, have been demonstrated for a number of fish species in 

the Baltic Sea, including cod (Westernhagen et al., 1988, Åkerman et al., 1996, Åkerman and Balk, 1998). From 

various studies in the North Sea it is suggested that larval deformities and increased mortality in pelagic eggs of 

plaice, flounder and whiting and demersal eggs of herring are caused by chloro-organics like DDTs, PCBs, and 

other persistent bioaccumulative compounds (Hansen et al., 1985, Cameron et al., 1986). Investigations 

performed on the Baltic cod have shown that the reproductive success was seriously impaired as a result of high 

mortality of the eggs and embryos. Elevated levels of DNA adducts were found in the cod offspring before 

feeding, indicating a maternal transfer of xenobiotics (Ericson et al., 1996).  
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This project module aimed at assessing links between the viability of eggs and larvae from Baltic cod and the 

concentrations of some major organo-chlorines analysed in the ovaries of females. In order to evaluate potential 

effects of toxicants in the ovaries of parental fish, eggs from running ripe female cod from the Bornholm Basin 

were stripped, artificially inseminated and incubated in Baltic seawater. Hepatic enzymatic activity of 7-

ethoxyresorufin O-deethylase (EROD) and acetyl cholinesterase (AChE) activity in muscle tissue were used as 

biomarkers of a biochemical effect of contaminants in the mother fish. In addition, contaminant levels (organo-

chlorines) in ovaries and testis were assessed as well as the activities of EROD and AchE in males. Viable 

hatching, survival after hatch, growth within the first ten days after hatch were the basic effect parameters 

applied on yolk sac larvae. 

Studies performed on early life stages of fish (cod, herring, turbot and zebra fish) have shown that Lethal Body 

Burdens (LBB) for lipophilic narcotic chemicals were reached at 0.9-4.35 mmol/kg wet weight (Petersen, 1997). 

If, however fish are already exposed to toxicants, only a low additional accumulation is likely to be needed before 

a toxic effect is expressed (van Wezel et al., 1996). Ths approach, known as a challenge test, was additionally 

used as a tool for examining whether cod larvae obtained from individual females have different intrinsic 

sensitivities towards a single known toxicant. A higher intrinsic sensitivity in the different larvae batches could 

indicate either a prenatal damage or a mother-to-young transfer of toxicants that causes initially higher body 

burdens of toxicants in the eggs/larvae when they are spawned. As it is impossible to determine all potentially 

harmful environmental toxicants by chemical measurements, the approach opens the possibility indirectly to 

compare the toxicant loading in the larvae from the different females.  

The enzyme activities of EROD and AChE also measured in mature male cod were applied in order to estimate 

the influence of sex on these two biomarkers. 

 

Material and methods 

Viability of sex products in relation to male and female age/size and condition 

1) Cod 

Cod caught by trawling in ICES SD 26-28 were transported to the Ar laboratory, Gotland and were kept in indoor 

plastic pens (12 m3 water) provided with running sea water at ambient salinity and temperature conditions (6.5-7 

psu; 4-11 °C). All fish were individually marked and divided into two groups maintained at different food levels 

(fed every second day and every fourth day respectively). Approaching the spawning season the spawning state 

of the fish was checked twice a week by stripping. At the onset of spawning, ripe males and females were 

transferred to smaller tanks (3 m3) with the same conditions as given above. 

Eggs for the experiments were obtained by stripping and semen was collected using a dry Pasteur-pipette as 

described in Nissling and Westin (1997). Females were stripped regularly (approximately 3-4 days between 

batches (Kjesbu, 1989)) but only early batches (batch 1-4) were used in experiments to ensure high quality eggs 

and high fertilisation (e.g. Solemdal et al., 1995). Semen for experiments was collected from the beginning of the 

spawning period in mid March until mid July (in mid July it was not possible to obtain good quality egg batches 

and for most males semen production had ceased). Water of different salinities was prepared from filtered (0.2µ 

cartridge filter) seawater (6.5-7psu) and synthetic sea salt (hw Marinemix). Length, to the nearest 0.5 cm, and 

weight, to the nearest g, were measured at start of spawning (running eggs/semen). If death occurred during the 

study and when fish were sacrificed at the end of the study, mid July for males and after 3-4 egg batches for 
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females, measurements included length, total-, gutted-, liver- and gonad weight as well as sampling of otoliths.  

 

Paternal effects 

Spermatozoa motility and density 

Spermatozoa motility was studied at two salinities, 12 and 15 psu, at 7 °C under microscope at 250X 

magnification using a nominal scale; swimming, vibrating and immobile. One droplet of semen was diluted in 

approximately 5 ml of water and observation made immediately as described in Nissling and Westin (1997). If 

swimming spermatozoa were registered, the time until progressive swimming ceased was measured to the 

nearest 15s. Measurements were conducted between 2-5 times for respective male during the spawning period. 

15 out of 27 males were followed throughout the entire period.  

As shown by Rakitin et al. (1999) measurement of spermatocrit provide a good estimation of sperm density in 

cod. 1.50 ml of fresh semen was centrifuged for 30 minutes, the supernatant measured to the nearest 0.01 ml, 

and spermatocrit calculated as the percentage of fresh semen. 16 males were used and spermatocrit assessed 

2-5 times for each male during the spawning period. 

 

Fertilisation success 

Fertilisation success at different salinities (11, 12, 13 and 15 psu) was measured by mixing eggs and semen 

artificially at 7 °C as described in Nissling and Westin (1997). One droplet of fresh semen was mixed with 100 ml 

water, corresponding to a dilution of 1:2000 ensuring spermatozoa initiation (see Billard and Cosson, 1992; 

freshwater teleosts), of respective salinity and a spoonful (approximately 1000 eggs) of eggs was added 

immediately. About 2h after fertilisation the eggs were rinsed in water and incubated further in water at 

respective salinity at 7 °C. A sub-sample of eggs was collected 15-20h after fertilisation and the number of 

fertilised eggs counted. Eggs displaying cell cleavages were considered fertilised as opposed to activated eggs, 

i.e. eggs with one germinal cell (see Howell et al., 1991), and eggs without cells. Only clear/transparent eggs 

were considered, i.e. no dimpled or over-ripen eggs belonging to earlier batches, or damaged during handling 

were included. In total 17 males were used (three occasions, i.e. eggs from three different females). 

 

Hatching success 

Eggs were obtained by stripping with subsequent artificial fertilisation at 17 psu as described above with sub 

samples of eggs from one female fertilised with semen from different males. 15h after fertilisation 2 x 150 

fertilised eggs were sampled and incubated at 7 °C, as described in Nissling et al. (1998). Dead eggs were 

counted and removed, and 2/3 of the water exchanged daily by siphoning off water from the bottom of the 

beaker. When hatching was completed (13-14 days) egg survival was assessed by counting the total number of 

hatched larvae (total hatch) and the number of larvae with normal swimming functions, i.e. viable hatch. Two 

trials were conducted with two different females; in the first 4 and in the second 9 males were used. 

 

Maternal effects 

Egg size and female condition 

Stripped eggs from early batches (1-3) were fertilised using 3 males, and incubated at 17 psu and 7 °C in 

beakers as described above. The following day, i.e. at stage 6-8 (Fridgeirsson, 1978), egg diameter was 

measured under a stereo-microscope at 50X magnification using a micrometer scale and egg specific gravity 
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assessed in a density gradient column (Vallin and Nissling, 2000). Female condition, Fulton´s K and hepato-

somatic index (HSI), was assessed at start of spawning and when sacrificed after 3-4 egg batches respectively. 

During the project period measurements were performed on 65 females including 3 different age groups (8 2-

year old, 49 3-year old and 8 4-year old females). 

 

Implications for recruitment relationships 

Based on data on egg size and female length from the CORE project together with literature data on fecundity 

(Bleil and Oberst, 1996; Kraus, 1997), batch fecundity and batch effects on egg size (Kjesbu et al., 1996; 

Marteinsdottir and Steinarsson, 1998; Trippel, 1998) and age at length (ICES, 1994), a female age-and batch 

specific egg production model was established, showing egg size and egg buoyancy and number of eggs 

produced per batch for ages 2-8+ (CORE 1998; Vallin and Nissling, submitted). Using this model together with 

data on maturity ogives obtained under CORE, an assumed sex ratio of 50:50, and assessment data from ICES 

concerning stock size of different age groups as well as recruitment at age 2 (ICES, 1997a), the relative 

importance of eggs produced by age 5+ females for recruitment was analysed for the period 1967-1994. Using 

the data presented in Tab. 1.3.1 as input the following relationships were used: 

Female weight (g) in relation to length (cm):  

 

(1) 151.81 • 100.019842 • L   

 

Length at age (L) derived by data from Anon (1994) where the age measurements were performed on fish 

caught during the period July to September (peak spawning time): 

 

(2)         L = lg age (years) / 0.93 • 0.0115 

 

Initial egg size (Ies) (mm):  

 

(3)         Ies = 1.3773 + (3.9309 • 10-3 • L) 

 

Batch specific egg size (Bes) (mm) for recruit- and repeat-spawners respectively: 

 

(4)         Besrec = Ies • Bf(1-15)   (recruit-spawners) 

             Besrep = Ies • Bf(1-20)   (repeat-spawners) 

 

Combining (2) and (4) gives age- and batch-specific egg size (ABes): 

 

(5)        ABes(1-8+) = 1.3773 + (3.9309 • 10x-3 • L) • Bf(1-n) 

 

Salinity of initial neutral egg buoyancy (Ieb) (psu):  

 

(6) Ieb = 34.776 - (12.783 • Ies)  
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Batch specific salinity of neutral egg buoyancy (Beb) (psu): 

 

(7) Bebrec = 34.776 - (12.783 • Besrec)  

 

Age- and batch-specific salinity of neutral egg buoyancy (ABeb): 

 

(8)       Beb(1-8+) = 34.776 - [12.783 • [1.3773 + (3.9309 • 10-3 • L)]] • Bf(1-n)  

 

Potential fecundity (F):  

 

(9)       F = 740.59 • W 1.0164   (Kraus, 1997) 

 

As put forward in Jarre-Teichman et al. (2000), the time series for Baltic cod recruitment between 1966-94 may 

be split into two periods, 1966-80 and 1981-94, respectively, due to an observed shift in the reproductive volume 

from 1980 and onwards. Accordingly, the relative importance of age 5+ fish for recruitment was analysed using 

these periods. 

 

2 ) Sprat 

During shipboard experiments in year 2000 spawning sprat were caught by trawling during two surveys; in Sub-

div. 25 (April) and in Sub-div. 25, 26 and 28 (May-June). Eggs and semen were obtained by stripping, eggs 

fertilised artificially and incubated until the following day. Egg specific gravity and egg diameter, determining the 

vertical egg distribution and thus egg survival probabilities, were assessed. Egg specific gravity was determined 

using a density gradient column (Coombs, 1981) with 10-15 eggs in each determination, and egg size measured 

under a stereomicroscope at 50x magnification after preservation in neutral 4% formaldehyde. Egg 

characteristics were evaluated in relation to female length (0.1 cm), weight (0.1 g) and age (otolith readings). In 

total eggs from 53 different females were used; 29 from the Bornholm basin, 13 from the Gdansk deep and 11 

from the Gotland basin.  

 

Contamination of sex products by toxicants 

Running-ripe mature cod were caught by use of an EXPO trawl in the Bornholm Basin in July 1999 on a cruise 

with RV DANA, and during two cruises in July and August 2000 with RV ALKOR. For comparison of enzyme 

activity and contaminant levels, also 24 mature male cod were sampled in 1999 and 17 in 2000 from the same 

hauls. In 2000, attempts were also made in the Gdansk Deep, but no spawning cod were found there. Ripe 

females and males were stripped of eggs and sperm, respectively, and the eggs were fertilised with sperm from 

2-4 males as described by Westin and Nissling (1991). All fish used were age-determined, and total length, total 

weight, gutted weight as well as liver and ovary weight were measured. Samples of ovary, liver and muscle 

tissues were taken from females and males for organo-chlorine analysis, EROD and AChE activity 

measurements, respectively, and stored in liquid nitrogen. Particularly for enzyme analysis, the cruises 

mentioned and an additional cruise in November 2000 (RV Solea) were also used to sample male and female 

cod in order to test for seasonal and sex differences. 
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Incubation experiments / hatching, viable hatch 

After fertilisation, eggs from individual females were incubated in Baltic seawater at 7°C and a salinity of 15 PSU 

(which allows live fertilised eggs to float while dead and unfertilised eggs sink). The incubation water was 

prepared from filtered seawater taken from the Bornholm Basin at a depth of approx. 65 m. The incubation water 

was treated with antibiotics (Nystatin 2 ml/l; Streptomycin 2 ml/l; Doltacillin 1 ml/l). Two replicates of each 150 

eggs from each female were incubated in 500 ml of water at 7°C until hatching (up to 15 days). After hatching, 

viable larvae from each female were transferred to two replicates each containing 20 larvae. The water was 

renewed daily throughout the incubation period. Newly fertilised eggs were incubated in climate rooms on board 

the research vessel. After the end of the cruise, eggs and hatched larvae were transported to climate rooms at 

VKI or IfM, where survival and growth were recorded until day 10 post hatching. Dry weight determinations were 

performed on 5 samplings of each 10 larvae on approx. 5 days old post hatch larvae. A lipid concentration of 

13.3% (Petersen, 1997, Rainuzzo et al., 1992) of the dry weight was used for estimating the lipid contents of the 

larvae. 

 

Challenge tests 

Challenge tests were performed on all 32 egg batches. The tests were started with 5 to 6 days post hatch larvae. 

The experiments were run for 2 to 4 days, dependent on the survival time of the larvae. Radiolabelled [4,5,9,10-
14C] pyrene was obtained from Sigma Radiochemical, St. Louis (USA) and analytical grade pyrene (>96%) 

obtained from Sigma. Stock solutions of radio labelled (2µCi/ml) and non-labelled chemicals were prepared in 

acetone. The test solutions were achieved by mixing radiolabelled and non-labelled substance to obtain a 14C 

activity of about 1.1·105 DPM/l of test solution. Exposures were performed with one lethal concentration (135 

µg/l). The acetone concentration in the test solutions did not exceed 119 µg/l. Concurrent control experiments 

with acetone (119 µg/l) were performed together with controls without any toxicant added. Thirty larvae from 

each batch were placed in glass beakers (1000 ml) and exposed until death of the larvae occurred. Each beaker 

was covered with a glass lid in order to minimise volatilisation. A semi-static test system was used, e.g., the test 

solutions were renewed every 24h. Temperature, O2 concentration and pH were measured daily in parallel test 

beakers prior to the observations of mortality and malformations. Every 24h, samples of old and freshly prepared 

test solutions, respectively, were withdrawn from each beaker. The actual concentrations of the radiolabelled 

chemicals were determined by mixing a 10 ml sample with 10 ml of scintillation cocktail (Insta-gel Plus, Packard) 

in 20 ml vials. The 14C-activity was determined by liquid scintillation counting. The test beakers were checked for 

dead larvae several times daily. Dead larvae, identified by failure to react to the stimulus of being touched with 

the end of a Pasteur pipette, were removed from the beakers and analysed for content of test substance (Lethal 

Body Burden). The larvae were rinsed by successive transfer to beakers containing water free of test substance 

in order to remove radioactivity adhering to the surface of the larvae. After rinsing, the larvae were transferred to 

glass vials with 100 µl tissue solubilizer (Packard). After 30 min at room temperature, 10 ml Ultima Gold LSC 

cocktail were added and the radioactivity in the larvae was determined by liquid scintillation counting.  

 

Organo-chlorine analysis 

Content of the major organo-chlorine substances (PCB congeners 52, 101, 105, 118, 138, 149, 153 and 180, 

o,p´- and p,p´-DDT, DDE and DDD, dieldrin) were measured in the ovaries of the running-ripe females and in the 

testis or liver of males. Sample extraction and clean-up was carried out as described in Schneider (1982). The 
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gas-chromatographic analysis of the tissues was performed as described in Petersen et al. (1997). The 

analytical quality was repeatedly checked by reference materials and by frequent participation in QUASIMEME 

Laboratory Performance Studies. 

 

Enzyme activity measurements 

Activity of the 7-ethoxyresorufin O-deethylase (EROD) was measured in liver microsomes, which were obtained 

as described in Beyer et al. (1996). The enzymatic activity was measured according to ICES TIMES No. 23 

(Stagg and McIntosh, 1998) after 5-min incubation at 30°C in 1 ml of a reaction mixture. Reaction was stopped 

by the addition of 2 ml of cold acetone. Determination of acetyl cholinesterase (AChE) activity was conducted 

according to ICES TIMES No. 22 (Bocquené and Galgani, 1998). The analytical quality of enzyme activity 

measurements was controlled in a BEEP training and intercomparison workshop on acetyl cholinesterase and 

ethoxyresorufin-O-deethylase measurements, Nantes, February 2001. 

 

Results 

Viability of sex products in relation to male and female age/size and condition 

1) Cod 

Paternal effects 

Fertilisation success at different salinities 

Fertilisation rate differed significantly between salinities with an increase in fertilisation success from 11 to 15 psu 

(Fig. 1.3.1). Fertilisation success at low salinities was both more variable and lower compared to at 15 psu; 

ranged between 0 and 86.0% among males at 11 psu, and between 85.0 and 93.3% at 15 psu. The percentage 

of fertilised eggs averaged 38.6±29.0, 72.0±19.5, 83.5±9.0 and 88.9±6.9 at 11, 12, 13 and 15 psu respectively 

implying that fertilisation success may differ according to hydrographic conditions. 

 

Fertilisation success in relation to spermatozoa motility and density 

As a first step of this analysis the hypothesis; high spermatozoa activity and/or sperm concentration result in high 

fertilisation rate, was studied. An association between duration of spermatozoa mobility and fertilisation success 

was found. Assessment of spermatozoa mobility and fertilisation rate of individual males throughout the 

spawning season revealed that fertilisation success varies during the spawning period and indicated an 

association between male condition and fertilisation capacity. During the second field campaign the above was 

tested further. Consistent with the results from the first field campaign no effect of sperm density on fertilisation 

rate was found (df=36, t=1.66, p=0.105 and df=32, t=0.50, p=0.624 for fertilisation at 12 and 15 psu 

respectively), whereas a positive relationship was found between duration of spermatozoa mobility and 

fertilisation (t=3.66, df=33, p<0.001 at 12 psu and t=2.02, df=32, p=0.051 at 15 psu respectively) (Fig.1.3.2) 

(pooled data from 1999 and 2000). As spermatozoa mobility was considerably higher at 15 psu compared to at 

12 psu fertilisation success was significantly higher. For all but one fertilisation experiments sperm mobility was 

>1 minute (in average 5.2±3.7 minutes) resulting in a fertilisation rate of in average 87.5±12.5%. At 12 psu 

spermatozoa mobility averaged 1.2±1.7 minutes resulting in a highly variable fertilisation rate, 0-98%, in average 

40.9±39.1%, suggesting that spawning at 15 psu always yield high fertilisation whereas a significant part of 

spawning occasions at 12 psu may result in poor fertilisation rates. 
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Changes in fertilisation capacity during the spawning season 

To assess the fertilisation capacity over the spawning season spermatozoa mobility and spermatocrit was 

measured 4-5 times during the spawning period for individual males. No trend in sperm density (spermatocrit in 

average 50.4±3.8%) over the spawning period was registered whereas spermatozoa mobility (in average 

1.5±0.7 and 5.8±2.6 minutes at 12 and 15 psu respectively) was lower in both the beginning and the end of the 

spawning period (Tab. 1.3.2). Lower spermatozoa activity early and late in the spawning period suggests in 

accordance with initial project results, that fertilisation success vary during the spawning season being 

significantly lower in both the beginning and end, at least when spawning occurs at low salinities. At 15 psu, in 

average spermatozoa mobility of ≥ 3 minutes throughout the period indicate high fertilisation rates irrespective of 

time during the spawning period. 

Using the relationship between spermatozoa mobility and fertilisation rate described above, and assessment of 

spermatozoa mobility at several times during the spawning period, the share of males with a fertilisation capacity 

resulting in different levels of fertilisation can be illustrated (Fig. 1.3.3). N.B. the discrepancy between calculated 

fertilisation rates from duration of sperm mobility and obtained fertilisation rates, e.g. in Fig. 1.3.1 at 12 psu. As 

discussed below, this may be due to that duration of sperm mobility solely does not explain fertilisation capacity; 

also the number of motile spermatozoa and sperm swimming speed is probably of importance. 

 

Fertilisation capacity in relation to male characteristics 

Analysing fertilisation capacity (assessed as duration of spermatozoa mobility) of individual males in relation to 

male characteristics, pooled data from 1999 and 2000 revealed no relation between spermatozoa mobility and 

condition (Fulton´s condition factor and HSI) but a weak positive relationship with male size. For males followed 

throughout the spawning period (n=21) a relationship between spermatozoa mobility and male length and weight 

was found at both 12 and 15 psu during peak spawning (day 20-40) as well as late in the spawning period (day 

40-60) whereas no relationship occurred at the onset of spawning (first time when running semen was 

registered) (Fig. 1.3.4) (Tab. 1.3.3). This indicates that, consistent with egg quality, the size/age of the fish affects 

the viability of sex products and thus the spawning success. 

 

Maternal effects 

Pooling of all age groups resulted in a significant relationship between egg size and egg buoyancy (df=61, t=-

2.65, p=0.010) showing the importance of egg size for vertical egg distribution and thus egg survival 

probabilities. Consistent with initial results, analyses of the data set concerning female characteristics and egg 

parameters revealed a positive significant relationship between female size and egg size, df=63, t=3.42, 

p=0.0011 and df=63, t=3.35, p=0.0014, for female length and weight respectively (Fig. 1.3.5). No relationship 

was found between egg size and female condition assessed as Fulton´s condition factor and HSI (df=63, t=1.55, 

p=0.126 and df=45, t=-0.648, p=0.520, respectively) for pooled data (Fig. 1.3.6).  

Splitting the data into age groups revealed a significant relationship between egg size and egg buoyancy for 3-

year old fish, df=45, t=-2.35, p=0.023, and further, between size of the female and egg size (df=46, t=2.41, 

p=0.020; length and df=46, t=2.67, p=0.011; weight) whereas no relationship was found between egg size and 

female condition (df=46, t=1.53, p=0.134; Fulton´s condition factor and df=33, t=-0.621, p=0.539; HSI). Due to 

too few measurement of females age 2 (n=8) and 4 years (n=8) no statistical evaluation was possible in these 
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groups.  

 

Recruitment relationship 

Based on the results obtained in CORE and literature data, recruitment at age 2 during the period 1966-1994 

was found to be positively related to the share of eggs produced by age 5+ females (P<0.01, t=3.36, df=13 and 

P<0.05, t=2.19, df=13 for the periods 1967-80 and 1981-94, respectively) (Fig. 1.3.7). This shows that egg 

quality/egg size influence the reproductive output for Baltic cod, i.e. that egg quality aspects and thus age 

structure should be considered in stock recruitment relationships for Baltic cod. 

 

2) Sprat 

First results obtained for sprat within the project revealed a significant relationship between egg size (range 1.19 

- 1.51 mm; preserved eggs) and egg specific gravity (range 1.00614 – 1.01185 g/cm3; t=6.70; df=57; p<0.001), 

i.e. egg size strongly influences vertical distribution and thus opportunities for egg survival. However, an 

evaluation of differences in egg characteristics between spring (April) and summer (May-June) spawners 

revealed a significant difference in egg specific gravity (F3:46=13.82; p<0.001) but not in egg size (F3:46=0.54; 

p=0.567) indicating that other characteristics than egg size also influence egg specific gravity and vertical egg 

distribution.  

As no difference in specific gravity or in diameter of eggs from different spawning areas was found during peak 

spawning in May/June (F2:34=0.602, p=0.553 and F2:34=0.255, p=0.777, respectively) data were pooled. 

Significant relationships were found between female size (length, total weight and gutted weight, respectively) 

and both egg diameter and egg specific gravity (Table 1.3.4). Concerning female condition a significant 

relationship was found between Fulton´s cf and egg diameter but not between female condition and egg specific 

gravity. Also for eggs sampled in April analyses indicated a relationship between female size and diameter as 

well as specific gravity of eggs whereas no relationship was found between female condition and egg 

characteristics (Table 1.3.4). Pooling of all data, i.e. of eggs sampled both early in the season and during peak 

spawning, improved relationships between female size and egg diameter but, as another process than size of 

the egg is involved in changes in egg specific gravity during the season, yielded poorer relationships between 

female size and egg specific gravity (Table 1.3.4). Significant relationships between female parameters and egg 

characteristics suggest that spawned eggs are subjected to different environmental conditions depending on 

female size and/or condition, i.e. that maternal effects involve selective egg survival affecting the viable egg 

production. 

 

Contamination of sex products by toxicants 

In the experiments carried out in 1999, hatching rates varied between 63 and 96%. When hatching was 

achieved, 80 to 100% of the larvae survived. Growth rate within the first ten days ranged from 2.1 to 26.9 % 

(Table 1.3.5). No statistically significant correlations were found when either the contaminant concentrations or 

the EROD and AChE activities were calculated against the effect parameters measured. The correlations 

performed and the r2 values obtained were listed in Schneider et al. (2000). In 2000, hatching rates varied 

between 0 and 90 %, with a mean of 43 %. Of the hatched larvae, 6-95 % survived, with a mean of 38 %. Of 

these initially surviving larvae, 27-100 % were viable (mean 57 %) and 0-74 % had malformations (mean 24 %). 

The daily growth of the larvae varied between 2-6 % per day, with a mean of 4 % (S.D.=1,2 %). These results 
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are detailed in Table 1.3.6. Percentage of viable hatch again did not correlate significantly with the length or the 

condition index (CI) of the female cod (Table 1.3.6). Significant correlations between the ovary burden of PCBs 

or hepatic EROD activity, respectively, and the effect parameters hatching rate (%), survival after hatch (%), 

viable hatch (%) and malformations of larvae (%) were not obtained. As an example, the relation between ovary 

burden of sum PCBs and DDTs, respectively, and viable hatch is shown in Fig. 1.3.8a,b. 

 

Challenge tests 

Our hypothesis was that if the Baltic female cod already suffered from their exposure to toxicants, a lower 

LBB would be obtained compared to the LBB determined in ‘clean’ larvae. The range of LBBs found in this 

study was between 55.6 - 185 mmol pyrene /kg lipid, indicating a difference in the intrinsic sensitivity 

between the different larvae batches. There was no correlation between the contaminants measured in the 

parental fish and the LBBs measured in 5-6 days post hatch larvae (Fig. 1.3.9). However, when EROD 

activity was particularly high in the females, the LBB in the larvae was always low. For AChE such an 

indication was not found (Fig. 1.3.9). 
 

Organo-chlorines 

The mean concentrations (and ranges) of organo-chlorine compounds estimated in the ovaries sampled in 

connection with the incubation experiments as well as in the male testes and liver samples are listed in Table 

1.3.7 and 1.3.8 , compared to the corresponding data from 1996 in the Bornholm Basin (Petersen et al., 1997). 

Obviously, the mean concentrations in the ovaries were markedly higher in 1999 and 2000 than in 1996, 

whereas the standard deviations and ranges were somewhat lower, with the exception of dieldrin. Except for 

dieldrin, the standard deviations exceeded the mean values in 1996, but not in 1999.  

A strong correlation (r2 = 0.856) between total amount of PCB and pesticides was found (Fig. 1.3.10), which was 

similar to our previous findings in the CORE project (Petersen et al., 1997). There was a positive correlation 

between sum PCBs and DDTs in both female and male cod. Ovary or liver/testis burden of PCBs and DDTs 

correlated also positively with HCB and dieldrin in both female and male cod. In addition, liver/testis burden of 

PCBs and DDTs correlated positively with α-HCH. All these correlations were statistically significant (Niemi, 

2001). 

Positive correlations between the ovary burdens of sum PCBs or DDTs, respectively, and length, total and 

gonad-free weight, gonad weight and gonadosomatic index (GSI) of female cod were detected. More precisely, 

ovary burden of PCB congeners 118, 149, 153, 138 and 180 correlated positively with length and weight 

(congener 105 not with weight) of female cod and ovary burden of all PCB congeners measured, except for 18 

and 52, correlated positively with GSI of female cod. There was a negative correlation between the ovary burden 

of sum PCBs and percentage of lipid. The liver/testis burden of sum PCBs correlated positively with total weight 

and maturity of male cod. More precisely, liver/testis burden of PCB congeners 52, 101, 149 and 105 correlated 

positively with length and weight and congeners 153, 138 and 180 with weight of male cod. Liver/testis burden of 

PCB congener 149 correlated positively with GSI of male cod. All these correlations were statistically significant 

(Niemi, 2001)  

 

Enzyme activity measurements 

EROD: Activity of EROD was visible in most individuals, but as expected was clearly lower in the females 
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compared to the males (Fig. 1.3.11). In the males, EROD activities differed between years (Fig. 1.3.12). In July 

1999 EROD activity was highest with maximum values of 230 pmol/min/mg protein whereas in July 2000 activity 

was between 10 and 68 pmol/min/mg protein. In November, after spawning, EROD activity was in the range of 

25-100 pmol/min/mg protein. In average an activity of about 130 pmol/min/mg protein was found in the males. In 

the females it ranged from 1.3 to 57 pmol/min/mg protein. The difference between males and females of mean 

EROD activities was statistically significant (T-test, F=37,947, df=38, p=<0.001). Differences of variances 

between the females and males were also statistically significant (Levene’s test, F=122,642, df=1, p=<.001). 

Differences of variances between July and August 2000 were also statistically significant (Levene’s test, 

F=8,649, df=1, p=0.005). EROD activity correlated positively with maturity of female cod and condition index (CI) 

of male cod, but negatively with hepatosomatic index (HSI) of male cod. The measured PCB congeners 

correlated with EROD-activity neither in female cod nor in males (Fig. 1.3.13). 

AchE: All individuals measured had AChE activities ranging between 10 to 80 nmol/min/mg protein (Fig. 1.3.14). 

The means and standard deviations are 37.9 ± 16.2 (females) and 47.3 ± 11.9 nmol/min/mg protein (males). 

Activity of this enzyme is significantly lower (t-test = p <0.02) in the females than in the males. Furthermore, 

AChE activities in the females tend to be lower in animals with higher loads of pesticides, particularly dieldrin 

(Fig. 1.3.15). This negative relation is not significant, but in spite of the wide spread of data points, high AChE 

activities were not found at high dieldrin concentrations. Figure 1.3.16 shows the frequency distribution of AChE 

activity levels in the male cod sampled during the three campaigns. 

 

Discussion 

Viability of sex products in relation to male and female age/size and condition 

Variation in egg size in fishes, and its ecological implications, has been a subject for extensive studies, both at 

inter and intra-specific level (see Ware, 1975). The impact of maternal effects on egg characteristics, including 

egg specific gravity, have been in focus recently (e.g. Kjesbu et al., 1992; Trippel et al., 1997; Vallin and Nissling, 

2001). Several studies on cod have indicated a positive relation between egg size and egg and larval survival 

probabilities (Solemdal et al., 1995; Kjesbu et al., 1996; Marteinsdottir and Steinarsson, 1998; Nissling et al., 

1998; Trippel et al., 1997). Further, for fishes with pelagic eggs, egg buoyancy has been put forward as a major 

impact factor for egg survival in the brackish water Baltic Sea (Grauman, 1973; Plikshs et al., 1993; Nissling et 

al., 1994; 2002). As there is a close relationship between egg diameter and egg specific gravity (Kjesbu et al., 

1996; Vallin and Nissling, 2000; present investigation) eggs are, depending on egg diameter, subjected to 

different environmental conditions, i.e. maternal effects may involve selective egg survival.  

 

1) Cod 

Maternal effects 

In accordance with earlier investigations present study shows that cod egg size is positively related to female 

size, both expressed as length and weight. As opposed to Chambers and Waiwood, (1996), who found a 

relationship between egg size and female condition but not between female size and egg size, our present study 

did suggest any relationship between egg size and female condition (Fulton´s condition factor and HSI). Rather it 

is female size as such which influences egg size and thus egg and larval survival probabilities. Female size is of 

course closely related to female age, i.e. suggesting a high relative importance of old fish for the viable egg 

production and recruitment of Baltic cod (Vallin and Nissling, 2000). However, size of a fish, or rather growth is 
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density dependent with higher growth rates at low stock densities as shown for Baltic cod (Baranova, 1989). 

Higher growth rates and thus larger fish at low stock densities would imply higher egg quality, i.e. may act as a 

density compensatory mechanism with a higher relative reproductive success at low stock sizes. Testing this 

hypothesis by modelling data on age and batch specific egg production, obtained in CORE, together with 

literature data on stock size per age group and recruitment, revealed a significant relationship between the share 

of eggs produced by females age 5+ and recruitment. A common feature of over-exploited fish stocks is a 

decrease in the share of old spawners (Nakken, 1994). In the Baltic, both the number and the share of old cod in 

the stock have decreased significantly during the 1990s; the stock at present consisting mainly of recruit 

spawning 2-4 year old fish (ICES, 2001a). Given the relative importance of old fish for viable egg production, 

poor recruitment at present might thus be a question of stock structure rather than stock density. However, given 

the importance of egg size for egg and larval survival probabilities the above suggests that egg quality aspects 

should be considered in stock recruitment relationships. 

 

Paternal effects 

An increase in fertilisation success with salinity as well as differences in fertilisation capacity among males, 

suggest that paternal aspects should be considered in estimations of viable egg production. With respect to 

salinity conditions, marine fish species in the Baltic are at the border of their distribution, inhabiting an 

environment with fluctuating salinity influencing spermatozoa activity and fertilisation success. For Baltic cod, a 

minimum salinity of >11 psu is required for activation of spermatozoa. Differences in the percentage of fertilised 

eggs between salinities implies that the viable egg production may vary according to hydrographic conditions, 

i.e. differ between spawning areas and during periods with saline water inflows and stagnant conditions 

respectively. As salinity in the Bornholm Basin is higher, in general reaching 13-18 psu, compared to in the 

Gdansk Deep and Gotland Basin (10 to 13 psu), fertilisation success can be expected to be higher in the 

Bornholm basin, i.e. should be considered in efforts to model recruit variability at different hydrographic 

conditions.  

Sperm quality, potentially affecting the fertilisation success, can be assessed in different ways; e.g. the number 

of motile spermatozoa, swimming speed or duration of activity, all probably important for the fertilisation capacity. 

However, Trippel and Neilson (1992) did not obtain any relationship between the number of motile spermatozoa 

or sperm swimming speed and fertilisation success for Atlantic cod. In present investigation a relationship 

between duration of spermatozoa mobility and fertilisation rate was found. Spermatozoa longevity and 

consequently fertilisation differed between salinities showing the importance of hydrographic conditions for the 

fertilisation capacity. Following the reproductive potential over the spawning period revealed that estimated 

fertilisation rates (from the relationship between duration of spermatozoa mobility and fertilisation) was lower 

both early and late during the spawning period, especially at low salinities. At 12 psu the share of males with an 

estimated fertilisation capacity corresponding to a fertilisation level of >25% was >30-40% during peak spawning 

but below 10% early and late in the spawning period. At 15 psu on the other hand the majority of males 

displayed a high fertilisation capacity, corresponding to a fertilisation rate of >80% throughout the period. (N.B. 

calculations based on duration of sperm mobility only partly explaining the fertilisation rate as discussed above). 

Evaluating fertilisation capacity in relation to male characteristics suggested a relationship sperm viability and 

male size. This was evident at both, peak spawning and late in the spawning period for individual males whereas 

no relationship was found at the onset of spawning period when duration of spermatozoa mobility was in general 
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low (e.g., no progressive motions at 12 psu in several cases). Higher fertilisation capacity among larger males 

may involve differences in the viable egg production with stock densities (different growth rates) and/or age 

composition of the spawning stock. In accordance with the importance of female age/size for egg quality and 

egg survival probabilities, results from the present investigation suggest that male age/size may influence the 

viable egg production, in particular at poor hydrographic conditions, e.g. during stagnation periods. 

 

2) Sprat 

Up to now no information about potential relationships between egg and female characteristics of Baltic sprat 

exist. Evidently, parameters like egg diameter, egg dry weight etc. and thus egg specific gravity, vary with female 

size/age, condition and for multiple batch spawners as sprat with the number of egg-portions spawned in the 

season. Results received during the present project revealed that there is a significant relationship between both 

egg diameter and egg specific gravity and female size (length and weight) as well as between female condition 

and egg diameter. Thus, it can be expected that females of a certain age, size or condition may contribute 

proportionally more to the viable egg production.  

As the year class strength of Baltic sprat vary considerably between successive years, growth conditions for 

cohorts also vary, i.e. depending on the abundance of a year class, as well as the total stock, parameters like 

weight at age vary greatly among cohorts (see Aps, 1989; Kaljuste, 1999). During the period 1955-1972 

maximum weight (estimated from the von Bertalanffy growth curve) varied between 9.5 and 14.5g (Aps, 1989). 

Along with the higher stock abundance of sprat in the Baltic Sea during the last decade, there has been a 

substantial decrease in growth conditions, displayed as decreased weight at age and length specific mass 

(Kaljuste, 1999; Casini et al., 2002b). A decrease in female size and/or condition may accordingly influence egg 

parameters like egg diameter and egg specific gravity, i.e. the vertical distribution of eggs and thereby the 

reproductive success. During the same period there has been a shift in the spatial distribution of the stock (see 

previous sections of the report); the relative importance of the Bornholm Basin, the Gdansk Deep and the 

Gotland Basin respectively, as spawning areas have changed. Consequently, as hydrographic conditions differ 

between the spawning areas, this suggests that also opportunities for the viable egg production have changed. 

Hence, further studies concerning density dependent maternal effects on egg characteristics in Baltic sprat as 

well as egg performances at different environmental conditions are required for evaluation of variability in the 

reproductive potential of the stock.  

 

Contamination of sex products by toxicants 

Contamination related to sex, fish size and condition 

Surprisingly, as is shown in figure 1.3.17, the mean concentrations of PCBs, DDTs and dieldrin in ovaries of 

Baltic cod appear to have increased steadily between 1996 and 2000. This is quite in contrast to the general 

trend of declining DDT and PCB concentrations in biota in the Baltic (Bignert et al., 1996), and it is unclear why 

this general trend does not apply to cod. Since p,p’-DDE concentrations increased between 1996 and 1999, but 

were little lower in 2000 compared to the preceding year, it can be assumed that there was either a fresh input of 

DDT or a remobilisation of DDD from contaminated sediments. 

A higher accumulation of PCBs in ovaries than in testes has been demonstrated in this project, but also by other 

investigations with fish (von Westernhagen et al., 1987; Menone et al., 2000). This is probably due to the higher 

lipid content of ovaries (and eggs), especially in the spawning time. The organo-chlorine concentrations in the 
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gonads and livers of Baltic cod show a pronounced length dependence (Fig. 1.3.18), which can be attributed 

either solely to the effect of the variations in the lipid content (Schneider, 1982) and to the combined effect of 

changes in feeding habits and subsequent lipid variations, or also to the fact that the older fish have been 

exposed longer to the organo-chlorine concentrations in the environment. According to Kime (1998), if the fish 

fail to metabolise and excrete the pollutant, accumulation can be expected to increase with time of exposure. In 

wild fish, this would relate to age and length. 

A significant negative correlation (N=15, r=-0.04*, p<0.05) between length and condition index (CI) of male cod 

(Table 1.3.5) was found. This demonstrates that the older males were in a worse condition than younger ones. 

However the lack of statistically significant correlations between the organo-chlorines measured and CI suggests 

that other factors are causing the lower condition of older males. Length and CI did not correlate in female cod. 

On the other hand, a statistically significant correlation between the ovary burden of sum HCHs and CI suggests 

that the more HCH-contaminated female cod were the lower was their general condition. Other statistically 

significant correlations between the organo-chlorines measured and CI were not found.  

The ratio of gonad weight to body weight (gonadosomatic-index, GSI) is a reasonable screening endpoint in 

terms of indicating (anti-) estrogenic/androgenic chemicals, because it is easily measured and applicable to both 

sexes of oviparous fish species. The GSI is a highly integrative measure in that it is not necessarily specific for 

any particular mechanism of action, but can reflect, for example, circulating hormone levels. Changes in GSI 

also can be indicative of likely reproduction success and, hence, population-level effects (Ankley et al., 1998). 

For example, GSI of PCB-treated medaka (Oryzias latipes) was significantly lower than that of control ones 

(Ando and Yano, 1982). On the other side, Khan and Thomas (1998) have shown that o,p’-DDT has a 

stimulatory effect on basal (spontaneous) gonadotropin release, accompanied by a slight increase in ovarian 

growth as evidenced by the increase in GSI. The positive relations found between PCBs, DDTs and HCB with 

GSI of female and male cod suggest that either gonad growth is enhanced by these compounds or bigger 

gonads accumulate higher contaminant concentrations. However, as is true for steroid levels, GSI should only 

be compared in fish that are the same stage of gametogenesis (Ankley et al., 1998), and this was not possible 

due to small number of fish sampled. According to Kime (1998), gonadal recrudescence is the growth of the 

gonad from the regressed state, comprising less than 0.1 % of the body weight (GSI = 0.1) to a fully mature state 

comprising around 5-10 % of the body weight in males or 20-30 % in females. Comparing maturity and GSI, fish 

of the same maturity (mature individuals with maturity 6 or higher) show sometimes higher and sometimes lower 

GSI than these values. This may indicate hormonal disturbance.  

The hepatosomatic index (HSI) indicates how big a proportion of the body weight liver comprises. In this study, 

larger males had higher HSI than smaller individuals (Table 1.3.5), which does not indicate that their liver has 

decreased in size due to pollutants or some other reason, although larger males were more contaminated. One 

typical effect of sublethal poisoning by many organo-chlorines is a fatty degeneration of the liver. 

As previously shown, there is a highly significant correlation between PCB and DDT levels in the same 

individuals (von Westernhagen et al., 1989; Petersen et al., 1997 and Schneider et al., 2000). It can readily be 

assumed that this close correlation between PCBs and organo-chlorine pesticides indicates the principal 

existence of more or less similar correlations with many other contaminants of comparable physicochemical 

properties which could not be measured here, such as polychlorinated dibenzodioxins and dibenzofurans, 

polybrominated diphenylethers, several PAHs, synthetic steroid hormones or musk oil fragrances. 
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Enzyme activity related to sex, size, condition and contamination 

As was to be expected, EROD activity was dependent on sex, with males showing higher activities than female 

cod. For comparison, EROD activities in female and male Atlantic cod, caged and exposed to polluted 

sediments in a Norwegian fjord for a period of three month (Beyer et al.,, 1996) are also included: the activities 

found in the males in the Bornholm Basin are markedly elevated as compared to the Norwegian cod (Beyer et 

al., 1996), indicating an induction of this biomarker to contaminant exposure. Experimental treatment of juvenile, 

cultivated cod (110-170 g) as performed by Hektoen et al. (1994) with TCDD (total dose of 8 µg/kg body weight) 

at Bergen, Norway resulted in EROD activities between 34-98 (9 days after intragastrical administration) and 51-

119 pmol/min/mg protein (17 days after TCDD treatment), respectively Hence, the average EROD activity in the 

males from the Bornholm Basin exceeds the maximum values obtained in those exposure experiments. This 

finding is well in line with a similarly alarming signal of recently increasing EROD induction combined with 

decreasing gonad sizes in perch from the Baltic Sea, as discovered by Ek et al. (2002).   

Bearing in mind that all females analysed here were running-ripe and that female hepatic EROD should be at 

minimum in the spawning time, it can be assumed that EROD was also induced at least in some of the female 

specimens. This induction need not be caused by the organo-chlorines measured or their closest relatives, such 

as dioxins or dibenzofurans, but could as well be due to other compounds not measured in this study, such as, 

e.g., PAHs.  

Size of the fish did not correlate with EROD activity, which is surprising since the older fish were mostly more 

contaminated with PCBs and DDTs, which are known to induce EROD activity. This and lack of positive 

correlations between the organo-chlorines measured and EROD activity indicate that other chemicals or factors 

are responsible for the higher EROD activity found in male cod. 

In addition to those, another factor that may be responsible for increases in microsomal enzyme activities could 

be stress associated with starvation (Campbell and Hayes, 1974). Males with elevated EROD activity were in 

better condition than the ones with lower EROD activities, which does not indicate that the fish were suffering 

from starvation. Older fish should then be the ones with lower EROD activities, because they were previously 

shown to be in worse condition. Despite of this, no statistically significant correlations between length and weight 

with EROD-activity were found. 

In a study with salmon (Salmo salar), the cytochrome P450 enzyme system was followed for one year and 

showed cyclical variations in enzyme activity. The basic enzyme activity for EROD was higher in both males and 

females during the winter months and then dropped during the summer, most markedly during the period of 

sexual maturation (Goksoyr and Larsen, 1991). Significant differences were seen in EROD levels between 

males and females at sexual maturation, with females having lower or non-detectable activity just before 

ovulation, which is also demonstrated in this study. This could further explain why female cod in this study had 

accumulated more PCBs than the males indicating a sex-specific mode of gonadal accumulation. In highly 

polluted situations, also inhibition of EROD activity can occur, e.g. possibly by certain PCB congeners, 

hepatotoxins, or metals, such as cadmium. This may explain the negative correlations between some of the 

measured organo-chlorines and EROD activity. In order to verify our findings, further data on this biomarker are 

needed, particularly on cod sampled outside the spawning period. 

As a further indicator of biological effects on Baltic cod, the activity of muscular AChE was measured (to our 

knowledge the first study on this biomarker in Baltic cod). The relatively low and variable activities of AChE (20 to 

70 nmol/min/mg protein), when compared to other fish species (Payne, 1996, Galgani and Bocquené, 2000) 
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suggest the presence of AChE-inhibiting substances, e.g. carbamates and organo-phosphates or specific trace 

metals. The presence of such xenobiotics in the Bornholm Sea can well be expected. Carbamate and organo-

phosphorous insecticides, for instance, are likely to reach the Bornholm Basin from the coasts. The found 

negative correlation between AChE and length, which means lower activities in older specimens (Fig. 1.3.19) 

corresponds very well with the fact that older cod specimens show higher contaminant levels (Fig. 1.3.18). This 

might be another indication of AChE inhibition due to contamination. However, in order to better understand to 

what extent AChE is inhibited in Baltic cod, further investigations are needed. Such studies should include Baltic 

cod populations, which experience different contaminant loads. 

 

Reproduction success and contamination 

The results obtained suggest that the viable offspring of the spawning stock of cod in the Bornholm Basin was 

substantially lower in 2000 than in 1996 (Petersen et al., 1997). In the CORE project, we found mean hatching 

rates of 60 % in egg batches from the Bornholm Basin and of 30 % in egg batches from the Gdansk Basin. The 

mean hatching rate found in the Bornholm Basin in 2000 was 43 %, which is in closer accordance with 

investigations in the Gdansk Basin than Bornholm Basin (Petersen et al., 1997). According to von Westernhagen 

et al. (1989), in terms of biological significance, viable hatch is the most meaningful of the measured 

reproduction parameters, i.e. survival of the species. Therefore, the most important endpoint in this study was 

the viability of larvae, which was calculated in two different ways: as a percentage of the larvae surviving after 

hatching and as a percentage of fertilized eggs (used in correlations). Of course, viability is much lower when 

calculated as a percentage of fertilized eggs (here: mean 16 % + S.D. 22 %), but it gives a better picture of the 

situation in nature: only this percentage of all the spawned eggs have chances to grow up and recruit to the 

population. In Baltic cod, viable hatch was generally well below values registered for other marine species 

(Westernhagen et al., 1981, 1989); in 2000, the highest obtained viable hatch was a total exception with a 

percentage above 80 % (calculated as a percentage of fertilized eggs). Without taking this individual female cod 

into account, less than 40 % of larvae were viable. 

The question why the viable hatch was so low is difficult to answer. Looking at some of the individual females 

used, it is tempting to attribute the bad success to pollutants, although no statistically significant correlations 

were found. Female 17 was very old (long, heavy), in bad condition and contained high amounts of PCBs and 

DDTs. Also female 20 was very contaminated with PCBs. As a matter of fact, all developing embryos from these 

cod individuals died before hatching. However, the contaminants measured cannot readily be made responsible 

for this phenomenon and a generally low viability of all larvae. 

In laboratory experiments, chlorinated hydrocarbons have long been shown to adversely affect reproduction of 

fish. For example, Smith and Cole (1973) reported abnormal gastrulation and a high incidence of vertebral 

deformities at hatching in developing eggs from winter flounder (Pseudopleuronectes americanus) exposed to 

sublethal concentrations of DDT. Von Westernhagen et al. (1989) found statistically significant negative 

correlation between viable hatch and DDT burden in ovaries of North Sea whiting (Merlangius merlangus). A low 

effective level of contaminants on reproductive success in feral marine fish has been noticed in earlier studies on 

Baltic flounder (Platichthys flesus) and North Sea whiting (Merlangius merlangus L.) (von Westernhagen et al., 

1981, 1989). In flounder, viable hatch was significantly reduced at PCB concentrations higher than 120 µg/kg 

wet wt. in ovaries and in whiting at PCB, DDT and dieldrin concentrations higher than 200, 20 and 10 µg/kg wet 

wt. in ovaries, respectively. All female cod individuals used in this study had higher concentrations of these 



Final Consolidated Report               Task 1 

 143 

pollutants than those and viable hatch was always, except for one female (no. 21), lower than 40 % (of fertilized 

eggs). However, statistically significant correlations between the concentrations of pollutants measured and 

reproduction parameters were not found. 

The great variability of viable hatch with no apparent correlation to the substances analysed in the ovaries was 

similar to preceding studies (von Westernhagen et al., 1981, 1987; Petersen et al., 1997). This indicates that 

factors other than the ovary burden of the xenobiotics monitored have a strong influence on the effect 

parameters investigated. As larval viability has been shown to correlate with egg size (Nissling et al., 1998) and 

larger females produce larger eggs (Vallin and Nissling, 1999), viable hatch is affected by female age/length. In 

this study, larvae produced by large female cod did not seem to be more viable than larvae from smaller fish. 

Female cod used in this study had lower mean condition index (CI = 0,74) than the females used in the study by 

Petersen et al. (1997), who reported a mean condition index of 0,80 in female cod from the Bornholm Basin and 

0,75 in female cod from the Gdansk Basin. The lower hatching rates together with the lower condition of females 

from the Bornholm Basin indicate a maternal influence on egg/larval viability, although no statistically significant 

correlations between female condition and larval viability was found. The lower maternal condition found in 

females from the Bornholm Basin may be due to stress factors like poor feeding regimes and unfavourable 

conditions during the maturation of gonads. Furthermore, the biochemical composition of eggs may also affect 

the viability of eggs and larvae. Previous investigations by Pickova (1995) have indicated a positive correlation 

between the fatty acid composition (arachidonic acid (AA 20:4 n-6)) in the total phospholipids of the eggs and the 

hatching rates of Baltic cod. 

Some of the disorders may occur as a result of the stripping method of female cod: stripping may not give an 

egg-batch at the correct time after ovulation which can cause lower fertilization rate and a lower viability 

(Åkerman et al., 1996). For the incubation experiments, only fertilized eggs were used and therefore the 

fertilization rate was not calculated, but stripping may have affected viability of larvae in this study. The possibility 

that bacteria or fungi could have caused the malformations is excluded, as there were no signs of either fungi or 

bacteria in the incubation water or on the larvae inspected. As optimum conditions (salinity, oxygen and 

temperature) were kept constant during the incubation experiments, these abiotic factors were not considered to 

have had any influence on the adverse effects seen. Therefore, apart from the xenobiotics determined, an 

additional array of chemicals and/or maternal factors discussed above may be responsible for the impairment 

seen.  

Hydrographical factors and fishing mortality may be even more important factors for recruitment of Baltic cod 

than xenobiotics at present (Vallin, 1999), but the still high concentrations of the “traditional” contaminants 

measured (plus largely unknown concentrations of novel contaminants), the low condition of the few older cod 

left in the Baltic, the obviously elevated EROD activities and probably inhibition of AChE clearly demand further 

comprehensive investigations into the impact of xenobiotics on Baltic fish stocks. 
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1.4 Develop models of population egg production and characteristics (e.g. viability, 
size, buoyancy) and evaluate ways to incorporate variability in adult growth and 
condition  

Introduction 

Results from the CORE project, the present project and evidence from gadoids and clupeids in other regions has 

shown that variations in fecundity, condition and atresia can be responsible for significant amounts of variation in 

stock reproductive potential. Thus, estimates of annual fecundity or condition indices might be important to 

improve stock-recruitment relationships. The present section aimed at providing background material to test 

such relationships. For cod, this includes developing ways to derive proxy time series of individual fecundity that 

can be used to enhance and extend the cod fecundity time established during the first project period. For sprat, 

the aim has been to estimate batch fecundity and evaluate the quality of data for use in models of population 

fecundity. This information is then used in models of the reproductive potential that account for variability in 

fecundity. The effects of female characteristics on egg quality and the viable egg production are addressed in the 

final section of Task 1. 

Analyses conducted thus focus on variation in fecundity, condition and atresia, and the factors responsible for 

these variations. It is investigated whether relationships between cod growth and individual fecundity can be 

identified from otolith analyses based on cod analysed for fecundity in relation to CORE and the present project. 

Additional analyses of variations in cod condition over a longer time range are conducted to elucidate changes in 

condition in different areas and potential causes. Analyses of fecundity and atresia as well as influencing factors 

are presented and used in models of population egg production for cod. The estimation of the annual egg 

production of sprat is more difficult than for cod, because sprat is an indeterminate spawner. Data available on 

batch fecundity and spawning frequency have been analysed within the project, but lack of data on the duration 

of the spawning period hampered estimation of the egg production. Alternative ways to estimate sprat egg 

production are evaluated in the final section of task 1. Accordingly, the text is organised in following sections: 

1) otolith-based relationships between cod growth and individual fecundity; 

2) temporal variation in cod and sprat condition and growth;  

3) cod fecundity and atresia;  

4) cod egg production models;  

5) batch fecundity and spawning frequency of sprat. 

 

Otolith-based relationships between cod growth and individual fecundity 

In most fisheries institutes fish otoliths are routinely extracted for individual age determination used for population 

analysis in stock assessment work. The periodicity of formation otolith ring structures also may be used to back-

calculate growth trajectories depending on their relatedness to fish size (Francis, 1990). For Baltic cod, however, 

recent studies have shown that growth structures are formed at variable times of the year, which hamper 

estimation of growth rates. An alternative strategy therefore has been to develop otolith shape based analysis of 

cod growth characteristics. Morphological features of cod otoliths of known age from populations with mark 

recaptured individuals have been shown to contain both stock and environmental signals. Software for Elliptical 

Fourier Analysis of digitised otolith shape has been developed to extract information about relationships to 
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relative fecundity of individual females (sub-sample of the females used in the cod fecundity analyses). The 

contour co-ordinates (x;y) are represented by the complex Fourier descriptors Ai, Bi, Ci, Di, where the zero order 

(i=0) represents the size factor: 
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Increasing i adds successively finer details to the contour line, and with the applied resolution the first 60 

complex Fourier descriptors are capable of reconstructing all details of the otolith contour line (see Fig. 1.4.1 A-

D). 

It was assumed that individual shape change is a gradual accretion process that may alter otolith appearance 

according to fish growth conditions and environment within genetically set boundaries. Therefore the integrated 

growth conditions over the recent years’ growth period may be inferred from certain parts of the otolith outline 

assessed by a subset of the total series of complex Fourier descriptors that precisely define the otolith contour. 

To investigate the possibility of shape correlation to relative fecundity simple statistical analyses were carried out 

on relative fecundity and various transformations of the extractable complex Fourier descriptors.    

 

Temporal variations in growth and condition of cod and sprat 

The present section involves the compilation and analysis of historical condition and growth data of cod and 

sprat. Within the project several 10’s of thousand estimates of Fulton's K and several thousand estimates of 

hepatosomatic indices for Baltic cod from different institutes, years and Sub-divisions within the Baltic were 

compiled and summarised. The two largest data series based on Danish and Finnish commercial catches of cod 

were used for more extensive data analyses and interpretations, e.g. to use this information to explain 

interannual variations in mean individual fecundity. This approach has been successful in other cod stocks 

where fecundity among years was shown to co-vary with condition indices such as Fulton’s K and the 

hepatosomatic index. 

Baltic sprat is a relatively well investigated fish species in the Baltic Sea. In the Gulf of Finland, systematic 

studies on Baltic sprat were initiated at the end of the last century (Schneider, 1901; Heinemann, 1905). In the 

1970s and 1980s essential population characteristics of the Baltic sprat of the Gulf of Finland, such as age 

composition and growth parameters, were studied by Veldre and Polivajko (1975) and Veldre (1986) as well as 

Aps (e.g. 1977, 1986). An increased abundance of Baltic sprat, a decrease in the cod stock, and significant 

changes in the ecosystems of the Baltic Proper and the Gulf of Finland in the 1980s and 1990s, such as 

decreased salinity and increased intensity of vertical mixing caused by the lack of significant inflows of saline 

waters into the Baltic Sea, have caused changes in the living, breeding and feeding conditions of Baltic sprat. In 

the present project, changes in the stock structure (age, length, and weight structure) and growth parameters of 

Baltic sprat in the Gulf of Finland in 1986-97 were analysed on basis of commercial pelagic and semi-pelagic 

trawl catches. 

 

Cod fecundity and atresia 

A computerised database on individual fecundity estimates of cod covering years 1987–2000 was compiled 
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within project. The database included individual length, weight, condition, ovary weight and oocyte mass, as well 

as information about average ambient temperature, growth anomaly, prey abundance and spawning stock 

biomass for different quarters of the year. Estimates of relative fecundity showed little variation between areas 

but considerable variation between years. A preliminary first model relating the interannual variability in relative 

fecundity to growth anomaly and temperature was developed based on data from Sub-div. 25. Ovaries for 

fecundity analysis were obtained during March-July, but as ripening starts in quarter 4 anomaly in growth rates 

was calculated as the average increase in weight of age groups 3-5 from third quarter of the preceding year to 

first quarter of the sampling year. Corresponding ambient water temperatures were from the fourth quarter. The 

model explained 66% in the observed variation between years (Kraus et al., 2000). In the course of the project, 

the fecundity data series have been updated and tests were made to ascertain that the relative fecundity is 

independent of fish size. In addition, the model has been revised and prey availability as a proxy for growth has 

been established to prolong the time series used in the egg production models.   

To evaluate the importance of ovarian atresia as a tuning mechanism of fecundity, ovaries from adult females in 

different maturity stages have been sampled and analysed. Intensive sampling took place in 2000 and covered 

the period from pre-spawning time until cease of spawning. Histology and stereological analysis was used to 

quantify the total number of atretic eggs in the ovary. Differences in the proportion of females showing atresia 

and the intensity of atresia in these females were studied with respect to size, maturity stage and condition. 

 

Cod egg production models 

It has been questioned for a number of fish stocks, whether standard assessment procedures provide estimates 

of spawning stock biomass, which can be used as a reliable measure of egg production (Marshall et al., 1998; 

Marteinsdottir and Thorarinsson, 1998; Köster et al., 2002; Kraus et al., 2002). The results of the previous project 

periods indicate that the SSB based on a constant ogive is not a reliable estimate of the potential egg production 

and that it is necessary to consider changes in stock composition and distribution as well as effects of 

environmental viability on population characteristics. In previous sections of the report, estimates of female 

spawning stock biomass were established based on variable time series of maturity, sex ratios and mean 

weights. The purpose of this section is to further develop time series of egg production that combine fecundity 

estimates with female spawning stock size and composition. The egg production time series are used elsewhere 

to test the reliability of different measures of stock reproductive potential, the sensitivity to variability in input data 

and to estimate the viable egg production. 

 

Batch fecundity and spawning frequency of sprat 

Baltic sprat has as Baltic cod spacious spawning grounds with heterogeneous conditions, prolonged 

reproduction period (up to half a year) and high fecundity indices (Heidrich, 1925; Аslanova, 1954; Petrova, 

1960; Grauman, 1969; De Sylva, 1973, Polivayko, 1982; Grauman et al., 1983). In contrast to cod, sprat is an 

indeterminate batch spawner and the ripening of ovaries has a cyclic pattern (Hickling, Ruttenberg, 1936; 

Götting, 1960). The number of batches per individual may vary from 4 to 9-10 (Heidrich, 1925; Petrova, 1960; 

De Sylva, 1973) with the realised batch numbers being related to ambient temperature and food availability at 

least in some clupeid stocks. Absolute batch fecundity (i.e. the number of oocytes per batch) has been found to 

increase with age ranging from 1.5-2.5 thousand eggs in sprat of 2-6 years old from Gdansk Bay (Polivayko, 
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1980) and 1.2-3.5 thousand eggs in sprat of 1-3 years old from Kiel Bay (Heidrich, 1925). The intervals between 

spawning of batches has been estimated to 8-10 days (Heidrich, 1925). Egg production methods applied in 

stock assessments to estimate the population size, use relative batch fecundity (RBF), i.e. eggs per g body 

weight. Available RBF data, however, are contradictory. For sprat in the Bornholm area (Sub-div 25), the mean 

RBF was estimated to 122 eggs/g total female weight (Müller et al., 1990) compared to sprat in Kiel Bay (Sub-

div. 22) with 232 eggs/g body weight (without gonads) estimated by Alheit (1988) based on material from 

Heidrich (1925). In comparison, the mean RBF has been determined to be 187 eggs/g body weight (without 

viscera) in sprat from the Western Scotland area (De Sylva, 1973) and for the Northern Sea sprat - 413 eggs/g 

body weight (without gonads) (Alheit, 1988). However, in some cases these estimates are based on very small 

sample sizes, which might affect their accuracy. The purpose of sampling and analyses conducted within the 

present project was in this context to reliably estimate batch fecundity and evaluate the extent of inter- and 

intraannual variability in RBF of sprat in the southeastern Baltic Sea (ICES Subdivision 26).  

Variations in reproductive ecology of Baltic sprat such as sex ratios, maturity ogives, timing of spawning and 

fecundity have not been considered in regular stock assessment. Improved knowledge about the sex and size 

specific gonadal maturation process, the timing and duration of the spawning season as well as spawning 

frequency in combination with batch fecundity appears to be important for the understanding of recruitment 

success. Analysis of historic and newly available data for establishing the potential egg production have been 

compiled and analysed within this project. Time series of weight at age by area and quarter have been compiled 

in collaboration with ICES Working Groups (ICES, 1999b; 2001c) integrating project results. Also, the 

compilation of sex ratios and maturity ogives for sprat has been finalised with the present project period. The co-

operation with the ICES SGBHSM enables a longer time series than originally planned and expected for the 

project activities. However, differences in data compilation and area coverage within the extended time series as 

well as gaps in temporal coverage hamper determination of the true variability of the maturation process in 

detail. However, activities to describe variations in the annual maturation cycle and spawning season of sprat 

could be finalised and spawning frequency of Baltic sprat has been described for the first time. Data on 

spawning duration over time are missing and as project results show that the timing and duration of the 

spawning period is highly variable, and therefore, the annual egg production could not be reliably estimated. 

Alternative ways to estimate sprat reproductive potential are explored in the final section of task 1.  

 

Materials and methods:  

Otolith-based relationships between cod growth and individual fecundity 

Estimation of individual growth 

Since no data were available on corresponding otolith and somatic size at several different ages from the same 

individual the first precondition for back-calculation of individual somatic growth trajectories from measurements 

of otolith annual zones could not be tested directly. A close correlation between somatic and otolith size in the 

population at capture would provide a reasonable validation that the back-calculation procedure is a robust 

estimation of individual cod size at age. To test the second prerequisite, that otolith zones are formed with a 

predictable periodic pattern, the timing of the formation of the translucent growth zone was investigated over four 

quarterly sampling periods from 1995 to 1996. Some of the implications of the established conceptual otolith 

growth model are related to otolith weight, volume and shape relative to fish size and somatic growth rate. 
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Therefore these variables were tested in an exploratory analysis, considering fish size of course as a further 

variable as a strong link to individual fecundity is obvious. 

 

Otolith shape based analysis of cod growth characteristics 

Sagitta otoliths were extracted and analysed from cod where corresponding data on condition and fecundity 

existed. 143 otoliths from 6 cruises during 4 years 1987, 1996, 1997, and 1998 were analysed. Images of the 

distal side of the whole sagitta otolith was produced by a digital camera on a dissection microscope using 

reflected light. Digitised image analysis was carried out on high-resolution pictures (>1500x1200 pixels) using 

standard software package (IMAGE-PRO4). The outer contour line was estimated using the edge-finder 

algorithm. The image of right-hand side otoliths was mirror image flipped to correspond to left-hand side. 

Repositioning the same otolith ten times each time with the long axis at a different angle tested the 

reproducibility of the outline analysis. Using a Visual Basic macro routine, data were transferred from imaging 

software to EXCEL. The variable length of the series of x-y outline co-ordinates was transformed into 512 

equally angular spaced co-ordinates. Elliptic Fourier Transformation was set to report 60 complex descriptors 

equalling in all 240 variables, with location, size, and angle set to be invariant.   

The amplitude of each descriptor was determined as the square root of the sum of squares of the individual 

components: 
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The Fourier descriptors were analysed by first reducing their multidimensionality and then finding correlation to 

fecundity. Since the correlation matrix of individual Xi; Xj indicated collinearity exploratory analysis by variable 

clustering (PROC VARCLUS SAS TM software for WindowsTM Version 8.01) was performed. Many possible 

grouping exist depending on initial conditions and numerical settings however three successive series were 

chosen on biological/morphometric grounds. Both the amplitude Xi and Ln(Xi) of all sixty sets of four complex 

Fourier descriptors as well as the individual components Ai, Bi, Ci, and Di (240 variables) were analysed in a 

series of exploratory analyses, but due to high collinearity between component groups and problems of shape 

back-transformation only Xi and Ln(Xi) were chosen for the final steps. Principal component analysis (PROC 

PRINCOMP SASTM software for WindowsTM Version 8.01) was carried out on each of the morphologically 

different series of Fourier descriptors. The two first principle components j=1; 2 from each series i=1; 2; 3 were 

extracted for further multivariate regression analysis vs. relative fecundity. 

 

Temporal variations in growth and condition of cod and sprat 

In the course of the project a number of different data sets on condition indices of cod, i.e. Fulton´s condition 

factor and hepatosomatic index, have been compiled from different sources. Following the evaluation of the 

data, the two largest data series based on Danish and Finnish commercial catches of cod were used for more 

extensive data analyses and interpretations. The main features of these data series are summarised in Table 

1.4.1. All measurements from these series are based on samples from commercial trawl catches. The data 

sources represent two different geographic areas of the Baltic. The Danish samples are considered to represent 

condition in cod captured in the southern Baltic, and the Finnish samples to represent condition in cod captured 

in the northern and eastern Baltic (Sub-divisions 28-32). The data series enable calculation of a Fulton’s K index 

of condition. This index was calculated using the following formula: 
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K = 100 * gutted weight / length3 (Danish data) 

or 

K = 100 * whole weight / length3 (Finnish data) 
 
Exploratory analyses of the variability in the data were conducted by making time series plots and scatter plots of 

condition in comparison with other variables (i. e., food abundance indices). The data were then used to 

construct means based on quarterly data for four length groups: 
 
30 – 40 cm, 40 – 60 cm, 60 – 80 cm and > 80 cm. 
 
All means were based on a minimum of 30 fish per quarter per length group, except for the 80+ cm length group 

where minimum sample size was 20 fish. Statistical analyses used regression and general linear models (GLM). 

With respect to the analysis of sprat growth and condition, a total of 22 090 sprat were collected in 1986-1997 

from Estonian commercial trawl catches taken in the Gulf of Finland. Sprat samples were taken quarterly more 

or less evenly (a total 5459 sprat were collected from the first, 5817 from the second, 4319 from the third, and 

6495 from the forth quarter). Estonian trawlers are using trawls with a 10 mm mesh size cod end (bar length). 

Therefore, no substantial selectivity is observed in the adult fraction of catches and one can assume that the 

structure of catches well represents the structure of the adult stock. According to selectivity studies only 23.2% of 

immature (smaller than 10 cm) sprat escape from trawls (Shevtsov, 1982). The total length and weight of the fish 

were measured. The age was determined using otoliths according to Aps (1977, 1981a, 1986). The growth of 

sprat was approximated using the von Bertalanffy growth equation (Ricker, 1979). 

 

Cod fecundity and atresia 

Potential fecundity 

Estimates of relative fecundity were available for 1976-1978 and 1983-1984 from Shapiro (1988), for 1994-1995 

from Bleil and Oeberst (1996) and for 1987-1992 and 1996 from the database established during CORE and the 

present project (Kraus et al., 2000). In addition, 199 ovaries sampled in ICES Subdivision 25 during 1998-2000 

have been analysed using the methods described in Kraus et al. (2000) and were included in the present 

analysis. Fecundity and relative fecundity as used below refer to the potential fecundity, defined as total number 

of developing oocytes per female respectively the number per gram female total body weight. 

As the first step, a series of statistical tests were performed to test the reliability of relative fecundity as an 

unbiased estimate of potential fecundity. The relative fecundity estimates of Shapiro (1988) and Bleil and 

Oeberst (1996) do not provide information about variances etc. and the analysis therefore was restricted to the 

updated CORE and STORE fecundity database (Tab. 1.4.2). The relationships between fecundity and weight 

were tested for linearity and the intercepts for deviation from zero. To test linearity of the relationship, log – log 

regressions of individual fecundity versus total body weight were conducted and the slopes were tested against 

one. Secondly, the intercepts of the untransformed linear relationships were tested for deviation from zero 

applying t-tests. As a further test, the residuals of the annual fecundity – body weight relationships were 

regressed against total length and the slope tested for significance to assure that the relative fecundity was also 

independent of female length. Interannual variations in annual average relative fecundity have been tested for 

significance, as between year variations were already documented in the preliminary analysis conducted during 

the initial phase of the project. A one way analysis of variance (ANOVA) and a subsequent multiple comparison 



Final Consolidated Report               Task 1 

 150 

of means (Tukey´s honest significant difference test for unequal sample sizes; Sokal and Rohlf, 1995) was 

conducted to ascertain the significance of interannual differences in relative fecundity. 

Secondly, two different time series of relative fecundity were established. One data series, comprising solely 

observed relative fecundity (ORF) included observation from Shapiro (1988), Bleil and Oeberst (1996) and the 

CORE and STORE project data. As this series is incomplete, an alternative time series of predicted relative 

fecundity (PRF) was established applying the final fecundity model described below, while the first modelling 

approach i.e. a simple multiple linear regression is not presented here. For the modelling exercise relationships 

between relative fecundity from the CORE and STORE database for the Bornholm Basin and the following 

potentially dependent variables were explored:  

A prey availability index, Pi, utilising the ratio between sprat (all age groups) plus herring (age groups 0-2) 

biomass and cod spawning stock biomass (SSB) in ICES Subdivision 25 in the fourth quarter preceding a given 

spawning period (MSVPA data, Sub-task 5.3; (Köster et al., 2001a). 

Ambient winter water temperatures in the fourth quarter preceding a given spawning period in ICES Subdivision 

25. These temperatures were calculated as averages below a depth of 55 m, i.e., below the halocline  (data from 

ICES hydrographic database). 

Anomaly in growth rates of cod in ICES Sub-division 25 determined from the increase in mean weight at age 

between the third and the subsequent first quarter (average of age group 3, 4 and 5 weighted for their 

abundance, data source: ICES, 1999b, 2001c). 

Relationships between annual average relative fecundities and independent variables as well as their interaction 

terms were evaluated by various univariate linear and non-linear regression equations. 

 

Atresia as regulatory mechanism of fecundity 

Prevalence of atresia in cod from the Bornholm Basin (Sub-div. 25) was investigated during the 2000 spawning 

season covering the pre-spawning and spawning time (April to August) with four trawl surveys. On each survey, 

12 to 15 trawl sets on a 10 by 10 nm grid were conducted over a period of max. 6 days covering the different 

areas of the spawning ground limited by the 60m isobath. In total, 311 ovaries of different maturity stages were 

sampled for histological analysis (Tab. 1.4.3). 

Fish were dissected directly on board and total length was measured to the nearest cm. For each specimen total 

and gutted body weight, as well as liver and gonad weight were recorded. In addition, the displacement volume 

of ovaries was determined to convert weights to volume for the stereological analysis. The maturity stage of 

each fish was visually determined applying the 10 stage scale for cod developed under Sub-task 1.2. From each 

ovary a cross section of tissue of approximately 1cm thickness was dissected from the centre of the right ovary 

lap and preserved in Bouin’s solution. After fixation, the histological samples were dehydrated in increasing 

concentrations of ethyl alcohol (70 - 96%) and embedded in paraplast historesin. Sections were cut at ~3 µm 

using a non-motorised rotary microtome. After washing in ethyl alcohol and xylol, sections were stained with 

hämatoxilin and eosin counterstaining (H and E). 

All sections were microscopically screened to validate the macroscopic maturity stage using the corresponding 

histological criteria described under Sub-task 1.2 and for the presence of atretic oocytes. The nomenclature and 

characteristics used to identify and describe atretic stages followed those of Bretschneider and Duyvene de Wit 

(1947) and Lambert (1970). The detailed stereological analysis to estimate the number of atretic oocytes was 

based on the first part of the alpha stage including only oocytes that still retain some of the characteristics of 
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cortical alveoli, vitellogenic or final maturation/hydration oocytes (Witthames and Greer Walker, 1995). The end 

of the truncated alpha stage is characterised by complete resorption of the yolk, but remnants of the zona 

pellucida are still present. This truncated alpha stage is better suited for the stereological analysis, because 

atretic oocytes could be easily distinguished from normally developing oocytes and at the end of the original 

alpha stage the structure’s boundaries become irregular and the distinction from empty follicles becomes 

difficult. 

To quantify the total number of alpha atretic follicles per ovary, the theorem of DeHoff and Rhines (1961) was 

applied, which is based on the assumption that a section samples a volume equal to the diameter of the oocytes. 

First, the number and diameter of alpha atretic oocytes in the entire histological section or a sub-area as well as 

the size of the area were determined from light microscope images taken. Measurements were performed using 

image analysis software. In any section, larger particles are more likely to be represented than smaller ones and 

are correspondingly overestimated in area counts. Hence, the numbers of atretic oocytes were determined 

separately for three size classes according to their developmental stage, i.e., pre-vitellogenic to early vitellogenic 

(average diameter 0.05mm), vitellogenic (average diameter 0.15mm) and final maturation plus hydration 

(average diameter 0.17mm). Final maturation and hydration were grouped, because with breakdown of the 

chorion hydrated eggs loose the hydrolysed yolk and do not retain their original size. In a second step, the 

sampled volume for each size class of atretic oocytes was calculated by multiplying the sampled area with the 

corresponding average oocyte diameter (theorem of DeHoff and Rhines, 1961). The number of atretic oocytes of 

each size category in the corresponding volume was then raised to the ovary volume. Finally, the total number of 

alpha atretic oocytes of all size categories in the ovary was obtained by summing up the numbers per oocyte 

size classes: 
 

No = ∑
=

=

3

1

i

i
Vo * NiA / A * di, 

 
 
where No is the total number of atretic oocytes in the ovary, Vo the volume of the ovary, NiA the number of atretic 

oocytes of size category i in the section area A, and di the average diameter of oocytes of category i. 

The proportion of females containing ovaries with alpha atretic oocytes in relation to individuals without atresia 

was designated as the prevalence of atresia (Pa), the total number of alpha atretic oocytes per ovary as the 

intensity of atresia (Ia). The intensity divided by the corresponding potential fecundity predicted from the year 

specific fecundity – length relationship (see results, Tab. 1.4.4) was defined as relative intensity of atresia (RIa). 

Five length categories <= 30 cm, 31-40 cm, 41-50 cm, 51-60 cm, >60 cm were established. Differences in Pa 

between length classes and maturity stages were compared with Chi–squared tests for comparison of multiple 

samples. Condition (Fulton´s condition factor; K = total or gutted weight / cubic length * 100; Fulton, 1891)) and 

liver index (HSI = liver weight / total or gutted weight * 100) were investigated for differences between specimens 

with or without atresia applying t-tests. Intensities (Ia) and relative intensities of atresia (RIa) were related to 

maturity stage, fish size and condition measured as Fulton’s K and HSI. The analysis was carried out in two 

steps. As the assumptions for parametric tests were not met, first, the dependence on maturity stage were tested 

with non-parametric Kruskal Wallis tests. In the second step, an exploratory analysis was conducted to detect 

correlation between IA, Ira and fish length, weight and both measures of condition. 
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Cod egg production models 

The female spawning stock biomass (FSSB) per Sub-div. based on area dissagregated stock sizes and mean 

weights (from MSVPA) adjusted to peak spawning time, sex ratios and female maturity ogive time series with 

annual variability were used to estimate the potential egg production. In Sub-div. 25, two data series of relative 

fecundity, i.e., observed relative fecundity (ORF) respectively predicted relative fecundity (PRF), established in 

this sub-task were applied to the corresponding FSSB to obtain two alternative time series of the potential egg 

production (PEP). For Sub-div. 26 and 28, PRF time series were established using area specific data in the 

fecundity prediction model established in this sub-task and area specific FSSBs.  

 

Batch fecundity and spawning frequency of sprat 

For Baltic sprat, a number of studies on the batch fecundity were available (Heidrich, 1925; Petrowa, 1960; 

Polivailo, 1980; Müller et al., 1990; Alekseeva et al., 1997). In addition, data were available from a study covering 

1992,1994, 1995, 1999 and 2000 made by AtlantNIRO and IfM Kiel supplementing the original work program.  

The material from AtlantNIRO was obtained during research cruises in March 1999, April 1992-94, May 1992, 

1994, 1995, 1999, June 1992, 1994, 1995, 2000. Between 50 to 100 sprat specimens were sampled per catch 

and preserved in 10 % solution of formalin with addition of 5 % iced acetic acid. Fixed samples were analysed in 

the laboratory. The biological analysis included measurements of total length (L), total weight, weight without 

viscera, determination of sex, stage of gonadal maturity, gonads weight. Gonadal maturity stage was determined 

under a microscope. The ovaries at IV-V, VI-IV-V stages were used to assess the batch fecundity. Fecundity 

was estimated with a gravimetric method in portions of 0.3-0.6g; at the same time, the diameters of 30-50 

hydrated oocytes were measured from the sampled portion of each ovary. Gonadosomatic index (GSI) and 

relative batch fecundity (RBF) in relation to female weight without viscera were determined for all specimens 

used in fecundity analysis; the mean fecundity (and standard deviation) was estimated with length and weight 

classes in each month for each year and in total. The mean female length and weight of all length classes are 

given for each month. Gonads of 224 specimens in maturity stages IV-V and VI-IV-V were histologically 

analysed. 

Data for 1999 from the IfM Kiel, comprised sufficient samples to examine spatial differences, while the fecundity 

estimates of Müller et al. (1990) combined with the AtlantNiro data enabled further investigation interannual 

variation. Due to relatively low sample sizes in some years and months of the AtlantNiro investigations, this 

analysis was restricted to the years 1988, 1992, 1995 and 1999, where sufficient sample sizes from the same 

month of each year were available. In order to test for potential area differences in batch fecundity, a total of 78 

ovaries were sampled in early June 1999 in Sub-divisions 25 and 26 as well as combined Sub-division 27 east 

and 28. The statistical analysis for spatial comparisons tested potential length dependence of batch fecundity 

within areas prior to analysis of area dependence. The lattes was based on combined length groups (12-13 cm) 

using a non-parametric variance analysis (Kruskal-Wallis test with subsequent post-hoc test according to 

Nemenyi), as a lack of normal distribution was indicated in some of the samples.  

However, information about spawning frequency, i.e. the fraction of females spawning per day in combination 

with an estimate of the average individual spawning duration to estimate the total number of spawned batches 

have not been provided in the literature. To obtain a measure of the spawning frequency, the gondal maturity of 

sprat sampled in the Bornholm Basin was staged at different dates of the 1999 spawning season according to 
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the macroscopic visual maturity scale introduced by Alekseev and Alekseeva (1996) and modified within the 

project (see previous sections). The stage determination enabled estimation of the proportion of mature females 

as well as the fraction of females in spawning condition (i.e. would spawn within the next 24 hours (Kraus and 

Köster, 2002). This fraction was applied as a measure of the spawning frequency.  

 

Results: 

Otolith-based estimation of individual cod growth and relationships to individual fecundity  

Estimation of individual growth 

To test the correlation between somatic and otolith size in the population the logarithm to otolith weight, 

LOG(OW) was analysed vs. the logarithm to length, LOG(L) as well as age (in years) and sampling area (as a 

class variable using three major areas of the central Baltic) in a GLM allowing for interaction effects. The 

following model: 

 

LOG(OW) = a + b*LOG(L) + c*age + d* LOG(L)*age + e*area  

 

was found to have an R-square = 0.965, n=1374, and all sources of variance significant at the p<0.0001 level. 

Further there was good correspondence between otolith weight and otolith length (OL), with a log-log 

transformed linear regression explaining 93% variation. With a correct age determination the above relationship 

would allow for a reasonable accurate estimation of earlier size at age if the second precondition were fulfilled. 

The timing of the formation of the translucent growth zone was therefore investigated over four quarterly 

sampling periods from 1995 to 1996, investigating the marginal characteristics of individual otoliths from different 

age classes. It was found that the individual variation in relative translucency within year-classes was high but 

there was also a significant shift in seasonality between two and three year old cod. Further significant area 

effects were found. These results indicate that traditional back-calculation methods of size at age from otolith 

growth structures (Francis, 1990) would be seriously biased. 

Based on the hypothesis of cellular metabolically controlled otolith growth and opaque otolith formation induced 

by increased protein secretion, a conceptual model of total otolith formation has been formulated. The model has 

further been visualised as the two dimensional growth of a transverse section of a virtual otolith. The model 

formulation has been further developed into a tool for of individual cod growth characteristics. Some of the 

implications of the model are related to otolith weight, volume and shape relative to fish size and somatic growth 

rate. Therefore a preliminary exploratory analysis of these otolith characteristics was performed in relation to 

individual fecundity.  

In a GLM analysis of ln(fecundity), LNFC, was found to be significantly related to ln(length) LNL and ln(otolith 

weight) LNOW, in the following regression model: 

 

LNFC = a + b* LNL + c* LNOW  with an R-square=0.70, n=108.  

 

When either year or month were included the R-square increased to 0.772 (they were however mutually 

exclusive in the present analysis). Five shape parameters describing length, width, perimeter to area ratio PbyA, 

and asymmetry in longitudinal and transverse planes were all tested. Only PbyA added a significant amount of 
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explained variation with a final R-square of 0.785 in the model: 

 

LNFC  = a + b* LNL  + c* LNOW  + d*Year + e* PbyA 

 

The analysis indicates that the development of shape may be worth considering in the integrated model of 

somatic and otolith growth. 

 

Otolith shape based analysis of cod growth characteristics 

Variable clustering combined with the average morphometric information (Fig. 1.4.2) indicated that a simple 

structuring of the shape information into three series of successive FDs was optimal. The following sequences 

were chosen, series 1: i=1 to 10, series 2: i=11 to 43 and series 3: i=44 to 60. Principal component analysis was 

carried out to find the first two components for each series independently. The two first Principal components 

from the first series (i=1 to 10) explained proportions of 0.35 and 0.15 respectively; for the second series (i=11 to 

43) the explained proportions were 0.13 and 0.07 respectively and for series three (i=44 to 60) the explained 

proportions were 0.16 and 0.09 respectively. 

All six components here called Pi,j with all possible interaction terms were then analysed for the entire dataset in 

an exploratory stepwise regression analysis retaining variables with an alpha of 0.05. The initial screening 

removed all higher than third order interaction terms. To select a robust set of significant variables combining 

different Pi,j with interaction a bootstrap macro was set up in SAS to randomly divide the data set in two 

approximately equally sized groups and repeatedly rerun the analysis. The candidate list was then tested on the 

entire data set. A linear model with the following three interaction terms: P1,1 x  P1,2 ; P1,2 x  P2,1 and P1,2 x  P3,1 

(in Table 1.4.5 called n7 n9 and n14 respectively) explained 14% of the variation and was found significant 

(p=0.0001; Table 1.4.5a).  Year alone had a significant effect on relative fecundity (four class levels R-

square=0.13). In a further ANCOVA (PROC GLM SASTM software for Windows TM Version 8.01) year was 

added as class variable and analysed with interactions. The new effects all contributed significantly to the 

explained variance (R-square=0.35, p<0.0001; Table 1.4.5b). 

 

Temporal variations in growth and condition of cod and sprat 

Cod liver condition: 

Material was available from Denmark, Germany and Russia. 

Danish commercial catches: 

Material is available from the Danish commercial catches for 1987-1999. The data are based on landed weights 

of cod and cod body parts (e.g., liver, roe, gutted weights, and total weights). The data are potentially useful for 

examining seasonal and interannual trends in cod reproductive physiology and bioenergetics, particularly if they 

are compared and calibrated with other data sources (e.g., survey information of condition and growth rates). 

The raw data are contained in the Danish fisheries reporting system, which underwent a major revision in 1986. 

This revision has resulted in the reporting of more highly resolved information with respect to spatial distribution 

and fishing trips. The data contained in the database are the total landed weights of gutted cod, ungutted cod, 

livers, roes and other body parts. This material can potentially be used to examine seasonal and interannual 

variations in hepatosomatic indices and spawning times. As might be expected, the information available is large 

and represents several 10’s of thousands of individual fishing trips and thousands of tonnes of cod during the 
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last 10-15 years. However before such an analysis can be conducted, the limitations of the data for ecological 

purposes must be documented and recognised. Some of these are described below. 

First, the data are not resolved by sex or size. This means that differences between sexes and size-groups can 

not be quantified and will therefore contribute to the observed variations. Second, liver and gutted weights are 

grouped sums resolved to individual fishing trip; no paired observations are available at the individual fish level in 

this database. This means that the data are highly resolved in time (i.e. multiple observations per week and day) 

and will potentially enable resolution of seasonal as well as interannual variations. Third, the spatial resolution of 

the data changes over time. In the earlier years the data are reported as originating from Division 3D which 

includes all ICES Sub-divisions 22-32. As the system became implemented and as fishers complied with the 

new reporting system, the resolution has increased so that nearly all fishing trips were resolved to ICES Sub-

division and in some cases to ICES statistical square by the early 1990’s. The improvement in fisheries reporting 

means that possible spatial variations in cod condition and physiology can be compared in the mid-late 1990’s 

but not in the mid-late 1980’s. Hence variation in hepatosomatic indices within Division 3D will include those due 

to spatial variations, as well as those due to size and sex differences. One means to overcome this problem is to 

select only those years and fishing trips where spatial information is available at the sub-division level. This 

would reduce the temporal coverage of the data. Fourth, the data will to some extent represent the market value 

of cod liver as a commercial commodity. A fisherman’s decision not to land and sell the liver will therefore 

contribute to some of the variation in the hepatosomatic indices. As a result seasonal trends in hepatosomatic 

indices could be reduced by price- and work-related behaviour of fishermen. This behaviour will therefore reduce 

the statistical power to resolve seasonal trends in hepatosomatic indices.  

 

Hepatosomatic indices from Danish commercial catches: 

The liver and gutted weight data have now been extracted from the Danish fisheries reporting database and 

organised into ascii and Excel files for further data processing. The amount of material available is large: on 

average, Danish fishermen have made 48,000 cod fishing trips per year during 1987-1999 to all areas in ICES 

Sub-divisions 22-32. The data have been aggregated into monthly means for additional analyses. The index has 

some significant variations and there is on overall downward trend during the 1990’s (Fig. 1.4.3).  

 

Hepatosomatic indices from German research surveys: 

The IOR has measured liver and gutted weights on cod during research surveys in the 1950’s. Partner 6 has 

provided partner 2 with copies of the raw data sheets for entry into computer files and this work has been 

initiated. These data are based on paired measurements with individual fish and therefore are suitable for 

deriving hepatosomatic indices. Preliminary analysis of the data which have been entered to date shows that 

hepatosomatic indices in the 1950’s based on individual fish were ca. 6% and varied between months and years 

(Fig. 1.4.4). The values are comparable to those measured in other cod stocks, and compare favourably with the 

grouped measurements estimated from the Danish commercial catches during the 1980’s and 1990’s.  

Hepatosomatic indices from Russian research surveys and commercial catches (partner 1b): 

Partner 1b has measured hepatosomatic indices during research surveys in spring during the years 1992, 1994-

1996 and 1999 and from commercial catches during the months of May, June, July and October 2000. 
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Fulton’s K condition factor 

Long-term variations in growth rates: interactions with food supply, diet and temperature: 

A statistical analyses of cod growth rates in relation to food abundance and temperature for the period 1960’s-

present has been made. A full description of the data material and results is available in Uzars et al. (2000). The 

analyses demonstrated that cod have grown at different rates during the time period considered (Fig. 1.4.5). The 

variations are size-dependent, and are associated with changes in diet composition (e. g., proportion of fish in 

the diet), food abundance (Fig. 1.4.6 and 1.4.7) and water temperature (Fig. 1.4.8). The time of year when the 

forcing variables were most important was usually in the fall-winter.  

The overall multi-year trend in condition in the southern Baltic is shown in Fig. 1.4.9. The condition, Fulton’s K, 

based on gutted weight, which indicates changes in somatic growth, was high at a high level early in the period 

investigated (1968-1970), but was low at low level in mid 1980s. In the early 1990s, the condition tended to be 

above average, but has been near the long-term mean since that time. The condition data represented in Fig. 

1.4.9 have been disaggregated to examine whether there were significant components due to seasonal, 

interannual and size effects.   

Condition differed significantly between the four length groups (GLM analysis using length, quarter and year as 

factors; P < 0.0001 for length, overall P > 0.0001). Condition was highest in the smaller length groups (K = 0.88-

0.92) and lowest in the larger groups (0.77–0.83; Fig. 1.4.10). The difference in condition among length groups 

was ca. 0.10–0.12. Condition also varied significantly on a seasonal basis, and this variation interacted 

significantly with length. Condition was highest in quarters 4 and 1 and lowest in quarters 2 and 3. This seasonal 

variation generally relates to the seasonal maturation of gonads and spawning and the seasonal variation in food 

intake, which is lower during spawning (quarters 2 and 3) and usually peaks in quarters 4 and 1 (Uzars and 

Plikshs, 2000). Condition varied less among quarters for the two smaller groups than the two larger groups: the 

difference between lowest and highest condition throughout the year was greater for large cod than for small 

cod. 

There is also significant interannual variability in cod condition among quarters and length groups. Inspection of 

the time series of quarterly mean condition for different cod length groups shows that condition at certain times of 

year was more variable than at other times of year. For example, condition in the first and second quarters of the 

year seemed to show stronger interannual variations than condition in the third and fourth quarters. This pattern 

was most evident for the period during the mid-late 1980s until the mid-1990s; during this time condition in the 

first two quarters generally increased and then remained stable or slightly decreased (Fig. 1.4.11). In contrast, 

condition during the third and especially fourth quarter was relatively stable during the entire period. This could 

perhaps be due to fewer observations during these times of year. 

Since condition may be affected by food supply, the condition in periods of the year which varied most were 

compared (i.e., quarters 1 and 2) with indices of food abundance. Two measures of food abundance for cod 

were used in these comparisons.   

The first index was the prey availability index, Pi, describing the ratio between clupeid prey biomass and cod 

SSB in the fourth quarter of the previous year (defined under Materials and Methods: Cod fecundity and atresia). 

The area chosen (ICES Sub-div. 25) corresponds approximately to the distribution area of cod captured by the 

Danish fishery and used in these analyses; this area has had an increasing share of the spatial distribution of the 

cod stock in the last 10-15 years (ICES, 2001a). The time period chosen (4th quarter) is considered to represent 
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one of the main feeding and growth periods for cod in the Baltic, as based on stomach content analyses (Uzars 

and Plikshs, 2000).  

The second index was a relative annual prey availability index calculated as the total spawning biomass of sprat 

and herring per unit cod spawning biomass was developed to cover also the northern cod population. Area 

specific, quarterly assessment data do not exist for the northern Baltic, as the area disaggregated MSVPA does 

not include Sub-div. 29-32. This alternative index was based on annual estimates of spawning biomasses (ICES, 

2000) of sprat in Sub-div. 22-32, herring Sub-div. 25-29 + 32 and cod Sub-div. 25-32 and covers larger time 

scale than the other index, which is fortunate in the present analysis.  

The condition in the first quarter was compared with the prey availability index from the previous 4th quarter. This 

comparison was made on a length-group basis and assumes that cod physiology and condition requires some 

weeks or months to react to changes in food supplies. The comparison shows that there is significant correlation 

between food availability and condition for three of the four length groups (Fig. 1.4.12). Hence, the variations in 

condition were to some extent coupled to interannual variations in prey abundance. These patterns were also 

evident from the comparisons using the larger-scaled prey abundance index. These comparisons were length-

specific and conducted for quarters 1 and 2 (i.e., those prior to spawning). The comparisons showed strong and 

significant correlation between relative prey abundance and condition. Condition was particularly strongly 

correlated with prey availability during years when food abundance was lowest (i.e., < 10 tonnes herring and 

sprat spawner biomass/tonne cod spawner biomass). When food availability was higher, condition tended to be 

higher and less variable (Fig. 1.4.13). These patterns were evident in both quarters 1 and 2 and suggest that 

non-linear models would more properly represent the functional relationships between relative prey availability 

and cod condition than the simple linear models used here. 

Cod condition data collected in the northern Baltic (Fig. 1.4.14) showed considerable variation as observed for 

cod in the southern Baltic. It should be noted that condition indices for cod in the north are based on whole 

weights compared to gutted weight in the former analysis of southern cod. The condition indices are therefore 

generally higher and consider reproductive growth as well as somatic growth. In the present analysis, focus 

therefore is on time trends and general patterns rather than on absolute values when comparing results to those 

obtained for cod in the southern Baltic. 

Condition of cod in the northern Baltic during 1974-1995 tended to decline with increasing length (Fig. 1.4.15) as 

cod in the south. Seasonal variations reflected reproductive growth with an increase in total body weight during 

prespawning in second quarter reflecting gonadal development, which can not be seen from the somatic 

condition index applied for cod in the southern Baltic. For the same reason, the smaller length groups with the 

lowest proportions mature show least seasonal variability in both areas (Fig. 1.4.15). Interannual variability of 

quarterly length-specific condition indices was also significant for cod in the northern Baltic (Fig. 1.4.16). 

Condition has generally become more variable with time. There have been occasional years during the last 10-

15 years, when condition in some length groups in some quarters has been high and for some groups, the 

condition has tended to increase over time (e.g., 40-60 cm cod in Q2 and Q4; 60–80 cm cod in Q3).  

The relationships between cod condition food availability (annual relative prey biomass) in the northern Baltic 

were not as clear (Fig. 1.4.17), as was the case for cod in the southern Baltic. This could be due to two factors. 

First, cod have become less abundant in the northern Baltic over the time period (ICES, 2001a) and as a result 

the time series ends earlier. Second, the rough index might not adequately reflect the area specific prey 

availability.  
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Changes in growth and stock structure of sprat  

With respect to changes in growth and stock structure of sprat, the age composition of commercial catches of 

sprat in the Gulf of Finland in 1987-1996 was dominated by the year-classes 1982, 1984, 1986, 1988, 1989, 

1991, and 1994 (Tab. 1.4.6). In general, one or two age groups dominated the catches, mainly ages from 1 to 4. 

The length and weight structure of sprat has changed in the Gulf of Finland since 1992, being particularly evident 

after the recruiting of 1994 year-class. The share of both larger length- and weight-classes has dropped (Fig. 

1.4.18). This is caused by slower growth of year-classes dominating in the stock in these years. Since the middle 

of the 1990s sprat year-classes recruiting into the commercial stock can be characterised by considerably 

smaller length and weight in comparison with previous recruiting year-classes. 

The dynamics of mean length and weight at age of sprat have certain well-distinguished peculiarities in the Gulf 

of Finland (Fig. 1.4.19). The mean length at age of sprat increased until 1992-93, it was stable in 1994-96 and 

then dropped drastically in younger age groups. The mean weight at age of sprat increased until 1989 and 

decreased after that linearly. Changes in the mean weight at age were substantially more evident than in mean 

length at age, the latter being in fact explainable also by sampling problems. The temporal dynamics of the mean 

weight in most abundant length group (12.0-12.5 cm) is in agreement with the dynamics of the mean weight at 

age (Fig. 1.4.20).  
The von Bertalanffy growth parameters 

The von Bertalanffy growth parameters calculated for Baltic sprat in the Gulf of Finland in 1986-97 are presented 

in Tab. 1.4.7. By comparing the growth parameters by three-year periods, significant deviations can be found 

only in weight parameters (Fig. 1.4.21). The highest asymptotic weight and coefficient K values for the weight 

were observed in 1989-91. The highest asymptotic length was estimated for 1992-94 and 1995-97. At the same 

time, the highest value of the coefficient K for the length was observed in 1989-91. 

 

Cod fecundity and atresia 

Potential fecundity 

Linear relationships fitted between fecundity and total body weight for each sampling year were highly significant 

(r² = 0.72 in 1988 to r² = 0.98 in 1999; Tab. 1.4.3). No significant deviation from linearity for eight out of ten years 

was indicated from the slopes of log–log regressions of these parameters, as they did not differ significantly from 

one. Of the two years with significant deviations, 1989 was only slightly lower than the fixed probability level of 

0.05, while in the other (1991) a larger deviation from linearity was indicated. The intercepts of the untransformed 

fecundity–body weight relationships were not significantly different from zero, except for 1989, where 

significance indicated a violation of isometry. For none of the years, the residuals of these relationships showed 

a significant relation with fish length (p > 0.05; Tab. 1.4.3). As no systematic violation of the assumptions was 

observed, relative fecundity was considered to be independent of body size and a reliable estimator of potential 

fecundity of Baltic cod. The relationship between relative fecundity and somatic condition index derived in the 

former section for Sub-div. 25 (Quarter 1) was investigated, but no significant relationship was found (p > 0.10). 

The annual relative fecundity estimates based on weight thus seem to reflect interannual changes in Baltic cod 

growth and condition well.  

Average relative fecundity varied significantly between years (ANOVA p < 0.01). The highest relative fecundity 

was observed in 1996, and the lowest value in 1991 (Tukey´s HSD test p < 0.001; Fig. 1.4.22) amounting to a 
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difference of 33% (maximum set to 100%). A simple model to estimate annual relative fecundity was 

successfully established by relating the relative fecundity from the project database to the prey availability index. 

The best fit to data was obtained with an exponential 2 parameter function (r² = 0.72; p = 0.01; Fig. 1.4.13): 

 

(1) yPRF  = exp (6.23 + 0.02 * yiP ) 

 

where PRFy is the average relative fecundity and Piy, the prey availability index of year y (i.e., fourth quarter of 

the preceding year). The best fit between water temperature and fecundity was parabolic (r² = 0.21; p = 0.18) 

with the highest relative fecundity occurring at intermediate water temperatures. This relationship was, however, 

insignificant (α = 0.05), though a significant linear interaction between prey index and water temperature was 

revealed (r² = 0.31; p = 0.047). Similar to water temperature, growth anomaly did not explain a considerable 

amount of variation in relative fecundity, neither as a single variable nor in a combined model. Consequently, 

growth anomaly and water temperatures were not used the final model and the above exponential model was 

used to predict a time series of relative fecundity (PRF). The model reflected the ORF including the independent 

fecundity data from Shapiro (1988) and Bleil and Oeberst (1996) quite well except for two years (1978 and 

1983), where the data points were outside the prediction limits (Fig. 1.4.23). The PRF and ORF time series were 

positively correlated (r = 0.55; p < 0.05). The maximum difference was detected in 1983 with the PRF being 61% 

higher than ORF, but ORF showed an even larger difference to the subsequent year in the time series. A similar 

pattern was observed for 1978 though less pronounced (Fig. 1.4.24). 

 

Atresia as regulatory mechanism of fecundity 

The prevalence of atresia (Pa) did not differ significantly between the five fish size categories investigated (χ²: p > 

0.05; Tab. 1.4.4), although the largest Pa’s were observed for females larger than 50 cm within most maturity 

stages. Exceptions from this pattern were detected for stage IV, where the highest proportion of individuals with 

atresia (50%) were found in the size class of 31 to 40 cm (but based on two samples only). No atretic oocytes 

were observed in females of the juvenile maturity stage I, but in stage II, atretic oocytes (CNR) were observed for 

one fish in the size category 31 to 40 cm, but with Pa being at a very low level. No stage IX ovaries (resting 

stage) were encountered in the sampling and only few in stage VIII. However, in the latter stage, all ovaries 

contained atretic oocytes. As ovaries used for fecundity analyses in this project all are from females in Stage IV, 

atresia during maturity stages I to III are irrelevant for estimating the potential loss of eggs between the 

established estimates of potential fecundity and the realised fecundity of the females spawning stock. The 

analysis based on stages IV to VIII neither showed any significant difference between Pa of the different length 

categories (χ²: p > 0.05), but the average Pa differed significantly between maturity stages (χ²: p < 0.001) with 

increasing Pa values as development progresses. This trend was visible within each of the four length 

categories, but most pronounced within the 41 to 50 cm group, which also is the group containing the largest 

numbers of samples (Tab. 1.4.4).  

Fulton´s condition factor (based on whole body weight – gonad) was significantly lower for females with atresia 

than for individuals without atresia (t-test p < 0.001) with average K´s of 0.86 and 0.94, respectively. However, K 

was related to maturity stage (Fig. 1.4.25) with differences in condition between stages being significant (ANOVA 

p < 0.001). Thus, differences in K between fish with and without atresia were tested separately for each maturity 

stage (excluding stages I and VIII, where Pa was zero and one, respectively). For maturity stages II to V no 
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significant differences in K were found between specimens with and without atresia (all t-test p > 0.05), while for 

the stages VI and VII the condition was significantly lower for individuals with atresia (t-test p = 0.02 and 0.04, 

respectively). In stage VIII, where all females had atretic ovaries, also the lowest condition values were 

observed. The liver index (HSI) was in contrast to Fulton’s condition factor not significantly different between 

atretic and non-atretic specimens (t – test p = 0.41), but varied similar to K significantly between maturity stages 

(ANOVA p < 0.001; Fig. 1.4.26). Separate tests of difference in HSI between specimens with and without atresia 

within maturity stages (excluding again stages I and VIII) did not reveal significant differences in HSI within any 

of the stages included (all t-tests p > 0.05). Corresponding to Fulton’s K, the lowest average HSI value were 

observed in stage VIII. However, the sample size was small and variation high in stage VIII, which is reflected by 

the comparatively large variance in the HSI values of the stage.  

In contrast to prevalence, the total (Ia) and relative intensities of atresia (RIa) excluding the specimens without 

atresia did not differ significantly between maturity stages II to VIII (Kruskal - Wallis H-tests p = 0.21 and 0.32; 

Fig. 1.4.27). When restricting the same analysis to stages IV to VIII (see above) the significance level further 

decreased in both cases (Kruskal - Wallis H-test p = 0.66 and 0.45). Consequently, the maturity stage is not 

considered in the following analysis.  

Highly significant correlation between ln-transformed intensities of atresia and fish length and weight were found 

by rank correlation analysis (Fig. 1.4.28), which was also to be expected as an effect of larger ovary sizes of 

larger compared to smaller fish. In contrast, the log transformed relative intensities of atresia were independent 

of length and RIa was considered independent of fish size, though rank correlation with fish weight was indicated 

(p = 0.04). However, both measures of condition, i.e., the HSI and Fulton’s K, were unrelated to fish size 

(Spearman rank correlation, K: rs (length) = -0.09, p = 0.40; rs (weight) = 0.07, p = 0.52; HSI: rs (length) = 0.02, p 

= 0.86; rs (weight) = 0.08, p = 0.45). A negative correlation coefficient between either Ia or RIa and K was found, 

while for HSI positive coefficients were detected. The association between both indices of nutritional condition 

with atresia was, nevertheless, insignificant (Fig.1.4.18).  

Results of the above analysis suggest that the relative intensity of atresia is relatively stable over maturity stages 

and that the observed increase in Pa is related to the progressing ovarian development from ripening through the 

spawning stages to spent condition. Thus, for a quantification of the total, seasonal atretic loss a combination of 

stage specific Pa’s and an average RIa value was applied. RIa was defined as the proportion of total α-atretic 

oocytes per ovary in relation to the predicted potential fecundity (Witthames and Greer Walker, 1995). This 

definition enables the application of RIa to estimate the total atretic loss of eggs for all pre-spawning and 

spawning stages (Witthames and Greer Walker, 1995). Information on duration of the average individual 

maturation and spawning season of female cod in the Bornholm Basin are provided by Tomkiewicz and Köster 

(1999) obtained within the frame of the present project (Sub-task 1.2). Maturation of oocytes (stage III+IV) lasted 

on average 3 months. As the potential fecundity is determined from a stage at which oocyte maturation is 

advanced (Stage IV) and the oocyte growth rate accelerates during maturation (Witthames and Greer Walker, 

1995), a period of 1 month from fecundity sampling to the start of spawning was assumed. The duration of the 

female spawning season was estimated to be on average 2.5 months (Köster and Tomkiewicz, 1999; Sub-task 

1.2.). For the calculation of the atretic loss of oocytes, the stage IV was estimated to 30 days, while the spawning 

season was partitioned into three phases corresponding to maturity stages V, VI and VII i.e. early, peak and late 

spawning, each with a length of 25 days. Assuming that average stage duration for α- atresia of 9 days (Kjesbu 

et al., 1991; Witthames et al., 2000) would also apply to Baltic cod, a rough estimate of the atretic loss in each 
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stage was calculated as: 

 

Li = Pai  X RI a X ( Di / T ),  
 

where Li is the average proportion of oocytes lost in stage i, Pai is the prevalence of atresia in females of stage i, 

RIa the average intensity of atresia, Di the number of days in the maturity stage i and T the average turnover rate 

of 9 days. Combining the above formula for stages IV-VII, the average total loss of oocytes for the entire period 

from the fecundity determination at maturity stage IV through the spawning process amounted to 3.6% in 

Eastern Baltic cod. This result suggests that the importance of atresia as a regulator of the in Baltic cod egg 

production is low. However, this value is only based on samples from year 2000 and effects of the temporal 

changes in weight (Sub-task 1.2) and condition (this Sub-task) on the prevalence and intensity of atresia might 

be higher under less favourable conditions e.g. low prey availability.  

 

Cod egg production models 

The PEP as well as the FSSB reflect the general stock development of Baltic cod with a historic maximum in the 

early 1980s followed by a pronounced decline from mid 1980s to late 1990s with an intermediate peak in the mid 

1990 (Fig. 1.4.29a). The PEP (PRF) ranged from 0.75 x 1013 to 4.41 x 1013, while PEP (ORF) varied between 

0.69 x 1013 and 4.26 x 1013. The time series show good agreement except for the deviating years 1978 and 1983 

in the ORF time series, which are reflected in the PEP (ORF). As the estimated level of atresia was low and no 

generalisation could be made from this single year of observations, the potential egg production estimates were 

not corrected for this loss of oocytes. As the annual relative fecundity seems not to differ between areas, the 

relative annual fecundity in Sub-div. 26 and 28 including the two remaining spawning areas of Baltic cod was 

calculated using Eqn. 1 (above section on cod fecundity and atresia). The prey availability index was based on 

area specific data from the area-disaggregated MSVPA (Sub-task 5.3) using the same approach as for Sub-div. 

25. The area-specific FSSB and relative fecundity time series combined to established the potential egg 

production per Sub-div. and in total for eastern Baltic cod stock is shown in Fig. 1.4.29b. The total potential egg 

production of the stock follows the general stock trend with an absolute maximum in the early 1980’s, a sharp 

decrease during the late 1980’s and a minor peak in the mid 1990’s. However, the egg production in the three 

different spawning areas in Sub-div. 25, 26 and 28 differs. The egg production in Bornholm Basin (Sub-div. 25) 

peaks in same periods as observed for the total egg production, but the relative magnitude is different. In the 

Gdansk area (Sub-div. 26), the peak in the egg production in the 1990 is much less pronounced and in central 

Gotland Basin (Sub-div. 28), the second peak is absent. The high egg production in the early 1980’s thus results 

from high egg production in all three spawning areas with the second peak is due primarily to spawning in Sub-

div. 25 and secondly to Sub-div. 26 while the reproduction in Sub-div. 28 has failed since the early 1990’ies. 

 

Batch fecundity and spawning frequency of sprat 

Annual and interannual variability 

Absolute batch fecundity (АBF) of sprat increased from around 0.6 to around 2.6 thousand eggs in parallel to 

female length increase (Tab. 1.4.8). In spite of substantial individual variability, the average ABF within length 

class tended to rise from April to June. This trend is especially apparent in the average over years within length 
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classes best covered by sampling (11.5 to 13.0 сm) (Tab. 1.4.9) The minimum values are observed in April and 

maximum in June for each of these classes. 

The ABF of similar sized fishes also varied substantially between years (Tab. 1.4.10). ABF values were higher in 

most length classes in 1992 and 2000, than in 1994, 1995 and 1999. These differences may either reflect 

actually existing interannual variations of similar length fish fecundity or be caused by the prevalence of samples 

in various phases of spawning period in different years. In 1992, about 6 % of the material was obtained in April, 

80 % in May, 16 % in June; in 1994: the distribution was comparatively 20 %, 36 and 44 % respectively; in 1995: 

88 % was sampled in May, 12 % in June; in 1999: 39 % in March and 61 % in May. The higher mean annual 

value of ABF in 1992 as compared to 1994 can be explained by smaller share of fish in April (at initial phase of 

spawning). In 2000, the material only represents fishes sampled in June (the final phase of spawning), which 

might explain the higher fecundity values in all length classes. It seems therefore that for accurate estimation of 

batch fecundity, it is necessary to take into account the time of sampling in relation to the spawning period.  

The comparison of female weight (without viscera) caught in different years revealed that females of all length 

classes had higher weight in April - June 1992 than in other years (Tab. 1.4.11). As reproductive production 

(within a species or population) often is closely connected with the weight if the female, this might explain the 

higher fecundity parameters of specimens in 1992. However, slightly lower weight of females of respective 

length classes, nevertheless, provided higher ABF values in 2000 as compared to 1994, 1995, 1999. However, 

the high ABFs in 2000 may be related to the increase of batch size by the end of the spawning season. 

The relative batch fecundity (RBF) within length and weight classes seemed not to be correlated with female 

length (Tab. 1.4.12) and or weight (Tab. 1.4.13). In spite of considerable variation, no substantial change in RBF 

of similar sized fish or general trend was observed within months. This also applies to combined monthly (Tab. 

1.4.14) and annual (Tab. 1.4.15) distribution of average values. The lack of a specific relationship between RBF 

and female length and weight allows that data are combined for all length classes to estimate general RBF 

values.  

The analysis of mean monthly RBF values, however, revealed a significant increase from April to June (as well 

as in АBF). This increase generally applies to all classes within years and as monthly averages (Tab. 1.4.12-14) 

as well as in monthly RBF averaged for all length classes (Tab. 1.4.14 - bottom lines). In such case, it would be 

expected that in the beginning of the spawning period in March, RBF should be much lower than in April. 

However, in March 1999 is an exception with the average RBF (155.3) exceeding the BRF of April and 

corresponding to the values in May 1992, 1994, 1995, and 1999. Thus, the relationship of RBF and the 

spawning phase is more complex than just its simple increase from the beginning to the end of the spawning.  

The average annual RBF values did not differ considerably between 1992, 1995, 1999 (all length classes): 

154.0; 151.5; 155.3 eggs/g, respectively, while in 2000 this value amounted to 186.8 eggs/g (Tab. 1.4.15, bottom 

lines). The values of RBF in 1992, 1995, 1999 likely are similar, because in these years most of material was 

sampled in May, while high mean RBF in 2000 is as mentioned before probably is caused by the fact that 

material was sampled only in June. In 1994, however, the value of 138.3 eggs/g somewhat deviates for the 

general pattern. The mean RBF values in April and May 1994 was at the same level as the comparative values 

in 1992 and 1995, but in June the mean RBF value was significantly lower (133.4 eggs/g). This might be due to 

intraannual differences in batch fecundity by the end of spawning.  

An overall average RBF value of 156.7 eggs/g that can be used in the egg production estimation was obtained 

by pooling the entire material (713 specimens). This value does not differ much from average May values, and 
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this month also was the peak spawning period for all years considered: 150.4 (1992); 153.4 (1994); 150.5 

(1995); 158.3 (1999) eggs/g. 

 

Spatial variability in fecundity  

Available batch fecundity values for Baltic sprat sampled in May 1988 (Müller et al., 1990), 1992 and 1995 as 

well as 1999 (see subtask 1.4) in Sub-division 25 and 26 revealed an increasing trend with increasing female 

size in all data sets (Fig. 1.4.30), though significant differences were not encountered in every year. 

Standardising the batch fecundity by the body weight without intestines revealed an opposite trend of decreasing 

average relative batch fecundity with female size for the years 1992 and 1995, while this is not obvious for the 

data from 1999 considering the overlapping length range. For 1988 comparable values were not available. In 

general, the average absolute batch fecundity was highest in earlier years, while a similar deviation is not 

obvious for the relative batch fecundity, most likely due to lower weight at size in later years. The interannual 

variation of the average absolute and relative batch fecundity in well-covered length-classes 11.0 to 13.0 cm is 

relatively low (in maximum 24%). 

It was tested whether batch fecundity differs between areas. First, it was tested whether batch fecundity was  

length dependent within areas. Then combined length-classes that were not statistically significantly different (12 

and 13 cm) were used to test potential area differences in batch fecundity applying a non-parametric variance 

analysis (Kruskal-Wallis test with subsequent post-hoc test according to Nemenyi). The latter test revealed 

significantly lower individual batch fecundity in the northern study area compared to both other areas (p=0.039) 

(Fig. 1.4.31). 

According to Alheit (1988) batch fecundity of sprat may vary considerably during a spawning season, with an 

increasing trend to peak spawning and declining afterwards. Earlier data from the Baltic (Alekseeva et al., 1997) 

appear to confirm this pattern also for Central Baltic sprat, although not very pronounced. In contrast, available 

data for 1999 (Fig. 1.4.31) did not indicate substantial changes in batch fecundity from March to June. In fact the 

June values derived in our study were lower than the values from March and May. This may be related to 

methodological differences in the analysis procedure conducted by two different laboratories. For example, the 

June samples were not analysed histologically to identify post-ovulatory follicles allowing to omit individuals, 

which already had started spawning from the analysis (Hunter and Goldberg, 1980). Due to the diurnal spawning 

activity of Baltic sprat in late night hours and subsequent sampling during the day, however, a significant bias 

appears to be unlikely. 

 

Spawning frequency 

Maturity of sprat sampled in the Bornholm Basin at different dates of the 1999 spawning season according to the 

macroscopic maturity scale (sub-task 1.2) enabled the estimation of the proportion of ripe females and the 

fraction of ripe females spawning within the next 24 hours (Kraus and Köster, 2002). This fraction, as a measure 

of the spawning frequency, was remarkably stable for different length-classes throughout the major part of the 

spawning season, i.e. May to July (Fig. 1.4.32). On average the spawning frequency was 27%, which 

corresponds to a spawning interval of approximately four days. Only in the beginning of the spawning season in 

April, the fraction was considerably higher, interpreted as an early phase of spawning activity, with a regular 

spawning pattern not yet established. Immigration of females into the Bornholm Basin, just prior to spawning as 

indicated by the in- and outside basin differences in the proportion of ripe females and those expected to spawn 



Final Consolidated Report               Task 1 

 164 

within the next 24 hours (Sub-task 1.2) may bias the estimate to a certain extend.  

 

Discussion: 

Otolith-based relationships between cod growth and individual fecundity 

In most fisheries institutes fish otoliths are routinely extracted for individual age determination used for population 

analysis in stock assessment work. Depending on their relatedness to fish size and periodicity of formation 

otolith ring structures may be used to back-calculate growth trajectories (Francis, 1990). For Baltic cod however 

growth structures are formed at variable times of the year (Mosegaard et al., 1997) so their usefulness in 

estimating growth rates depends on the establishment of an otolith accretion model. One aspect of this model is 

the differential growth of the otolith along its major axes and finer lobes depending on ontogenetic development 

and environmental forcing of fish physiology. In the present subtask, it is hypothesised that the growth conditions 

of an individual cod over several years are captured in the shape of the otoliths. 

While otolith growth may indirectly be linked to fish growth the otolith contour shape is not easily interpreted 

(Begg and Waldman, 1999) and no known functional relationship exists between biological variables like 

condition or fecundity and specific features of otolith shape development. It is trivial that absolute fecundity may 

covary with otolith size since otolith size co-varies with fish size and age. However, since relative fecundity 

appears to be stable over fish size and age it is of interest to find characters that may explain residual variation at 

the individual level. Fourier analysis transforms in a standardised way all details of the otolith contour outline into 

a set of variables that may be compared using numerical techniques. However, a complication to the analysis is 

that the high number of FD variables and their collineary nature may inflate any significance of selected raw 

variables. The use of Principal component analysis may reduce this problem but with the risk of loosing essential 

information from subtle information spread over many FDs. The performed PCA only captured about 50%, 20% 

and 25% of the variation in amplitude in each of the three shape categories. It can therefore not be excluded that 

some neglected shape information may contain additional explanation of cod relative fecundity.  

The significant effects of year and year*shape interaction points at the complex relationships between otolith 

accretion and environmental factors (Mosegaard et al., 1988) further complicated by the cumulative nature of 

otolith shape development integrating effects over several years (Lombarte and Lleonart, 1993). The results 

obtained in this section are among the first steps in a holistic approach to interpretation of otolith shape 

development and should therefore be viewed with caution until independent verification on new data sets has 

been performed. Digitised image analysis of otoliths has become a routine in many labs and it is now possible 

with a reasonable speed to process high numbers of otoliths including Fourier analysis of the contours. Since 

analysis of fecundity is resource requiring and historic records limited the use of any additional information to 

relate individual cod fecundity to population levels is of interest. The limited explanation power of the present 

method did not allow predictions of relative fecundity, however, the otolith shape description has some prospects 

for attaining fecundity data e.g. combined with established fecundity-prey availability or growth anomaly models. 

 

Temporal variations in growth and condition and fecundity of cod and sprat 

Cod condition 

Variations occur at a seasonal scale in relation to reproduction and are related to fish length, however, the 

analyses indicate that condition of cod in the Baltic has undergone considerable variations during the last 20-25 
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years that were significantly related to the relative food availability. The patterns were strongest for the cod in the 

southern Baltic, whose time series covered a wider range of data on somatic condition and relative food supply. 

The available condition time series for cod in the northern Baltic based on whole weight covered a shorter period 

and the alternative prey availability index may not adequately represent the area or e.g. hydrographic conditions 

may play a larger role.  

The relationship between variations in condition and prey availability is reflected in the similar relationship 

between relative fecundity and prey availability at the time, when fecundity is determined. There were significant 

relationships between condition and relative food availability using both of the two prey availability indices i.e. in 

Sub-div 25 from Quarter 4 the previous year or Quarter 1 and the annual index. Also, the relative fecundity of 

cod in Sub-div 25 was significantly related to the relative prey availability from Quarter 4 the previous year with 

the influence of increased food supply probably being translated into higher relative fecundity via improved 

condition and vice versa.  

The updated analyses confirmed that the average relative fecundity was independent of length and constant 

over the whole range in body weight within years. The annual relative fecundity neither was significantly related 

to the condition of the sampled females (Stage IV) nor to condition at the onset of ripening (independent data 

from commercial fisheries). This indicates that the relative fecundity actually integrate changes in condition as 

the individual fecundity increases with changes in fish weight. However, the relative fecundity varied significantly 

between years, which confirmed the results of Kraus et al. (2000). Interannual variation in size-specific or relative 

fecundity has also been demonstrated for other Atlantic cod stocks, e.g. the Northwest Atlantic (Pinhorn, 1984), 

the North Sea (Rijnsdorp et al., 1991) and the Northeast Atlantic (Kjesbu et al., 1998). The mechanisms 

responsible for the determination of fecundity are well investigated at the individual level (Woodhead and 

Woodhead, 1965; Kjesbu et al., 1991). Variations are mainly attributed to differences in fish size, food availability 

and condition (Kjesbu et al., 1991, 1998; Lambert and Dutil, 2000). It has, however, proven difficult to transfer 

these relationships from the individual to population level to explain or predict interannual variation in average 

relative- or size-specific fecundity. Seasonal variation in the influencing parameters and the associated problem 

to identify the right time of sampling in the field seems to be the main complication. Consequently, factors 

influencing or co-varying with fecundity (e.g., water temperature and prey biomass: Kjesbu et al., 1998) or total 

egg production (e.g., total lipid energy: Marshall et al., 1999) were used as indices. In the present study, a 

related approach was used to test different relationships including prey biomass and temperature to establish a 

model to predict relative fecundity. The final model was solely based on the relative prey availability during the 

early ripening period (fourth quarter) as the ambient water temperature did not contribute significantly. This 

observation differed to a certain degree from the results of Kjesbu et al. (1998) and Kraus et al. (2000). Though 

the relative fecundity in this study also tended to increase with inclining temperature in the lower temperature 

range, the historically high temperatures in most recent years changed the relationship indicating a dome 

shaped fecundity-temperature curve. However, as co-variation between prey biomass and temperature were 

found in both, Kjesbu et al. (1998) and the present study, it might be questioned, whether temperature has a 

direct effect on fecundity or is rather manifested e.g. through metabolic rates. The ability of the fecundity model 

to predict relative fecundity was convincing also for years not used to establish the model except for two outlying 

years, i.e. 1978 and 1983 originating from Shapiro (1988). Anomalies in prey availability, water temperature or 

FSSB could not explain these deviations, which may be ascribed to large individual variation in fecundity at low 

sample sizes. Based on this model, the predicted relative fecundity time series, PRF, was established and used 
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as an alternative to the ORF in the estimation of PEP. 

In Eastern Baltic cod, atresia appeared to be a common phenomenon, although the number of oocytes affected 

by atresia was generally low. During the 2000 spawning season on average 32% of the mature females showed 

atretic oocytes with a mean relative intensity of 2.8%. Fulton’s condition indices of non-atretic specimens were 

significantly higher than the indices of females having atretic oocytes in the ovaries. This might be an effect of 

declining condition in the later maturity stages in combination with higher prevalence of atresia in these stages. 

Therefore, maturity stage specific prevalence of atresia has been used in our calculations. No differences in the 

proportion of females with atresia were found between size groups, while the total number of atretic oocytes per 

ovary increased with the size of fish presumably as an effect of increasing ovary volume. The size effect could 

largely be removed by introducing the relative intensity of atresia. RIa was assumed independent of size, 

because the relationship to length was not significant at the 95% confidence level and to weight only weak. 

Hence, it was assumed that the relative intensity of atresia is stable over maturity stages and that the observed 

increase in Pa with maturity stages is representative of the population. Thus, for the quantification of the total, 

seasonal atretic loss only the changing Pa was considered, while an average RIa value could be applied. 

Little attention has been paid in former times to study atresia as a mechanism to regulate fecundity, and egg 

production, although follicular atresia has been described in a wide range of species (Guaraya, 1986). So far, 

only a few attempts have been made to quantify the total proportion of eggs lost over a spawning cycle due to 

atresia, as large efforts including laboratory studies are required (e.g. Witthames et al., 2000). In order to 

measure the total atretic loss of oocytes directly, it is necessary to know the number of atretic oocytes, to 

estimate the rate of turnover for the atretic stage recorded, and to know the time elapsed from the determination 

of potential fecundity to the end of spawning. Among these requirements prevalence and relative intensity of 

atresia for different spawning phases could be determined from results of the present section and the average 

duration of the pre-spawning and spawning season was obtained from the results of sub-task 1.2 (Tomkiewicz 

and Köster, 1999). Turnover rates, however, had to be adopted from literature sources on other cod stocks of 

the Northeastern Atlantic region (Kjesbu et al., 1991; Witthames et al., 2000) and probably represent the largest 

source of uncertainty in our estimate of the total annual reduction of egg production due to atresia. However, the 

relatively low proportion of eggs of ~3.5% lost due to atresia indicate that other processes like fertilisation 

success and egg mortality are more important for the determination of the realised egg production. 

 

Changes in growth and stock structure of sprat  

The prevalence of one age group in commercial catches and a high maximum age were observed earlier for the 

Baltic sprat both in the Gulf of Finland (Veldre and Polivajko, 1975; Aps, 1980, 1986) and in other regions of the 

Baltic Sea (Rechlin and Groth, 1979). Odum (1975) described the age composition of a population as one of the 

most important ecological characteristics, which is related to birth and mortality rates. The share of younger age 

groups is usually higher in increasing populations and lower in the decreasing populations. Even distribution of 

individuals in age groups characterises a stabile population. Keeping in mind these principles, it can be assumed 

that in the Gulf of Finland, like elsewhere in the Baltic Sea, the abundance of sprat increased in 1986-97 (see 

Subtask 1.1 and 5.2). This is supported by the increase of commercial sprat catches taken in the Gulf of Finland 

in 1986-97 (ICES, 1998c). The indicated rapid increase in sprat stock size in the Gulf of Finland can be 

explained by: i) a low predation pressure, as cod are virtually absent in the northern Baltic since the late 1980s 

(Lehtonen et al., 1997) and ii) high recruitment due to favourable temperature conditions for reproduction. 
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According to Ojaveer et al. (1997) year-class strength can change considerably during the first wintering period. 

Especially a cold winter can cause high natural mortality of young of the year sprat. According to HELCOM 

(1996) the records of mean annual air temperatures showed an upward trend since the late 1980s, being 

especially pronounced in the northern Baltic. 

The analyses of sprat feeding data revealed very similar to herring an increase in the abundance of starving fish 

and shrinkage of prey spectrum in 1982-92 (Raid and Lankov, 1997). While the mean share of sprat with no food 

in the stomachs was found to be around 50-60% in 1980s, the respective value in the 1990s has reached almost 

80-90%. Temora has become the mean prey for sprat in spring and particularly in autumn 1991-93, while other 

copepods, e.g. Acartia and Pseudocalanus, have disappeared from its diet (Raid and Lankov, 1997). The mean 

weight of herring began to increase in most regions of the Baltic Sea since the 1970s (Raid and Lankov, 1991 

and 1995). High values of mean weight and length in all age groups were observed until the mid-1980s, when a 

sudden drop followed. In 1986-90 the mean weight of herring decreased in the most abundant age groups (1-6) 

to the level of 1976-80. The decline of mean weight was particularly remarkable in 1991-93. So, in 1993 the 

mean weight of herring of older age groups made up approximately 50% of the level of mid-1980s or even less. 

Comparison of changes in the growth of herring and sprat shows clearly the same trends, though a later 

commencement of the decrease in sprat was encountered.  

Veldre (1986) observed that the mean weight at age of sprat belonging to different year-classes can be very 

different and it depends, like the mean length, on the abundance of both the relevant year-class and of the total 

population. By comparing the length growth of different year-classes of sprat in the Gulf of Finland, Aps (1981b) 

found a negative correlation between the growth rate and year-class abundance, which is more evident in 

younger age groups (2-4). Relying on these statements that the decrease in the mean length and weight of sprat 

is supposed to have occurred during the period of its increasing population abundance in the Gulf of Finland. 

The 1991 and 1994 abundant year-classes show lower growth rates as well. Obviously the decrease in the 

mean length and weight of sprat is caused by a joint effect of a number of adverse factors, such as hydrographic 

conditions, high population abundance, and appearance of abundant year-classes in the Gulf of Finland in the 

1990s. 

The growth coefficients of sprat calculated in the present work fall between the values published by Apas (1985) 

and Veldre and Polivajko (1975). Still, they are closer to the low values published by Veldre and Polivajko 

(1975). At the same time, the values of the asymptotic length and weight of sprat calculated in the present work 

exceed substantially the values published by Aps in 1985. Obviously we have to deal here with a negative 

correlation between the coefficient K and the asymptotic length and weight, as observed earlier by Hohendorf 

(1970). 

Aps (1985) assumed that changes in growth of sprat are related to the improvement in the feeding conditions, 

i.e. low stock size and as an effect of eutrophication high primary and secondary production. As the 1990s are 

characterised by a high abundance of sprat and decreasing eutrophication of the Gulf of Finland, it can be 

assumed that the feeding conditions of sprat have deteriorated. This is in accordance with the increase in the 

abundance of starving fish and shrinkage of the prey spectrum.  

 

Cod egg production models  

The cod egg production was established using data sets on stock size, sex ratios, proportions mature at age, 

mean weight at age in combination with time series on observed and predicted potential fecundity to calculate 
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scenarios of the potential egg production by the spawning stock. The egg production was estimated per Sub-

division to consider significant differences between areas in e.g. maturity ogives, prey availability affecting 

individual fecundity and hydrographic conditions affecting egg survival. The stock sizes per Sub-division derived 

from the area disaggregated MSVPA are adjusted to the time of peak spawning i.e. in quarter 2 before 1990 and 

in quarter 3 from 1990. In the calculation of the female spawning stock area-specific annual maturity data and 

sex ratios from 1988 and onwards and an the average of 1988-1989 for the former period were applied to these 

stock sizes to consider e.g. the knowledge that the females mature later than males which bias the ratio 

FSSB/SSB. The mean weight age derived from the MSVPA in quarter 2 (until 1990) respective quarter 3 (after 

1990) was used to calculate the FSSB. These mean weights, which are derived from commercial catches, do 

not consider the sex specific differences in growth shown on basis of survey data. However, the weight data 

series from the surveys only dates back to 1988 and during the first years are based on a limited data material 

from Swedish surveys. As it was evidenced in the present period that mean weight at age during the period 

before 1990 was significantly lower than in recent years, this data set was considered to reflect growth changes 

better than a the shorter sex specific data series. This has to be seen in the perspective that the difference in 

weight at age is largest for older age groups, which largely consist of females and these age groups were 

particularly abundant in the 80ies. The low mean weight at age during that period should also be seen in the light 

of low prey availability as evidenced by the analyses of condition and fecundity presented in this section. The 

established fecundity time series, PRF, was used to derive area specific time series of relative fecundity that 

could be applied to the FSSB to estimate the potential egg production. The potential reduction of these estimates 

by atresia that has been determined for the year 2000 to explore the role of atresia among other processes was 

not used to adjust the egg production estimates, because the data example is too limited to obtain conclusive 

relationships. The present low level of atresia may thus largely reflect a situation with good food supply, while the 

effect of atresia as regulatory mechanism in e.g. the 70’ies when mean weights were low cannot be judged. 

The egg production estimates for different Sub-divisions established in this Sub-task, thus extensively integrates 

the knowledge about the population dynamics of the stock obtained in the CORE project and this project (Köster 

et al., 2001a, b, Kraus et al., 2002). These time series of potential egg production were used for the validation of 

different estimates of the reproductive potential, the viable egg production and the reliability of the different input 

parameters in the following section of the report.  

 

Batch fecundity and spawning frequency of sprat 

The estimation of the annual fecundity is especially difficult in fish species being indeterminate spawners, i.e. 

producing multiple batches of eggs in one spawning season with successive recruitment of vitellogenic oocytes 

(Alheit, 1989). Although the daily egg production method (Lasker, 1985) is regularly applied for pelagic fish 

species (e.g. anchovies, sardines, horse mackerel) to estimate spawning stock size (e.g. ICES, 2000e), little 

information on intra- and interannual variability in batch fecundity and spawning frequency of such indeterminate 

batch spawning species is available. For sprat in the Baltic, the situation is somewhat different and data from a 

number of studies on batch fecundity were available (Heidrich, 1925; Petrowa, 1960; Polivailo, 1980; Müller et 

al., 1990; Alekseeva et al., 1997) besides project results. The data relative fecundity allowed establishing a data 

series considering temporal, seasonal and spatial variation at least to some extent. Data to estimate the average 

number of batches per female per season, e.g. spawning frequency combined with the duration of the spawning 

season or experimental data, were missing. The only available estimates on spawning frequency were derived 
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from the ratio of the total number of developing oocytes and the batch fecundity determined from the number of 

hydrated oocytes at the beginning of the spawning season (Heidrich, 1925; Petrowa, 1960; Polivaiko, 1980). 

However, as sprat are indeterminate spawners (Alheit, 1989), this method is not precise, but rather gives a 

minimum value (Alekseeva et al., 1997). Using the gonadal maturity to estimate the fraction of females that will 

spawn within the next 24 hours (Kraus and Köster, 2002) provides a measure of the spawning frequency. 

Project results have proven that the timing of spawning and the duration of the spawning season differ 

considerably between areas and years, which is likely to be related to sprat condition and water temperatures. 

However, data does not exist that allows estimating the duration of sprat spawning seasons neither for a longer 

time period not for the project period, because especially the onset of the spawning season occurred very early 

in the year during a period which been covered by the project sampling programme. The spawning areas of 

sprat are also not well defined as for cod but rather diffuse and tend to change over the season from the central 

basins towards more shallow areas. This spawning pattern hampers accurate trawl sampling of the population 

as well as egg surveys. The available information on batch fecundity and spawning frequency combined with 

spawning stock biomass were thus not considered sufficient for calculating the potential egg production. 

Consequently, proxies for the nutritional condition and egg production were derived and tested in the following 

section of this report as alternative measures of the reproductive potential of the population. 

 

1.5 Estimate the reliability of spawning stock biomass as an unbiased index of viable 
egg production, and evaluate the uncertainty of present and historical viable egg 
production estimates 

Introduction 

Tests of different measures of cod reproductive potential were conducted through comparison with the average 

daily egg production (RDEP) used as an index of the seasonal realised egg production. This RDEP index used 

stage-specific egg abundance data from ichthyoplankton surveys conducted during peak spawning in 

combination with ambient temperatures and stage-specific egg development-temperature relationships to back-

calculate the realised egg production per day (Köster et al., 2001a). These analyses considering different 

measures of spawning stock sizes and potential egg production revealed that the spawning stock biomass 

based on the formerly applied constant maturity ogive is an unreliable measure of cod egg production and that 

estimates of the reproductive potential can be significant improved (Köster at al., 2001a). In fact applying 

variable sex-specific maturity ogives and sex ratios to estimate the female spawning stock biomass gave a 

highly significant correlation to the independent egg production estimate, while application of available fecundity 

estimates to compute the egg production did not improve the relationship substantially.  

In the course of the project egg production models or indices have been further developed and the reliability of 

different measures of reproductive potential used in stock recruitment relationships have been statistically 

evaluated. For cod, focus has been on improvement of established time series of potential egg production that 

integrate the knowledge about spatial and temporal variability in growth and reproductive biology, evaluation of 

the sensitivity of these estimates to variability in input parameters and estimation of the viable egg production. 

The time series of realised egg production derived in task 2 of the project from extensive ichthyoplankton 
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sampling were further elaborated for application as an independent index of the egg production. Information 

about influences of female characteristics on egg quality and viability was integrated into egg production models 

and related to hydrographic conditions in the spawning habitat to establish time series of the viable egg 

production (Hjerne et al., in prep). The habitat suitable for cod spawning, the reproductive volume (RV) has 

previously been used in recruitment modelling (Plikshs et al., 1993; Sparholt, 1996; Jarre-Teichman et al., 2000; 

Köster et al., 2001a). In the present analyses the RV was defined as the volume of water that fulfil the minimum 

requirements for egg survival (>11 PSU, >2ml O2/l and >1.5ºC). However, the RV neglects the possibility of 

vertical or horizontal mismatch between eggs and RV and overestimates the effective RV since increased egg 

mortality also occurs under more favourable conditions than the minimum requirements (Jarre-Teichman et al., 

2000). An alternative mechanistic approach was therefore attempted, which is based on experiments showing 

that the relative egg survival increases from 0 to 100% between 2 and 8 ml O2/l (Wieland et al., 1994; Rohlf 

1999). A similar approach is used in Sub-task 2.3, but with a modelled vertical egg distribution based on 

observed distribution of the first egg stage (IA). 

For sprat, time series of SSB was established and their reliability as an index of the viable egg production was 

evaluated through comparison with indices of the realised daily egg production from ichthyoplankton surveys 

conducted during main spawning period using the same approach as for cod. Information about FSSB, batch 

fecundity and spawning frequency was available mainly from project activities, but a reliable time series of 

potential egg production could not be established due to insufficient data e.g. lack of information about spawning 

duration. Therefore, the analyses conducted focus on developing proxies for reproductive potential in specific 

areas to identify factors potentially important for recruitment success. Established indices, e.g. the nutritional 

condition were coupled to spawning stock biomass estimates to obtain proxies for the egg production, which 

were evaluated through comparison with indices of the realised daily egg production from ichthyoplankton 

surveys conducted during main spawning period.  

The established egg production indices for cod and sprat are further used in recruitment modelling activities, 

where the reliability of different measures of reproductive potential as predictors of recruitment are evaluated. 

According to these investigations the present contribution is divided into the following sections: 

1) Validation of cod potential egg production and sensitivity to variability in input parameters; 

2) Estimation and validation of viable egg production of cod; 

3) Effects of variability in input parameters on sprat reproductive potential;  

 

Validation of cod potential egg production and sensitivity to variability in input parameters 

In many fish stocks, time series of abiotic and biotic factors needed to study population dynamics are scarce or 

the data quality poor. Therefore, key factors and processes influencing reproduction and recruitment success 

have been difficult to identify. For Baltic cod, however, the amount of data related to growth, reproduction and 

recruitment as well as environmental variability is comprehensive and allows establishment of variable time 

series based on field samples that can be used for estimation of the potential egg production. The time series 

established within this and the CORE project consider available data on mean weight age, maturity, sex ratios 

and fecundity as well as stock size and composition. In the present project, the validity of the interannual 

variation in these data series has been tested. The effect of removing the temporal variability is estimated by 

replacing the variable time series by a constant i.e. the average of the period in the calculation of the potential 

egg production and comparing these estimates with independent time series of realised egg production derived 
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from ichthyoplankton surveys. The Bornholm Basin (Sub-div. 25) was used as test area, because the data series 

from this area are the most comprehensive and comprise the best time series of ichthyoplankton data. The data 

quantity and quality generally has an advantage over information from the other areas both concerning 

assessment and survey data, because the stock component in the area and the spawning success has 

remained relatively stable over time.  

 

Estimation and validation of viable egg production of cod 

In the previous sections, the potential egg production has been estimated and the reliability of the measure of 

reproductive potential as well as input data have been evaluated in this task. The present section progresses to 

estimation of the viable egg production. The determination of egg quality and viability in relation to female 

characteristics and water quality is based on experimentally investigated mechanisms (Nissling et al., 1998,; 

Vallin and Nissling, 2000). These results show a positive correlation between female size and egg size, and a 

negative correlation between egg size and salinity at neutral buoyancy. Accordingly, eggs from larger females 

float higher in the water mass, where they are exposed to better oxygen conditions and have a higher chance to 

survive. The estimation of the viable egg production (VEP), defined as the number of surviving eggs, uses 

female size composition and spatial distribution in combination with a relationship between female size, egg size, 

egg buoyancy and the salinity conditions to determine the vertical distribution of eggs. Egg survival is then 

calculated from a relationship between relative egg survival and ambient oxygen concentration. The VEP 

therefore contain information on reproductive effort, maternal effects on egg quality and hydrographic conditions 

in one single variable. The VEP is compared to the realised egg production estimates using the ichthyoplankton 

data from Sub-div. 25 as in above analyses and differences in egg survival both between spawning areas and 

between first time and repeat spawners are explored.  

 

Effects of variability in input parameters on sprat reproductive potential  

In the past 10-15 years, substantial effort has been made to examine processes assumed to affect recruitment 

success of Eastern Baltic cod, whereas Baltic sprat population dynamics has received little attention. In the 

present project, activities address also sprat, in order to adequately consider the strong interactions between the 

two species (Köster and Möllmann, 2000a; Köster et al., 2001a) and, several new data series of potential 

relevance have become available. This material has been used to address the question, if standard assessment 

procedures provide estimates of spawning stock biomass, which can be used as a reliable measure of egg 

production. In Sub-task 5.1, the realised egg production derived from egg surveys are used in combination with 

information on fecundity to estimate spawning stock biomass applying egg production methods often used for 

batch spawning fish species, (e.g., Alheit, 1993). In the present section, available data have been used to 

construct time series of SSB that have been compared with an index of the realised egg production derived from 

egg abundance data. In these analyses, the most complete data sets were used to test the reliability of the 

established data series. Additionally, the potential for improving indices of reproductive potential is explored. This 

section thus evaluates i) whether SSB is a reliable index of the egg production, ii) whether size/age dependent 

sex ratios in sprat significantly influence indices of egg production and iii) whether established models of 

reproductive potential can be improved by integrating proxies of condition/fecundity and temperature.  
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Material and methods 

Validation of cod potential egg production and sensitivity to variability in input parameters 

Different time series of reproductive potential developed for cod (see previous sections) were compared with 

independent time series of the realised egg production derived from ichthyoplankton sampling in the Bornholm 

Basin. The ichthyoplankton survey cover the spawning area (approximately 11800 km2) by 32 to 45 stations in a 

10 x 10 nm grid. Station specific abundance per m² were averaged over all sampling stations and raised to the 

total spawning area. Estimation of the realised egg production used in previous analyses (Köster et al., 2001a) 

applied abundance estimates of the youngest egg stage (IA) for the years 1987-96). The stage-specific egg 

abundance data, ambient temperatures and stage-specific egg development-temperature relationships were 

used to back-calculate the daily egg production (Köster et al., 2001a). Prolongation of the time series 

necessitated a decrease in resolution to stage I, because separation of early egg stages into sub-stages IA and 

IB was not initiated until 1985. Consequently, the daily egg production was calculated as the abundance of stage 

I eggs divided by the stage duration estimated from stage-specific egg development-temperature relationships 

(Wieland, 1995). The ambient temperatures used in the relationships were derived from the ICES hydrographic 

database for Sub-division 25 in 2nd and 3rd quarter, respectively, applying a model to predict the relative vertical 

distribution of cod eggs. In contrast to the previous model, dead eggs that could not be assigned to a specific 

stage were distributed proportionally to the relative stage-specific distribution of live eggs in the samples, in order 

to estimate the total amount of spawned egg. To obtain yearly values of the realised daily egg production 

(RDEP), survey specific estimates were averaged over a three-month period encompassing the main spawning 

period, i.e., April-June up to 1989; May-July from 1990-1992 and June-August from 1993-1999 to account for the 

shift in the spawning time. The RDEP was calculated for years with a minimum coverage of three surveys 

including 1976-1978, 1983, 1985-1996 and 1998-1999 and used as an index of the realised seasonal egg 

production. In a smaller number of years, the coverage of the spawning period with egg surveys allowed for 

estimation of the realised seasonal egg production (RSEP) based on survey specific daily production of the 

youngest egg stage (IA). Only years in which the spawning season was covered by at least six egg surveys 

were considered, i.e., 1987-1988, 1991, 1993-1994, 1996 and 1999. According to Daan (1981), daily cod egg 

production of the youngest egg stage is normally distributed over time. A transformation to natural logarithms 

converts these normal distributions into parabolas. Based on this assumption, second order polynomials were 

fitted to the transformed survey-specific daily egg production for each year by applying the least-squares 

method. To obtain the RSEP, the area beneath the fitted curves was estimated by numerical integration of re-

transformed data.  

Relationships between different indices of the reproductive potential i.e. spawning stock biomass (SSB) and 

female spawning stock biomass (FSSB) using variable data series or potential egg production (PEP) based on 

observed relative fecundity (ORF) and predicted relative fecundity (PRF) respectively. Linear regressions were 

used to obtain regression coefficients and significance levels for relationships. To assess separately the effects 

of removing variability in the time series of maturity ogives, sex ratios and mean weight at age and relative 

fecundity, three additional series of potential egg production (PEP) were constructed and compared to the 

realised egg production, RSEP and RDEP. All series applied the ORF as fecundity estimator, but with either the 

sex ratio, maturity ogive, mean weight or ORF held constant. The constant sex ratio, female maturity and mean 

weight at age were calculated as average per age group over all years of the time series, while the average of 
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the ORF series was used as constant relative fecundity. For evaluation, the four manipulated PEP time series 

were regressed against RDEP and RSEP to compare regression coefficients and significance levels. 

 

Estimation and validation of viable egg production of cod 

Reproductive volume 

The reproductive volume (i.e. the water volume with salinities >11 PSU and oxygen contents >2 ml O2/l) was 

calculated using data extracted from the Baltic Environmental Database (BED, Sokolovet al., 1997) and a 

hypsographic grid with one nautical mile horizontal resolution and 0.1 m vertical resolution (Data Assimilation 

System, Sokolovet al., 1997). Low temperatures do not seem to influence egg mortality (Nissling, in print), so no 

temperature threshold was used. The RVs in the three principle spawning areas (Bornholm Basin, Gdansk Deep 

and Gotland Deep) were calculated separately. The definition of the spawning areas are based primarily on 

bottom topography, but also takes data coverage, overlap with ICES Sub-divisions and similarity with previous 

RV estimations (Plikshs et al., 1993; MacKenzie et al., 2000) into account. One salinity and one oxygen gradient 

was estimated by linear interpolation for every sampling occasion. Monthly average RVs were calculated in 1 

PSU intervals based on all sampling occasions within the month and area. The oxygen concentration in each 1 

PSU interval is an average weighted by the volume of the interval at each sampling occasion. Empty months 

were filled by linear interpolation. The annual RVs are the averages over the peak spawning period, which was 

April-June until 1989, May-July in 1990-1992 and June-August from 1993 (Wieland et al., 2000b). Annual 

oxygen concentrations are the average over the same months, weighted by volumes of the 1 PSU interval. 

Finally, RVs were added to get both basin-specific and combined RVs: Oxygen concentrations were computed 

as averages weighted by volume of the area specific 1 PSU interval. Estimates of RVs were compared with the 

RV estimations by Plikshs et al(1993) updated in MacKenzie et al(2000) by time series plotting and regression 

analysis. 

 

Viable egg production (VEP) and “realised viable egg production” (RVEP) 

Two series of PEP were used to calculate VEP and RVEP. One series corresponds to the PEP time series 

established in the previous section for Sub-div. 25, which apply the area-specific FSSB based on MSVPA data 

covering the year range (1977-2000) and the predicted relative fecundity (PRF). The second time series was 

established as an attempt to cover the entire population (Sub-div. 25-32) and extend the data series further back 

in time than the MSVPA allows. This time series uses stock numbers and weights from the standard assessment 

(ICES, 2001a) that apply single-species virtual population analysis (VPA). Sex ratios and maturity ogives are 

from Tomkiewicz et al(1997), but extrapolated backwards and forward using the earliest (1980-1985) and latest 

(1995-1997) values respectively to fill the whole series. These PEP data are based on the predicted relative 

fecundity extrapolated backwards to 1964. Spatial distribution in 1974-1999 is the female spawning biomass at 

spawning time per Sub-div. (Köster et al., 2001b).  

The proportion of the egg production that would be buoyant per 1 PSU salinity interval was calculated on basis 

of female length. To calculate the female average length by age, a length (cm) - weight (kg) relationship: 

38.0

000045.0





= weightlength  

based on 34 individuals (1-7 kg, same individuals as in Vallin and Nissling, 2000) and weight at age data (ICES, 
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2001c, Köster et al., 2001b). Buoyancy was estimated from two relationships found by Vallin and Nissling (2000) 

between egg diameter (mm) and female length (cm) in early batches: 
 

lengthdiameteregg ⋅+= 00398.037.1_  
 
and salinity at neutral buoyancy (PSU) and egg diameter: 
 

diametereggbuoyancy _8.129.34 ⋅−=  
 
A model was established in which the relative egg size and the proportion of eggs/batch are dependent on batch 

number and whether the female is a first time or repeat spawner (Kjesbu et al., 1996, Vallin and Nissling, 2000). 

The PEP was distributed between first time and repeat spawners in relation to adult female stock composition 

(maturity ogives: Tomkiewicz et al., 1997). To take the variation in the weight to length (coefficient of variation 

assumed to be 0.15), the length to egg size (SE=0.0496) and the egg size to buoyancy (SE=0.806) relationships 

into account, a bootstrapping technique with 100 repetitions per year, spawning area and female age. The 

obtained distribution per 1 PSU salinity interval at neutral buoyancy was used to distribute the annual PEP 

estimates.  

Given the distribution of the eggs produced that are buoyant per salinity interval and the oxygen concentration 

per salinity interval, two series (SD 25 1977-2000 and all basins 1964-2000) of annual VEP from the relative 

oxygen related survival (OES, Rohlf, 1999 and Kai Wieland, pers. comm): 
 

0099.8)5853.0( )1(0808.1 OxyConceOES ⋅−−⋅=  
 
By dividing VEP with PEP the survival of eggs by year, basin and spawner characteristics (first time and repeat 

spawner) were estimated. The “realised viable egg production” (RVEP) defined as the number of eggs that are 

neutrally buoyant within the 1 PSU salinity intervals containing an oxygen concentration >2ml/l (i.e. floating within 

the reproductive volume) was calculated. The reliability of VEP estimates was tested by comparing the VEP, 

RVEP and PEP in Sub-div. 25 based on the MSVPA data series (1977-2000) with average daily egg production 

at stage I and a similar index of the stage III production. 

 

Effects of variability in input parameters on sprat reproductive potential 

Spawning stock biomass as a measure of egg production 

According to the availability of data, the exploratory analysis for sprat was restricted to the eastern spawning 

areas i.e. the Gdansk Deep (Sub-div. 26) and the Gotland Basin (Sub-div. 28). To estimate the spawning stock, 

area specific stock abundance of sprat was obtained from the area-disaggregated MSVPA updated during the 

project period. This is an advantage since the abundance and biological characteristics of sprat differ between 

areas of the stock unit presently used in standard assessment (Sub-div. 22-32). In contradiction to the standard 

assessment, the MSVPA uses quarterly and Sub-division specific catch and weight at age data considering this 

variation. The basin-specific, quarterly weight-at-age data have been compiled by ICES (1999b; 2001c) 

integrating project results. Data on sex ratios and maturity-at-age have been obtained from investigations 

conducted within the project. This data set contains information on sex specific proportions of mature fish at age 

and length for the years: 1996 -1999. However, as these data cover only Sub-div. 26 and few years, the analysis 

was restricted to a test of the deviation between total and female SSB applying average sex specific maturity 

ogives and sex ratios. Annual maturity ogives back to 1976 combined for both sexes obtained from the ICES 

Study Group on Baltic Herring and Sprat Maturation (SGBHSM) were used to construct time series of sprat 
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spawning stock biomass (SSB). 

 

Proxies of reproductive potential 

The available information about on SSB, batch fecundity and spawning frequency was not sufficient to construct 

reliable time series of potential egg production. Instead, proxies for the nutritional condition/individual fecundity 

affecting the reproductive potential of the population besides SSB was obtained from the anomaly in average 

growth rate over age-groups 2 to 4 from the 3rd quarter of the preceding year to the 2nd quarter of the year of 

spawning. Data were derived from the quarterly mean weights at age used as MSVPA input data. In addition, 

the pre-spawning condition of these fish was characterised by the anomaly in weight at age in the 1st quarter of 

the year of spawning. Also, the impact of low temperatures in the intermediate water in May/June was tested, as 

indications exist that the ripening or at least it’s timing is affected by low temperature conditions in the pre-

spawning time (Elwertowski, 1960; Petrowa, 1960). The temperature in the intermediate water was chosen, as it 

also indicate the severity of the winter condition. A full analysis could be achieved for Sub-div. 26 only, because 

egg abundance data from Sub-division 25 are scattered and in Sub-division 28, weight at age data are not 

available prior to 1985 and therefore invariant in the time series (ICES, 1999b). 

The established indices of reproductive potential were compared with the indices of realised daily egg production 

derived from ichthyoplankton surveys conducted during main spawning period. Egg abundance estimates were 

available for the different Sub-divisions (water depths > 60m) from ichthyoplankton surveys carried out in 1976-

1996. Krenkel (1981), Grauman and Krenkel (1986), Karasiova (1999), and Köster and Möllmann (2000a) have 

compiled data including samples obtained within the project. The average realised daily egg production was 

obtained from abundance estimates for sprat egg stage I referring to the main spawning period May-June using 

temperature related egg development rates (Thompson et al., 1981). The vertical distribution of sprat eggs is 

less intensively studied than for cod and appears to be more variable (Müller and Pommeranz, 1984; Müller, 

1988) with a typical deep distribution in spring and early summer and a more surface oriented distribution in 

summer (Herra and Grimm, 1983; Herra, 1988). As the main spawning season for sprat is May/June, it was 

assumed that the average temperature in the 60-80 m depths, corresponding to the water layer containing the 

halocline in Sub-division 26, was most relevant for estimating developmental periods. The average temperatures 

were extracted from the Latvian Fisheries Research hydrographic database, mostly sampled concurrently with 

ichthyoplankton sampling.  

 

Results 

Validation of cod potential egg production and sensitivity to variability in input parameters 

The estimates of average realised daily egg production (RDEP) and the realised seasonal egg production 

(RSEP) are given in (Fig. 1.5.1). RDEP ranged from a minimum of around 2 x 1010 in 1992 to a maximum of 

around 25 x 1010 in 1994, while RSEP was in general two orders of magnitude higher. RDEP followed the trend 

of RSEP with low levels in 1987 and 1999 and high in 1994 and 1996. The relationships to estimate RSEP (Fig. 

1.5.2) fitted well and were highly significant (α = 0.05) for all years included. The correlation between RDEP and 

RSEP was also highly significant (r = 0.98; p < 0.001). The RDEP was, therefore, considered a reliable index of 

the RSEP and used as an extended data series to be compared with time series of PEP. 

The relationship between RDEP respectively RSEP and SSB, FSSB or PEP data series based on PRF 
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respectively ORF are shown in Figs. 1.5.3a-h). The correlation coefficient and significance level progressively 

increased from SSB through FSSB to PEP in the relationships. The PEP based on ORF (from fecundity 

analyses) were less scattered around the regression line and the correlation coefficient slightly more significant 

than for PEP based on PRF (predicted from prey availability index). The pattern was similar for RDEP and 

RSEP, but applying RSEP in the relationships resulted in higher regression coefficients (Figs. 1.5.3b, d, f, h), but 

with the significance of RDEP relationships being highest due to considerably higher number of observations 

(Figs. 1.5.3a, c, e, g).  

Removal of the variability in sex ratio, maturity, mean weight and relative fecundity from PEP deteriorated the 

relationships to the realised egg production Tab. 1.5.1). The correlation coefficients of the linear relationships 

between the four manipulated PEP series and the RDEP as well as RSEP were all lower than the r² of the 

corresponding relationships with the un-manipulated PEP (ORF) time series. Removing the temporal variability 

in female maturity had the highest impact on the relationship to both RDEP and RSEP with a reduction of r² by 

34 % and 44% respectively. The relationship to RSRP even lost its significance (α = 0.05). Keeping the relative 

fecundity constant, reduced the per cent explained variation by 17 and 10% for RDEP and RSEP, respectively, 

while constant sex ratios only resulted in a reduction of 5% in the explained variation for both relationships. The 

effect of using constant mean weight at age on the relationship to RDEP was relatively large while the effect on 

the RSEP was relatively limited. The different time series are illustrated in Figure 1.5.4.  

 

Estimation and validation of viable egg production of cod 

Reproductive volume (RV) 

The established RV time series based on monthly area-specific observations did not differ substantially from 

previous RV indices (Fig. 1.5.5 and 1.5.6, which are based on single point measurements in a deep and central 

point of each basin. The present RV estimations are based on all suitable data in the Baltic environmental 

database (BED), but the sampling is not always at the deepest part of the basin. The number of sampling 

occasions per month can be more than 100, but are often 3-10. The proportion of months sampled is on average 

higher in our series. During the spawning time (3 months period) between 1966 and 1996, on average 76% of 

the months and basins were sampled in our series, while Plikshs/MacKenzie covered 29%. In the Bornholm 

basin, the most important spawning area, the present series covers 89% of the months compared to 59% for 

Plikshs/MacKenzie. 

 

Viable egg production (VEP) 

The VEP is generally more variable between years than the PEP, with some high values (1976 and 1980) and 

some very low values in the early seventies, late eighties and the nineties (Fig 1.5.7a). The estimated egg 

survival (VEP over PEP) is on average 17%, but varies between years (2-46%, Fig. 1.5.7b), mainly depending 

on the hydrographic conditions, but also on spawning stock spatial distribution and size composition. The 

survival is highest in Sub-div. 25 (average 34%, range 4-82%), while the survival in Sub-div.  26 (average 2.6%, 

range 0-15%) respectively Sub-div.  28 (average 0.7%, range 0-6.5%) is much lower (Fig. 1.5.8). The largest 

proportion of viable eggs are produced in Sub-div. 25 varying between 79 and 100% (average 95%) (Fig. 1.5.9). 

It is known that the Bornholm basin (Sub-div.  25), in recent time has been the only spawning area with suitable 

conditions (MacKenzie et al., 1996a, 2000), but present results indicate that even in years with favourable 

hydrographic conditions, this spawning area dominates the VEP.  
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The relative contribution to the VEP from first time spawners was on average 27% (range 11-44%), which is less 

than the proportion of first time spawners in terms of mature female biomass or PEP ranging from 26-50% 

(average 38%). The reason is that first time spawners, which are on average smaller than second time 

spawners, produce smaller and less buoyant eggs that reach neutral buoyancy at higher salinity and therefore 

are exposed to lower oxygen concentrations. This leads to higher egg mortality. The difference in egg survival 

between first time and repeat spawners increases when bad hydrographic conditions decrease the overall egg 

survival (Fig. 1.5.10). Therefore the egg survival of first time spawners is relatively higher in Sub-div. 25 (66%) 

and lower in Sub-div. 26 (20%) and Sub-div. 28 (18%, years without RV excluded), compared to the survival of 

repeat spawner eggs. 

Linear regressions between PEP, RVEP and VEP and the independently derived egg stage I production in the 

Bornholm Basin are shown in Fig. 1.5.11. PEP explained 61% of the variation in production of egg stage I, while 

RVEP explained as much as 70% and VEP only 39%. PEP might be assumed to relate better to this young egg 

stage than RVEP, but if eggs neutrally buoyant outside the RV (<2ml O2) die and disappear quickly from the 

water column, the present results makes sense as these eggs also would not be considered in stage I egg 

production. In egg buoyancy experiments, non-buoyant (e.g. dead eggs) actually sink rather quickly to the 

bottom of the container (Nissling et al., 1994).  

Egg stage III was used as a proxy for the oldest egg stage (IV), because the latter has short stage duration, 

which results in high variability in abundance estimates. In the linear regressions between egg stage III 

production and the different egg production estimates, the degree of explanation by VEP almost doubles to 74%, 

while the explanation by both RVEP (55%) and PEP (51%) decrease (Fig. 1.5.12). The lower degree of 

explanation by RVEP and PEP is easily explained by the egg mortality between stage I and III. The improvement 

of the fit to VEP relative to RVEP and PEP, can be explained by the inclusion of the oxygen related egg mortality 

until hatching, but considering other sources of mortality not accounted for, like predation, the fit is surprisingly 

good. Generally the egg production estimates based on observations verify that egg buoyancy and oxygen-

related mortality are important factors in the Bornholm Basin and that calculations of VEP and RVEP are 

reasonable. The importance of buoyancy and oxygen is probably even higher in the Gdansk deep and the 

Gotland basin, where the hydrographic conditions are less favourable. 

 

Effects of variability in input parameters on sprat reproductive potential 

Spawning stock biomass as a measure of egg production 

Figure 1.5.13 shows the time series of SSB and the realised egg production for sprat in Sub-div. 26 and 28, 

respectively. For both Sub-divisions, the SSB was significantly related to the realised egg production: r2=0.44 

and r2=0.39, respectively (Tab. 1.5.2). Utilising an age-specific sex ratio invariant over time to compute FSSB in 

Sub-division 26, did not further enhance the relationship (r2 = 0.42, p = 0.003). FSSB and total SSB were closely 

related (r2 = 0.98), although the sex ratio was rather skewed to female dominance with increasing age as 

estimated from the data obtained within the study for Sub-div. 26 (Fig. 1.5.14). This is likely to be due to that the 

age groups 5+, where the sex ratio is significantly biased constitute a very small proportion of the stock (Fig. 

1.5.15). This suggests that observed temporal changes in stock size and mean weight at age considerably 

influence the magnitude of the egg production. The influences of the changes in mean weight at age (Fig. 

1.5.16) are further explored in the following analyses. 
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Proxies of reproductive potential 

The relationships between realised egg production and sprat SSB described above even though significant did 

not explain the major part of the variance. Thus, an attempt was made to identify factors further influencing the 

egg production of sprat. For Sub-division 26, the average weight at age anomaly in pre-spawning times and 

growth rate anomalies covering the main feeding period during autumn and winter months were tested as 

proxies for the nutritional condition/total fecundity of adults. Additionally, the impact of low temperatures in the 

intermediate water in May/June was tested. The realised egg production was not significantly related to any one 

of these factors alone. However, incorporated into a multiple regression, the SSB, the temperature in the 

intermediate water, and either growth or weight at age anomaly resulted in significant statistical models. Figure 

1.5.17 shows the observed versus predicted egg production. A major proportion (63%) of the variation was 

explained by the following combination of variables: SSB (p = 0.003), temperature (p = 0.021) and weight at age 

anomaly (p = 0.053), and 69% was explained by SSB (p < 0.001), temperature (p = 0.013) and growth anomaly 

(p = 0.018). The Durbin-Watson statistics did not indicate serial correlation in residuals, and the intercepts in both 

statistical models were insignificant. Figure 1.5.18 show the predicted viable egg production and comparable 

SSB over the time period analysed. For Sub-division 28, weight at age prior to 1985 were assumed to be 

invariant with time and consequently corresponding tests could be conducted with a shorter time series only. No 

significant relations to temperature and condition/fecundity proxies were obtained in this case. 

 

Discussion 

Validation of cod potential egg production and sensitivity to variability in input parameters 

The potential egg production (PEP) estimated from the female spawning stock biomass and relative fecundity 

was compared to the estimated realised seasonal egg production derived from egg abundance data. If these 

variables were measured without error, the difference between them would correspond to the loss of eggs from 

late vitellogenesis to early embryogenesis (atresia, fertilisation failure, and early egg mortality). In practice, 

sampling noise and external influences affect both variables adding uncertainty to the relationship, but the 

number of factors and processes involved are limited compared with a traditional stock-recruitment relationship. 

With this in mind, the RSEP, which is based on comprehensive sampling and known functions for development 

rates, was used as an independent estimate of the egg production to evaluate the applicability of different PEP 

time series. However, the number of year for which RSEP could be quantifies were few and the RDEP was used 

as an alternative index to extend the number of year in the comparison between PEP and the realised egg 

production. The PEP showed the same trend with both variables and the RSEP was therefore considered a 

reliable index of the seasonal egg production. Different egg production time series have also been related to 

recruitment estimates in the modelling section of this project. 

The comparison of RSEP and RDEP with the SSB, FSSB, PEP (PRF) and PEP (ORF) all showed good 

agreement between the stock based estimates and the realised egg production. The progressive increase in 

significance of the relationships from SSB through FSSB to PEP (ORF) confirmed previous project results 

(Köster et al., 2002). This previous analysis based on a shorter time series of fecundity estimates and egg stage 

IA production showed a sub-optimal but significant correlation (r2 = 0.30; p < 0.03) between RDEP and SSBs 

applying the annual or period specific maturity ogives established during the CORE project (now used in ICES 

stock assessments). In contradiction, the SSB using the constant maturity ogive used in routine assessments 
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until 1997 (average of 5 data sets, Sub-div. 25/26), did not show any correlation at all with the RDEP (IA) (r2 = 

0.03; p < 0.45)! The accordance between FSSB and RDEP (IA) was substantially higher (r2 = 0.61; p < 0.001), 

while using the potential egg production in the relationship the analysis improved the relationship little (r2 = 0.63; 

p < 0.001). As this might be due to the quality of the data series derived from observed and interpolated relative 

fecundity, fecundity analyses were improved and the fecundity time series extended. The established 

relationships between the potential and realised egg production in the present analysis was substantially 

improved when using the revised and updated time series of RDEP and PEP (ORF). The explained variation of 

the relationship between FSSB and RDEP and RSEP was intermediate to the result of the previous analysis as 

would be expected from the decrease in resolution of the RDEP index from egg stage IA to I, but higher 

accuracy of the RSEP. These results shows that the reliability of the SSB as an indicator of the potential egg 

production depends on the quality input data and that adding progressively more biological knowledge and 

considering spatial differences changed the relationships from non-significant to highly significant.  

To further explore whether temporal changes in the input parameters were expressing natural variability and 

their relative influence on the estimated PEP, the average sex ratios, maturity and mean weight at age and 

relative fecundity was used in the calculations. The obvious deterioration of the relationships between potential 

and realised egg production using constant input data confirmed that the annual variability in the time series tend 

to reflect natural fluctuations rather than sampling noise. The effect was most pronounced, when applying a 

constant female maturity ogive in the PEP with the relationship to RSEP even losing its significance. This result 

also has been part of the validation of the established data series of combined and female maturity in previous 

sections of this report to ascertain that the variability in data is not due discrepancies in age determinations from 

otoliths. The limited effect of keeping the sex ratio constant is likely due to that the trend with increasing 

proportions of females with increasing age is relatively constant over time. The value of splitting the SSB into 

male and female SSBs should rather be judged in the context that males mature earlier than females, which 

combined with changing stock age structure influence the overall sex ratio of the SSB and thus the stock 

reproductive potential (e.g., Jakobsen and Ajiad, 1999). The effect of removing variability in both mean weight 

and relative fecundity deviated between the relationship to RDEP and RSEP. This is due to the difference in 

extension of the data series with the RDEP extending back to the early and mid 80’ies with comparatively low 

mean weight at age, while RSEP as the earliest year has 1987. This similar behaviour of fecundity is a 

consequence of the related low prey availability. A sensitivity analysis testing the effects of variability in data 

available from different published studies of Baltic cod maturity, sex ratio and fecundity data on egg production 

estimates was initially made (MacKenzie et al., 1998). These complementary results showed that applying 

fecundity estimates from different sources had a larger impact than maturity ogives and sex ratios. The different 

fecundity-size relationships used in these simulations showed a considerably higher variation than those used in 

the present study, which indicate that differences in methodology considerably influence the accuracy fecundity 

data. The magnitude of variability between different data sets largely due to discrepancies in sampling and 

estimation of population sex ratios and maturity ogives was relative small in comparison. 

 

Estimation and validation of viable egg production of cod 

The estimation of the viable egg production (VEP) and realised viable egg production (RVEP) based on 

experimental results on egg buoyancy and oxygen related survival, area-specific egg production and 

hydrographic data indicated that the oxygen related egg mortality significantly affect the realised egg production 
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in different spawning areas. The oxygen related egg mortality was particularly high for eggs spawned in the 

Gotland basin and the Gdansk deep, but even in the Bornholm basin, where the hydrographic conditions are 

more favourable, the majority of the eggs die from low oxygen concentrations in most years. Also, estimated the 

survival of eggs from first time spawners was lower than for eggs from repeat spawners especially when 

hydrographic conditions are poor. This result is due to a smaller average size of first time spawners compared to 

repeat spawners and suggests that considering a minimum size of the SSB is an insufficient measure to avoid 

recruitment overfishing. It is also important to consider the spawning stock composition and provide additional 

measures to maintain a proportion of large female spawners in the stock. 

Egg production estimates based on observations in the Bornholm basin verified the validity of the VEP and 

RVEP estimates. As expected, VEP and RVEP generally explained the realised egg production from the surveys 

better than PEP in the linear regressions. However, there is some scatter in data, which might indicate that either 

the oxygen related mortality under poor spawning conditions is overestimated or the prolonged time series using 

the VPA data is sub-optimal. The applied stock size time series from the VPA has the strength that it rather 

accurately address specific spawning areas and their hydrographic condition in the early part of the established 

time series, but the input variables regarding e.g. maturity ogive and fecundity are invariant for the early period. 

As the temporal variability of these parameters were identified as important in the time series analyses it may 

affect the reliability of estimates in the early period provided by this preliminary model. The model will be further 

developed and the effect of using different input data will be evaluated during 2004. However, the consistency of 

the results showing that considering population and spawner characteristics significantly improves the ability to 

predict the egg production shows that independent of improved models can be used to fine tune results but that 

the key variables have bee reliably identified. In addition, it has been verified that differences between areas 

exist, both in cod population characteristics and in hydrographic conditions that should be considered when 

estimating the Baltic cod reproductive potential.  

 

Effects of variability in input parameters on sprat reproductive potential 

Spawning stock biomass as a measure of egg production 

For sprat, the total spawning stock biomass appeared to relate better to the realised egg production than was the 

case for cod. This indicates that variability in sex and size composition of the spawning stock influencing the egg 

production is less. The sex ratio became increasingly skewed to female dominance with increasing age in sprat 

(ICES, 2001d), similar to cod (e.g. Tomkiewicz et al., 1997), but the observed variability in age-structure of the 

spawning stock had no major impact on the proportion of females in the stock. This was due to general 

dominance of age groups 2 and 3 in the stock, which have rather balanced sex ratios. Variation in sexual 

maturity of age group 1 (ICES, 2001d) in combination with high fluctuations in the abundance of this age group 

(Köster et al., 2001a) will, however, result in deviations in SSB estimates derived from yearly maturity ogives as 

compared to the constant ogives used in standard assessment.  

Weight at age of sprat has declined substantially during the 1990’s being mainly a consequence of decreasing 

food availability, firstly due to declining standing stocks of Pseudocalanus elongatus and secondly caused by the 

pronounced increase in sprat stock size itself. A highly significant relationship between sprat stock size and 

weight at age exist and may be utilised for prediction purposes. 

The sex ratio in sprat is as in cod skewed, with a dominance of females at an older age. However, these older 

age groups do not contribute significantly to the stock biomass and consequently the impact of assuming an 
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equal sex ratio is limited. In contrast, year to year variations in the sexual maturation success of age group 1 and 

in specific years also of age group 2 affects the estimated spawning stock biomass more severely. 

Consequently, the present practise, also performed in this analysis, of applying a constant maturity ogive needs 

refinement. 

Absolute batch fecundity of sprat increases with female size, while relative batch fecundity shows an opposite 

trend, though not as pronounced. Thus, application of the relative batch fecundity in combination with spawning 

stock biomass estimates to determine the potential egg production by the population does not appear to be 

advisable. Batch fecundity showed significant deviations between northern and southern Central Baltic areas, 

while deviations between different month of a spawning season were not obvious, although reported from earlier 

studies. The spawning frequency, i.e. the fraction of female sprat spawning per day was determined as 27%, 

which indicates spawning in a time interval of 4 days, which is considerably shorter than previously estimated. 

While earlier estimates were certainly overestimated by the methodology applied, an underestimation of the 

spawning frequency determined, may be caused by immigration of sprat just prior to spawning activity into 

covered spawning area. 

 

Proxies of reproductive potential 

Compared to cod, for sprat the total spawning stock biomass appeared to be a better measure of realised egg 

production, indicating that interannual variability in maturation processes, age-dependent sex ratios and 

individual fecundity are of less importance. The relationship between SSB and realised egg production of sprat 

can be improved substantially by incorporating ambient temperature in the intermediate water during spawning 

time and weight or growth anomaly prior to spawning in a multiple linear regression. The effect of temperature on 

realised egg production may have several reasons: i) low winter temperatures may affect the nutritional condition 

and growth of sprat (positive relationships between May/June temperature and the growth/nutrition proxies are 

indicated, but are not statistically significant), ii) low temperature in pre-spawning periods may reduce the batch 

fecundity as well as the batch number (Petrowa, 1960), and thus the total seasonal egg production, and iii) low 

temperatures before and during spawning season may cause a delay in the onset and the peak of spawning 

activity (e.g. Elwertowski, 1960; Grimm and Herra, 1984). This effect has not been corrected for in the present 

time series of egg production. The largest deviations between SSB as a measure of egg production and realised 

egg production occurred in 1996. In this year, specifically low winter temperatures at the surface (0-50 m) were 

not fully represented by the May/June temperatures in the intermediate water, considered in the model (Köster et 

al., 2002). This suggest importance of the pre-spawning period for the above mentioned processes. 
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2 Hydrographic factors influencing the developmental success 
of cod and sprat eggs and early larvae 

Ichthyoplankton surveys covering the major spawning areas of cod and sprat in the central Baltic provide 

essential information on the survival of the eggs and larvae in respect to the actual hydrographic 

environment. These surveys further allow the evaluation of the contribution from the different spawning 

areas to the total egg and larval production. Additionally, they potentially serve as a basis to estimate 

spawning stock biomass independently from VPA or MSVPA analysis. 

Salinity is a major factor influencing the spawning success of marine teleost fishes in the Baltic by 

affecting spermatozoa mobility, egg distribution and hatching success. Sprat eggs may obtain neutral 

buoyancy already at 6 psu. During spring, however, the specific gravity of the offspring appears to be 

higher than in summer with the eggs reaching neutral buoyancy in general at 9 - 13 psu compared to 7 - 8 

psu later in the spawning season. Ichthyoplankton surveys in combination with experimental studies at 

different salinities will give basic information on the limits for successful spawning of sprat. In field studies 

sprat eggs have been found at temperatures ranging from 1 to 18°C, but egg concentration decreased 

drastically below 4°C. Hence, poor recruitment of Baltic sprat appears to be related to low water 

temperatures, but as information on the influence of temperature on developmental time and survival of 

Baltic sprat eggs is missing, laboratory studies considering both spring and summer spawning are 

mandatory. 

For Baltic cod, a shift of peak spawning time from spring to late summer occurred during the 1990ties. As 

a consequence the potential impact of high temperatures (>7°C) on egg and larval survival has increased. 

The combined influence of temperature (5 to 6°C) and oxygen content on Baltic cod egg survival and 

larval behaviour has been studied within the Baltic CORE project (CORE, 1998). However, so far the 

critical levels of temperature for Baltic cod egg development are not known. High temperatures can 

impose hatching at an earlier stage, i.e. the larvae emerge less developed, but potentially with larger yolk 

reserves. Energy reserves at hatch and utilisation of the yolk at different temperatures is likely to affect 

larval survival in terms of onset of first feeding and point of no return, i.e. the dependence of exogenous 

feeding. Larval growth and survival during the yolk-sac stage is related to egg size, i.e. female age/size. 

Studies will therefore include both eggs from large and small females to supply important information on 

size specific contribution of the adults to successful reproduction. 

For describing the limits of successful reproduction of Baltic cod the so-called reproductive volume defined 

as the volume of water masses with acceptable hydrographic conditions for egg development attained 

increasing attention in most recent years. It is presently determined by threshold levels of salinity (>11 

psu) and oxygen concentration (>2 ml/l). This variable contributes significantly to explaining the variability 

in recruitment success of Baltic cod. However, the actual definition of the reproductive volume has been 

criticised, as it does not account for the effects of critical temperatures and sub-lethal oxygen 

concentrations on egg development or the viability of larvae hatched from eggs exposed to low oxygen 

content.  

For sprat, a similar approach of defining a reproductive volume appears to be applicable, especially in 

relation to temperature and to a lesser degree to salinity. Based on survey and experimental activities and 

application of 3-D drift models the characteristics of water masses suitable for successful sprat 
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reproduction could be defined and in combination with an analysis of hydrographic databases, a time 

series of reproductive volumes for sprat could be established to be utilized in the modelling scenarios. 

By an extensive field campaign and specific process studies, the section has covered the following 

working tasks: 

1) Assess the impact of hydrographic factors determining the reproductive success of cod and sprat 

by: 

a) performing surveys to describe the physical environment occupied by eggs and early larvae and 

ascertain drift patterns by utilizing survey output in 3-D hydrodynamic models, 

b) estimate variations in the mortality rates of these stages, 

c) perform experimental studies on the effects of salinity, temperature and oxygen on egg and 

larval viability to quantify the developmental success of the early life history stages. 

2) Define and establish the reproductive volume for cod and sprat based on surveys, experimental 

activities and analysis of hydrographic databases. 

 

2.1 Resolve spatial and temporal distribution of successful spawning of cod 
and sprat 

Introduction 

Studies on the horizontal distribution of cod and sprat eggs and larvae were carried out since the 

beginning of the century which identified the Bornholm Basin, the Gdansk Deep and the Gotland Basin 

as the major spawning grounds, whereby successful reproduction of cod in recent years was mainly 

restricted to the Bornholm Basin (e.g. Bagge et al., 1994), while sprat successfully reproduced in all 

basins of the Central Baltic (Parmanne et al., 1994). During the project period the work in this Subtask 

focused on mapping egg and larval distributions by developmental stage using survey results. 

Ichthyoplankton surveys covering the major spawning areas of cod and sprat in the central Baltic 

provide essential information on the survival of eggs and larvae in respect to the actual hydrographic 

environment. These surveys further allow the evaluation of the contribution from the different 

spawning areas to the total egg and larval production. Additionally, they potentially serve as a basis to 

estimate spawning stock biomass independently from VPA or MSVPA analysis. 

 

Material and methods 

Abundance and horizontal distribution 

Sampling of cod and sprat eggs and larvae was carried out during 9 surveys in 1999. In 6 out of these 

9 surveys a Bongo net (60 cm diameter) was used (see Tab. 2.1.1 for details). Here, in parallel a 

Babybongo net (20cm diameter) was used for collecting zooplankton. The Bongo/ Babybongo was 

equipped with flowmeters in each of the nets. The Bongo nets had mesh sizes of 0.3 and 0.5 mm, 

while the Babybongo was equipped with a 150µ net and a 50µ liner. The 500µ samples were, as far 

as possible, checked for larvae on board. These larvae were stored separately in alcohol or liquid 

nitrogen to be transferred to Task 3. The samples were preserved on board in 4% formaldehyde/ 
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seawater solution and were later transferred to formaldehyde-free conservation fluid (Steedman, 

1976) for analysis. Fish eggs and larvae were sorted from the samples and staged (eggs) or 

measured (larvae). The counts were finally standardised to 1m2 by the volume of water filtered and the 

maximum depth of the tow.  

In the Gdansk Deep and the Gotland Basin additional sampling was performed using the vertically 

operated IKS-80 net (80 cm diameter, 0.5 mm mesh size) to ensure that the catches are comparable 

to those reported for former time periods by the Latvian Fisheries Research Institute and the 

AtlantNIRO (on all 9 surveys). 

For the region of the Bornholm Basin consecutive surveys were performed to obtain the data-basis for 

field based mortality estimates. For all these surveys the basin-wide abundance of the different stages 

of development were calculated by means of objective analysis (Bretherton et al., 1976). 

Additionally, based on data of Polish (MIR, 1938, 1946-1959) and Russian (AtlantNIRO, 1953-1970) 

ichthyoplankton surveys a retrospective time series was compiled for the Gdansk Deep, the Bornholm 

Basin and the Southern Gotland Basin for 1938-1970. Mean abundance values for the period April to 

June of each year were calculated. For the years 1949-1954 only the peak spawning time of cod in 

May (Grauman, 1980) was sampled. Therefore a correction-factor was calculated to account for this 

problem in the time-series. Table 2.1.2 shows the ratio of cod egg abundance in May and mean cod 

egg abundance in April-June. Sampling restricted to peak spawning (May) would result in 1.63 times 

higher abundance estimates. Cod egg abundance data were corrected accordingly. For sprat egg 

abundance no correction was applied. 

 

Vertical distribution 

Sampling was carried out in the central parts of the Bornholm Basin, the Gdansk Deep and the 

Gotland Basin using a BIOMOC multiple opening/closing net (mesh size 335µm, mouth opening 1m2) 

operating with 9 nets and equipped with flowmeters (for detailed description see Wieland, 1995). The 

BIOMOC was towed at a definite depth for ~3 minutes at a speed of 3 knots. Two combined hauls of 

the BIOMOC (15 nets in the Gdansk Deep and 17 nets in the Bornholm- and Gotland Basin) allowed 

to investigate the vertical distribution of ichthyoplankton in the water column. At depth where highest 

concentrations of fish eggs and larvae were expected a vertical resolution of 5 m depth intervals was 

chosen. Otherwise a resolution of 10 m intervals was applied. At least 3 parallels were performed at 

each sampling site. During the project period a total of 72 BIOMOC hauls were performed at 6 

different sampling occasions. The samples were, as far as possible, checked for larvae on board. 

These larvae were as well stored separately in alcohol or liquid nitrogen to be transferred to Task 3. 

Samples were preserved in 4% buffered formaldehyde-sea water solution. At least 100 eggs were 

processed for measuring and determination of stages of development. Stages of development of eggs 

were determined according to a 4-stage system for the samples taken in the Gdansk Deep and the 

Gotland Basin and according to a 5-stage system by Thomson and Riley (1981) for Bornholm Basin 

samples. Total lengths of fish larvae were measured to the nearest 0.5 mm length classes. 

We have calculated the mean standard deviation, measures of skewness and kurtosis, as well as their 

relations to the standard errors of these values to assess if the distribution of pelagic fish eggs and 
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larvae was corresponding to the normal one. After the calculating of the theoretical frequencies the χ2-

test in the simple cases and Yastremski test in the more complicated ones were applied. If the 

distribution was close to normal, t-test was used. 

 

Diurnal vertical migration pattern of sprat larvae 

The vertical distribution of sprat larvae in relation to day-time was studied during 5 cruises. 3 of these 

were performed more than 10 years ago (1989 and 1990), while the remaining took place in 1999 and 

2000. These were May 1989, June 1989, June 1990, May 1999 and April 2000. For different size 

groups (< 6mm; 6-10mm; >10mm), which were chosen according to morphological criteria (Bartsch 

and Knust, 1994), weighted mean depth was calculated for each daytime and nighttime series of 

samples as: 

 

  ∑ ∑ ∆∆= ∆∆ dnddnWMD did /)(   
  
where n∆d is abundance (N *m-3) in sampling depth interval ∆d whose midpoint is di.  

 

To describe length-dependant vertical migration patterns, the vertical migration strength V (Bollens 

and Frost, 1989) was calculated for 1 mm larval length groups by calculating the difference between 

the fraction of the population above a given depth at night and the fraction of the population above that 

same depth during day. The reference depth was set for all sampling occasions to 17.5m, 

representing the lower part of the thermocline. Dial vertical migrations in the direction ‘up at night’ and 

‘down during the day’ will result in positive values, while negative values indicate a vice versa 

migration pattern. Values of + 100 indicate a dial vertical migration of the whole population, zero 

values show the complete absence of such migration patterns. 

 

Field based mortality estimates 

A number of attempts were made to calculate field-based mortality estimates of cod and sprat early 

life history stages. In the following 4 different methods will be presented, concentrating on different 

parts of the early life history and/or different regions of the Baltic Sea. 

 
1) Mortality rates of cod and sprat eggs from seasonal production estimates for the Bornholm Basin 
 
The basin-wide egg abundance values per stage of development obtained from the extensive field-

sampling program were transformed to stage-specific production values by accounting for the stage 

duration. As stage duration is temperature dependant, ambient temperatures for the egg stages were 

calculated on a monthly basis over the spawning period (April-August), based on temperature profiles 

and data on the vertical distribution patterns obtained from the research surveys. For cod eggs the 

temperature/stage duration relationships from Wieland (1995) were used while for sprat eggs the 

results of Thompson et al. (1981) were applied. Seasonal production values were then calculated by 

integrating under the production curves. Instantaneous daily mortality coefficients (z) were then 

computed based on the standard equation for exponential decay: 
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 zi = -1 / dt age * ln (Pi / Pi+1) 

 

Daily mortality rates (Z) were calculated according to: 

 Zi = 100 * (1-exp (-zi) 

 

2) Mortality of sprat eggs and egg production in the Gotland Basin and the Gdansk Deep in 1999 
 
Numbers of sprat eggs at definite stage of development were calculated for the Gotland Basin using 

data from the horizontal sampling with the ichthyoplankton net IKS-80 (mesh size 0.5 mm) on the 

standard grid of stations (Makarchouk, 1997). For the Gdansk Deep the integrated data (weighted for 

the thickness of each layer) from the sampling with multiple opening/closing net BIOMOC (mesh size 

0.335 mm) in the centre of the Deep were used. Mean weight of sprat was taken from the ICES 

(1999a), and the fecundity was calculated using Polivaiko (1980) empirical equation: P=-

0.163+1.371*Q, where P was fecundity, and Q was the full weight of fish in grams. Stage I egg 

production was calculated as: N+=No*e-z*t/2, where N0 was average number of eggs on the 1st stage per 

day, t - the duration development of egg 1st stage under the specific temperature conditions, and Z 

was instant mortality coefficient: 

  

 Z =-1/t*ln(Nj,m/Ni,n),  

  where Nj,m was number of eggs on j stage  

  and t was time between the middle points of j. and i. stages. 

 

The duration of development of sprat eggs on each stage was computed using Thompson et al. 

(1981) results of incubation experiments of the North Sea sprat under the range of temperature. The 

mean ambient temperature was defined as mean weighted one using the data on the vertical 

distribution of eggs obtained with BIOMOC. The hydrographical data (temperature, salinity, density, 

oxygen) were taken from RV Alkor regular measurements made with a ME OTS 1500 CTD/O2 probe. 

The mean ambient temperatures for the different stages altered because the vertical distribution of 

eggs was changing with the stage of development. In general, the mean ambient temperature 

decreased with it. 

 

3) Drift study on stage-specific cod egg mortality in the Bornholm Basin 

Variations in Baltic cod egg mortality between successive stages of development were examined in 

the Bornholm Basin from July 21st to August 1st, 1996 during a cruise with RV Alkor. A satellite-tracked 

Argos buoy connected to a 16.8 m2 drogue centered in 60 m depth was deployed in an area in which 

the highest abundance of cod eggs was found during a basin wide survey prior to the drift study. Such 

a system has been proven to measure the currents in the deep water of the study area (Krauss and 

Brügge, 1991). The depth of the drifter’s drogue was chosen in respect to previous findings on the 

depth of the center of the egg mass (Wieland and Jarre-Teichmann, 1997). The time interval between 

two successive sampling dates was kept short in order to reduce the effect of dispersion as much as 

possible, and the sampling was carried out in intervals that matched closely the difference in age 
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between successive developmental stages. These intervals were calculated based on temperature-

dependent incubation times (Wieland et al., 1994) and preliminary estimates of the actual ambient 

temperature i.e. the mean temperature over the vertical range in which the eggs occurred weighted for 

their frequencies in each depth layer. A 1 m2 multiple opening/closing net (BIOMOC) with a mesh size 

of 0.3 mm and an electronic flowmeter attached in the net opening was used. Discrete depths were 

sampled with a depth resolution of 5 m during stepped horizontal tows at a speed of 3 kn. The towed 

distance was about 0.15 nm (278 m) in each depth layer, and the total towing path of each haul 

amounted to appr. 1.5 nm (2.78 km). Vertical profiles of temperature, salinity and dissolved oxygen 

were recorded with a ME 1500 OTS probe concurrently to the net samplings. 

The plankton samples were preserved in a 4 % formaldehyde (p.a.) / seawater solution. Cod eggs and 

larvae were sorted from the samples, and the eggs were staged according to a five stage classification 

(I, IB, II, III, IV) which has been adapted for central Baltic cod by Wieland and Köster (1996) based on 

Thompson and Riley (1981). Dead eggs were separated from viable ones using the criteria given by 

Geldmacher and Wieland (1999). Cod larvae were aged by otolith readings. Only early larvae (age 

after hatch < 7 days) were considered because older ones occur predominantly in the surface layer in 

which their drift pattern may deviate from what is recorded by a drifter´s drogue in 60 m depth 

(Grønkjær and Wieland, 1997; Voss et al., 1999). Stage-specific numbers of eggs and larvae were 

standardized by flowmeter readings, and the abundances (in n/m2) were calculated by integrating over 

all depth layers sampled. These values were divided by the corresponding stage duration to obtain 

production estimates. 

Sampling with a towed underwater video system, the IPR (Lenz et al., 1995), which was intended to 

monitor the fine-scale distribution of the eggs and the identity of the patch over time failed due to 

technical problems. The ship-borne ADCP of RV Alkor was not available during the cruise and thus no 

direct observations on the actual currents in the depth of the drifter's drogue existed. Instead, 

modelled drift was compared with that of the drifter's trajectory. 

Hydrodynamic modeling was performed by a three-dimensional model of the whole Baltic Sea, with a 

horizontal resolution of 5 km and 28 vertical levels specified (Lehmann, 1995). The model is based on 

the free-surface Bryan-Cox-Semtner model (Killworth et al., 1991), which is a special version of the 

Cox numerical general circulation model (Bryan, 1969; Semtner, 1974; Cox, 1984). The model was 

driven by realistic winds taken from atmospheric data provided by the Swedish Meteorological and 

Hydrological Institute and river runoff taken from a mean runoff data base (Bergstrøm and Carlsson, 

1994). The model was initialized with basin wide hydrographic data from the Bornholm Basin recorded 

just prior to the drift study during the above mentioned cruise with RV Alkor at a regular grid with a 

spacing of appr. 10 nm. 

Egg and larval mortality rates were estimated by computing the change in the daily production of a 

given developmental stage at a first sampling date with that of the corresponding stage of the same 

cohort at a following sampling date. The vertical distribution of the eggs and, thus, the mean ambient 

temperature were not accurately known during the survey. In addition, a tight cruises schedule did not 

allow to sample the initial egg aggregation more frequently than in intervals of two to three days. 

Consequently, the time interval between the sampling dates did not match exactly the difference in 

age between successive developmental stages in every case (Tab. 2.1.3). Therefore, the observed 
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daily production at a second sampling date was adjusted assuming a linear change between the two 

sampling dates (Fig. 2.1.1) with: 

 

 P i+1,t = P i+1,s1 + dt age ∗ (P i+1,s2 - P i+1,s1 ) / dt sampling  

 

  P i+1,t : daily production of stage i+1 at the time t which corresponds to the time at 

which eggs of mid stage i sampled at the preceding sampling date are expected to 

reach mid stage i+1 

  P i+1,s1 : daily production of stage i+1 at the time of the first sampling 

P i+1,s2 : daily production of the stage i+1 at the time of the second sampling 

dt survey : time interval between the two sampling dates 

dt age : difference in age between mid stages i and i+1, 

 

Instantaneous daily mortality coefficients (z) were then computed based on the standard equation for 

exponential decay: 

 

 z i = - 1 / dt age  * ln (P i,s1 / P i+1,t ) 

 

  i : stage index. 

 

Daily mortality rates (Z) were calculated according to: 

 

 Z i = 100 ∗ (1 - exp (-z i )) 

 

From different combinations of the six series of samples (Tab. 2.1.3) three mortality estimates were 

obtained for each pair of developmental stages. The duration of the drift study was too short for 

monitoring the developmental success of a single cohort from release until hatch. Hence, an average 

cumulative egg mortality until hatch (Chatch ) was estimated based on mean stage-specific mortality 

coefficients (zmean,i ) obtained from different cohorts by: 

 

 Chatch = 1 - exp (- ∑ zmean,i  * (ti+1 - ti )) 

 

  where ti+1 ≤ thatch , i.e. for the time interval from egg stage IV to the early larval stage 

only the time span until hatch was considered. 

 

4) Model-supported estimation of mortality rates in cod larvae from the Bornholm Basin 
 
Sampling related to the horizontal distribution and abundance of cod eggs and larvae was performed 

on 2 consecutive surveys, approximately 6 days apart, in May 1988 and August 1991. These 

programs constituted the only available surveys from a 15-year period of ichthyoplankton surveys with 

sampling intervals and larval abundances having the potential for the determination of stage-specific 
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larval mortality rates (MacKenzie et al., 1996). The station grid in use comprised 28 and 36 stations in 

May 1988 and August 1991, respectively, covering the deep part of the Bornholm Basin (water depth 

>60m). Data are based on oblique Bongo net tows (335µm and 500µm mesh size). The samples were 

stored on board in a 4% formaldehyde-seawater solution. In the laboratory the 500µm samples were 

sorted for cod eggs, which were counted and staged. Egg staging was performed according to a 5 

stage system based on morphological criteria given by and Thompson and Riley (1981), which was 

adopted for Baltic cod eggs (Wieland, 1988; Wieland and Köster, 1996). The 335µm samples were 

sorted for cod larvae, which were counted, staged and measured. Larval staging followed a 10-stage 

system suggested by Fossum (1986) for Norwegian cod. During cruises in May 1988 and August 1991 

no vertical resolving sampling was performed. Therefore we used data from other cruises in the 

Bornholm Basin to determine the vertical distribution of the eggs and larvae to be incorporated as 

passive particles into the Baltic Sea Model (see below), i.e. vertical resolving sampling was performed 

in July 1988 and 1991. In both cases cod eggs concentrated in a narrow depth layer below the 

halocline, with maximum abundance in 70 m depth (Wieland and Zuzarte, 1991; Wieland and Jarre-

Teichmann, 1997). Feeding cod larvae (> stage 5) were generally found above the halocline with 

maximum abundance around 30 m depth (Grønkjær and Wieland, 1997; Grønkjær et al., 1997). This 

was observed for July 1991 also, while for July 1988, due to very low numbers of larvae caught, no 

conclusive result could be obtained. Based on these observations the following relative vertical 

distribution was utilized to implement cod eggs and larvae as additional tracer into the flow fields: 

 

• 25% in 27-30 m, 50% in 30-33 m and 25% in 33-36m for feeding cod larvae (stages > 5)  

• 25% in 66-69 m, 50% in 69-72 m and 25% in 72-75 m for cod eggs and non-feeding larvae  

 

Mortality rates were estimated by comparing the daily production of a given developmental stage at 

the first sampling date with that of a corresponding stage at the second sampling date (cohort 

method). Temperature-dependent incubation time of eggs were calculated based on Wieland et al. 

(1994) with an ambient mean temperature estimated according Wieland and Jarre-Teichmann (1997). 

As the consecutive surveys were approximately 6 days apart, the developmental stages had to be 

chosen accordingly. Mean stage-specific ages as well as exact time intervals between successive 

samplings are given in Tab. 2.1.4. As the time interval between the sampling dates did not match 

exactly the difference in age between developmental stages, the daily production observed at the 

second sampling date was adjusted according to Wieland et al. (2000a). For the young (hatching) 

larvae mortality rates were calculated from egg stage IV (oldest egg stage) to larval stage 1-4 (yolk 

sac) and from larval stages L1-4 to L5-7 (first feeding). For the older larvae larval stages 5-7 were 

compared with larval stage 8 (established feeding). 

While the station grids covered the area > 60 m depth, all calculations were based on the mean 

abundance (n/m2) of the developmental stages inside the 80 m depth contour line. This was done, as 

abundance values outside the observation area were unknown and therefore no reliable exchange 

rates due to transport could be calculated. By restricting the calculations to the area > 80 m depth, 

reliable exchange rates between the areas 60-80 m depth and > 80 m depth could be derived from a 

hydrodynamic model.  
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The abundance values were then corrected for the amount of transport gains or losses as obtained by 

the model runs.  

 

Correction of mortality rates by application of a hydrodynamic model: 

As the two surveys were ~6 days apart, changes in abundance due to transport processes had to be 

taken into account. Therefore, the Bornholm Basin was divided in 3 sub-areas: >80 m, 60-80 m and 

<60 m. While the initial stage specific abundance is known from the survey results for the areas >60m 

depth, the abundance for the area <60m depth was set to be 0. The initial horizontal distributions as 

obtained by the first surveys were entered into the model as a tracer and the exchange rates between 

the areas were calculated over time. By this, the abundance found during the second survey in the 

area > 80m depth could be corrected for transport gains or losses. The numerical simulations of the 

Bornholm Basin circulation were performed by application of a three-dimensional (3-D) eddy resolving 

baroclinic model of the Baltic Sea (Lehmann, 1995). The Baltic Sea Model is based on the free 

surface Bryan-Cox-Semtner model (Killworth et al., 1991) which is a special version of the Cox 

numerical ocean general circulation model (Bryan, 1969; Semtner, 1974; Cox, 1984). The Baltic Sea 

model comprises the whole Baltic with a horizontal resolution of 5 km and 41 vertical levels specified. 

For the region of the Bornholm Basin this results in a vertical resolution of 3 m layers. A grid size of 5 

km and a time step of 5 min were chosen. Within the Bornholm Basin the model was initialized with 

three-dimensional hydrographic data (temperature and salinity) obtained during the research surveys. 

No hydrographic data were taken outside the observational area for running the model and in order to 

overcome this lack of data, the general features of the Baltic were utilized by incorporation of 

hydrographic characteristics typical for these regions and time periods obtained from previous model 

runs. For each depth level of the model, observational data were interpolated onto the model grid by 

objective analysis (Hiller and Kaese, 1983). The model was forced for all simulations with actual wind 

data for the entire Baltic provided by the SMHI (Swedish Meteorological and Hydrological Institute). In 

order to adapt the initial fields to the model dynamics and to the prescribed mass field outside the 

Bornholm Basin the model was allowed to spin-up for 4 days without external forcing prior to 

incorporation of tracers representing the horizontal distribution of cod eggs and larvae. After this 

initialization period, the forcing was switched on and the model was run for a period of 10 days.  

The two periods (19-28 May 88 and 11-20 Aug 91) exhibit contrasting wind forcing scenarios: In May 

1988 wind forcing was relatively low in magnitude and variable in direction. In contrast, the simulation 

for August 1991 was affected by relatively strong wind forcing of mainly western directions. 

To visualize the persistent circulation patterns averaged model results for different depth layers in the 

Bornholm Basin will be presented. However, averaged currents give no information about their 

variability. Thus, we calculated the stability, which is defined as the ratio of the averaged vectorial 

velocity and the averaged arithmetic velocity. 
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with 
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v= ∑1

 as the averaged components of the flow, and N as the number of 

current observations at the location under consideration. The vectorial mean is obtained from 

individually observed current vectors, and the arithmetic mean velocity is calculated by averaging the 

speeds without regard to the current direction (Neumann and Pierson, 1967).  

 

Influence of sampling strategy on abundance estimates 

Often the only quasi-synoptic nature of ichthyoplankton surveys is ignored in the presentation of the 

results. But as the plankton fields move with the prevailing currents, the sampling strategy might have 

a considerable influence on the resulting picture of a quasi-synoptic survey, especially at high current 

velocities. During the last years sampling was mainly standardized to a total number of 45 stations 

almost equally distributed within the surveyed area (Fig.2.1.2). On basis of this station grid we 

examined the effects of different survey strategies as well as the influence of the different wind forcing 

conditions during the two tested time periods (May 88 vs. Aug. 91) on the resulting abundance 

estimates. For each period we designed 6 different station-sequences, thereby accounting for different 

options regarding the start/end-point of the surveys (Fig. 2.1.2). These station-sequences were each 

tested for 1 h and 1.5 h time steps between the stations (resembling the sampling time required 

without or with additional hydrographic measurements). The complete set of options was tested 2 

times, with the start-point of sampling at the beginning of the simulations and after the model was run 

for 5 days, respectively. Overall a total of 24 sampling strategy options were tested for the two time 

periods, 4 early life stages and 5 initial horizontal distributions. The resulting abundance estimates 

were compared to the ‘reference’ abundance values given by the model run for the survey midpoint of 

time by calculating the percentage deviation. Tab. 2.1.5 gives an overview about the statistical tests 

applied and the corresponding numbers of observations. Significant difference is based on a two-tailed 

α-level of 0.05. 

 

Influence of spatial sampling resolution on abundance estimates 

The 45 stations grid was used for the ‘basic’ analyses. Additionally, 2 hypothetical sampling schemes 

with a higher spatial resolution were tested. One grid with a station spacing of 15*15 km (53 stations) 

and another with a 10*10 km spacing in the central part and a 15*15 km spacing at the edges of the 

survey area (82 stations). To evaluate the accuracy of the different sampling grids on synoptic scales, 

abundance values at the different sampling positions were extracted from the model fields every hour 

and compared to the reference abundance within the surveyed area, as obtained by the model run. 

 

Modelling the vertical distribution of sprat eggs in the changing conditions of the Eastern Baltic 

The vertical distribution of sprat eggs was investigated with BIOMOC on board German R.V. Alkor. 

Samples were collected in the central parts of the Gdansk Deep and the Gotland Basin using 

BIOMOC multiple opening/closing net (mesh aperture 335 µm, mouth opening 1 m²) operating with 9 

nets and equipped with flowmeter (see for the detailed description Wieland 1995). At the sampling 

positions hydrographic measurements (temperature, salinity, density, oxygen) were performed with a 
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ME OTS 1500 CTD/O2 probe. BIOMOC was towed at a definite depth for 3 minutes at a speed of 3 

knots, volume of water filtered through each net was ca. 300 m³. Two combined hauls of BIOMOC 

(15-17 nets in the Gdansk Deep and 17 nets in the Gotland Basin) allowed to investigate the vertical 

distribution of ichthyoplankton in the water column down to the bottom (100 m) in the Gdansk Deep 

and to 140 m in the Gotland Basin with a resolution of 10 m in the upper part of the water column. At 

depths where highest concentrations of fish and especially cod eggs and larvae had been expected a 

vertical resolution of 5 m depth intervals was chosen. These combined hauls have been repeated 

thrice at every sampling site.  

Samples were fixed in 4% buffered formaldehyde-sea water solution and processed within 10 months 

time. All the eggs and larvae were counted. At least 100 eggs (or all of them if less than 100 in 

sample) were processed for measuring and determination of stages of development. Stages of 

development of eggs were determined according to the 4-stage system by Rass and Kazanova 

(1965). Eggs on each stage were divided into alive and dead ones arbitrary. 

Hydrographic data (temperature, salinity, density, oxygen) were obtained at the sampling with a ME 

OTS 1500 CTD/O2 probe from CTD. As the sprat eggs obtain neutral buoyancy rather soon after 

being spawned, the specific gravity of them was taken as being equal to the density of ambient water. 

Density of water in all the cases was sigma-t. The mean specific gravity of eggs was calculated as 

follows: 

 smean= S (pisi), 

 where pi was the relative abundance of eggs in stratum i and si was the density of water in 

stratum i. 

 

The generalised vertical distribution of eggs was computed as follows: First, the relative abundance of 

sprat eggs was plotted against the density of ambient water (sigma-t) for each observation, the mean 

specific gravity of eggs for this very observation being taken as zero value. Second, all these 

observations were organised in 0.5 kg*m-3 classes, and then mean arithmetic values (in per cents) for 

every class have been calculated 

 

Estimation of sprat spawning stock biomass in the Gotland Basin 

Numbers of sprat eggs at definite stages of development were calculated for the Gotland Basin using 

data from the sampling with the vertically operated ichthyoplankton net IKS-80 (square of mouth 

opening 0.5 m², mesh size 500 mm) on the standard grid of stations (Makarchouk, 1997). This net was 

deployed to the bottom or 140 m depth. The filtration rate of the net had been measured in the field 

conditions using the General Oceanics flowmeter and was determined as being equal to 70 % when 

the net had been being lifted with the vertical speed of 0.4 m*s–1. This coefficient was used for the 

calculation of the number of eggs per 1 m². Mortality rates were calculated separately for 3 parts of the 

Gotland Basin: southern, central and northern. Southern part of the Gotland Basin was defined as the 

area with borders along parallels 55°30’ N and 56°30’N, central part of it being between 56°30’N and 

57°30’N, and the northern one - to the north from 57°30’N. Stages of development were determined 
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according to 4 stage system by Rass and Kazanova (1965). 3 first stages of this system coincide with 

the corresponding stages used by Thompson et al. (1981). 

Egg production at 1st stage was calculated as follows: 

 

 N+=N0*ez*t/2, where  

 N0: was average number of eggs on the 1st stage per day (received by dividing the 

number of eggs at the 1st stage by a duration of this stage in days),  

  t: duration of development of egg on the 1st stage under the specific temperature 

conditions,  

  Z: instant mortality coefficient  

 

 Z =1/ti-j*ln(Nj,m/Ni,n), where 

  Nj,m was number of eggs on j stage and  

  ti-j was time between the middle points of jth and ith stages. 

 

It is assumed that the mortality throughout the first stage is the same as the morality determined 

between the 1st and 2nd stages. The duration of development of sprat eggs on each stage was 

computed using Thompson et al. (1981) results of incubation experiments of the North Sea sprat 

under the range of temperatures. The mean ambient temperature was calculated as mean weighted 

one using the data on the vertical distribution of eggs obtained with BIOMOC. BIOMOC surveys have 

been carried out in the Gotland Basin one time in each of the last years: on 1 June 1999 and on 4 

June 2000. In these cases the ambient water temperature has been calculated directly from the 

obtained vertical distribution of sprat eggs and the measurements of temperature at the same station. 

The vertical distribution of sprat eggs in the months when BIOMOC data had been absent was 

determined using procedure described by Makarchouk (2001). In short, the mean weighted specific 

gravity of eggs was calculated with the equation: 

 

 st=7.195 - 0.0038*JD+0.2015*s2ml/l-0.0975*t°10m, 

  where st is the mean specific gravity of sprat eggs (in kg*m-3 -1000), 

  JD is the Julian day of survey,  

  s2ml/l - the density of water at the depth of iso-oxygen 2 ml/l, and  

  t°10m - temperature of water at 10 m depth. 

 

Afterwards sprat eggs were distributed in the shallow and deep directions from this depth according to 

the generalised empirical distribution of the eggs, determined in 15 surveys with BIOMOC 

(Makarchouk, 2001). 

The hydrographic data (temperature, salinity, density, oxygen) were taken from 2 sources: 

 

1) RV Alkor regular measurements made with a ME OTS 1500 CTD/O2 probe.  
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2) LatFRI measurements performed at 3 main stations from the regular LatFRI station grid in the 

different parts of the Gotland Basin: # 37 (BY15) at the position 57°22’N 20°03’E (depth 243 m), # 

43 (56°42’N 19°51’E, depth 153 m), and # 46 (56°05’N 19°10’E, depth 123 m).  

 

Temperature was measured with deep-water reversing thermometers in 10 m depth interval, salinity 

and oxygen probes were taken with Nansen batometers at the same depths. The salinity was 

measured with the inductively coupled salinometer, model 601 MK III., and the oxygen content was 

defined with Winkler method. 

The daily production of sprat eggs at the 1st stage per 1 m² of water surface was calculated for each 

ichthyoplankton station. Then it was used to make the map of horizontal distribution of daily production 

of sprat eggs at 1st stage with the program Surfer (Version 6.04). In case of absence of zero values 

they were introduced at the geographical positions over depths which had been identified as the limit 

of horizontal distribution of the sprat eggs in the specific time of the year. Usually this depth was 80 m 

in April, and was continuously decreasing to ca. 40 m in June (Makarchouk database unpublished). 

The total daily production of eggs in the whole basin was computed also by means of this program, 

namely with function “Volume”. These values were multiplied by the number of days from one midpoint 

between surveys to another, and the results were summarised. The obtained number was the amount 

of eggs spawned during the season in the Gotland Basin. The number of spawning females was 

determined by dividing the number of eggs spawned during season by the mean seasonal individual 

fecundity of females. Mean weight of sprat was taken from the ICES (1999a, 2000), and the fecundity 

was calculated using Polivaiko (1980) empirical equation: 

 

 P= -0.163+1.371*Q, 

  where P: fecundity in thousands of eggs, 

  and Q: full weight of fish in grams. 

 

Mean fecundity had been calculated for each age group and then the mean seasonal individual 

fecundity was computed as weighted arithmetic mean. Sex ratio was taken as 1:1. 

 

Sprat early life stage abundance in relation to varying hydrographic parameters in the Gdansk Deep 

Hydrographic data on temperature, salinity, and oxygen content were obtained during scientific-

research cruises of AtlantNIRO (the late April-early May 1993; the late May 1994, the early May 1993, 

July 1999) and in cruises of German RV Alkor (the late May and the early July 1998 and 1999) in the 

South-Eastern Baltic Sea. The data on sprat eggs and larvae abundance (n/m2) were obtained from 

the same sources. The vertically operating ichthyoplankton net IKS-80 was used. 

To describe the spatial variability of hydrographic parameters the maps of temperature distribution at 

the depths levels 20, 40 and 70 m, water salinity and density (also oxygen content in 1998 and 1999) 

at the depth levels 70 m, as well as the plots of water temperature, salinity and density distribution at 

transects across the Gdansk Deep were prepared. For the north-western (55º22N –55º00N and 

19º00-19º10E) and south-eastern (55º05-54º47N and 19º23-19º35E) parts of the Gdansk Deep the 
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depth of the isohaline 8 psu and the lower isotherm 4º C locations were estimated. The areas with 

high salinity and temperature values at the depth level 70 m were interpreted as zones of the halocline 

and the lower boundary of the cold layer ascending, while the areas with low salinity and temperature 

at 70 m were interpreted as zones of the halocline and the cold layer lower boundary descending. 

Sprat eggs and larvae distribution was mapped and compared to distribution of hydrographic 

parameters at 70 m depth level. The data on the Baltic sprat year-classes abundance for 1993, 1994, 

1998 and 1999 were obtained from the Report of the Baltic Fisheries Assessment Working Group 

2001 (ICES, 2001a). 

 
Results and discussion 

Abundance and horizontal distribution 

Fig. 2.1.3a shows the calculated Bornholm Basin-wide abundance values of sprat eggs for the 

different sampling occasions in 1999, based on the Bongo station grid. The spawning season was set 

not to start before 1st March and to end the 1st October (abundance values = 0). Due to the very short 

sampling interval, the 1st and 2nd coverage of the AL 143 cruise were combined to one mean value. 

The youngest egg-stages (IA and IB) were by far most abundant in the beginning of June (Al 143, 3rd 

coverage). The spawning season extended from April-July where considerable numbers of sprat eggs 

occurred in the plankton, while from late July on no more sprat eggs could be identified. The sprat 

spawning season seems to be well covered in this year. 

Fig. 2.1.3b shows the corresponding values for cod eggs. Overall abundance values in the Bornholm 

Basin are considerably lower than for sprat eggs (~23*1011 vs. 17*1010). Peak spawning occurred 

around the beginning of August, approx. 2 months later than for sprat. While almost no eggs were 

found in the plankton before May, the spawning extended until the end of August, with still 

considerable numbers found in the last survey (26.8.99). 

For both species a strong decline in abundance between the developmental stages can be seen. 

Especially the egg stage IV was found only in small numbers: For sprat there seem to be two separate 

periods with higher numbers of egg stage IV found in the plankton, around mid of April and around 1st 

July. Higher numbers of cod eggs in developmental stage IV were found from mid May to mid of July. 

The horizontal distribution of sprat egg stages IA and IV for the different sampling occasions is shown 

in Figs. 2.1.4 and 2.1.5. In the beginning of the season spawning activity concentrated on the western 

part of the basin (Fig. 2.1.4; AL 141). Later in the year, during main spawning, the entire basin showed 

high abundances of stage Ia eggs, while to the end of main spawning (1st July; AL 145) a 

concentration on the north-eastern stations can be observed. The egg-stage IV was most widely 

distributed in mid April and in the beginning of July (Fig. 2.1.5), according to higher total numbers 

found in the plankton. During the other sampling occasions successful egg development seemed to be 

favoured at the edges of the basin. 

Fig. 2.1.6 shows the distribution of cod egg-stage IA. As for sprat, eggs could be found in the entire 

basin during main spawning time (AL 147a, b). For the other sampling dates no clear seasonal 

relationship could be found. The distribution of cod egg-stage IV (Fig. 2.1.7) was restricted to only few 

stations, even during peak spawning time. The stations where cod eggs of this stage were identified 
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changed between surveys but generally the northeastern part of the deep basin revealed higher 

numbers. 

Abundance and horizontal distribution patterns of cod and sprat larvae were also analysed, data were 

entered into a database and made available to Tasks 3 to 6. 

 

Neither in the Gdansk Deep nor in the Gotland Basin cod eggs and larvae were detected in May 2000. 

Cod egg abundance in the Gdansk Deep for previous years is presented in Tab. 2.1.6 (Karasiova, 

1997; Karasiova, 1999). Mean abundance of different sprat egg developmental stages for 1996-2000 

are given in Tabs. 2.1.7 –2.1.11, to be utilzed for egg production calculations. Significant inter-annual 

variability of egg abundance was revealed in the Gdansk Deep for 1992-2000 (Fig. 2.1.8). The 

abundance decrease in 1994-1996 was probably determined by several causes: the redistribution of 

sprat spawning stock between the Gdansk Deep, the Southern and the Central Gotland Basin (1994, 

1995), the delay of sprat spawning peak due to the penetration of the cold inflow of winter origin into 

bottom layers of the Gdansk Deep and the Southern Gotland Basin in May 1996 (Karasiova and 

Zezera, 2000). 

The inter-annual variability of sprat larval abundance was not in correspondence with that of the eggs 

(Fig. 2.1.8, 2.1.9). A drastic decrease of larval abundance was observed in May 1996, 1998 and 

especially 2000. In May 1994 and 1995 probably a coupling of successful spawning with 

meteorological and hydrodynamic processes promoting the retention of small larvae took place in the 

eastern Baltic Basins. 

The seasonal variability of sprat egg abundance in 1996-1999 (Fig. 2.1.10) demonstrated the highest 

reproduction intensity from late May to middle July with the exception of 1996, when a displacement of 

peak spawning time to late July took place (Karasiova and Zezera, 2000). The seasonal variability of 

sprat larvae abundance in 1996-1999 evidenced a higher quantitative level during the first half of 

reproductive period (April-May) with maximum observed in April 1998 in comparison with June and 

especially July. It is supposed that a) the earlier spawning produced much more small larvae than the 

later one; b) a trend of larvae output decrease in the Gdansk Deep began to be revealed in 1999 and 

2000. 

 

Historical data analysis evidenced the existence of high cod egg abundance in the late forties – the 

early fifties in the Gdansk Deep, the Gotland Basin and in the Bornholm Basin (Table 2.1.12). Taking 

into account the influence of spawning time on egg abundance estimates, the predominance of May 

sampling dates in the Gotland Basin and a later peak spawning time of sprat for the period under 

consideration, the sprat egg abundance could be underestimated in the early fifties. In the late fifties a 

predominance of sprat eggs was revealed in the Gdansk Deep and the Gotland Basin, while the ratio 

of cod and sprat eggs was nearly equal in the Bornholm Basin. Table 2.1.13 summaries the results for 

5-years intervals.  
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Vertical distribution 

Stage-specific vertical distribution of cod eggs in the Bornholm Basin from July 1999 (AL 147) is given 

in Fig. 2.1.11. Highest concentrations of eggs were recorded in the depth layer of 65m. Mean 

weighted depths of the different egg stages showed only minor changes. Egg-stage IV was deepest 

distributed with a mean weighted depth of 63.9 m. Anyhow, this was only 0.9 m deeper than egg-stage 

I with 63m mean weighted depth. As this survey constituted the only sampling occasion in 1999 where 

sufficient numbers of cod eggs for an analysis were found, this stage-specific depth distribution was 

used for calculation of ambient water temperatures, needed for the calculation of developmental times 

For sprat the work concentrated on the vertical distribution of larvae and especially on possible diurnal 

migration patterns. Due to sampling problems in June 1999 (AL 145) and very low abundance of sprat 

larvae in July/August 1999 (AL 147, AL 148) only the 24-hours sampling from May 1999 could be 

analysed. Therefore, additionally historic 24-hours samplings were analysed (see below). 

 
Sprat eggs dominated the samples from the Gdansk Deep in May 1999 (Tab. 2.1.14). They were 

found in all depth layers from 5 to 100 m (Fig.2.1.12) with peak values at 65-75 m depth i.e. just in the 

layer of permanent pycnocline - maximal values were in the layer with the greatest gradient 

(Fig.2.1.13). The mean weighted temperature of the ambient water was 4.47°, which was rather warm 

compared with 1996 and 1998. If we took into account only the part of the water column where oxygen 

content was >1ml/l, the mean weighted temperature of the ambient water was 4.17°C. In the upper 

part of the water column (from 5 to 55 m) all eggs were at the 1st stage of development (Fig. 2.1.12). 

Share of the eggs at the advanced stages of development (i.e. 2nd and 3rd) in the water layer 65-75 

m constituted to 30-46%. 

Investigating the distribution of the sprat eggs at the dawn hours, we discovered the increased number 

of newly spawned eggs in the upper layer (10-30m). Their number was smaller compared with the one 

in the layer of maximum abundance. Calculation of the theoretical speed of the sinking of sprat eggs 

(using Stox’s equation) showed that it must be 20-30 m per hour in the upper layer. So even recently 

spawned eggs are reaching the middle part of the water column in approximately 2 hours, which 

makes the investigation of the depth and time of spawning rather tricky. Also the schools of spawning 

sprat in the Gotland Basin and the Gdansk Deep are moving constantly and it is possible that the 

intensity of spawning was lower just in the day of the BIOMOC study compared with the previous 

days. 

Mean size of sprat eggs was decreasing with the depth (Fig. 2.1.14), but not significantly: 

 

 y = -0.0004x + 1.4228, R2 = 0.1596. (y- sprat eggs diameter in mm, x-depth in m). 

 

If we take into account only the part of the water column with good oxygen saturation, the alteration in 

size with the depth is more pronounced:  

 

 y = -0.0008x + 1.4338, R2 = 0.2929. 

Significant difference in the mean depth of eggs was found between 1st and 2nd stages, but not 

between 2nd and 3rd ones. Mean depth of eggs was increasing from the 1st to 2nd stage, but then 
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slightly diminished. If sprat is spawning close to the water surface, the eggs at the 1st stage are 

sampled in the upper part of the water column, when they are in the process of sinking. 

Plotting of the abundance of sprat eggs against the water density revealed the normal character of the 

vertical distribution (Fig. 2.1.13). Comparison of the vertical distribution of sprat eggs with the oxygen 

content of ambient water indicated that eggs in situ were very abundant and normally developing up to 

advanced stages at the levels of water saturation with oxygen down to ca.1.5 ml/l (Fig. 2.1.13).  

Sprat larvae formed 3 peaks of abundance: near the surface, in the middle part of the water column 

and closer to the bottom (Fig. 2.1.12). The rather high numbers of larvae found at the deepest water 

layers hardly had a chance to survive, being exposed to oxygen depleted conditions. 

This year the vertical distribution of larvae was investigated at 6 different times of a day to answer the 

question if sprat larvae perform the diurnal migrations. The larvae were expected to go deeper at the 

daytime and shallower at the night-time, if such migrations existed at all. The alterations in the mean 

depth of larvae however were feebly marked (Fig. 2.1.15). Sprat larvae were found even at bigger 

depth at night-time. If we assume that the sprat larvae in the deepest layers are close to elimination 

and would not perform diurnal migrations and exclude them from our analyses, the picture would be 

different (Fig. 2.1.16). Mean depth of sprat larvae at the day-time was bigger than in the night-time in 

this case. Significant differences between the mean depths at the different time of day have not been 

found though. 

After the disintegration of sprat larvae into 3 length groups: 2.5-5 mm, 5.5-10 mm, and >10.5 mm, 

plots were made for each of these groups. Only the plot made for the medium length group, could be 

interpreted as having signs of diurnal vertical migrations. 

Cod eggs were found at the depth more than 75 m in small numbers (Tab. 2.1.14), mean depth was 

92.8 m which was much deeper than in previous years (last year-86.5 m). Salinity at this depth was 

11.3 psu, and the oxygen content < 0.1 ml/l. Mean diameter of cod eggs was 1.623 mm. Almost all 

cod eggs were at the 1st stage of development, and only at 90 m depth was found 1 eggs at the 2nd 

stage (Tab. 2.1.15). Hydrographical conditions became even more unfavourable for the development 

of cod eggs here: at the depth 86.5 m where the salinity was 11 psu the oxygen content was only 0.77 

ml/l , and at ca. 74.3 m depth where oxygen content was equal to 2 ml/l salinity was 9.39 psu. 

No cod larvae have been found. 

 
In the beginning of June 1999 also in the Gotland Basin sprat eggs dominated (Tab. 2.1.16, Fig. 

2.1.17). They were found in all depth layers from 10 to 135 m with peak values in the layer 40-75 m, 

mean depth of eggs being 69 m (in the lower part of the permanent pycnocline). This was much 

shallower than in the previous years at the same time. It could be the result of either early spawning, 

or the worsening of oxygen conditions in the deep layer (or rather both these factors). The mean 

weighted temperature of the ambient water was 4.5°. If we took into account only the part of the water 

column where oxygen content was >1ml/l (i.e. down to 75m), the mean weighted temperature of the 

ambient water was 4.12°. Only newly spawned eggs (at stage1) were found in the upper water layer 

(10 - 30 m). Mean size of sprat eggs was decreasing with depth, and, in contrast to the Gdansk Deep, 

this change was significant (Fig. 2.1.18): 

 



Final Consolidated Report  Task 2 
 

 199 

 y = -0.0012x + 1.5913, R2 = 0.7131 for the layer 10-100m, 

 y = -0.0007x + 1.5637, R2 = 0.3989 for the whole water column (10-135m),  

 and y = -0.0011x + 1.5875, R2 = 0.6426 for the layer 10-80m. 

 

The number of sprat eggs began to diminish when the saturation of ambient water dropped to ca.1.5 

ml/l level (Fig. 2.1.19). Also in the layer with the lowest temperature high numbers of sprat eggs were 

found, but the fraction of eggs at the 3rd stage of development decreased (Fig. 2.1.19). The vertical 

gradient of water density was lesser compared with the Gdansk Deep, but concentrations of eggs 

definitely increased in water layers with high vertical gradients (Fig. 2.1.19). Number of sprat larvae 

was very small (Tab. 2.1.17, Fig. 2.1.17). They were most abundant near the water surface and in the 

lower part of the permanent pycnocline (halocline), where the saturation of water with oxygen was 

declining to the level less than 1 ml/l. Mean length of larvae increased closer to the water surface, but 

this alteration was only significant if the layer with favourable oxygen conditions was investigated: 

 

 y = -0.0511x + 9.5056, R2 = 0.343. 

 (y = -0.0191x + 8.4104, R2 = 0.1105 for the whole water column down to 135m). 

 

Several cod eggs were found on the deepest water surfaces: 100 -135 m (Tab. 2.1.16), mean depth of 

eggs was 122.6 m (S=11.4 psu, O2=0.0 ml/l). Their mean diameter was 1.633 mm, and 99 % of them 

were in the 1st stage of development (Fig. 2.1.17). Cod larvae were absent. The total number of cod 

eggs found in 3 double hauls in the Gotland Basin 3 times overcame the number of cod eggs found in 

6 double hauls in the Gdansk Deep. 

 

Diurnal vertical migration pattern of sprat larvae 

The vertical distribution of sprat larvae in relation to day-time was studied during 5 cruises. 3 of these 

were performed more than 10 years ago (1989 and 1990), while the remaining took place in 1999 and 

2000. The abundance of larvae in the different depth layers usually varied over day-time. As an 

example, Fig. 2.1.20 illustrates the sprat larval distribution at 5 different sampling times in May 1989. 

This result suggests the existence of a general migration pattern in the direction ‘up at night’ and 

‘down during day’ for May 1989. Anyhow, as sprat larvae do not hatch fully developed, the picture 

might be biased by the length distribution encountered in the samples. Therefore possible migration 

patterns were investigated for different size-groups of larvae for all sampling times. Two principle 

migration patterns could be differentiated (Fig. 2.1.21): Small (young) larvae (< 6mm length) showed 

only weak daily migration patterns for all sampling occasions. Larvae >6mm exhibited a clear daily 

migration during 3 of the 5 investigations (May 1989, June 1989, June 1990). Larvae concentrated in 

shallow waters (<10m depth) at night, descended during dawn to depths of 30-50m where they stayed 

during day-light hours. At dusk the larvae ascended again to near-surface. As an example the 

situation encountered in May 1989 is shown in Fig. 2.1.21a. Contrary to this, in May 1999 and April 

2000 also for larger larvae no signs of daily migration were identified (Fig. 2.1.21b). The larvae 

concentrated the whole day in upper water layers.  
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To further investigate at which length sprat larvae started to migrate, the vertical migration strength V 

(Bollens and Frost, 1989) was calculated for 1mm length groups (Fig. 2.1.22). Again, for May 1999 

and April 2000 only very low values were obtained. For April 2000 the length groups of 8-10mm rather 

revealed negative migration strength values, indicating a weak ‘anormal’ migration in the direction 

‘down at night’ and ‘up at day’. During the investigations in 1989 and 1990, all size groups >10mm 

high positive migration strength values. The length at which the migration commenced was, however 

variable: While in June 1989 even the smallest larvae had high V-values, a strong increase in V could 

be found from 6mm and from 8 mm on in May 1989 and June 1990, respectively. 

The results from the different 24-hours samplings suggested a change in the migration patterns and 

thereby in the vertical day-time distribution of sprat larvae over the past 10-12 years. To further 

investigate this hypothesis, additional length-stratified data are only available for day-time distributions 

in May 1998 and June 1999. The calculations are based on larvae >10 mm, as for this group an 

absence of migration patterns can not be explained by larval size. Also in these investigations the 

mean weighted depth of larvae during day-time was found to be considerably shallower than in 1989 

and 1990 (Fig. 2.1.23). 

As the distribution over depth is asymmetric, the comparison of mean weighted depths might not be 

accurate. An alternative illustration, showing the depth of the highest abundance of larvae >10mm for 

each field campaign together with an indication of the depth layer containing ~75% of all larvae, is 

given in Fig. 2.1.24. For all 4 sampling occasions conducted in most recent years, the depth of highest 

abundance was found in 5 to 10m depth. The layers containing ~75% of larvae are as well clearly 

different from the layers calculated for the time period 1989-1990. 

 

Field based mortality estimates 

Mortality rates of cod and sprat eggs from seasonal production estimates for the Bornholm Basin 

Fig. 2.1.25 shows the seasonal production curves for cod and sprat eggs. Integrating under the 

production curves yielded seasonal production values (SP) for the different egg-stages (Tab. 2.1.18). 

Cod egg mortality was lowest between the stages IA and IB with only 8.2 % per day. Highest mortality 

coefficients were calculated between the developmental stages II and III (z = 0.35; Tab. 2.1.18). 

Assuming a mortality coefficient of 0.4 between egg stage IV and the larval stage resulted in a 

cumulative mortality until hatch of 97.9 %. Instantaneous mortality coefficients for sprat eggs are 

higher in the beginning as well as at the end of the egg-phase. Especially between egg stages IA and 

IB daily mortality rates in the order of 32.9 % per day are much higher than for cod eggs. The 

developmental phase from stage IB to stage III shows on the other hand lower mortality rates than for 

cod eggs (Tab. 2.1.18). In combination with an on average shorter developmental time cumulative 

mortality until hatch reached only 95.8 %, being 2% less than for cod eggs. 

 

Mortality of sprat eggs and egg production in the Gotland Basin and the Gdansk Deep in 1999 

Mortality rates were rather low in the Gotland Basin in April, afterwards they increased strongly and 

were very high in May and June (Tab. 2.1.19). In general, mortality was higher in the beginning of the 

development of sprat eggs, i.e. higher from 1st to 2nd stage, rather than from 2nd to 3rd one. No big 
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differences could be found in the value of mortality rate and instant mortality coefficient between the 

different parts of the Gotland Basin, namely between the southern and central parts. Extremely high 

mortality has been observed in the samples collected in the water surface layer (ca. 0-0.7m), and 

especially over the smaller depths. 

Knowing the values of instant mortality coefficients and the amount and horizontal distribution of sprat 

eggs on different stages of development, we could compute the total production of sprat eggs on the 

1st stage of development and assess the spawning stock biomass of sprat in the Gotland Basin from 

55°30’N to 58°N (ICES Sub-divisions 26/1, 28/3,4, and the southern halves of 28/1,2) independently 

on the results of the acoustic survey (Tab. 2.1.20). This evaluation gave us the value of 512 thousand 

tons, which was in a good accordance with the results of the acoustic survey. 

The mortality rate in the Gdansk Deep in the end of May was lower compared with the Gotland Basin 

(Tab. 2.1.19). It increased in the beginning of July, being that time higher than the corresponding value 

in the Gotland Basin. 

 

Drift study on stage-specific cod egg mortality in the Bornholm Basin 

During the drift study low to moderate wind forcing prevailed. For the first 4-5 days, only weak to 

moderate winds (< 5 m/s) from mainly southern direction prevailed, followed by a 2-3 days period with 

increasing winds (10-12 m/s) from western direction. For the remaining period (3 days), again wind 

forcing was relatively low and of western direction. The trajectory of the drifter and the sampling 

locations are shown in Fig. 2.1.26. The drifter moved initially northward with a speed of about 4 nm per 

day. Subsequently, its speed decreased to 2-3 nm per day, and the direction of the trajectory changed 

towards northeast when the wind direction changed from south to west and the drifter approached 

finally the 80 m isobath in the northwestern part of the Bornholm Basin. 

Vertical profiles of current speed and direction estimated with the hydrodynamic model for various 

dates of the drift study are given in Fig. 2.1.27. Both flow speed and direction showed a current shear 

between the surface and the deep water. Below 55 m depth uniform conditions were estimated for the 

different sampling dates, and in the depth of the drifter's drogue (60 m) the speed and direction of the 

water current varied over time between 1 and 4 cm/s and between 10 and 130 degrees, respectively. 

The modelled current was in poor agreement with the drifter's vectors during the first three days of the 

study concerning both speed and direction. Thereafter, the modelled current speed remained 

considerably below the drifter's speed while a better correspondence concerning the direction was 

found. The direction of the wind vectors was similar to that of the drifter in the beginning (22.-24.7.) 

and, to a lesser extent, also during the end (29.-31.7.) of the study, but not in the time in between 

when the wind direction changed from south to west and wind speed increased to its maximum of 10-

12 cm/s (26.-28.7.). 

The depth of the center of the egg mass with developmental stages IA to IV pooled was found in 58.5 

to 61.0 m at water densities between 1010 and 1011 kg/m3, and matched closely the depth of the 

drifter’s drogue (60 m) at all sampling dates. In this depth layer, temperature, salinity and dissolved 

oxygen amounted to about 3.5 °C, 12.8 psu and 5.6 ml/l, respectively (Fig. 2.1.28). Temperature and 

salinity increased to 5.4 °C and 16.1 psu at the bottom at about 90 m depth. Dissolved oxygen 
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decreased to about 2 ml/l in 73 m depth, and the bottom water was nearly oxygen depleted (Fig. 

2.1.28). 

Only small variations were found among the three mortality estimates for each pair of developmental 

stages while the estimates for successive pairs of stages revealed substantial changes during egg 

development (Tab. 2.1.3). Mean daily instantaneous mortality coefficients for the different pairs of 

developmental stages amounted to 0.08 (eggs IA/IB), 0.49 (eggs IB/II), 0.30 (eggs II/III), 0.51 (eggs 

III/IV), and 0.55 (eggs IV/early larvae) with standard deviations between 0.01 (eggs II/III) and 0.08 

(eggs IV/early larvae). The mortality coefficients correspond to loss rates of 7.2, 38.7, 25.6, 40.0 and 

42.3 % per day. Low mortality in the beginning and intermediate mortality in the middle of the egg 

period was interrupted by increased mortality levels before closure of the blastopore in stage II, and 

the highest mortality rates were recorded during the hatching period (Fig. 2.1.29). Average egg 

mortality until hatch, i.e. the cumulative mortality derived by combining the mean instantaneous 

mortality coefficients recorded for the subsequent periods of egg development from different cohorts 

summed up to 99.9 %. 

 

Model-supported estimation of mortality rates in cod larvae from the Bornholm Basin 

The initial horizontal distribution of cod egg stage IV and larval stage 5-7 as obtained from the first 

survey in each field campaign is shown in Figs. 2.1.30 and 2.1.31. In May 1988 the egg stage IV is 

concentrated in the area >80m water depth (Fig. 2.1.30a). Especially 3 stations in the north, west and 

south of the Bornholm Basin showed higher concentrations. In the area outside the 80m depth contour 

line only small numbers of cod egg stage IV were found. The distribution of larval stages 5-7 is a little 

wider (Fig. 2.1.30b), but the highest concentration are still found in the centre of the basin. Only to the 

east and south-east considerable numbers of larvae were recorded in the area < 80m depth. During 

the first survey in August 1991 the centre of the egg stage IV distribution was displaced to the north-

western edge of the deep basin (Fig. 2.1.31a). The station with the maximum abundance was located 

just inside the 80m depth contour line, however, in this region eggs of developmental stage IV were 

also found shallower than 80m depth. Fig. 2.1.31b displays the distribution of the larval stages 5-7. In 

contrast to egg stage IV, highest numbers were now obtained in the central part of the deep basin. 

Considerable concentrations of larvae were also recorded in the area between 60-80m water depth, 

especially in the north-eastern part of the basin. 

 
Fig. 2.1.32 shows the mean circulation (speed, direction and stability) in the depth layers with 

maximum cod egg or larval abundance for May 1988 as obtained from hydrodynamic model runs. The 

circulation patterns were averaged over a 5 days period, beginning with the time point of the first 

survey. For the depth layer with maximum cod egg abundance (69-72 m) low transport speeds were 

found (Fig. 2.1.32a). Especially in the northern part of the basin and along the edges a high stability of 

the prevailing currents could be recognised. In the centre of the deep basin an almost circular 

transport regime was established. So, only limited transport rates across the 80 m depth contour line 

were to be expected. Fig. 2.1.32b shows the mean circulation for the depth layer of maximum cod 

larval abundance (30-33 m). Also in this case a circular transport regime could be observed. However, 

the current speed is much higher and the southern edge of the circular transport extends towards 
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shallower regions. The corresponding results for August 1991 are given in Fig. 2.1.33. Compared to 

May 1988 the current speeds are generally higher. Beside these differences in transport speed, the 

mean circulation is quite similar for the depth layer of cod eggs (Fig. 2.1.33a). The mean circulation 

relevant for cod larvae (Fig. 2.1.33b) looks different: In the area of the deep basin an overall transport 

towards the north can be observed. Water masses are transported into the basin from the south, while 

they leave the deep basin in a strong and stable current directed to the north-west (western part of the 

basin) or towards the east, north-east (eastern part of the basin). In this case larvae found in the 

central basin during the first survey will have the tendency to be displaced towards shallower regions 

in the north. 

Based on the model runs, the development of the relative distribution of cod eggs and larvae to 

different depth strata (> 80 m and <80 m) was calculated. These data will be used to correct the 

abundance values found during the second survey in the area > 80 m depth for transport gains or 

losses. According to the circular transport regime and the rather low current speeds in May 1988 for 

both, eggs and larvae, only small changes in the relative distribution were found. After 5.66 days (the 

time interval between the surveys) the transport patterns resulted in net losses of only 6.7 and 3.4 % 

out of the area > 80m depth for cod eggs and larvae, respectively. In August 1991 stronger changes in 

the relative distribution occurred (Fig. 2.1.34). Although the circulation patterns in the egg-relevant 

depth layer were quite similar to those observed in May 1988, the difference in the initial horizontal 

distribution led to a strong net transport out of the area > 80 m depth during the first 50 hours of the 

model run (Fig. 2.1.34). After that, a weaker net transport into the area > 80m depth occurred. After 

5.92 days (interval between surveys) the proportion of eggs distributed inside the area > 80 m depth 

had almost regained the starting value (61% vs. 58%). For cod larvae in August 1991 a steady 

transport out of the deep basin can be observed, as expected according to the flow fields. Initially 54% 

of the larvae were distributed in the deep basin. At the time point of the second survey the proportion 

has declined to 42%, what means that the abundance found inside the 80 m depth contour line during 

the second survey will be underestimated by 12%.  

 

For both periods (May 1988 and August 1991) average mortality rates between the oldest egg stage 

(stage IV) and larval stage 5 (first feeding larvae) as well as between larval stage 5-7 and larval stage 

8 (established feeders) were calculated. Tab. 2.1.4 shows the daily production values and the 

corresponding mortality rates with and without correction for transport. Especially for August 1991 the 

correction for transport had a strong impact. In May 1988 the mortality between egg stage IV and 

larval stage 5 amounted to ~20% per day. Mortality rates during the onset of feeding (larval stage 5-7 

to larval stage 8) were considerably lower with only 7% per day. In August 1991 the situation was vice 

versa. There was almost no mortality between hatch and the onset of feeding. Mortality rates of 0.08 

% per day have to be regarded as extremely low for cod early life stages. The period to reach larval 

stage 8, i.e. to survive to the state of an established feeder, was more critical. Average mortality rates 

amounted to >22% per day. Obviously, during the two time periods investigated, different processes 

must have acted, limiting survival at different stages of development. 
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Influence of sampling strategy and spatial sampling resolution on abundance estimates 

At first, the influence of the contrasting wind forcing situations during the two time periods was tested. 

The error in abundance estimates was significantly higher in August 1991 when stronger winds from 

mainly westerly direction predominated compared to May 1988, characterized by lower wind speeds 

from variable directions (see Tab. 2.1.5 for additional information on statistical testing). The 

comparison of 1.5h and 1h time steps between the stations, respectively showed no statistically 

relevant differences, neither for May 1988 nor for August 1991. Additionally, no significant influence of 

the sequence of stations on abundance estimates accuracy could be observed within the 4 time-span 

(Aug. 1991 and May 1988)/ time-step (1.5h and 1h) groups. However, smallest deviations were found 

in most cases for a sampling scheme working from the edges to the center. 

For all options a highly significant influence of the starting date has been recognized. Abundance 

estimate errors were always lower when the simulated sampling started after the model was run for 5 

days (Tab.2.1.5). The higher deviations found when the starting date of sampling was at the beginning 

of the model run are probably linked to less dispersed plankton fields at this point of time. Plankton 

patchiness calculated by the model according to Lloyd (1967) and abundance estimate uncertainties 

generally decrease with time. Anyhow, no obvious correlation between these two variables could be 

found.  

 

Tab. 2.1.21 shows the mean relative error, standard deviation and maximum error based on the 

standard 45 stations grid calculated for the 5 experiments. There are no significant differences 

between the experimental setups or between the life stages under consideration. The mean error in 

abundance estimates varies between 2-17% in May 1988 and 6-26% in August 1991. The slightly 

higher values in August 1991 are influenced by the advective losses in 1991 as they were calculated 

as relative errors. The maximum deviations between abundance estimates based on the model data 

and the simulated sampling results are high with 42% and 71% for May 1988 and August 1991, 

respectively. However, these maximum errors are generally observed at the beginning of the 

simulated time periods (see below).  

For experiment 4 the abundance estimates were recalculated for two spatially higher resolved station 

grids, 53 stations and 82 stations, respectively. A comparison of the accuracy of all station grids is 

given in Fig. 2.1.35. The differences of the mean error between the 45 stations grid and the alternative 

with 53 stations are only marginal. The mean errors remain almost unchanged for the situation in May 

1988. For August 1991 a slight increase in accuracy of the estimates with increasing number of 

stations covered can be observed. The maximum error, however, increased from 35% to 59% in 1988, 

while it decreased from 71% to 59% in 1991. A considerable improvement was found for the high-

resolution grid with 82 sampling positions. The mean error never exceeded 7%. Averaged over both 

time periods and all types of early life stages a mean error of only 4.4% was calculated. The maximum 

errors recorded also sharply decreased. With the exception of sprat larvae in August 1991 (30%), the 

deviations were below 12%. 

For all setups the highest errors are found during the first days of the model runs. With ongoing 

modeling time the sample-based estimates converge towards the value given by the reference data. 

Increasing numbers of sampling stations resulted in a faster convergence towards these true values. 
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For example, in the experiment 4 errors of <20% were reached after 6.4 days and 3.2 days modeling 

time for the 45 and 53 stations setup, respectively. This trend was obvious in all experiments, but not 

as pronounced as in the given example. 

 

Modelling the vertical distribution of sprat eggs in the changing conditions of the Eastern Baltic 

Calculation of vertical distribution of sprat eggs consists of 2 steps: first, mean weighted specific 

gravity of eggs is computed, and second, eggs should be distributed from this point in both shallow 

and deep directions. 

There is no good proof that the different populations of sprat exist in the Gotland Basin and the 

Gdansk Deep. And, as the vertical profiles of temperature, salinity and oxygen content (hydrographic 

structure) in these basins differ, all these factors were plotted against the water density, and not the 

mere depth. Therefore, all the observations in these regions have been combined.  

1st step: Recent investigations showed that the mean depth of sprat eggs was changing from year to 

year and during the spawning season (Wieland and Zuzarte, 1991, Makarchouk and Hinrichsen, 

1998). Mean depth of eggs decreased during the spawning season (Makarchouk and Hinrichsen, 

1998), so Julian day of survey was chosen as one of the main predictors of the vertical distribution of 

sprat eggs. The temperature of water at 10 m depth was used as the other predictor. This second 

predictor reflected the intensity of warming of the water, and thus showed how far the spawning of 

sprat had progressed. This factor worked together with the Julian day of survey, but it could not 

replace latter entirely: temperature of the upper water layer was rather stable in the end of the 

spawning season (July - August) or even decreased. 

The saturation of deep water layers with oxygen deteriorated in recent years in the eastern Baltic, 

which must have influenced the abundance of pelagic fish eggs there. Therefore, the density of the 

water at the depth of isooxygen 2ml/l was used as another factor determining the vertical distribution 

of sprat eggs. This limit of survival and normal development of sprat eggs has been determined from 

the observations in situ, i.e. investigating the relative abundances of eggs on different developmental 

stages at different depths of sampling, and therefore at different levels of saturation of water with 

oxygen (Fig. 2.1.36 and 2.1.37). Actually, one can not be sure what was the real limit of survival. It 

looked like being less than 1 ml/l from some surveys, and like being ca. 3ml/l from the other ones. The 

value of 2ml/l was chosen as predictor because it showed the best results in the multiple regression 

exercises, other values being 1, 1.5 and 3ml/l. The equation got by means of multiple linear regression 

was as follows: 

 

 st=7.1951576-0.0038047*JD+0.2014555*s2ml/l-0.0974754*t°10m, 

  where  st is the mean specific gravity of sprat eggs (in kg*m-3 -1000), 

   JD is the Julian day of survey,  

   s2ml/l - the density of water at the depth of isooxygen 2 ml/l, and  

   t°10m - temperature of water at 10 m depth. 

 

Summary output of this exercise is given in the Table 2.1.22. 
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2nd step: The patterns of the vertical distribution of sprat eggs slightly differed between the surveys, 

but in general they could be characterised by rather broad diapason of depths and water densities 

(Makarchouk and Hinrichsen, 1998). Generalised vertical distribution was determined from all the 

surveys in both the Gotland Basin and the Gdansk Deep and went out to be as shown in the Table 

2.1.23. This distribution did not differ significantly between the Gotland Basin and the Gdansk Deep 

and also between the month. In all cases it was very close to the normal distribution. 

So, for the determination of the vertical distribution of sprat eggs in the certain date of the certain year, 

it is necessary to perform several operations: 

 

1. Obtain the data on water temperature at 10 m depth and the depth where oxygen content was 

equal 2 ml/l. If the saturation of water is >2 ml/l throughout the whole water column, then the 

maximum depth in this water basin should be taken. 

2. Compute the mean specific gravity of sprat eggs, using the equation (2). 

3. Obtain the data on the vertical distribution of water density in this region and date and distribute 

the sprat eggs in the water column using Table 2.1.23. 

 

Then one can obtain the data on the vertical distribution of temperature in this region and date and 

calculate the mean weighted temperature of ambient water. 

 

Julian day of survey and temperature of water at 10 m depth proved to be important predictors, giving 

very significant correlations with the observed mean specific gravity of sprat eggs: -0.79 and -0.89 

respectively. It means that they were significant at 0.1% level (d.f.=13). The density of water at the 

depth of isooxygen 2 ml/l also went out to be significantly correlated with the observed mean specific 

gravity of eggs. In this case only surveys made in May - June in both basins have been used. The 

correlation coefficient in the latter case was 0.80, i.e. statistically significant at 1% level (d.f.=8). 

In general the model fitted to the observed data rather well (see Fig.2.1.38 and Table 2.1.22). The fit 

between the model and observed data was better in the Gdansk Deep, than in the Gotland Basin. The 

shortage of our data used for the calculating of the equation could be insufficient number of BIOMOC 

surveys in the second half of the summer. The greatest discrepancies were on 4 July 1999 in the 

Gdansk Deep and in 3 cases in the Gotland Basin (on 3 August 1996, 8 June 1997, and 2 June 1998). 

The reasons for that could be different, but in all the cases discrepancies resulted in the difference of 

2.6m in depth in the Gdansk Deep and 3.5 - 4.3 m in the Gotland Basin. These differences 

corresponded to 0.4° difference in the Gdansk Deep and to 0.2° difference in the Gotland Basin. Such 

a differences would not have major effect on the calculation of the mean ambient temperature. 

The procedure of distribution of the sprat eggs from the depth of their mean specific gravity (=ambient 

water density) is a bit troublesome, but it can not be avoided, because temperature in the Baltic Sea 

changes with depth not in a linear manner. 
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Estimation of sprat spawning stock biomass in the Gotland Basin 

The size of spawning stock biomass of sprat in the Gotland Basin was calculated for two years: 1999 

and 2000. These calculations were based on 4 and 3 ichthyoplankton surveys (Table 2.1.24). The 

results of calculations of mortality rates between the developmental stages of sprat eggs are shown in 

the Tables 2.1.25 and 2.1.26. The values of daily production of eggs at 1st stage per 1 m² calculated 

for each ichthyoplankton station were used to make the maps of horizontal distribution of it (Figures 

2.1.39- 2.1.44). Then the daily production for the whole area was calculated, and for this purpose all 

the co-ordinates of ichthyoplankton stations have been transformed into kilometres (111 km in 1 

degree of latitude and 60 km in 1 degree of longitude), because “Volume” function in Surfer needs all 

3 dimensions to be in the same units of measure (number of eggs per 1 m² can be represented in 

numbers per 1 km² easily by multiplying by 106) 

The precautious principle was the basis of the computing of seasonal production of sprat eggs (Tables 

2.1.27 and 2.1.28). The evaluation of the daily production of eggs at 1st stage in the second part of 

July 2000 was made from the results of ichthyoplankton surveys in previous years. Number of sprat 

usually was rather high in the end of July and in some of the years also in August (Grauman, 1984, 

Makarchouk, 1997). In 1996 and 1998 mean production of 1st stage eggs in the end of July made up 

nearly half of the one in June, but the spawning of sprat in the Gotland Basin in 2000 happened later 

than in average (Makarchouk database unpublished). It allowed to assume that the daily production of 

eggs at 1st stage in the second part of July 2000 must be at least one third of the corresponding value 

in the end of June. 

The seasonal production of sprat eggs was computed also in the second version taking into account 

the real situation with the survival of sprat eggs in the Gotland Basin in two recent years. The 

saturation of deep water layers with oxygen deteriorated in recent years in the Eastern Baltic, which 

must have influenced the abundance of pelagic fish eggs there. This resulted in the sinking of the part 

of sprat eggs into the oxygen depleted layer. Dead eggs are sinking to the bottom and are therefore 

out from our samples. The possible portion of eggs which had sunk into this layer (defined as layer 

with oxygen content < 1ml/l) was assessed in the process of investigation of the generalised vertical 

distribution in the last 5 years. The shares of the eggs in the water layers with vertical steps of 0.5 

kg*m-3 have been determined in the investigation of vertical distribution of sprat eggs in relation to 

water density in the different periods of the year (Makarchouk, 2001). Comparing the average results 

with the data from the years 1999 and 2000, we calculated the share of eggs which would be found in 

the layer with the poor saturation with oxygen if the saturation were good. These results are presented 

in the Tables 2.1.29 and 2.1.30. 

The results of determination of the spawning-stock biomass of sprat went out to be almost the same 

as the ones obtained during hydroacoustic surveys. The hydroacoustic surveys carried out in October 

1999 and in October 2000 gave the numbers of fishes in the spawning stock of sprat in the Gotland 

Basin (ICES Subdivisions 28/1-4 and 26/1and2) of 49.21*109 and 41.48*109 respectively (ICES, 

2000, 2000b, 2001a and 2001b). The discrepancy was pretty small (Tables 2.1.27 and 2.1.28); of 

course, it could be the result of lack of precision in both these methods. Also it is known that sprat is 
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migrating during the year (Shvetsov and Gradalev, 1989), and the surveys which made the basis of 

different calculations were carried out in the different seasons of the year. 

 

Sprat early life stage abundance in relation to varying hydrographic parameters in the Gdansk Deep 

Mapping of the horizontal distribution of hydrographic parameters at the depths of the thermocline and 

the halocline showed significant inter-annual differences, revealing two basic distribution types (Fig. 

2.1.45-49, 2.1.50-52, 2.1.25-26). The most distinguished feature of the first distribution type, observed 

in 1994 and 1999, is salinity increase in the upper halocline (70 m) in the south-eastern, eastern and 

north-eastern direction from the area located on the northern slope of the Gdansk Deep ( 55°10’ - 

55°26’N, 19°08’ - 19°24’E in May 1994 and  55°22,5’N, 19°04’ - 19°30’E in May 1999), i.e. towards 

near-shore shallow zones adjacent to the Gdansk Deep. Water temperature and its density at 70 m 

depth level revealed the similar pattern of spatial distribution. Horizontal distribution of water 

temperature in the thermocline (20 m) in the late May 1994 was characterized by the opposite trend: 

Temperature was increasing from the shallow zone with bottom depths of 40-60 m towards the deep-

water part of the sea (Fig. 2.1.46a). This trend avoided only a small area with the depths of 20-25 m 

off the Curonian Spit. The water temperature at 20 m depth level varied in the range of 3.17º-8.89ºC. 

Significant horizontal gradients observed between isotherms 5-6ºC seem to evidence a temperature 

front in the area of mass sprat reproduction. 

Two surveys in May 1999 revealed the similar trend of water salinity variations at 70 m depth level. 

Minimum salinity was located on the northern slope of the Gdansk Deep. However, the trend of the 

water temperature reduction was considerably less pronounced at 20 m depth level from the central 

Gdansk area towards its periphery as compared to 1994. 

Vertical distribution of hydrographic parameters at cross transects in the Gdansk Deep evidences the 

decrease of halocline depths from the north-west to the south-east in May 1994 (Fig. 2.1.53, 2.1.46b). 

In the deep water part of the Gdansk Deep (depths from 88 to 103 m) between 55º 10N – 19º09E and 

54º46.5N-19º34.3E the depth of 8psu isohaline decreased from 68.1 m to 57.3 m and 11% isohaline 

depth – from 78.5 to 63.9 m. The similar pattern of water density vertical distribution was observed at 

the transect considered (Fig.2.1.53, 2.1.46c). The lower boundary of the cold intermediate layer (the 

lower isotherm 4ºC) ascended from 73.0 m to 61.7 m, while its upper boundary (the upper isotherm 

4ºC) – from 26.7 to 18.9 m. In May 1994 the cold water of the intermediate layer intruded into the 

coastal shallow zone at the depths less than 40 m. The depth of the upper isotherm 3ºC location in the 

shallow zone can be less than in the deep-water part in 11.8 m (28.7 and 40.5 m, respectively) (Fig. 

2.1.53, 2.1.46a). 

The minimum temperature of the intermediate layer in the late May 1994 was 2.43ºC. The most cold 

water intrusion expressed into the coastal zone was observed in the Gdansk Deep, where the water 

temperature below 3ºC was recorded at the bottom at the depths of 19-20 m, and the water 

temperature below 4ºC- at the depths of 14-15 m. In the southern Gotland Deep the water of the 

intermediate layer with the temperature below 3ºC penetrated up to the depth of 30 m, and the water 

with the temperature below 4ºC – up to 19-18 m. In the northern Gotland Deep the coldest water with 

the temperature below 3ºC was not recorded in the coastal zone, while 4ºC isotherm was located at 
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21-24 m. In May 1994 the thermocline ascending from the open-sea station in the north-western part 

of the Gdansk Deep towards the coastal station in the south-eastern part (Fig. 2.1.53, 2.1.46a). This 

can be traced on the basis of 7ºC isotherm location change from 20.3 m at the station mostly remote 

from the eastern coast to 8.5 m at the near-coast station. Similarity of hydrographic conditions in the 

early May 1999 and May 1994 consists in the same reduction of the halocline and pycnocline  depth 

location from the west to the east, which can be traced in vertical profiles of these parameters (Fig. 

2.1.54). The differences includes the initial  isotherms 4.5-3.5ºC descending over the depths more 

than 80 m and further ascending in the shallow zone. The thermocline was pronounced only in the 

western part of the Deep and in the coastal shallow zone. In the eastern part of the Deep the 

ascending of 5ºC isotherm, 7psu  isohaline and 5.5 isopycnic was observed, probably evidencing that 

the upper 20-m layer was covered with upwelling, which resulted in the thermocline weakening. In the 

late May 1999 isohalines ascending in the halocline layer was not pronounced, while 3–5ºC isotherms 

ascending was significantly more evident in the cold intermediate layer and the lower thermocline part. 

In the early July 1999 considerable decrease of isohalines and isopycnics depths was observed in the 

upper halocline and pycnocline in the eastern part of the Deep (Fig. 2.1.53, 2.1.47a, b, c). The 

thermocline was located at the depths of 20-25 m and deepened from the north-west to the south - 

east. 

The minimum temperature of the cold intermediate layer in the deep-water areas of the Gdansk Deep 

was 2.65ºC, 2.72ºC and 2.88ºC in the early May, late May and early July 1999, respectively. The 

water of 4ºC intruded into the coastal zone up to 25-32 m depths in the early  May, and up to 36-49 m 

in the early July.  

The different situation seems to occur in 1993 and 1998. During these years an area with the 

maximum salinity at 70 m depth level was located on the north-western slope of the Gdansk Deep 

(Fig. 2.1.45c), instead of the south-east slope, as in 1994. The temperature spatial variability at the 

depth levels of 20 and 70 m did not reveal any distinguished trend (Fig. 2.1.45a,b). The vertical 

profiles at the cross transects of the Gdansk Deep showed descending of 3.5ºC isotherm and 7.5 psu  

isohaline located in the cold intermediate layer  in direction from the west to the east (Fig. 2.1.55a, b, 

c). In the early May the minimum temperature of the intermediate layer in the Gdansk Deep 

approached 3.17ºC. The cold water of 4ºC intruded into the coastal zone eastwards of the Gdansk 

Deep up to the depths of 8-15 m. 

In the late May the maximum salinity at 70 m depth level (10.06psu) was also observed in the western 

area of the Deep (55º10.43 N, 18º49.02 E). A zone of low salinity and water temperature at this depth 

level was located in the south-eastern part of this area. The range of water temperature fluctuations at 

20 m depth level was 7.72-9.47ºC with maximum at the southern eastern periphery. 

Spatial distribution of hydrographic parameters in July also revealed increase of water salinity, density 

and temperature in the upper part of the halocline in the western Gdansk Deep. In general, the entire 

south-eastern and eastern periphery of the Gdansk Deep, as well as the eastern periphery of the 

Gotland Deep represents a zone of the halocline descending which evidence the lower salinity values 

at 70 m depth level (Fig. 2.1.49). The spatial distribution of oxygen content at 70 m depth level was 

inverse related to salinity distribution, increasing with the latter reduction and vice versa (Fig. 2.1.49d). 

Spatial distribution of temperature at 20 m depth level was characterized by increase from the north to 
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the south, apparently owing to the latitudinal differences of water heating extent (Fig. 2.1.49a). In July 

1998 the thermocline in the southern Gdansk Deep descended significantly to the depths of 40-50 m 

and maximum horizontal gradients of temperature were observed in this zone (Fig. 2.1.53, 2.1.48a). 

Isotherm 8ºC located in the maximum vertical gradients zone, deepened from the north to the south 

(between 55º37 N, 19º 10 E and 54º49 N, 19º25 E) to about 22 m (from 31.0 to 52.8 m). The minimum 

temperature of the cold intermediate layer amounted 3.62ºC and 3.52ºC in the late May and late July 

1998, respectively. 

The vertical profiles of hydrographic parameters in the Gdansk Deep during the above mentioned 

period showed the higher position of the halocline and pycnocline in the western  part as compared to 

the eastern one. However, variability of isohalines and isopycnics location eastwards of 19ºE was 

insignificant. 

In May 1998 the thermocline was located at the depth of 22-28 m in the western Deep and at 25-35 m 

in the eastern part. The maximum vertical gradients were observed approximately at 25 m. In July 

1998 the thermocline was located at the depth of 30-50 m in the western part and at 22-52 m in the 

eastern with the maximum vertical gradients at 40-45 m. However, the upper boundary of the 

thermocline (13ºC isotherm) ascended from the west to the east (from 30.1 m to 23.4 m), as well as 

5.0 isopycnic (Fig. 2.1.53, 2.1.48a,c). 

In Table 2.1.31 the data on 8psu isohaline and upper and lower 4ºC isotherms locations  representing 

the upper halocline and cold intermediate layer position in the western and eastern Gdansk Deep. The 

maximum difference between these parameters was observed in 1994 and 1999, especially for the 

lower 4ºC isotherm (up to 12 m in the early May 1999). All data on this isotherm and 8psu isohaline 

depth locations evidence their ascending in the eastern part as compared to the western. The 

ascending of the upper 4ºC isotherm was recorded in the late May 1994 and 1999, while in the early 

May and July 1999 it descended slightly. Significantly lower variability of these parameters location 

was observed in 1993 and 1998. In general it was characterized with insignificant descending of 8psu 

isohaline and lower 4ºC isotherm (up to 4 m in 1993) from the west to the east, while the upper 4ºC 

isotherm position did not actually differ in the western and eastern parts. 

On Figures 2.1.47c, d and 2.1.55 the sprat eggs and larvae distribution in 1994 and 1999 was shown. 

In general maximum abundance of sprat eggs and larvae in the Gdansk Deep during May 1994 

approximately coincided with isohalines 8.5-9.5psu and thus also with a zone of the highest horizontal 

salinity gradients at 70 m depth level. The spatial location of these areas principally corresponded to 

zones of low and medium position of the halocline. Sprat eggs and larvae were absent or were few at 

the eastern periphery of the Gdansk Deep within a zone of isohalines 10.0 and 10.5psu horizontal 

location at 70 m corresponding to the areas of the halocline ascending. The core with a high 

abundance of sprat larvae also corresponded to the area where isotherms 4-7ºC were located at the 

depths of 20 m forming a zone of high horizontal and vertical temperature gradients. No larvae were 

found in the area of water of below 4ºC ascending to 20 m depth level located in the shallow zone 

outside sprat spawning ground. 

In 1999 sprat eggs abundance significantly exceeded the value in 1994, at the same time larvae 

abundance was significantly lower than in 1994 (Table 2.1.32). In the early May 1999 sprat eggs and 

larvae concentrated mainly in the south-western and (to the less extent) in the north-western parts of 
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the Gdansk Deep in the areas of isohalines 8.5-9.0psu and isoxygene 2-3 ml/l location. Eggs and 

larvae abundance was low both in the centre of the Deep with the deepening halocline (salinity of 

7.5psu at 70 m)and the lower boundary of the cold layer (temperature 3.0ºC at 70 m) and high oxygen 

content, and at the eastern periphery of the Deep, where the halocline ascending (salinity of 9.5 at 70 

m) and oxygen content reduction were observed. In the late May 1999 the highest sprat eggs 

concentrations were located in the western Gdansk Deep within the area of isohalines 8.5-9.5 and 

isotherms 3.5-4.5ºC location, while sprat larvae concentrated in the southern part within the area of 

isohalines 8.0-9.0 and isotherms 3.5-4.0ºC location. In general these areas corresponded to the 

average position of the halocline and the cold layer lower boundary. Relatively low abundance of eggs 

and larvae (sometimes even the absence of larvae) were noted both at the western edge of the Deep 

(ascending of halocline, salinity above 9.5 at 70 m) and in the centre of the Deep (halocline 

descending, salinity below 8.0 and temperature below 3.5ºC at 70 m). Larvae concentrations in the 

south of the Deep associated with relatively high position of the halocline. In the early July 1999 the 

main eggs concentrations were found in the south-western part of the Deep within isohalines 8.0-

8.5psu, isotherms 3.5-4.0ºC and isoxygenes 3.5-4.0 ml/l location zones. Eggs abundance decreased 

both in the south-eastern part within halocline ascending zone and oxygen content reduction, and in 

the north-eastern part within the halocline descending zone (salinity reduction and oxygen content 

increase). Sprat larvae abundance was low with maximum in the south-western and south-eastern 

parts of the survey and approximately corresponded to the zone of average (south-west, salinity 8.0-

8.8psu at 70 m) and high (south-east, salinity above 9.0psu) halocline position. 

 In the late April- early May 1993 the highest concentration of sprat eggs and larvae in general 

coincide with the areas, where isohalines 8.5-9.5 psu were located at the depth of 70 m, i.e. between 

the halocline ascending zone at the north-western slope of the Gdansk Deep and a descending zone 

in the south-east. In May 1998 eggs concentrations were located approximately. within the zone of 

halocline high and average location (corresponding to salinity 9.5-8.5psu at 70 m) in the south-western 

part of the Deep, while larvae aggregations were found in the zone of the halocline average position 

(9.0-8.5psu). In July 1998 the highest eggs concentrations in the area distributed mostly in the zone of 

the highest horizontal salinity gradients and temperature at 70 m between isohalines with the 

maximum (over 9.5psu) and minimum (below 8.0psu) salinity. In general larvae aggregations were 

located more southwards, associating with areas of high horizontal salinity gradients between 

isohalines 8.5-8.0psu and to the zone of maximum thermocline descending (20 m deeper as 

compared to the northern Deep, i.e. at 45-50 m layer). Therefore, in most cases both in successful for 

sprat recruitment years 1994 and 1999, and in unsuccessful years 1993 and 1998, sprat eggs and 

larvae distribution in the Gdansk Deep associated with the areas of the highest horizontal gradients of 

salinity and temperature at the depth of 70 m, which were located between zones of the halocline 

ascending and descending. In May 1994 sprat eggs and larvae aggregations were also found in the 

temperature front zone, observed at the depth level 20 m. Principle differences between environment 

conditions at sprat spawning grounds during successful and unsuccessful years consisted in different 

extent of development of horizontal gradient zones (more pronounced in productive years 1994 and 

1998), availability of upwelling indications (1994, 1999) or their absence (1993 and 1998), availability 

(1999) or absence of water intrusion from the cold layer into the coastal zone in summer, the 
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thermocline location within the photic zone (1999) or its descending below the photic zone up to the 

depth of 45-50 m (1998). 

The basic reproduction of the Baltic sprat occurred in the deep-water deeps of the open sea during 

entire spawning season though in summer sprat eggs may be found in the coastal zone over the 

depths of 50-30 m . The area of the maximum sprat fry aggregations in the early autumn is the shallow 

coastal zone with the depths of 20-60 m, though the entire area of their distribution covers the depths 

from 100 to 20 m (Ustinova and Shvetsov, 1986). Since sprat distribution includes both open and 

shallow zones of the sea, the processes related them by means of hydrodynamic, hydrochemical and 

biological interactions seem to be considered as the factors affecting sprat year classes abundance. 

These should primarily include wind-induced Ekman’s transport, which below Ekman’s layer is 

compensated by return flows (Hinrichsen et al., 2001a). From the time of Humbolt’s observations of 

cold water upwelling in the Gdansk Deep in summer 1834 (Kortum and Lehmann, 1997) upwellings 

were often recorded in the coastal zone of the Baltic Sea as a result of in situ observations  (Raid, 

1989) or satellite data processing (Bychkova and Victorov, 1987). There are often considered as local 

events related to the bottom topography and coasts outline (Gidhagen, 1984; Raid, 1989). However, 

on the basis of the researches carried out under STORE Baltic Project, upwelling is identified as a key 

process potentially affecting the recruitment success through fish larvae feeding conditions (variability 

of plankton production and aggregations). Along the eastern coast of the Baltic Sea, as it is shown for 

May 1994, the cold water raising to the thermocline layer may cover a vast area between 54º30N and 

58º N. Probably depending on upwelling intensity and stage, it is not always fixed directly at the sea 

surface. Upwelling and its consequences may appear in the form of the weakened thermocline (the 

early May 1999) or water intrusion from the intermediate cold layer into the coastal zone. The latter 

event seems to be related to the compensating Ekman’s transport with return flow opposite by 

direction to the prevailing wind (Hinrichsen et al., 1997). The halocline ascending in the peripheral 

Gdansk Deep in 1994 and 1999 is likely explained by appearance of these compensating flows. 

Importance of these processes in sprat recruitment success is probably depends on nutrients 

horizontal transport with water intruded from the cold intermediate layer into the coastal zone during 

spring and summer. Such water intrusions were recorded in May and July 1999 and May 1994. No 

hydrographic observations were carried out in July 1994, however some indirect indications 

(Karasiova et al., 2002) show that such water intrusions could occur in summer 1994. 

 In the Baltic Sea the most of nutrients are found below the halocline; their maximum in the surface 

layer is observed in winter. According to Yurkovski and Rugane (1980) during summer minimum of 

phosphorus in the upper layer, its vertical distribution has a specific form determined by availability of 

the intermediate zone between thermo- and halocline, where phosphates are retained and 

accumulated. These authors noted the spring maximum of organic phosphorus in the halocline. 

Intensification of the vertical turbulent diffusion as a result of upwelling and subsequent horizontal 

transportation of nutrients into the coastal zone seems to become a necessary stage of the Baltic 

water nutrient enrichment including inflows of Kattegatt water, redistribution of deep-water reserves of 

nutrients during stagnation and aeration alternation, winter convection mixing, river discharge, etc. 

(Antonov, 1987; Nehring, 1980). In turn, appearance of horizontal gradient zones promotes 

accumulation of photo- and zooplankton and creates preconditions for the most efficient utilization of 
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nutrients. According to Makarchouk and Hinrichsen (1998) sprat larvae vertical distribution in spring-

summer was usually characterized by availability of abundance peaks in the upper 10-m layer and in 

the upper or lower parts of the halocline. Sprat larvae occurrence in the upper layer seems to be 

related to diurnal vertical migrations. The returned compensating flows in the intermediate layer and 

halocline may promote larvae transport towards the coast, however, water driving winds causing 

upwelling at the eastern coast probably retain the most viable larvae migrating vertically in the open-

sea area. Abnormally high abundance of sprat larvae observed in 1994 allows to assume the 

appearance of hydrodynamic structures in the form of eddies, causing larvae accumulation and 

probably their high survival in the spawning grounds. As a result of these processes during the years 

of intensive upwelling transportation of nutrients into the coastal zone can outstrip the sprat larvae 

transport. With prevailing western surface water driving winds sprat larvae transportation into the 

coastal zone will accelerate r, however will not be accompanied with nutrients inflow. It should be 

noted that sprat larvae drift from the Gdansk Deep may also occur towards the Gotland Deep, 

however finally sprat fry distribution in the late summer – early autumn is associated primarily with the 

shallow zone both in Gdansk and Gotland areas. 

Despite significantly different hydrographic conditions in the near-bottom layer of the deep-water 

Gdansk Deep in 1994 and 1999 (Zezera, 2001) including the lower salinity and oxygen content and 

increased temperature in 1999 as compared to 1994, both years were characterized by the similar 

pattern of interaction between the open and coastal parts of the Baltic Sea. This similarity is probably 

caused by the high relatively recurrence of one and the same form of the atmospheric circulation and  

corresponding winds during these years. It can be assumed that the increase of the moderate 

eastwards winds in spring and summer (including July) will promote active upwelling off the eastern 

Baltic Sea coast and improve probability of young sprat survival. For more efficient research of these 

processes it is necessary to extend scientific efforts undertaken in the open sea within the frames of 

various international projects into the coastal zones of near-shore countries. 

 
 
2.2: Perform experiments on survival of cod and sprat eggs and early larvae 

in relation to hydrographic factors 

Introduction 

Survival during early stages is regarded a major bottleneck influencing year class-strength and 

recruitment in teleosts (Cushing, 1990; Brander, 1994). In the Baltic, survival during egg and larval 

stages for both cod and sprat is known to be highly influenced by hydrographic conditions in the 

spawning areas (Grauman, 1973; 1974, Grauman and Yula, 1989; Aps 1989; Plikshs et al., 1993; 

Parmanne et al., 1994). Spawning of both cod and sprat occur in the Baltic deep where conditions are 

highly influenced by the magnitude and frequency of saline water inflows into the Baltic.  

Due to differences in egg specific gravity, egg development of cod and sprat occur at different depths; 

cod eggs being neutrally buoyant at salinities of 12-17 psu (Nissling et al., 1994) whereas sprat eggs 

are known to occur at salinities of 7-13 psu (Grauman, 1965), i.e. cod eggs develop in the bottom 

water under the halocline whereas the majority of sprat eggs occur at lower depths, in and above the 
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halocline. This implies that sprat egg survival is less affected by poor oxygen conditions then is 

survival of cod eggs. As sprat eggs occur at depths where the water temperature change during the 

spawning season, egg and larval development may be influenced by extreme water temperatures. 

Weak year classes of Baltic sprat have been associated to severe winters accompanied with low 

water temperatures during peak spawning (Parmanne et al., 1994). Egg development of Baltic cod is 

normally unaffected by fluctuations in water temperature, but the shift in peak spawning from spring to 

summer during the 1990s (Wieland et al., 2000b) might involve negative effects of high water 

temperatures.  

Knowledge about at what depths cod and sprat eggs respectively, occur, and effects of salinity, 

temperature and oxygen conditions on egg and larval development is required for understanding of 

variations in the reproductive success, and for determination of limits for successful reproduction and 

calculation of reproductive volumes (Subtask 2.3). For sprat, no information about salinity, 

temperature and oxygen requirements for successful reproduction is available, while such information 

exists for cod from e.g. the CORE-project. However, the definition of reproductive volume for cod is at 

present based on minimum oxygen and salinity requirements only, without taking sublethal effects into 

account.  

Concerning the experiment on the combined effect of temperature and oxygen on cod egg 

development two experimental series were conducted. Based on our experiences from the first trial of 

stripping and incubation of sprat eggs a second series of experiments including fertilisation and egg 

development at different salinities, egg and larval survival at different temperatures as well as egg 

buoyancy measurements of both spring and summer spawning sprat was carried out. 

 

Material and methods 

Experiments on cod 

Cod egg and larval development at different temperatures were studied in laboratory experiments. 

Eggs and semen were obtained by stripping and fertilisation carried out artificially at 7 °C in water of 

17 psu prepared from filtered (0.2µ cartridge filter) seawater and synthetic seasalt (hw Marinemix) as 

described in Nissling et al. (1998). Only early batches (batch 1-5) were used in experiments to ensure 

high quality eggs. At stage 6-8 according to Fridgeirsson (1978), a sub-sample of eggs was examined 

under a stereomicroscope. Fertilised eggs with regular or irregular development (Kjørsvik et al., 1990), 

were sampled and incubated in duplicate, using 150 eggs in each, in 300 ml water treated with 

antibiotics (Doctacillin 0.1g/l; Streptomycin 0.056/l; Nystatin 2500IU/l). 2/3 of the water was exchanged 

daily as described in Nissling et al. (1998). In total 9 egg batches from 7 different females were 

incubated in water-baths at five temperatures regulated using thermostats (Julabo P/EM; temperature 

stability ±0.03 °C). The average temperatures during incubations were 1.0, 2.9, 7.3, 9.0 and 10.8, 

respectively. At start of hatching the incubations were placed in darkness until approximately 50% 

hatching. When hatching was completed, the viable hatch, i.e. the number of larvae with normal 

swimming functions, was assessed. Hatched larvae were incubated as described above in duplicate 

using 50 larvae in each from the time of 50% hatching until yolk absorption; at day 6-8 at 11 °C; day 7-
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9 at 9 °C; day 8-10 at 7 °C; day 15-18 at 3 °C and at day 22-26 at 1 °C. At the same occasions larvae 

were preserved in neutral 4% formaldehyde and size (standard length (Fossum, 1986)) measured 

under a stereomicroscope at 20X magnification. 

The methods used for egg incubation at different levels of oxygen content were the same as those in 

the CORE project. The spawning products utilised for the investigation of egg development, hatching 

success and larval behaviour at different combinations of temperature and oxygen concentrations 

were obtained from cod caught by pelagic trawling in the Bornholm Basin. The sex products were 

collected by stripping. After fertilisation, eggs were incubated on board in a temperature-constant 

laboratory in a controlled through-flow incubation system. The eggs were kept in bottles with water 

supply from the bottom. Incubation was performed at 9°C and at a salinity just less than required to 

keep the eggs floating. Five different oxygen concentrations were used for incubation (2.2 to 11.0 

mg/l). Dead eggs were sampled out every second day.  

The oxygen levels were controlled by a computer which compares the O2 concentration in one water 

tank via an oxygen sensor (WTW OXY 325) with predefined limitations. Out-of-range values resulted 

in valve opening and nitrogen (reduces O2) or oxygen inflow from gas bottles until measurements were 

back in range. So, the oxygen content of the incubation water was fixed full-automatically during the 

whole egg development. O2 measurements, water temperature and valve commands were stored in a 

file and it was possible to control oxygen concentrations in up to five different water tanks 

independently.  

Experiments on sprat 

Eggs were obtained in two ways, either from stripping newly caught fish, or from in situ sampling using 

a “living net”. Sprat was caught by pelagic trawling in ICES SD 25, 26 and 28. Eggs and semen were 

sampled on fish directly after catch or the following night on fish being kept in tanks provided with 

running sea water (≈ 7 psu). Stripped eggs were kept separately for respective female, while semen 

collected with a dry Pasteur-pipette, was mixed to a “cocktail” of semen from several males. 

Fertilisation was carried out by mixing eggs and semen artificially at 7 °C. A droplet of semen was 

diluted in ≈20 ml of water and poured into the tube containing the eggs. Fertilisation rate at different 

salinities was tested at 5, 7, 10 and 15 psu as described above. Water of different salinities was 

prepared from filtered Baltic Sea water (≈7 psu) with addition of synthetic seasalt or dilution with 

deionized water respectively. ≈1-2h after fertilisation eggs were transferred to new water at the same 

conditions. ≈10 h after fertilisation the eggs were examined under a stereo-microscope and the 

number of fertilised eggs counted. In total 17 fertilisation experiments were conducted. Egg survival at 

different salinities was assessed by incubation of 50-100 eggs (from two females) in 300 ml water of 

respective salinity (5, 7, 10 and 15 psu) treated with antibiotics (Doctacillin 0.1g/l; Streptomycin 

0.056/l; Nystatin 2500IU/l). Dead eggs were counted and removed and 2/3 of the water exchanged 

daily. After completed hatching the number of larvae with normal swimming functions, i.e. the viable 

hatch was counted. In total 4 incubations were carried out, two during spring and two during summer. 

Egg and larval survival at different temperatures were assessed at 1, 2, 3, 4, 5, 7, 9, 11 and 13 °C. 

Egg were obtained by in situ sampling (7 incubations) and from stripping (2 incubations). Eggs were 

transported to the Ar laboratory, Gotland and incubated from stage IA-IIC (in situ sampled eggs) and 
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stage IA/IB (stripped eggs) respectively, using the same method as described for cod. At each 

temperature 80-100 eggs were incubated in duplicate in 300 ml water at 15 psu (positive buoyancy; 

see below). Hatched larvae were judged as viable or nonviable using the same criteria as for cod and 

summed until hatching was completed. At approximately 50% hatching 10-20 hatched larvae were 

preserved in neutral 4% formaldehyde for larval size measurements. Remaining larvae were 

incubated further at the same conditions as described above until completion of the yolk sac, when the 

number of surviving larvae was counted and preserved for size measurements. Size measurements 

were performed under a stereo-microscope at 15x (at completed yolk sac) and 30x (at hatching) 

magnification. 

Egg buoyancy and egg size were determined on eggs in the blastula stage obtained by stripping and 

artificial fertilisation. Egg specific gravity was determined using a density gradient column (Coombs, 

1981) with 10-15 eggs in each determination, and egg size measured under a stereo microscope after 

preservation in neutral 4% formaldehyde. In total eggs from 53 different females were used; 29 from 

the Bornholm basin, 13 from the Gdansk deep and 11 from the Gotland basin. 

To assess potential differences in egg specific gravity and thus vertical egg distribution at different 

times during the spawning period egg specific gravity, egg size and egg dry weight were assessed on 

eggs sampled in situ using a “living net” (modified WP2-net) at three times during the spawning 

season (mid April, mid May and mid June) at two stations (BY10 and BY15) in SD 28. Eggs were 

sampled vertically from the layer with no oxygen (≤0 ml/l; no living eggs) to the surface. Sampled eggs 

were transferred to water of 7°C and 17 psu (positive buoyancy). In total 10 samples, 3 in April, 3 in 

May and 4 in June, were used. Batches of 30-100 eggs were transferred to a density gradient column 

and egg specific gravity measured (e.g. Coombs, 1981; Nissling and Westin, 1997). Measured eggs 

were preserved in 4% neutral formaldehyde and size measurements performed at 50x magnification 

under a stereo-microscope. Egg dry weight (balance; Sartorius BP 210S) was assessed by incubation 

of batches of 100 eggs at 70°C in 24 h. Batches of 15 eggs from respective sample were preserved in 

2:1 (v/v) chloroform-methanol and stored in a freezer for later determination of total lipid content. 

Conditions for successful egg development in respective spawning area during the period 1970-2000 

were evaluated using hydrographic data derived from the Swedish Meteorological and Hydrological 

Institute database, including monthly monitoring of salinity, temperature and oxygen concentrations in 

the Baltic deep basins at every 10 m down to 100 m depth and then every 25 m to the bottom. 

Temperatures and oxygen concentrations at the water depth corresponding to the in average 

occurrence of spawned eggs during peak spawning, i.e. at 1.00858±0.00116 g/cm3, were obtained by 

calculation of in average values in May-June. Spawning layer thickness, as defined by minimum 

requirements for egg development of Baltic sprat [1 ml oxygen/l (Grauman and Yula, 1988); 1.25°C 

(see below)] in the water body inhabited by sprat eggs (with a water density of 1.00858±0.00116 

g/cm3), was determined by calculation of the number of meters fulfilling both water density, 

temperature and oxygen requirements. (N.B. this is a rough estimate and should be regarded as a first 

attempt to evaluate the potential impact of the quantity of spawning habitat). 

By using linear regressions between environmental parameters (temperature and oxygen 

concentration at in average occurrence of spawned eggs, and thickness of spawning layer 

respectively) and recruitment indices the potential impact of environmental parameters on the 
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reproductive success was evaluated. Estimated recruitment in respective area was derived from 

international hydro-acoustic surveys in September-October (see Task 1.1) as well as from abundance 

of 0-group sprat, derived from predation mortality by spatially dis-aggregated MSVPA-runs (see Task 

5.3). Analyses were performed without consideration of the spawning stock biomass, thus testing the 

potential relationship between conditions for egg survival and recruitment only. 

 

Results 

Experiments on cod 

Preliminary results derived in the beginning of the project suggested that both egg survival as well as 

larval survival were affected at extreme temperatures. Therefore, differences in viable hatch and larval 

survival during the yolk sac stage were analysed using a log-linear model (STATISTICA). As large 

differences in viable hatch were recorded among females, relative standard deviation (RSD) 

47.2±9.4%, potential differences between temperatures were analysed within females (RxC tables 

using G-test). Contrary, pooled data were used in analysis of larval survival at different temperatures, 

RSD 13.1±6.9%. In 7 out of 9 incubations significantly lower egg survival was recorded at 1°C and in 7 

of 9 at 11°C (Tab. 2.2.1). No differences in viable hatch occurred between 3 and 9 °C (Fig. 2.2.1). 

Concerning larval survival up to the end of the yolk sac stage analyses revealed significant differences 

between 1-11 °C (df=4, x2= 10.97, p<0.05) but not in the range 1-9°C (df=3, x2=4.83, 0.10<p<0.05) 

(Fig. 2.2.2). By applying a procedure of hatching in darkness (Nissling et al., 1998) most larval groups 

were sampled at approximately the same stage. However, despite this some larval groups were not 

sampled in the right time (stage) and were rejected when analysing potential differences in larval size 

between temperatures. Due to this, an ANOVA with “structural zeros” (STATISTICA) was applied to 

evaluate differences in larval size at both hatching and yolk sac absorption (Tab. 2.2.2). Larval size 

differed significantly between females at both hatching and yolk sac absorption (df=8, F=108, 

p<0.0001 and df=7, F=101, p<0.0001 respectively). At hatching larval size was significantly lower at 

11°C and significantly higher at 1°C, df=1, F=32.6, p<0.0001 and df=1, F=89.0, p<0.0001 respectively, 

whereas no differences occurred in the range 3-9°C (df=2, F=1.30, p=0.27). Larval size at consumed 

yolk sac differed significantly among temperatures, df=4, F=78.7, p<0.0001; larvae were somewhat 

larger at low, 1 and 3°C, temperatures (df=1, F=16.7, p<0.0001; 7-9 against 1°C and df=1, F=69.3, 

p<0.0001; 7-9 against 3°C; contrast test) and significantly smaller at high, 11°C, temperatures (df=1, 

F=220, p<0.0001; 1-9 against 11°C). No differences were recorded between 7 and 9°C (df=1, F=0.22, 

p=0.640). In conclusion the above suggests that egg survival is affected negatively at both low (1°C) 

and high (11°C) temperatures and that larval performances are unaffected in the range 1-9°C but 

significantly worse at 11°C.  

For the incubation experiment concerning egg development at different oxygen levels, only a restricted 

number of ripe female cods were caught in the fishery during the cruise in July 2000. In six cases it 

was possible to get at least some eggs to run experiments with, but the egg quality was low. Only in 

one batch the egg number was sufficient to start an experiment on the influence of oxygen content 

and temperature on egg and larval survival, but the egg development was not successful. Most eggs 
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died off and only a small number of larvae hatched, even in the control group. So it can not be decided 

if this was due to an effect of the conditions chosen for the experiment or an influence of egg quality. 

Experiments on sprat 

Viable hatch at different salinities is shown in Fig. 2.2.3. Egg survival was highly variable at 5 psu with 

eggs/larvae appearing in a partly emerged state prior to hatching resulting in significantly lower viable 

hatch (df=3, G=106, p<0.001). Also at 7 psu egg survival was somewhat lower, in average 51.7±9.0% 

(df=2, G=15.9, P<0.001), compared to 67.1±10.3 and 71.9±12.6% at 10 and 15 psu, respectively. The 

results suggest that salinity is not a major factor affecting egg survival as eggs due to specific gravity 

do not occur at salinities <7 psu (see below). Due to great variability in egg survival among egg 

batches (probably due to handling of the thin-shelled oocytes) a quality criteria was used when 

evaluating fertilisation rates at different salinities. Based on in average fertilisation rates at 10-15 psu 

three levels, fertilisation >50%, >30% and >20%, were chosen (Tab. 2.2.3). Irrespective of quality level 

chosen fertilisation was considerably lower at 5 psu (20-25%) compared to at 7-15 psu. No significant 

difference occurred between 7-15 psu irrespective of quality level. Accordingly, the results suggest no 

effect of salinity on the fertilisation rate in the main spawning areas in the Baltic proper (salinity ≥7 psu) 

or between “spring” and “summer” spawners known to spawn in the deep and surface layer 

respectively. 

Egg development time differed significantly between temperatures. The time from start of incubation 

(stage IA/IB; eggs obtained by stripping) until approximately 50% hatching was ≈14, 9, 6-7, 5, 4 and 3 

days at 3, 5, 7, 9, 11 and 13 °C respectively. Assessment of egg survival revealed a significant lower 

viable hatch at temperatures <5°C. In Table 2.2.4 the viable hatch at temperatures ≤5°C is shown. The 

viable hatch decreased significantly with temperature, with a considerably decrease between 4°C and 

3°C (less than 50% at 3°C compared to at 4°C) suggesting that water temperatures of <4°C may 

affect the reproductive success seriously. By pooling data on egg survival from incubation series an 

egg survival curve in relation to temperature was constructed (Fig. 2.2.4). From this curve minimum 

temperature requirements for egg development was derived, i.e. no egg survival corresponding to a 

temperature of ≈1.25°C. No differences in egg survival occurred at temperatures between 5 and 13°C 

(df=4, G=8.13, p=0.087) (Fig. 2.2.5). As sprat eggs in the Baltic regularly occur at temperatures ≈3°C 

this suggests that temperature is a major factor affecting egg survival.  

As measurements were performed on two larval groups only (obtained from stripped eggs) no firm 

conclusion can be made concerning opportunities for larval performances at different temperatures. 

Larval development displayed large differences in the time from hatching until yolk sac absorption 

between temperatures; in average 17, 13, 10, 8.5 and 6.5 days at 5, 7, 9, 11 and 13°C respectively 

(assessment of larval development at 3°C was not possible due to only a few hatched larvae). The 

time from functional jaw to completed yolk sac on the other hand differed only slightly, from ≈1 to ≈3 

days at 13 and 5°C respectively, indicating a high need for match between time of functional jaw and 

food availability. Evaluation of larval survival during the yolk sac stage indicated lower survival at 5°C 

compared to at 7-13°C (df=4, G=30.5, p<0.001 at 5-10°C and df=3, G=7.21, p=0.065 at 7-13°C) (Fig. 

2.2.6). At hatching a significant difference in larval length was recorded between 3-13°C (F5:138=10.0, 

p<0.001, ANOVA). Further evaluation using a contrast test (Sheffe´s contrast test STATVIEW) 
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showed significant differences between 3°C and 5, 7, 9, 11 and 13°C respectively. A similar evaluation 

of size at completed yolk sac resulted in a significant difference between 5-13°C (F4:107=7.26, 

p<0.001). A contrast test suggested somewhat lower larval size at the end of the yolk sac stage at 5 

and at 7°C compared to at 9, 11 and 13°C. Again, no firm conclusion can be made concerning larval 

performances from this study, but the above indicate decreased opportunities for larval survival at low 

temperatures. 

Vertical egg distribution at different times during the spawning season together with corresponding 

salinity, temperature and oxygen conditions in the Bornholm- Gdansk- and Gotland basin respectively, 

are shown in Fig. 2.2.7-2.2.10. Depending on hydrographic conditions and changes in egg specific 

gravity (see below) large changes in egg distribution with depth occurred during the spawning season. 

A general pattern, best displayed by the occurrence of eggs in the Gdansk deep, can be described as 

follows. Early in the season (April) eggs occurred in the deep layers due to low temperature in the 

water above the halocline, and may thus be affected poor oxygen conditions. Later in the season (late 

May/early June) temperature in the surface layer was higher and eggs were distributed/survived also 

in the upper layers. However, as the “warming up” occur at the surface and downwards, temperature 

might still be too low at intermediate layers above the halocline implying still low egg 

abundance/survival in these layers. At the same time the volume of water with a sufficient oxygen 

concentration decreases due to increased oxygen consumption during the season implying high egg 

mortality/low egg abundance in the deep layers. As the spawning season proceeded eggs 

disappeared from the surface layer. This seem not to be due to too high temperatures but rather to the 

fact that higher temperatures involve lower water density, i.e. eggs may not obtain neutral buoyancy at 

e.g. 7-7.5 psu and ≥11-12°C. 

However, differences occurred between basins. The distribution of eggs according to temperature, 

salinity and oxygen levels respectively are shown in Fig. 2.2.11-2.2.13. In the Gotland basin eggs 

were distributed at both lower temperatures and lower oxygen concentrations compared to in the 

Gdansk basin, affecting opportunities for egg survival and thus the vertical distribution pattern, 

whereas eggs in the Bornholm basin occurred at more favourable conditions suggesting that 

distribution was less affected by egg mortality. 

Changes in egg distribution also occurred due to changes in egg specific gravity during the season. In 

Fig. 2.2.14-2.2.16 egg specific gravity and egg size of sampled eggs from respective spawning area 

and sampling occasion are shown. As evident, large differences in egg specific gravity of sampled 

eggs occurred both between areas and between sampling occasions within areas, whereas egg size 

varied less (Tab. 2.2.5 and 2.2.6). Analysing changes in egg specific gravity during the spawning 

season revealed a significant change of in average egg specific gravity of sampled eggs in each 

spawning area (F2:8=49.2, p<0.0001, Bornholm basin; F2:4=145, p<0.001, Gdansk basin; F1:2=104, 

p=0.009, Gotland basin) but also significant differences among areas (F2:5=131, p<0.001, April; 

F2:8=40.1, p<0.001, late May/early June). Further, focusing on the relation between egg specific gravity 

and egg size (see below) revealed a significant change in the relationship during the season (Fig. 

2.2.17) towards higher egg buoyancy but with no corresponding change in egg size. Obviously 

another factor than egg size influences egg specific gravity causing a change in egg buoyancy during 

the season. Measurements of egg size and egg dry weight of eggs sampled in respective spawning 
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area during peak spawning (Tab. 2.2.7) revealed a significant difference in egg size (F2:8=7.78, 

P=0.013) but not in dry weight (F2:17=3.04, p=0.074) suggesting that size of the egg/volume/water 

content is more important than dry weight/bulk of protein in explaining differences in egg specific 

gravity. Table 2.2.8 shows dry weights of eggs sampled at different occasions in SD 28 in 2001. Dry 

weights of sampled eggs differed significantly between sampling occasions during the spawning 

period from April to June (F2:11=20.4, p<0.001). 

Egg specific gravity and egg size for eggs obtained by stripping are shown in Tab. 2.2.9. A highly 

significant relationship was found between egg size and egg specific gravity (r=0.681, df=48, t=6.70, 

p<0.0001) confirming the general picture; the larger the egg the more buoyant. No difference in egg 

specific gravity or egg size was found between spawning areas during peak spawning (late May/early 

June), F2:34=0.602, p=0.553 and F2:34=0.255, p=0.777, respectively. Focusing at changes during the 

season, a significant difference in egg specific gravity was recorded between eggs sampled in April 

and in late May/early June (F3:46=13.8, p<0.001) whereas no difference in egg size occurred 

(F3:46=0.540, p=0.657). Analysis of covariance of the relation between egg specific gravity and egg 

size confirms the pattern obtained for in situ sampled eggs. The relationship was significantly different 

for eggs obtained in April (F3:45=32.2, p<0.001) compared to eggs sampled in late May/early June 

(F2:33=1.87, 0.25>p>0.10) (Fig. 2.2.18). 

Evaluation of conditions for successful development of spawned eggs in respective spawning area 

during 1970-2000 revealed differences in egg survival probabilities both between years and among 

areas. In Fig. 2.2.3 the magnitude of the spawning habitat, estimated as the thickness of the spawning 

layer, from 1970 and onwards is shown, and in Figures 2.2.4-2.2.6 temperature and oxygen conditions 

at the water depth corresponding to the in average egg specific gravity during peak spawning, i.e. the 

quality of the spawning habitat, during the same period are shown.  

In the Bornholm basin (SD 25) variability in the thickness of the spawning layer was low, in average 

12±6 m, as water density always exceeded 1.00974 g/cm3 and the oxygen concentration was never 

below 1 ml/l. Concerning opportunities for egg development (Fig. 2.2.19) conditions were favourable 

with respect to oxygen whereas temperature conditions were in general poor (Table 2.2.10). At no 

occasion an oxygen concentration below 2 ml/l was registered suggesting limited effects on egg 

survival whereas temperatures below 5°C occurred regularly with temperatures <4°C in 13 out of 29 

years, indicating a strong influence on the viable hatch.  

In the Gdansk deep (SD 26) the estimated thickness of the spawning layer averaged 27±9 m (Fig. 

2.2.20b), restricted by both insufficient water density and in some years by oxygen concentrations 

below 1 ml/l. Compared to in the Bornholm basin conditions for egg development in the Gdansk deep 

were more favourable with respect to temperature whereas oxygen concentrations were poorer (Fig. 

2.2.21). Although temperatures of <5°C occurred frequently temperatures of <4°C was registered only 

in two years. Insufficient oxygen requirements (<2 ml/l) occurred in 7 out of 23 years with a 

concentration below 1 ml/l at six occasions (Table 2.2.10). This suggests that although opportunities 

for egg survival in the Gdansk deep may be influenced by both stressful temperatures and oxygen 

concentrations, critical conditions occurred only in a few years. 

In SD 28, the Gotland basin, opportunities for egg development were different compared to in SD 25-

26. Fig. 2.2.22 shows that the in average occurrence of eggs in the Gotland basin correspond to 
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temperature of about 5°C throughout the period but to poor and variable oxygen conditions. Due to 

poor oxygen conditions and insufficient water density to allow eggs to remain in the water column the 

spawning layer thickness varied considerably, in average 34±32 m (Fig. 2.2.20c). At no occasion 

temperatures <4°C were registered (Table 2.2.10) suggesting limited effects of temperature on the 

viable hatch, whereas oxygen conditions of <2 ml/l occurring regularly with an oxygen concentration 

below 1 ml/l in several years indicate severe effects on egg survival. 

Linear regression analysis between environmental conditions and estimated recruitment, as 

determined by hydro-acoustic surveys and by MSVPA analysis, in respective spawning area revealed 

in general weak relationships (Table 2.2.11). Despite that analysis were performed independently of 

SSB (testing the potential relationship between environmental conditions and recruitment only), in 

most cases short time series, and uncertainties in recruitment estimates, evaluation of e.g. the 

variance explained suggested an influence of oxygen conditions and spawning layer thickness on the 

recruitment in the Gdansk Deep (SD 26) and especially in the Gotland Basin (SD 28). In the Bornholm 

Basin (SD 25) on the other hand the explained variability was low with the exception of temperature 

conditions in relation to recruitment estimated at age 3, suggesting that conditions for egg 

development is not the major bottleneck for the recruitment success in this area although eggs 

regularly occur at unfavourable temperatures. 

 

Discussion 

Experiments on cod 

Presently the reproductive volume of cod is determined by threshold values of salinity and oxygen. 

The definition of the RV has from time to time been criticised as it does not account for effects of 

critical temperatures. In severe winters surface cooling and vertical mixing to the lower range of the 

halocline may occur affecting layers inhabited by cod eggs (Matthäus, 1990; Wieland, 1995). Further, 

as peak spawning has shifted from spring to summer during the 1990´s (Jarre-Teichmann et al., 2000) 

a discussion concerning potential effects of high temperatures on cod egg development has evolved, 

especially as higher temperatures primarily would affect the most buoyant eggs (see Task 1.3).  

Results from the experiment concerning opportunities for cod egg and larval survival at different 

temperatures suggest no effects at temperatures where cod eggs in the Baltic normally occur; eggs 

have been found at temperatures between 0.4 and 7.1°C with the majority of eggs between ≈3 and 

≈6.5°C (CORE, 1998). According to Wieland and Jarre-Teichmann (1997) who evaluated ambient 

development temperature of Baltic cod eggs during the period 1986-1996 mean occurrence ranged 

from 2.7 (May 1986) to 6.4°C (April 1992). Lower egg survival at 1°C, and lower egg and larval 

survival as well as decreased larval size at 11°C show that cod reproduction might be affected at 

extreme hydrographical situations. Based on estimations of egg survival for North Sea cod (Thompson 

and Riley, 1981) a threshold level of 1.5°C has been suggested to determine the RV for Baltic cod 

(e.g. Jarre-Teichmann et al., 2000). Although somewhat lower egg survival at 1°C, it is evident that 

Baltic cod eggs may survive and develop into a normal larva at this temperature, i.e. the observation 

of ceased egg development in early stages at temperatures <1.5°C for North Sea cod is according to 

present study not valid for Baltic cod. In conclusion present study suggests that inclusion of 
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temperature in defining the RV would not add more information as egg and larval performances are 

unaffected at temperatures where eggs in the Baltic normally occur.  

Experiments on sprat 

Sprat eggs are known to occur at a wide range of salinities down to ≈6-7 psu (Kändler, 1949; 

Grauman, 1965) although analyses of the mean relative abundance show development at ≈9-13 psu 

(Wieland and Zuzarte, 1991). In the present investigation (in situ sampling) eggs were found at 

salinities down to 7-7.3 psu. Only minor differences in viable hatch at 7 psu indicates no major effect 

of salinity, suggesting that salinity does not have to be included in defining the RV.  

In accordance with the change in egg specific gravity during the spawning season, sprat eggs in the 

Baltic occur at a wide range of temperatures ranging from 1 to 18°C (e.g. Müller, 1988; Wieland and 

Zuzarte, 1991). However, in agreement with the results from the incubation experiment (present 

investigation), the abundance of eggs according to ichtyoplankton surveys has been found to decline 

at temperatures below 4°C. As evident from results obtained from both ichtyoplankton surveys and 

from egg specific gravity measurements of stripped eggs during peak-spawning in May-June, sprat 

eggs regularly occur at depths with unfavourable (<5°C) temperatures influencing egg survival. Hence, 

temperature should be considered in definition of the reproductive volume for sprat.  

Sampling of eggs in the Gotland Basin at different times during the spawning season showed 

considerable variations in egg specific gravity and confirm the observation by Grauman (1965) that 

vertical egg distribution change during the spawning season. Changes in egg occurrence by depth are 

governed by both changes in egg specific gravity and in hydrographic conditions during the season. 

This implies that egg development occur at different hydrographic conditions during the spawning 

period, i.e. eggs are regularly exposed to both unfavourable temperatures and oxygen conditions 

affecting egg survival and thus the in situ occurrence of eggs. In principal, egg survival is influenced by 

poor oxygen conditions in the deep layers early in the season and by temperature conditions in layers 

above the halocline later during the spawning period (Grauman and Yula, 1989; Wieland and Zuzarte, 

1991; present investigation). 

Mechanisms of achieving buoyancy include reduction of specific gravity by accumulation of less dense 

components, water and lipids, counterbalancing dense protein in the yolk and chorion (Craik and 

Harvey, 1987). Thorsen et al. (1996), studying egg specific gravity in cod, concluded that variation in 

egg water content, "displayed" as differences in egg diameter, is the major factor responsible for 

variations in egg specific gravity but also that variation in chorion weight and lipid content might be 

responsible for variability in egg specific gravity. This is in agreement with our findings concerning 

sprat in the Baltic Sea; egg diameter is an important factor determining egg specific gravity, whereas 

egg dry weight, and potentially also lipid content, may explain the change in egg specific gravity during 

the season. As the year class strength of Baltic sprat vary, growth conditions for cohorts also vary, i.e. 

depending on the abundance of a year class, as well as the total stock, parameters like weight at age 

vary greatly among cohorts (see Aps, 1989; Kaljuste, 1999). A decrease in female size and/or 

condition as occurred during the 1990s (Kaljuste, 1999; Casini et al., 2002a) may influence egg 

parameters as egg specific gravity, i.e. the vertical distribution of eggs and thereby the reproductive 

success. 
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Conditions for successful egg development of sprat during the period 1970-2000 was evaluated by 

combining data of egg specific gravity and available hydrographic data in respective spawning area. 

This is compared to earlier investigations a new approach. In contrast to the traditional approach using 

ichtyoplankton data, occurrence of eggs in relation to temperature and oxygen concentrations in the 

present investigation represent the in average occurrence of spawned eggs by excluding early 

mortality and thus the in average conditions experienced by the eggs. 

The results showed that opportunities for successful egg development vary considerably and that egg 

development regularly occurs at unfavourable temperature and oxygen conditions with implications for 

the viable hatch. Considering the relative importance of temperature and oxygen conditions 

respectively, differences occur among the spawning areas. Evaluation of the conditions in the 

Bornholm Basin (SD 25) indicated that egg development regularly is hampered by low temperatures 

whereas oxygen conditions is the most critical factor in the Gdansk Deep (SD 26) and especially in the 

Gotland Basin (SD28). Moreover, water density, determined mainly by salinity, influence opportunities 

for egg survival as conditions allowing all produced eggs to obtain neutral buoyancy are regularly not 

fulfilled in the Gdansk Deep and the Gotland Basin implying that the magnitude of the spawning 

habitat varies. This suggests that egg survival in the Gdansk Deep and in particular in the Gotland 

Basin is dependent on magnitude and frequency of saline water inflows governing salinity and oxygen 

conditions in the Baltic deep basins (Fonselius, 1962; Franck et al., 1987; Mattäus and Lass, 1995; 

Stigebrandt, 2001). Conditions for successful egg development in the Bornholm Basin on the other 

hand, restricted by temperature, are mainly influenced by severity of winters affecting the water 

temperature in the intermediate water, between the thermo- and halocline, inhabited by sprat eggs 

(e.g. Herra, 1988; Nissling et al., 2002b).  

Considering the quality of the spawning habitat during the period 1970-2000 the most favourable 

conditions with respect to oxygen and temperature combined, occurred in the Gdansk Deep (SD 26), 

in average 5.0±0.7°C and 2.6±1.5 ml O2/l, whereas conditions in the Bornholm- and the Gotland 

Basins regularly were restricted by temperatures <4°C and by oxygen concentrations <1ml/l 

respectively. Thus, changes in the spatial distribution of the stock during the 1990s may, due to 

differences in opportunities for egg survival among the spawning areas, have implications for stock 

development. Regression analysis (Table 2.2.11) suggested, however, an association between 

conditions for egg development and recruitment only in the Gdansk deep and the Gotland basin 

whereas the explained variability for the Bornholm basin was low. This suggests that survival up to 

hatching is of less importance for the formation of a year class in the Bornholm Basin compared to in 

the Gdansk Deep and in the Gotland Basin. 

 
2.3: Resolve reproductive volume of cod and sprat 

Introduction 

Oxygen content and salinity have been shown to be the major environmental factors affecting Baltic 

cod fertilisation rate and survival (Westin and Nissling, 1991; Wieland et al., 1994). The eastern Baltic 

cod population is confronted with a set of environmental conditions which differ from those 

experienced by populations in all other geographical areas. The principle mechanism influencing the 
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replenishment of oxygen in the deep basins of the Baltic is the inflow of saline oxygen rich waters from 

the North Sea. In the start of the project efforts were directed to resolve the reproductive volume (RV) 

of cod. An inter-comparison analysis of RV estimates by two different methods, the single station- and 

the spatial distributed grid station-method was conducted showing essentially comparable RV 

estimates. Further, RV data series for the main spawning areas, including the Slupsk Furrow, was 

updated until 1998, i.e. a complete quantitative estimate of Baltic cod spawning habitat for the period 

1964-1998 was established. In a later phase of the project the potential influence of environmental 

variability on changes in the RV was studied experimentally. Our approach was first to simulate, using 

existing actual environmental data, the period of a weak to moderate inflow of North Sea water into the 

Baltic. The time period chosen was from 1st of November 1990 to 31st of January 1991. Secondly, 

changes in the intensity of the environmental forcing factors were applied and compared with the 

results obtained using the actual environmental forcing to describe the influences of specific 

mechanisms on the oxygen concentrations in the Bornholm Basin. With the assumption, that local 

atmospheric conditions over the Baltic Sea are mainly responsible for volume transports in the Baltic, 

and that the local atmospheric conditions are influenced by the large scale atmospheric pattern, 

Lehmann et al. (2002) defined a Baltic Sea Index which is the normalised sea level pressure 

difference between Oslo (Norway) and Szczecin (Poland). It turned out that the sea level pressure 

difference between the two sites shows the highest correlation with the volume change of the Baltic 

Sea (Lehmann et al., 2002), i.e. volume exchange with the North Sea through the Danish Straits. This 

is a direct consequence of the prevailing atmospheric conditions. 

 

Material and Methods 

Baltic cod reproductive volume 

For the investigation of the impact of environmental variability on the spawning conditions in the 

halocline and deep layers of the Bornholm Basin the Baltic Sea model, a 3-dimensional eddy-resolving 

model was employed (Lehmann, 1995; Lehmann and Hinrichsen, 2000a,b). During the simulation 

period, wind of a mainly western direction was evident, except the time period between December 10 

to 20 showing weak to moderate winds of northern and eastern direction. The maximum wind speeds 

reached almost 20 m/s during the second part of November 1990 as well as from December 25, 1990 

until January 12, 1991 where wind speeds occasionally exceeded 23 m/s. For both periods, winds of a 

mainly western direction were observed.  

The influence of potential environmental variability was examined by modifying the physical forcing 

parameters during the simulation period and by comparison with the modeled distributions utilising 

“real” environmental forcing. In order to do so, data from the simulation were extracted (6 hour time 

steps) and these data served as a reference for following experiments: 

• Total wind energy: for this experiment the wind forcing was altered by ±15%, hence, initiating 

variations in lateral advection and turbulent mixing 

• Fresh water input: river runoff has been changed in the order of its natural variability (±25%; 

Bergström and Carlsson, 1994) 
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• Sea surface oxygen saturation: in order to investigate the potential effects on oxygen transport 

variations, for this experiment the sea surface temperature was changed by ±2°C.  

 

Baltic sprat reproductive volume 

To determine egg survival threshold levels including temperature, oxygen concentration and water 

density, required to define reproductive volumes for sprat, results from both laboratory experiments 

and in situ sampling were used. In situ vertical distributions of eggs were assessed by two methods; 

vertically sampling of eggs accompanied by egg specific gravity measurements, and by sampling at 

different depths using a multiple opening/closing system resolving the water column in intervals of 5 to 

10 m (BIOMOC; subtask 2.1). Occurrence of sprat eggs in relation to salinity, temperature and oxygen 

concentration in the different spawning areas were then determined by combining data obtained from 

living net or BIOMOC sampling respectively with corresponding hydrographic data from CTD-

measurements. BIOMOC data obtained from selected stations in the major spawning areas during 

peak spawning in May-June for the time period 1987-1999 were pooled for respective area to 

determine vertical egg distributions and occurrence in relation to oxygen concentration and water 

density. Minimum oxygen requirements were defined as the level corresponding to the 90% 

occurrence of eggs (i.e. lower 90th percentile) in the Gdansk and Gotland Basins during peak 

spawning. Water density requirements were derived from both egg specific gravity measurements of 

stripped eggs and by distributions of eggs in respective spawning area from in situ sampling during 

peak spawning. A level corresponding to the 90% occurrence of eggs (i.e. the lower and upper 95th 

percentiles) were used in both cases. Based on incubation of eggs at different temperatures two 

temperature levels were considered, the level at which no viable hatch occurred (1.25°C; Fig. 2.2.4), 

and additionally, the temperature corresponding to a considerable decrease in the viable hatch (3.5°C; 

Table 2.2.4).  

Based on the identified threshold levels reproductive volumes for respective spawning areas during 

peak spawning in May-June were calculated for the period 1966-1999 using the ICES hydrographic 

database. Time series were produced based on i) water densities derived from BIOMOC data ii) water 

densities derived from measurements of specific gravity of stripped eggs, together with minimum 

oxygen requirements (0.7 ml/l) and temperatures ≤3.5°C (corresponding to a considerable decrease in 

viable hatch; Table 2.2.4.). Additionally, an egg survival probability series during peak spawning was 

calculated for respective spawning areas using temperature corresponding to the in average 

occurrence of eggs from in situ (BIOMOC) sampling. This was calculated by using the model 

presented in subtask 2.1, and the egg survival probability in relation to temperature curve (Fig. 2.2.4). 

 

Results and discussion 

Baltic cod reproduction volume 

Estimates of the reproduction volume of Baltic cod defined as the total volume of water with salinity 

above 11 psu, oxygen concentrations above 2 ml/l and temperature above 1.5°C were calculated for 

the Bornholm Basin based on quasi-synoptic surveys (MacKenzie et al., 2000). Seasonal variations in 
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reproductive volumes are probably associated with seasonal variations in both oxygen concentrations 

(Matthäus, 1978; Wieland, 1995) and salinity, which is influenced by variations of freshwater input 

(precipitation, river runoff) to the Baltic (Viitasalo et al., 1995; Schinke and Matthäus, 1998).  

The correlation coefficients between the volumes of successive quarters of the year are given in Tab. 

2.3.1. It is obvious that the correlations between the reproduction volumes in winter are much more 

smaller than later in the year. Only weak correlations imply strong variability between the quarters 

potentially caused by stronger variations in atmospheric forcing conditions apparent during winter 

months. However, strong correlations between the 2.and 3. as well as between the 3. and 4. quarter 

indicate only less frequent inflow events and that in general the decay in reproductive volume is 

caused by oxygen depletion.  

Fig. 2.3.1 illustrates the time series of cumulative transports of water masses suitable for successful 

development of Baltic cod eggs through a) the Danish Straits, b) across 13° E, c) through the 

Bornholm Gat which results in the following temporal evolution of the reproduction volume in the 

Bornholm Basin (Fig. 2.3.1d). At the Danish Straits and 13° E transports towards the east occurred for 

the first 35 days of the simulation (November 1 until December 5, 1990) followed by a 20 days period 

of westward oriented transports at the Danish Straits and stagnation for the duration of about 35 days 

at 13° E. The final phase of the simulation again revealed transport towards the east. Water mass 

transports through the Bornholm Gat were totally different. During the first 35 days no significant 

advection has been observed. The onset of the eastward directed transport is in strong coincidence 

with the general change in wind direction (from west to north and east). In general, transport of water 

masses below the direct wind induced layers towards the east is due to return flows compensating for 

the direct wind driven circulation caused by wind forcing from the north and east (Krauß and Brügge, 

1991). As soon as the wind switched back to mainly western direction eastward directed transports 

strongly decreased. The resultant reproduction volume shows a similar evolution. After a slight 

decrease until day 35 of the simulation (December 5) an increase from 70 to about 120 km3 at the end 

of December has been observed. Until the end of January 1991 the reproduction volume slightly 

decreased caused by oxygen depletion and/or transport towards the west, because advective 

exchange of water masses suitable for the successful development for Baltic cod eggs towards basins 

located further to the east have not been observed. 

To determine the impact of changes of the net fresh water flux on the reproduction volume of Baltic 

cod, sensitivity experiments for a 3-month simulation period (November 1990-January 1991) were 

carried out by varying the river runoff in the order of its natural variability. An increase of the river 

runoff by 25% resulted in a slightly decreased inflow of highly saline oxygen enriched water masses 

through the Danish Straits and across 13° E (not shown). The difference to the reference model run is 

shown in Fig.2.3.2a. The non-changed size of the reproduction volume in the Bornholm Basin can 

potentially be explained by a more pronounced stratification in the Danish Straits which is a secondary 

effect of an enhanced barotropic freshwater outflow component blocking the inflow of saline water 

masses into the deep basins of the Baltic Sea (Lehmann and Hinrichsen, 2000b). 

In contrast, the reduction of river runoff by the same magnitude led to a strong increase of highly 

saline oxygen rich water mass transports through the Danish Straits and across 13° E (not shown). A 
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corresponding reproductive volume change resulted in an increase of about 50 km3 at the end of the 

simulation period.  

In the simulations utilising variations in the near sea surface air temperatures there was only a change 

in the surface boundary condition for temperature. Compared to the simulations with realistic forcing 

conditions the reproductive environment increased by about 80 km3 (Fig. 2.3.2b). Assuming the same 

amount of volume being transported through the Danish Straits and across 13° E towards the east as 

for the reference model run, due to vertical mixing of water masses with a higher amount of dissolved 

oxygen in the Skagerrak/Kattegat and the western Baltic the oxygen content of the advected water 

mass suitable for the successful development of Baltic cod eggs is considerably higher. Thus, as 

compared to the distribution obtained from the reference model run, deeper water layers were affected 

by water masses yielding higher cod egg survival. Modifying the atmospheric forcing conditions by an 

increase of the air temperatures by +2°C revealed the lowest reproduction volume of all utilised model 

simulations (65 km3). 

Enhancing wind stress strength by 15% results in an additional transport of water masses with S > 11 

psu and oxygen > 2 ml/l through the Danish Straits as well as across 13° E (not shown). First, within 

the Skagerrak/Kattegat and the western Baltic, due to increased wind stirring the depth of the mixed 

layer is slightly increased, and secondly, the increased wind forcing led to increased advection. 

However, this additional fraction of water suitable for successful cod egg development did not enter 

the cod spawning ground in the Bornholm Basin but remained within the deep layers of the Arkona 

Basin. Only during the period of easterly and northerly winds (10 to 20 December) a slight increase of 

the reproduction volume in the Bornholm Basin was observed (Fig. 2.3.2c). This stagnation of 

reproduction volume was caused by a more pronounced westward oriented return flow in the interior 

of the basins (Krauß and Brügge, 1991) intensified by the corresponding stronger enhanced eastward 

directed surface flows prior to this period. Only at the end of the simulation period a higher volume 

transport through the Bornholm Gat leading to an additional increase of the reproduction volume of 

about 20 km3.  

The simulation utilising 15% less wind stress revealed an increase of the reproduction volume of about 

50 km3. As a consequence less wind stress from the west results in less intense surface flows towards 

the east and hence, to less developed return flows in the deeper layers of the Arkona Basin. Thus, 

under these forcing conditions the flow of a pool of dense deep water in the Arkona Basin 

(Stigebrandt, 1987) formed here after passing the Danish Straits and across 13° E was accelerated. 

On the other hand, reducing wind stress strength by 15% only led to an increase of the fraction of 

water masses with salinities between 11 and 13 psu (not shown).  

In order to prove statistically that atmospheric conditions are potentially linked to changes of the 

reproductive environment of Baltic cod, we first calculated the correlation between the NAO indices of 

the second half of winter minus the first half of winter. A negative NAO during the first half diminishes 

the influence of the westerlies and results in a less frequent occurrence of low pressure system 

passing over the Baltic Sea. As a consequence, the continental climate with more easterly winds 

associated with low temperatures gets more important and leads to a larger amount of dissolved 

oxygen in the water column of the Skagerrak/Kattegat and the western Baltic and vice versa. 

Furthermore, precipitation, river runoff as well as the sea level decreases. Secondly, this well 
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oxygenated high saline water has to be transported from the Skagerrak/Kattegat and the Belt Sea 

towards the east into the deep basins of the Baltic Sea. This is fairly well correlated to phases of 

positive NAO anomalies. Thus, as a second prerequisite for positive changes of the reproduction 

volume in the spawning grounds of the eastern Baltic cod, high positive NAO indices have to be 

evident during the second half of winter. Hence, an increase of the reproduction volume during the first 

quarter of the year can be characterised by high positive values of the above mentioned NAO 

differences. In contrast, decreasing reproduction volumes mainly caused by oxygen depletion and 

possibly also by advection of water masses with oxygen higher than 2 ml/l and salinity above 11 psu 

into adjacent basins are related to negative differences between the NAO indices of the second minus 

the first half of winter. The latter process has to be considered as a compensating flow in the interior of 

the deep Bornholm Basin across the Stolpe Trench towards the east (Krauß and Brügge, 1991). 

The correlation of the reproduction volume change between the 1. and 2. quarter of given years and 

those differences in the NAO indices yields a correlation coefficient of 0.56 which is statistically highly 

significant (n=35 p<0.001). Instead of utilising the NAO, the local atmospheric conditions given by the 

BS-Index (Fig. 2.3.3) accounts for 46% of the variance (n=35, r=0.68, p<0.001).  

Processes other than major Baltic inflows had the potential to alter the reproduction volume of Baltic 

cod. Thus, in contrast to mild winters the combination of low near surface air temperatures in the 

Skagerrak/Kattegat and in the western Baltic influencing the water mass properties (high oxygen 

solubility) followed by eastward transport of these well oxygenated high saline water masses seems to 

have highest positive impacts on the Baltic cod reproduction volume in the Bornholm Basin. 

The correlation of reproduction volume changes with the BS-Index has clearly been demonstrated. 

Furthermore, due to the correlation of the BSI with the NAOI (Lehmann et al., 2002) a clear impact of 

large scale atmospheric conditions on the dynamics of the Baltic Sea has been observed. The local 

atmospheric circulation patterns drive or have a strong influence on most environmental processes in 

the Baltic Sea. Thus, a possible influence of the NAO on the Baltic Sea area must firstly become 

evident in the local atmospheric conditions which constitute the direct impact. For any other process in 

the Baltic Sea the NAO can only be of secondary importance. Schinke and Matthäus (1998) 

hypothesized that the decreasing frequency and intensity of major Baltic inflows since the mid-1970s 

and the complete absence of such events from February 1983 to the beginning of 1993 can be 

explained by increased zonal circulation linked with intensified precipitation in the Baltic region and 

increased river runoff to the Baltic. It is interesting to note that for the same time frame, a recent 

investigation on the link between the large scale atmospheric circulation pattern and the Arctic ice 

export revealed an eastward shift in the position of the Icelandic low center during the last two 

decades (Hilmer and Jung, 2000). 

Finally, from our sensitivity studies it can be deduced that changes caused by processes of 

anthropogenic nature (e.g. river runoff regulations, global warming) will potentially have an effect on 

the eastern Baltic cod stock's spawning conditions. 
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Baltic sprat reproduction volume 

Based on in situ sampling of eggs (BIOMOC) and measurements of specific gravity of stripped eggs 

water density requirements during peak spawning (i.e. 90% occurrence of eggs) were estimated as 

follows: 1.00667-1.01049 g/cm3 for stripped eggs and 1.00569-1.01154 g/cm3 , 1.00504-1.00965 

g/cm3 and 1.00515-1.00956 g/cm3 for in situ sampled eggs in the Bornholm Basin, the Gdansk deep 

and the Gotland Basin respectively. A threshold oxygen concentration for egg survival of 0.7 ml/l was 

identified and two temperature levels; minimum requirements for egg development corresponding to 

1.25°C and significantly decreased survival at ≤3.5°C. For calculation of RVs the latter was chosen as 

using a threshold value of 1.25°C would in principle include the entire water body, i.e. not 

corresponding to the habitat found in field sampling. 

Sprat RV series, based on water density data from in situ sampling and from egg specific gravity 

measurements respectively, for each spawning area during peak spawning in May-June for the period 

1966-1999 are shown in Fig. 2.3.4 and 2.3.5 whereas Fig. 2.3.6 shows the trend in total RVs for the 

same period for respective approach. Both approaches revealed RVs above average during the early-

mid 1970s, in general poorer conditions during the 1980s and improved conditions during the 1990s. 

However discrepancies between the series occur, e.g. during the 1990s more favourable conditions 

were recorded when using in situ data compared to conditions based on data from stripped eggs. 

Further, data from in situ sampling resulted in larger estimated RVs than using data from stripped 

eggs. The reason for this is not clear but the estimations from in situ sampling are based on all egg 

stages whereas measurements of stripped eggs were carried out during early blastula stages. Further, 

BIOMOC sampling using opening and closing nets at 5-10 m intervals may eventually broaden the RV 

by overestimating the range of the vertical distribution. On the other hand estimations of water density 

requirements based on stripped eggs from in total 37 females may not cover the whole range of 

maternal aspects in terms of age, size, condition and potential batch effects. For both methods the 

largest RVs were recorded in the Gotland Basin, 42% and 59% of the total RVs respectively, and the 

smallest in the Bornholm Basin, 11% and 22% respectively, whereas the RVs for the Gdansk Deep 

amounted 30% and 36% (Table 2.3.2). The agreement in estimated RVs between the two approaches 

is surprisingly low except for the Bornholm Basin (r=0.78), r=0.24 and r=0.25 for the Gdansk Deep and 

the Gotland Basin respectively. Compared to data from in situ sampling data obtained from stripped 

eggs yielded relatively higher RVs in the Gotland Basin and lower RVs in the Bornholm Basin (Table 

2.3.2). Another discrepancy between the methods is the higher relative standard deviations (rsd) for 

RVs based on measurements on stripped eggs, especially in the Bornholm- and the Gotland Basin. 

This might be explained by that pooling of vertical distributions over years when estimating water 

density requirements for egg occurrence, as for in situ (BIOMOC) data in this study, involve probably 

in lowering of variation. 

Temperature related egg survival probability series for respective spawning area during the period 

1966-1999 are shown in Fig. 2.3.7. The general pattern is the same as for the estimated RV series. 

Estimated egg survival probabilities were high during the early-mid 1970s, lower until the end of the 

1980s except for somewhat improved survival probabilities in the early 1980s and high during most 

years of the 1990s. Note however that the estimations are based on egg distribution from in situ 
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sampling (BIOMOC) implying that some egg mortality is already included, i.e. for eggs neutrally 

buoyant at conditions below threshold levels for egg development. Thus the estimations refer to the 

survival of eggs keeping buoyant within the RV. Further, it should be made clear that the estimations 

are based on survival in relation to temperature only. As identified in subtask 2.2 opportunities for egg 

survival are also affected by oxygen conditions, especially in the Gdansk Deep and the Gotland Basin. 

However, to be able to incorporate also oxygen related mortality in egg survival probability estimations 

the viable hatch at different oxygen concentrations has to be established. 
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3 Identification of abiotic and biotic processes influencing the 
feeding environment, growth, distribution and survival of 
larval/juvenile cod and sprat 

High mortalities during pelagic larval and juvenile stages are believed to be a critical mechanism influencing 

recruitment success. This mortality may be episodic, removing large numbers over short periods due to 

specific events such as mass starvation or unfavourable drift or act subtly, removing a small percentage of 

the population daily due to predation or starvation. 

Variations in these survival/mortality rates and hence recruitment to the adult stock are generally accredited 

to the interaction between variable feeding conditions and growth due to physical and biological 

oceanographic processes and variations in predation rates. However, clear linkages of increased recruitment 

success due to specific oceanographic processes influencing the feeding environment are limited. Most 

relationships between variations in recruitment success and environmental processes have been identified 

through the comparison of time series of environmental data (wind stress, upwelling intensities, oxygen 

conditions). Recent research on larval and juvenile fish growth and condition has identified the importance of 

individual oceanographic features for enhancing the condition of individual fish. However, the effects of 

physical oceanographic processes on variations in recruitment success have not been identified due to the 

inability to assess the survival success of individuals associated with these processes (see Task 4). 

One of the goals of this task is to establish the effects of individual oceanographic processes (e.g. upwelling 

features, pycnocline interactions, eddies) on growth and survival of the pelagic stages of Baltic cod and 

sprat. Once the effects of specific processes on individual growth and condition have been established, an 

examination of the characteristics of survivors (e.g. birth date, otolith growth) coupled with temporal 

occurrence of physical regimes (e.g. upwelling, eddies, transport to optimal environments) will allow the 

identification of hydrographic processes leading to increased survival.  

Both Baltic cod and sprat exhibit a prolonged spawning period with larvae of both species utilising the same 

oceanographic regimes. Utilizing intra-seasonal estimates of larval production from Task 2 and identification 

of variations in survival success over the spawning season (using the characteristics of survivors, the 

birthdate distribution of which will be determined) the effects of individual physical processes can be related 

to larval growth and survival. This analysis when coupled with variable predation rates (Task 5) will identify 

the physical and biological oceanographic processes influencing recruitment of both cod and sprat to be 

utilized in Task 6.  

 

3.1 Resolution of environmental processes increasing survival success of young 
of the year cod and sprat 

Recruitment of the individual to the adult fish stock is determined by a combination of bottom up (resource 

effects) and top down (predation effects) processes acting to influence survival success. These mechanisms 

act stochastically over the early life history to produce windows of variable survival success (St John et al., 

2000). The goal of this Sub-task is to, using the characteristics manifested in surviving individuals resolve the 

bottom up, resource driven, and environmental (e.g. transport, upwelling) influencing survival success in 

Baltic cod and sprat.  
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The availability of suitable food for the larvae is usually considered to be a key factor in determining the size 

of subsequent year-class strength. Numerous studies on the gut content of cod larvae have been carried out 

in different regions (Wiborg, 1948; Nordeng and Bratland, 1971; Bainbridge and McKay, 1968; Last, 1978; 

Kane, 1984; Kvenseth and Øiestad, 1984; van der Meeren, 1991; van der Meeren and Næss, 1993; Fossum 

and Ellertsen, 1994), but corresponding information from the Baltic Sea and for sprat larvae is scarce. 

Because of the special hydrographic situation and the specific plankton community encountered, results 

obtained in other areas appear to be not transferable to the Baltic. It has been hypothesized by some others 

that cod larvae are not food limited in the Baltic Sea (Krajewska-Soltys and Linkowski, 1994), while other 

studies document variations in growth of larvae dependant upon hydrographic regime (St. John et al., 2000). 

In order to resolve the importance of bottom up and hydrodynamic process on the survival of young of the 

year cod and sprat we have utilised the microstructure of the otoliths. It has long been known that otoliths 

consist of a protein rich, organic matrix and an inorganic CaCO3 component (Degens et al., 1969). The 

mechanisms controlling the incorporation of protein and CaCO3, and thereby the formation of the otoliths, 

are still not conclusively resolved. Nevertheless has otolith microstructure traditionally been used to back-

calculate somatic growth rates and to age individuals (Wilson and Larkin, 1982; Neilson and Green, 1982 

and 1985; Volk et al., 1984). 

The determination of hatch dates in larvae and juvenile fish has been conducted mainly through the 

examination of the number of primary increments observed in the otolith microstructure (Campana and 

Jones, 1992). However, the same approach cannot readily be used in adults from temperate regions 

because no distinguishable primary increments are recorded during the winter months (Campana and 

Neilson 1985). Therefore, the estimation of hatch dates in adults requires the development of a method able 

to discriminate among individuals born at different times during the year. This is an important step to be able 

to identify the characteristics of survivors in terms of their hatch date. 

Methods to determine time of first primary increment formation in adults have been examined in detail for 

herring (Clupea harengus). In this species, differences in otolith growth trajectories among larvae born at 

different times during the year experiencing different temperature regimes have been found (Moksness, 

1992; Fossum and Moksness, 1993; Stenevik et al., 1996; Fey, 2001). These differences have been further 

identified in adults and successfully used to separate between adults born during the year (Zhang and 

Moksness, 1993; Mosegaard and Madsen, 1996). The method as such has a temporal resolution in the 

seasonal scale, distinguishing between individuals born in spring, autumn and summer (Mosegaard and 

Madsen, 1996). Given that temperature is one of the main factors controlling otolith formation (Marshall and 

Parker, 1982; Mosegaard et al., 1988) a similar approach may be used for other fish species. Besides, dates 

of first primary increment formation may be estimated with a higher temporal resolution, in terms of months, 

fortnights or even weeks, in environments where temperatures changes can be recorded in a shorter 

temporal scale. 

Baltic sprat has a prolonged spawning season that extends from April to August (Task 1). A consistent 

hydrographical feature during the sprat-spawning season is the development of a thermocline in the upper 

layers (Kullenberg and Jacobsen, 1981; Møller and Hansen, 1994). In this upper layer, where temperatures 

gradually increase from 5 up to even 20 ºC over May-August, sprat larvae are usually concentrated (Wieland 

and Zuzarte, 1991; Makarchouk and Hinrichsen, 1998). Thus, the influence of steadily increasing 

temperatures and corresponding environmental conditions for individuals born at different dates are 



Final Consolidated Report  Task 3 
 

 233 

expected to affect somatic growth and otolith accretion rates that later may be recognized as specific 

microstructure patterns in surviving adults. This framework provides an ideal opportunity to analyse the 

suitability of otolith microstructure to estimate dates of first primary increment formation in Baltic sprat with a 

high temporal resolution. 

The objective is to develop a method to estimate date of first primary increment formation in sprat based on 

the analyses of the microstructure pattern formed in the otoliths during the larval stage that can be further 

applied in the adults. Changes in temperature over the spawning season of sprat and its influence on the 

otolith growth pattern early in life are considered. Growth rates in Baltic sprat were studied by analysing the 

otolith size-fish size relationship and the otolith microstructure of larvae caught at the peak of spawning 

(May-June 1999). Possible differences in the growth characteristics of the individuals caught at different 

depths were also considered. 

Understanding the processes influencing growth and survival in larval fish is a main issue to understand 

recruitment dynamics. There has been increasing interest over the last years to analyze variability of these 

traits at individual level (see for example DeAngelis and Rose 1992). One of the main advantages of using 

this approach is the possibility of analyzing how changes in foraging behavior may modify the growth and 

survival performance of individual larva under a wide range of environmental conditions. 

Little is known of the factors influencing growth and survival during their early life stages of Baltic sprat. Still, 

given the long duration of its spawning season, high variability in growth and survival rates among larvae 

hatch at different times of the year may be expected. Besides, there is indirect evidence that sprat may grow 

at different rates during their early stages as the size achieved at the beginning of the winter differs among 

individuals born during the same spawning season. 

In this study, a model to analyze foraging behavior and growth trajectories of sprat larvae in the Baltic Sea is 

developed. The environmental conditions during the sprat-spawning season were introduced in the model 

accounting for daily changes in the vertical distribution of temperature, light and zooplankton abundance. 

The model predicts: (1) patterns in swimming speed and optimal depth for growth over the season; (2) trends 

in length-at-age and growth rates for larvae hatched at different times over the year. Predicted growth 

trajectories are then compared to those observed from the otolith analyses of larvae sampled over the 

spawning season. 

Earlier studies of the otolith size at hatch in Baltic cod larvae have indicated that larger hatch check seems to 

characterize the surviving fish (Grønkjær and Schytte, 1999). In this study we performed a similar analysis 

but included an expansion of the analysis to include the increments following hatch, by incorporating an 

analysis of the hatch check influence on the post hatch otolith accretion rate. 

An individual based cod larvae growth model based on larval otolith increment measurements was 

developed for a material of cod larvae sampled in 1999 in the central Baltic sea. The model was designed to 

optimise the interpretation of the otolith growth increments, and to produce growth trajectories for the 

individual larvae. The optimal otolith interpretation produced a curved somatic growth pattern with high 

increasing growth with age for a majority of the larvae. The model was capable of explaining 50% of the 

variance in the observed otolith growth rates, which was considered to be a low level of prediction power for 

the applied model. 

An analysis of the otolith size at the time of and following hatch was preformed on the cod larvae material 

that were applied in the growth model analysis. Inspired by earlier reports of otolith sizes at hatch for Baltic 
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cod, it was possible to produce an otolith record that indicated a higher survival for the larvae with larger 

hatch check. 

Otolith increments were also applied in the analysis of the ageing and hatch dates back-calculations for 

settled juvenile cod that were sampled on slopes of the Bornholm Basin. A model for comparing the age 

distributions among settling areas for cod in the central Bornholm Basin was developed in order to identify 

areas where individuals were characterized by longer or shorter duration of the pelagic life stages. The result 

showed that settled individuals on the southern and northerly placed slopes of the Bornholm Basin, was 

characterized by being younger compared to the individuals that settled in the north-easterly placed areas. 

This result indicates that a difference in the distribution of ages on the settling areas was present, and further 

analysis of combined hatch date distribution and the drift events may relate these differences to the duration 

of the pelagic life stages of cod. 

An effort was made to put together material that represented the development of a cohort of Baltic cod, from 

the early and late larvae stages to the pelagic and benthic stages of juveniles. In this way individual growth 

estimates, sizes at age, hatch dates and other characteristics could be compared for the surviving fish, in 

order to identify the survival traits in the cohort. However the lack of adequate samples of pelagic and settled 

juvenile cod for the years in which cod larvae samples were available, prevented the completion of such 

analysis. 

Instead attention was drawn towards an analysis of the hatch date distribution, settling areas, and its 

correspondence with otolith growth patterns in settled juvenile cod sampled in the central Baltic Sea in 

December 1995. The analysis was developed as a method for analysing age differences in sampled fish 

material, as well as contributing to the drift modelling in Task 4. The result showed that settled juvenile cod 

sampled in the southern and northern areas of the Bornholm Basin were characterized to be younger fish 

with a general higher growth in the larvae stages when compared to fish sampled in the central and north-

easterly areas of the basin. 

The characteristics of sprat survivors were analysed by studying the influence of traits such as day of first 

primary increment formation and size attained during the juvenile phase in the onset of maturity of the 

survivors. The method developed above to estimate date of first increment formation was applied in adult 

sprat to predict their date of first primary increment formation and specifically used to examine its influence 

on the onset of maturity of the survivors.  

The observation of differences in the hatch date distribution of the juvenile cod on the different settling 

locations, is intended to be coupled to fine scale modelling of drift events in the central Baltic Sea. In this way 

the juvenile cod distribution can be coupled to larvae otolith growth pattern, to regional cod egg and larvae 

distribution, zooplankton distribution and feeding regimes. It is the intension that areas of spawning, 

hatching, feeding and settling can be identified by such an analysis. 

During their first year of life, cod undergo a series of life stages, from the egg over the yolk sac larva and 

larva to the pelagic and demersal juvenile stages. During these early life stages mortality is extremely high in 

gadoid fish, decimating numbers by as much as 99.9% (Houde, 1987; Rice et al., 1993; Cushing and 

Horwood, 1994). The survival of young fish is predominantly regulated by feeding conditions and predation 

(Cushing, 1972; Houde, 1987; Peterman et al., 1988; Myers and Cadigan, 1993a). For Baltic cod hatching 

and the early larval stage have been identified as the most critical periods (Köster et al., 2002b). 

Oceanographic events, often in interaction with climatic conditions, affect the timing of primary and 
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secondary production. The temporal match between larval hatching and the production of their prey, 

zooplankton, as well as advection and retention of fish in favourable environments are suggested to be the 

most dominant mechanisms controlling survival of larvae and pelagic juveniles (Hjort, 1914; Cushing, 1972; 

Lasker, 1981). In these stages fish are also sensitive to size specific predation (e.g. Miller et al., 1988; Bailey 

and Houde, 1989; Pepin et al., 1992). With time they grow through a “size window” of enhanced predation 

mortality before they become invulnerable to a specific predator (e.g. Rice et al., 1993; Miller, 1997; Van der 

Veer et al., 1997). Ichthyoplankton is relatively rare and predation, cannibalism and food mediated control of 

larval survival are therefore considered to be largely density independent processes (Fortier and Villeneuve, 

1996; Cushing, 1983). 

However, variability in the density independent component of early life mortality is small (Myers and Cadigan, 

1993b) and abundances of eggs and larvae are seldom a good predictor of recruitment (Sissenwine, 1984; 

Smith, 1985; Peterman et al., 1988; Campana, 1996). While the mechanisms regulating survival of larvae 

and pelagic juveniles may be predominantly density independent, density dependent mechanisms seem to 

take over during and after settling (Sundby et al., 1989; Myers and Cadigan, 1993a). 

In the demersal stage of a wide range of species the dominant agent of mortality is predation (e.g. 

Sissenwine, 1984; Tupper and Boutilier, 1995a and b; Van der Veer et al., 1997). Ware (1975) hypothesised 

that this predation mortality is inversely related to fish growth rate and density. A number of studies support 

this hypothesis by showing that as fish grow they pass through prey fields of various predators (e.g. Folkvord 

aand Hunter, 1986; Post and Evans, 1989a) and that both the number of potential predators and the 

mortality they cause decrease with increasing fish size (Zijlstra et al., 1982; Van der Veer et al., 1996; Miller 

1997). 

In coral reef fishes strong density dependent competition for territories with shelter and favourable feeding 

conditions at settling is well known. This competition either affects survival of newly settled fish directly (e.g. 

Forrester, 1990; Tupper and Hunter, 1994; Carr and Hixon, 1995), or regulates the size of the adult 

population by affecting the time until juveniles reach maturity (Jones, 1987). Survival of pre-recruits is thus 

determined by an interaction of predation with other processes, such as competition for food and suitable 

habitat. The key driving force behind enhanced survival success according to these theories is growth. Even 

small changes in growth rate may affect survival considerably (Houde, 1987; Rice et al., 1993; Meekan and 

Fortier, 1996; Campana, 1996). Analyses of growth patterns may thus provide insight into the mechanisms 

regulating survival of fish, as well as the suitability of different habitats as nursery areas. 

Baltic cod have an extended spawning period, from March through to September (Bagge and Thurow, 1993; 

Wieland and Zuzarte, 1996), with successful hatching at present restricted to the Bornholm Basin (Bagge et 

al., 1994). From the Bornholm Basin cod larvae and pelagic juveniles can be transported into nearshore 

areas below the Ekman layer, where they make the transition to the demersal life stage, or remain in the 

area where they were spawned, as 3-D advection modelling, coupled with particle tracking simulations, have 

shown (Hinrichsen et al., 1997; Hinrichsen et al., 2001; Voss et al., 1999). 

During the transport from spawning to juvenile nursery area, survival is determined primarily by density 

independent processes such as predation and availability of food (e.g. Cushing, 1972; Sissenwine, 1984; 

Bailey and Houde, 1989; Miller, 1997). Since the distributions of juvenile as well as adult cod, the only 

predator on juvenile cod, are spatially segregated (Aro, 1989; Sparholt et al., 1991), predation on juveniles 

has been limited in recent years (Uzars and Plikshs, 2000). In the Baltic, the biomass of Pseudocalanus 
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elongatus, Temora longicornis, Acartia bifilosa and Centropages hamatus, the primary prey species of 

pelagic cod (Hüssy et al., 1997), increases steadily from <100 mg*m-3 in January to ca. 900 mg*m-3 in July. 

During August/September the copepod biomass decreases dramatically down to levels found in winter 

(Möllmann et al., 2000). Depending on hatch date, transport conditions and settling habitat, the individuals 

experience widely different environmental conditions, providing the foundation for widely varying growth and 

survival rates. 

In this program the age distribution at settling, growth and vertical migration of juvenile cod at different 

localities was examined by otolith microstructure analysis. Growth and migration patterns were inferred by 

comparison of observed otolith growth rates with values derived from an otolith growth model. A) The spatial 

and temporal variability in abundance and production of zooplankton (species and sizes) available to larval 

cod and sprat relative to oceanographic regime. 

 

The spatial and temporal variability in abundance and production of zooplankton available to larval cod and sprat 

relative to oceanographic regime 

Material and Methods 

Prey Availability: Seasonality and horizontal distribution 

Zooplankton horizontal distributions, as descriptors of the feeding environment of larval cod and sprat in the 

Bornholm Basin were analysed for 4 months of 1999. Samples from 5 cruises, i.e. April, (RV Alkor-cruise 

141), May (RV Alkor cruise 143), June (RV Alkor-cruise 143 and RV Walther Herwig-cruise 206) as well as 

August (RV Alkor-cruise 147) were processed. 

Preserved samples (40%-formalin seawater) from a Bongo-Net with a 150µm mesh size and a 50µm mesh-

sized liner were processed in parallel from a subset of the station grid. For the stations analysed from a 

specific month see Fig. 3.1.1. For the April and June horizontal distribution 21 stations were processed, 

whereas for May 22, and for August 16 stations with a slightly different horizontal coverage of the Basin have 

been analysed. Unfortunately 50µm samples of 10 stations from April were in a very bad condition and no 

animals could be identified and enumerated. Additionally problems with the conservation of August samples 

did not allow analysis of parallel samples with the 50µm and 150mm net from some of the stations. This 

should be taken into account when analysing the horizontal distributions. 

Calanoid copepods Pseudocalanus elongatus, Temora longicornis, Acartia spp. (containing difficult to 

discern A. longiremis, A. tonsa and A. bifilosa), Centropages hamatus, the cyclopoid copepod Oithona similis 

and copepod eggs as well as the taxonomic group of cladocerans (containing Evadne nordmannii, Podon 

spp. and Bosmina coregoni maritima) were considered as potential food organisms for larval fish. 

Abundances (n * m-3) of calanoids were determined for nauplii (N), copepodites I to III (CI-III), copepodites IV 

and V (CIV-V) and adults (CVI), whereas for O. similis only nauplii, copepodites (CI-V) and adults were 

discerned. Eggs of all copepod species were treated as one group as was done for all cladoceran species.  

A comparison of the abundances in the two differently mesh-sized nets showed the 50µm liner to better 

catch copepod eggs, N of calanoids and N as well as CI-V of O. similis, whereas all other considered 

species/stages were caught more efficiently by the 150µm Bongo-Net. Consequently horizontal prey fields 

for sprat and cod larvae were constructed by using abundances from the net having the better catch 

efficiency for a specific species/stage. 
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Prey availability: Vertical distribution 

The vertical distribution of the above described species/stages considered to be potential food organisms for 

larval fish was investigated using vertically stratified BIOMOC samples from May 1999 (Alkor-cruise 143) and 

August 1999 (Alkor-cruise 147) on 24h stations in the central part of the Bornholm Basin. Samples from 

50µm liner deployed in the centre of the BIOMOC 335µm nets were analysed for selected depths. The 

results of four profiles (covering the diurnal cycle) for each sampling date were used to describe ontogenetic, 

diurnal and seasonal vertical distribution patterns in relation to the hydrographic regime. 

 

Prey Production: Copepods 

On four cruises with FS Alkor between April and August 1999, 39 egg production (EPR) egg production 

experiments have been run with copepods from the Bornholm Basin, Gotland Basin and the Gdansk Deep. A 

total of 727 single incubations have been carried out with calanoid copepods of the 5 dominant species: A. 

bifilosa, A. longiremis, C. hamatus, P. elongatus and T. longicornis. EPR experiments were performed 

according to Kiørboe et al. (1985). Copepods were collected with a net of 200µm mesh size, which was 

especially designed for careful sampling of living plankton organisms. The plankton samples were taken to a 

temperature-controlled room and CVI female copepods were selected using a pipette under a dissecting 

microscope. A few drops of mineral water (CO2) were applied to anaesthetise the copepods in the petri dish. 

Mineral water does not have any harmful effects on copepods. Subsequently, the copepods were individually 

transferred to seawater, which was passed through a 20µm filter. After 15min, the animals were screened for 

possible damages and anomalous behaviour. Only undamaged copepods with normal behaviour were used 

for the experiments. The copepods were individually transferred to 500ml glass bottles containing pre-cooled 

20µm-filtered seawater from the sampling location. The bottles were incubated for 24 hours at in-situ 

temperature and dim light. After 24 hours, the bottle contents were filtered through a 200µm/50µm double-

filter to separately collect the copepods and eggs. The copepods were checked for vitality and, together with 

the eggs, preserved in buffered formalin (4 % final concentration). In the laboratory, the samples were 

filtered and the eggs counted. 

Statistical analyses were perfomred to investigate differences in EPR between species, basins and cruises. 

We used data from EPR experiments for Acartia bifilosa, Centropages hamatus, Temora longicornis an 

Pseudocalanus elongatus. Prior to the analysis EPR data were normalized by log-transformation and used in 

analyses of variance (ANOVA). For post hoc tests to distinguish between single means Tukeys HSD-Test for 

unequal sample sizes (Spjotvoll/Stoline-Test) was used.  

 

Adult copepods (CVI) have no individual somatic growth and all their production is channelled into 

reproduction. By measuring the EPR in CVI-females, specific daily production can be calculated. Assuming 

equal growth in the different copepod stages, secondary production of the total copepod population can be 

calculated by multiplying the CVI production rates with the biomass of all stages of the copepod species. 

Seccondary production of the copepod community in the Bornholm Basin for the period April-August 1999 

was calculated by multiplying weight-specific production rates derived from above described EPR 

measurements with the respective copepod biomass derived from Bongo-sampling for horizontal distribution. 

Size-measurements of eggs and copepods allowed calculation of weight-specific production rates. Individual 
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weights, derived from size measurements and published stage-specific length-weight relationships (Cohen 

and Lough, 1981; Klein Breteler et al., 1982; Chojnacki, 1983) were used for each species. In total 3223 

animals were measured. In cases were the number of measured animals was insufficient, standard weights 

given by Hernroth (1985) were applied. Weight-specific production in O. similis, for which no EPR 

experiments were conducted, was taken as 4%*d-1, following Sabatini and Kiørboe (1994). Secondary 

production of the copepod species was summed up to copepod community production. The species 

considered here, represent >99 % of the total copepod biomass. 

 

Prey production: Cladocerans 

Cladocerans form an important part of crustacean mesozooplankton in the central Baltic Sea and can be 

dominating after mass development during summer months. In the area of investigation three taxa coexist: 

Bosmina coregoni maritima, Evadne nordmanni and Podon spp. We determined abundance, distribution, 

biomass and production of these cladocerans in the Bornholm Basin in April, May, June and August. 

Cladocerans were collected during cruises in the Bornholm Basin with FS Alkor between April and August 

1999 using the Bongo net with 150 µm mesh-size, for details see above. Abundance of B. coregoni maritima, 

E. nordmanni and Podon spp. was determined separately. Biomass was calculated by multiplying the 

abundances with species specific standard weights for Baltic cladocerans, given by Hernroth (1985). 

Production was calculated from species specific biomasses (B) and integrated ambient water temperature 

(T) from CTD-measurements, applying the growth equation for Baltic cladocera: P/B= 0.007 T – 0.012. 

 

Hydrography  

Vertical profiles of temperature, salinity and oxygen concentration were recorded on each zooplankton sampling 

station (see below) using a CTD. Measurements were performed in the whole water column. 

 

Results 

Prey availability: Seasonality 

The seasonal development of the considered zooplankton species/stages between April and August are 

presented in Fig. 3.1.2. In August highest abundances of copepod eggs were encountered, whereas in June 

and May minimum abundances of copepod eggs were recorded. A clear shift in the stage composition is 

visible for P. elongatus with highest N abundance in April and May, highest CI-III values in May and August, 

highest CIV-V values in August and in parallel decreasing CVI abundance. Similar patterns were found for T. 

longicornis with the exception of an accumulation of CIV-V and CVI in June and especially in August. This 

accumulation of older stages in June and August is also characteristic for the population development of 

Acartia spp. having a peak of younger stages (N, CI-III) in May. Highest N abundance of C. hamatus was 

found in May and August, high CI-III values from May onwards and maximum CIV-V abundances in June, 

whereas CVI abundance peaked in August. O. similis N were found in all three months with a slight 

maximum in May. Copepodites of this species were found in considerable amounts from May onwards with a 

peak of CI-III in August, whereas considerable quantities of CVI were never encountered. Cladocerans 

increased in abundance during the four observed month exceeding copepod abundances in August. 
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Prey availability: Horizontal distribution 

Horizontal distributions are displayed for each species or taxonomic group separately in Figs. 3.1.3-3.1.9. In 

April to June eggs of all copepod species were distributed all over the centre of the Bornholm Basin as well 

as north of Bornholm (Fig. 3.1.3). In August, however a slight displacements of copepod eggs to shallower 

areas is indicated. 

In general P. elongatus life-stages concentrated in the centre of the Basin within the 80m isobath. This is 

especially true during the main reproduction season in May. In April a slight southward displacement was 

observed for CI-III whereas in June higher abundances for N and CI-III were recorded in the north-eastern 

part of the Basin and older stages in the southern areas. In August an accumulation of all copepodite stages, 

but especially CIV-V in the centre of the basin is visibile. Frequently higher abundances were found in the 

vicinity of Bornholm (Fig. 3.1.4).  

Compared to P. elongatus highest abundances of calanoids T. longicornis and Acartia spp. were found 

outside the 80m isobath (Figs. 3.1.5 and 3.1.6). No consistent pattern of spatial distribution is visible for both 

species. However, concentrations of T. longicornis were frequently observed in the area between the east 

coast of Bornholm and the polish coast, especially for older stages. Younger individuals (N, CI-III) often 

concentrated in the north-eastern part of the surveyed area (Fig. 3.1.5). Individuals of Acartia spp. frequently 

concentrated in the more northern parts (Fig. 3.1.6). In August a general tendency to concentrations in the 

southeastern part of the basin was observed for both species. 

N of the less abundant C. hamatus were observed mainly in the centre of the Basin, whereas copepodites 

were mainly recorded in shallower parts, i.e. mainly in the southern parts of the basin in May and June as 

well as southeasterly in August. CVI of C. hamatus were mainly recorded in the deeper parts of the basin, 

with the exception of June, when a southerly displacement was observed (Fig. 3.1.7). 

Higher abundances of the cyclopoid O. similis were found from May onwards and were distributed in the 

centre and northern parts of Bornholm Basin (Fig. 3.1.8). Cladocerans showed differing distributions 

between months with a north-eastern and south-western displacement of animals in April, a more centred 

distribution in May and again a north- and southward displacement in June. In August highest concentrations 

were found at the 80m isobar in the southeastern part of the Bornholm Basin (Fig. 3.1.9). 

 

Prey availability: Vertical distribution 

The vertical distribution of P. elongatus in May 1999 (Fig. 3.1.10) showed mainly an ontogenetic distribution 

with N and CI-CIII peaking between 10 and 30m, while older stages have their abundance maximum in 

deeper layers between 50 and 70m. Similarly in August (Fig. 3.1.11), N concentrated in the upper layers, 

whereas the dominating older CIV-CV accumulated in the lower part of the water column. CI-CIII seemed to 

be a transition stage, having a clear bimodal distribution with peaks corresponding to those of N and CIV-CV. 

A similar vertical distribution was found for T. longicornis and Acartia spp. in May with all species being 

confined mainly to the upper 50m of the water column. Maximum concentrations were regularly observed in 

ca. 10 to 30m. The same general pattern was recorded in August, with the exception of CVI-f of Acartia spp. 

showing a deeper abundance peak during daytime (45m) compared to nighttime (15m). 

A more variable vertical distribution pattern was encountered for C. hamatus. In May the dominating N 

concentrated mainly in the upper 40m, although a smaller peak was observed during night between 70 and 

80m. In August the first night profile showed no distinct vertical distribution, whereas the other night profile 
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indicated a clear orientation to upper layers. This was to a lesser degree also true during day, with increased 

abundances around 50m. 

A very stable vertical distribution was recorded for O. similis with all stages having maximum abundances 

between 60 and 70m independent of daytime and season. The combined group of cladocerans was in May 

exclusively distributed in the upper 50m with the maximum abundance between 10 and 30m. The same 

general trend was recroded in August, with the exception of the first night profile showing peak abundances 

between 50 and 70m. 

 

Prey production: Copepods 

As a first step in the statistical analysis species-specific differences in egg production were investigated 

using EPR data aggregated over basins and cruises. Average EPR were lowest for P. elongatus, followed by 

T. longicornis, whereas mean EPR A. bifilosa and C. hamatus were of similar magnitude (Fig. 3.1.12). 

ANOVA indicated significant differences between species (F=8.14; p<0.001), which Post hoc test revealed to 

occur among P. elongatus and A. bifilosa as well as C. hamatus.  

Next, differences between basins were tested by pooling all cruises on a single-species basis. However, no 

significant differences between the 3 basins could be detected for any of the species. Thus, finally EPR of all 

basins were aggregated and tested for differences between cruises for each of the copepod species. Highest 

EPR for A. bifilosa were observed in May (Fig. 3.2.13). ANOVA detected significant differences among 

cruises (F=7.42; p<0.01) and post hoc comparisons revealed May to be significantly different from April and 

July, but not from June. For C. hamatus high EPR were observed in April and May, whereas in June and 

July rates were low (Fig. 3.1.14). ANOVA detected significant differences (F=7.88; p<0.01) with post-hoc 

tests showing May EPR to be different from those later in the season. A similar grouping with high EPR early 

and low rates later in the seasons was also observed for T. longicornis (Fig. 3.1.15). Consequently, highly 

significant differences (F=17.67; p<0.001) were due to this temporal differences in EPR. No significant 

differences were found for P. elongatus (F=0.46; p=0.65), which are probably due to the low numbers of 

EPR experiments. Nevertheless again higher EPR were found in April and May compared to later in the 

season (Fig. 3.1.16). 

 

Total copepod community production in the Bornholm Basin between April and August 1999 amounted to 

11g C * m-2. Monthly production rates ranged from 0.6 to 3.5 g C * m-2. The variation in monthly production 

rates reflects the seasonal changes in EPR and copepod biomass (Table 3.1.1). Highest copepod production 

was found in May, when EPR was maximal. Community production remained fairly high during summer, 

since the strong decrease in EPR after May was largely compensated by an increase in copepod biomass. 

The most important contributors to community production were T. longicornis and Acartia spp., which 

together accounted for 62% of the total copepod production  (Fig. 3.1.17). T. longicornis production was high 

from April – June but rather low in August, whereas the relative contribution of Acartia spp. steadily 

increased from April to August. P. elongatus contributed significantly to the community production only in 

April and May. The other species, i.e. C. hamatus and O. similis were found to be of less importance with 

<20% of community production in all months. 
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Prey production: Cladocerans 

Average basin-wide cladoceran abundance and biomass in the Bornholm Basin were low in April (25 n*m-3 

resp. 1 mg wet weight*m-3), and increased strongly during spring to about 3300 n*m-3 resp. 19 mg wet 

weight*m-3 in June and further to a maximum in August of 30000 n*m-3 (Table 3.1.2). The change in total 

cladoceran production was large, from 19 to 2300 µg wet weight*m-3 per day, due to an increase in both, 

cladoceran biomass and ambient water temperature. E. nordmanni was by far the dominant species until 

June, being responsible for about 90% of cladoceran biomass and production, whereas in August clearly B. 

coregoni maritima dominated. 

 

Discussion 

Prey availability: Seasonality 

The abundances found for the different zooplankton species/stages in the Bornholm Basin were in 

accordance with the general life-cycle patterns for these species. P. elongatus, having one or two 

generations in the Central Baltic basins (Line, 1979 and 1984) had its peak reproduction time in April and 

May, when the highest amount of CVI and N were observed. The relatively high amount of copepod eggs 

encountered in April thus may be due to P. elongatus egg production. Later in the season N abundance is 

lower compared to spring as is the stock of CVI. The occurrence of CVI in summer either indicates a second 

generation, or these animals stem from copepodites which have overwintered in a younger stage and thus 

have reached maturity late in the season. The sesonality of copepodites indicate the accumulation of a 

resting stock of CIV-V, but also of younger CI-III (Möllmann et al., 2003). 

High abundance of T. longicornis and Acartia spp. N were also found in April/May. Later in June and August, 

the copepods, having multiple generations (Line, 1979 and 1984), accumulated CVI to produce new summer 

generations. This is especially visible for T. longicornis, having a large stock of N in August and thus 

probably constributed most to the peak in copepod egg abundance in summer. 

C. hamatus, preferring higher temperatures (Ackefors and Hernroth, 1970; Sidrevics, 1984) as well as O. 

similis were found in lower quantities having their peak abundances also later in the year in August. C. 

hamatus accumulated CVI in August and constant occurrence of N indicates permanent reproduction. 

Contrary the cyclopoid O. similis accumulated all copepodite stages, whereas very low numbers of CVI were 

found. 

The rise of cladoceran abundance from almost no occurrence in April to extremely high abundances in 

August shows the affinity of this taxonomic group to increased temperature (Dippner et al., 2000; Möllmann 

et al., 2000 and 2002). In summer it represents thus the most abundant group of mesozooplankton species 

in the Bornholm Basin. 

 

Prey availability: Spatial distribution 

Horizontal distribution patterns of P. elongatus in the Bornholm Basin were associated with their vertical 

distribution. Older copepodites and CVI preferring higher salinities (Dippner et al., 2000; Möllmann et al., 

2000) were found in deeper parts of the water column. This explains the concentrations in the centre of the 

Basin, whereas younger stages were found in shallower depths where they will be moved by currents to 

shallower regions. The investigation of the vertical distribution of P. elongatus clearly confirmed this 
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ontogenetic distribution. Considering the vertical profiles of temperature, salinity and oxygen at the sampling 

site (Fig. 3.1.18), reveals older stages to dwell in the permanent halocline of the Bornholm Basin. Here the 

animals find the highest salinity, but are confined to very low oxygen contents of < 1ml*l-1. The younger 

stages were mainly found in layers above the thermocline, where the oxygen content and, especially in 

summer, the temperature is higher. This distribution indicates that P. elongatus needs higher salinity for 

succesfull reproduction thus dwelling deep in the halocline, although the oxygen conditions are very bad. 

After hatching of nauplii and younger copepodites ascend to reach upper water layers, where oxygen and 

temperature as well as feeding conditons are better. This vertical ascend of younger stages is indicated by 

the bimodal distribution of CI-III, found in August. In the light of the worsening salinity and oxygen conditions 

due to the lack of pulses of North Sea water to the Central Baltic, the observed vertical distribution of P. 

elongatus indicates that the suitable habitat for successful reproduction of this copepod was deterioted. This 

may be one of the main reasons for the decrease in biomass and abundance of P. elongatus in the Central 

Baltic (Dippner et al., 2000; Möllmann et al., 2000; 2001). No diurnal vertical migration of this copepod is 

indicated by the result of this study. 

In contrast, T. longicornis and Acartia spp, not confined to high salinities but to warmer waters (Dippner et 

al., 2000; Möllmann et al., 2000), were generally found in the upper 50m of the water column and thus are 

distributed in more shallower regions. Especially in the summer these copepods were found in the region of 

the thermocline, where they find warmer water which may support their fast growth. The difference between 

day and night distributions of Acartia spp. CVI-f may indicate a diurnal vertical distribution, which was 

however not found for other stages and species. 

A similar distribution as found for T. longicornis and Acartia spp. was found for cladocerans as well as C. 

hamatus. Although for the latter the vertical distribution was very variable, it shows an orientation of these 

animals towards higher temperatures and a resulting higher phytoplankton abundance in upper layers. 

O. similis showed a similar and even more constant distribution in the region of the permanent halocline as 

observed for P. elongatus. Obviously this cyclopoid copepod favours higehr salinity, while accepting low 

oxygen levels, and feeds on detritus in the region of the permanent halocline. 

 

Prey production: Copepods 

Egg production rates measured in this study were low compared to the maximum values published 

(reviewed by Mauchline, 1998), but fall well in the range of values for small neritic copepods in offshore 

waters (e.g. Tiselius et al., 1991). Egg production in A. longiremis was smaller when compared to A. bifilosa. 

This is probably due to the fact that A. longiremis is the smallest of all the species tested. Also, the egg 

production rates of the largest copepod species, P. elongatus, were lower and did not exhibit a strong trend. 

P. elongatus is an egg carrying copepod species in contrast to the other species, which are free spawners. 

Much lower egg production in egg carrying copepods compared with free spawners has been reported by 

Kiørboe and Sabatini (1995). Furthermore, P. elongatus was found below the halocline (see vertical 

distribution), in the constantly cold winter water, whereas the other species were sampled from the top layer 

(thermocline to surface). In C. hamatus, egg production and body size was in the range as for the other 

copepods.  

Copepod production is strongly dependent on feeding conditions as well as on ambient water temperature. 

During the cruises performed, hydrographical conditions were recorded, but the quantity and quality of 
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available food for copepods has not been studied. However, the general features of the seasonal 

phytoplankton development in the Baltic are known (e.g. Lenz, 1995; Postel, 1995; HELCOM, 1996). The 

observed trend of increasing egg production from mid April to the end of May in the Bornholm Basin, may 

reflect the increase in water temperature under optimum feeding conditions. In this period, the phytoplankton 

spring bloom usually reaches its maximum with diatoms and dinoflagellates dominating and a large amount 

of ciliates developing in the post bloom period (Neumann, 2000). After the peak in May, egg production rates 

declined to a lower level in summer. This is probably due to sub-optimal feeding conditions. From June to 

August, water temperature further increased. Phytoplankton standing stocks are lower during summer with a 

higher percentage of small flagellates and cyanobacteria, both not regarded as good food for copepods. This 

trend of declining egg production rates towards summer could also be found in the Gdansk Deep and 

Gotland Basin. However, no indication for a spring peak was found. The composition of the phytoplankton 

spring bloom in the Gdansk Deep and Gotland Basin differs from the composition in the Bornholm Basin 

(Wassmund, pers. comm.) At present, there is not sufficient information for further interpretation. It may also 

be possible, that a peak was missed, since measurements were less frequent compared with the Bornholm 

Basin. 

 

The basic assumption of the widely used method for estimating secondary production is that EPR in females 

represents somatic growth in the developmental stages. It has been found, that specific growth rates in 

copepod developmental stages can be closely approximated by measuring female egg production (e.g. 

Berggreen et al., 1988). Some authors have reported isochronal growth for the different developmental 

stages, while other authors found weight-specific growth rates to be negatively correlated to body-weight 

(Mauchline, 1998 and references cited therein), i.e. that growth rate is higher in younger developmental 

stages compared to older stages and adults. Losses due to sinking into oxygen-depleted strata, non-viable 

eggs and predation have not been considered here. Thus, the production figures presented here may be 

seen as conservative estimates of gross production.  

Weight-specific production rates mostly ranged from 2 - 11 %/d and agree well with published P/B values for 

small neritc copepods in temperate areas (Mauchline, 1998 and references cited therein), e.g Fransz et al. 

(1991) found in the North Sea daily P/B ratios of  0.02 - 0.13  for Acartia clausi, 0.04 - 0.05 for C. hamatus 

and 0.05 - 0.11 for T. longicornis. A study similar to ours has been carried out by Hay (1995) on North Sea 

copepod biomass and production. Hay reported a combined biomass of Calanus, Acartia, Centropages and 

Temora species between 0.1 – 3.15 g C * m-2 in April and June. Estimated daily production in April and June  

in Acartia, Centropages and Temora mostly ranged between 5 and 50 mg C * m-2 and was comparable to 

our production estimates for the Bornholm Basin. 

 

Prey production: Cladocerans 

The production estimates of cladocerans could be based only on a simple growth equation. Due to their 

complicated life-cycles more detailed studies would be necessary, including more frequent sampling and 

identification as well as enumeration of the various life-stages, to derive more realistic estimates. This was, 

however, beyond the scope of this study. The production estimates nevertheless show clearly the 

reproduction to start in April from resting eggs and then an intensive rise in productivity in the further course 

of the season triggered by increased temperatures (Egloff et al., 1997). 
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Resolution of larval food resource utilization 

Material and methods 

Sampling of cod and sprat larvae for stomach content analysis was conducted during several cruises 

covering the spawning season of both species in 1987 and 1988. In both years a regular station grid of 30 

stations, covering the deep part of the Bornholm Basin (water depth >60m), was sampled by a Bongo-/Baby 

bongo-net with 500, 335, 150 and 50 µm mesh sizes. Catches were obtained both during day and night. 

Samples were conserved in a 4% buffered formaldehyde-seawater solution. The larvae were sorted out, 

measured and the gut content was analysed using a microscope to the lowest possible taxonomic level. 

Table 3.1.3 provides an overview about the cruises conducted, the numbers of larvae caught, the numbers 

suitable for analysis as well as the numbers with stomach content. Not all larvae were included in the 

analysis, as some of them were destroyed during the sampling procedure. 

Results 

Diet composition 

Tables 3.1.4 and 3.1.5 give a summary about the prey items encountered in the stomachs of the sprat and 

cod larvae. For sprat larvae (Table 3.1.4) a large range of prey types could be identified. However, nauplii 

were the dominating prey items. Among the different copepodites, the developmental stages of Acartia spp. 

were of major importance while other copepodites were found in the stomachs only seldom. Another prey 

type with high numbers identified was the cladoceran Bosmina coregoni maritima. 

The analysis of the stomach content of the cod larvae revealed an even higher importance of nauplii (Table 

3.1.5). 2713 of 2972 prey items identified belonged to this group. While calanoid copepods were found 

relatively regularly in the diets, all kinds of cladocerans played an only minor role. Contrary to other 

investigations (Marak, 1960; van der Meeren and Næss, 1993; Fossum and Ellertsen, 1994) for both species 

only low numbers of diatoms were found in the stomachs. 

 

Seasonal changes in the diet composition 

Fig. 3.1.19 shows the average diet composition (n/stomach of feeding larvae) for sprat and cod larvae over 

the investigated time period. Additionally, the average lengths and corresponding standard deviations are 

presented.   

For sprat larvae in average 1.2 - 1.6  prey organisms per stomach were found, with no obvious seasonal 

trend in the total stomach content. Only in July 1988 an exceptional high value of ~4 prey organisms per 

stomach was calculated. Throughout the spawning seasons of both years, the mean lengths increased while 

the importance of nauplii in the diet decreased. The outstanding value of July 1988 is mainly caused by high 

numbers of cladocerans found in the sprat larval stomachs. 

For cod larvae nauplii and copepodite stages I-III were the dominating food items throughout the year. Only 

in June and July 1988 adult calanoid copepodites contributed substantially to the diet of the larvae. The 

proportions of nauplii and copepodites exhibited a clear seasonal trend: In spring cod larvae fed mainly on 

nauplii, whereas later in the season copepodite stages increased in importance. In October 1988 nauplii 

were again the dominating food item. 
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Total stomach contents were in average higher (1.2 – 3.4 prey organisms per stomach) than for sprat larvae. 

Seasonal trends in the total stomach content were different between the years. While highest values were 

reached in 1987 at the end of the spawning season, in 1988 maximum average stomach contents were 

recorded in spring.  

For comparison purposes, Fig. 3.1.20 displays the zooplankton abundance in the Bornholm Basin during the 

investigated time period taken from the Baltic Monitoring Program (BMP; Anon., 1996). Highest total 

abundance values are reached in late summer (July/August). The zooplankton composition is to some 

degree mirrored in the stomach contents. While in spring nauplii stages predominate, during summer older 

developmental stages have a higher impact. The extraordinary high abundance of cladocerans in late 

summer 1988 was only used by sprat larvae as prey source. This might suggest a different vertical 

distribution of sprat and cod larvae (see Subtask 2.1) or could be caused by the differences in mean length 

of the larvae (7.9 mm vs. 17.5 mm).  

 

Size-dependant diet composition 

To investigate the influence of larval length on the diet composition, the results were broken down to 2 mm 

(sprat) and 1 mm (cod) larval length classes. To obtain sufficient numbers per length group, some sampling 

times were combined. Figs. 3.1.21 and 3.1.22 show the relative stomach content of sprat larvae for the 2 mm 

length classes as well as the prey numbers per stomach for the years 1987 and 1988. As might be expected 

the prey numbers per stomach tend to be higher for longer larvae. However, this trend is not always obvious 

and the absolute changes are rather small. Up to 20 mm length, the numbers per stomach stay in the range 

of 0-3 prey items per stomach. Only in the group >20 mm length (June and July 1988; Fig. 3.1.22) a 

maximum value of ~7 n/stomach was reached. For all observations a decline in the proportion of nauplii in 

the diets with growing larval lengths is to be seen. Anyhow, nauplii stay the dominating prey item (>50% in 

numbers) throughout the season for lengths up to at least 10 mm. Sprat larvae seem to progressively include 

copepodite stages in their diet. Standard length from which on the different stages are included is changing 

between the surveys and seems to be dependant on the zooplankton abundance. Adult stages of 

copepodites were first found in considerable numbers in the length group of 10-12 mm (August and 

September 1987; Fig. 3.1.21). Cladocerans were identified in small numbers starting at 8-10 mm larval 

length. Anyhow, proportions of >10% of the ingested food items were restricted to sprat larvae >16 mm. 

Figs. 3.1.23 and 3.1.24 show the corresponding results for cod larvae. For both years only a spring and a 

summer situation are presented, due to low numbers in the analyses of the other sampling dates. The 

variations in the total stomach content between the sampling dates is higher for cod larvae. The values have 

a range of 0-13 n/stomach, with highest stomach contents found in May 1988. As for sprat larvae, nauplii 

stages are the dominating food item for small cod larvae. Substantial contributions of copepodite stages are 

first found in the length group 6-7 mm, adult stages were included in higher numbers from ~9 mm length 

(Fig. 3.1.23). 

In Fig. 3.1.25 the mean prey length, it’s standard deviation and the minimum and maximum values are 

displayed against larval length for both species. At the same total length cod larvae included larger prey 

organisms in their diet. Mean prey size grows faster with larval length for cod than for sprat larvae. Minimum 

size of stage I-III copepodites (see Table 3.1.4) lies within the standard deviation of the mean prey size for 

cod larvae of 6-7 mm length, for sprat larvae at ~9 mm length. Minimum size of copepodite stages IV-V 
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reaches the range of the standard deviation of mean prey size at 7-8 mm (cod) and ~10 mm (sprat). For 

adult copepodites values of ~9-10 mm (cod) and ~13 mm (sprat) larval length are obtained. 

 

Daily feeding cycle 

Fig. 3.1.26 shows the percentage of empty sprat larvae stomachs at different times of the day for 3 sampling 

dates with high numbers of larvae caught. At night time almost all stomachs sampled were empty. At the 

time of sunrise the percentage of empty stomachs decreased sharply, but stayed also during daylight hours 

at typical values of 20-40 %, depending on the sampling occasion. 

For cod larvae only during one survey sufficient numbers for such an analysis could be caught (Fig. 3.1.27). 

In this case there is no such obvious relationship between daytime and feeding activity. The proportion of 

empty stomachs tends to be higher during the second part of the night, but the differences between day and 

night time are much less pronounced than for sprat larvae. In general the percentage of feeding cod larvae 

was higher, with values of >80% for most daylight samples. 

 

Discussion 

The youngest larvae of both species (3-4 mm) were not included in the stomach content analysis, because 

they were destroyed during the sampling process. Anyhow, for cod larvae of this size group only empty 

stomachs would be expected, as first feeding of Baltic cod larvae has been described to start between 4-5 

mm (Graumann et al., 1989). Cod larvae develop a functional mouth 4-6 days after hatching (Fossum, 

1986). For this stage, an average length of about 4.5 mm was found for Baltic cod (Grønkjær and Wieland, 

1997; Voss, 1996).  

The results presented showed nauplii and copepodites to be the dominating prey organisms. The importance 

of these items as food for cod larvae has been described by several authors for different regions (Goodchild, 

1925; Wiborg, 1948; Last, 1978; van der Meeren and Næss, 1993; Fossum and Ellertsen, 1994).  

Older sprat larvae (>16 mm) also included cladocerans in higher numbers in their diet, a fact not to be 

observed for cod larvae. This might be explained by different vertical distribution patterns of the larvae (see 

Sub-task 2.1). It seems that some species were favoured prey organisms: Among the cladocerans Bosmina 

coregoni maritima played the most important role, while individuals of Acartia spp. dominated the group of 

ingested copepods. If these species are actively selected, will be answered by calculating selectivity indices 

for all available zooplankton species, a task presently under investigation. 

For the first-feeding stages phytoplankton, mainly diatoms and dinoflagellates, were identified as important 

food items by other authors (Marak, 1960; van der Meeren, 1991; Fossum and Ellertsen, 1994). In contrast 

to this, no relevant proportion of phytoplankton was found in the stomachs of the investigated larvae from the 

Bornholm Basin. This is confirmed by Russian results obtained from eastern Baltic spawning areas for cod 

larvae in 1978-1985 (Graumann et al., 1989). This difference might be explained by the special 

environmental conditions in the Baltic, which lead to a temporal as well as spatial mis-match of larvae and 

high abundances of the above mentioned phytoplankton. In the central Baltic the bloom of diatoms can be 

expected from the end of March to the beginning of May (Schulz et al., 1992), i.e. before larvae occur in 

substantial numbers in the plankton. The abundance of dinoflagellates in spring, also suitable as food for 

larvae, has increased in recent years (Anon., 1996). However, abundance values are still rather low, 
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especially in 1987 and 1988 (Anon., 1996). The second bloom of diatoms occurs in general in 

October/November being to late to be used by larvae hatched in August/September as a food resource of 

considerable importance. For cod larvae, additionally to this temporal mis-match, the spatial overlap during 

spring is also rather limited, i.e. highest concentrations of diatoms are encountered in 5-15 m depth 

(Dahmen, 1995), whereas feeding cod larvae show highest concentrations at ca. 30 m depth and only very 

few are found in the upper 15 m of the water column (Grønkjær and Wieland, 1997). Sprat larvae instead 

may occur in the uppermost part of the water column (see Sub-task 2.1). Whether they include 

phytoplankton in their diet in these cases remains unclear, but is currently investigated in the frame of 

vertically resolving sampling. In summer the thermocline increases in depth, thus phytoplankton occurs in 

relative high abundance also down to 30 m, but the absolute abundance values are considerably lower than 

in spring or autumn. 

The observed shift from nauplii to copepodite/copepod feeding is related to different factors: with increasing 

length and age of the larvae the swimming ability as well as the mouth size increase. The larvae become 

able to cope with larger prey organisms. The increase in suitable prey size is more pronounced for cod 

larvae than for sprat larvae. Last (1978) found an increasing percentage of copepodites in the stomachs of 

North Sea cod larvae above 5 mm. Our own results suggest a significant incorporation of copepodite stages 

I-III in the diets from 6-7 mm length (cod) and from ~9 mm length (sprat) on. The dominating role of nauplii 

as food organisms in spring of 1987 and 1988, even in the bigger size classes, can be explained by low 

abundance of copepodites in this time of the year (Krajewska-Soltys and Linkowski, 1994; Dahmen, 1995). 

In conclusion, the diet composition of cod larvae appears to be determined by larval size and the 

composition of available prey organisms. 

Baltic cod and sprat larvae are visual predators and therefore the main daily feeding period can be expected 

during day-light hours. Similar results are presented by Last (1978) for North Sea cod larvae, with main 

feeding activity just before sunset. While the results for sprat larvae followed the expected daily feeding cycle 

very well, the findings for cod larvae revealed not such a clear picture. In May 1988 even in night time a 

considerable percentage of the investigated cod larvae had some ingested food particles. The diet was 

dominated by nauplii independently of the length of larvae. As cod larvae usually stay around 30 m depth, 

where the abundance of nauplii is still high, an occasional feeding seems possible. Whether this is due to 

‘moonlight-feeding’ like discussed by Last (1978) or happens by incident, remains unclear. However, also for 

Baltic cod larvae main feeding activity seems to be restricted to day-light hours, as described by Zuzarte et 

al. (1996). 

 

Resolution of variations in larval growth  

Materials and methods 

Field samples 

Cod larvae: A total of 210 fish larvae were available for this study. Total length and weight were measured 

on each fish by use of microscope (to nearest 0.1mm), and fine scale electron weight (0.002 µg). The weight 

was measured as dry weight after evaporation of the storage alcohol, hereafter termed Alcohol Free Dry 

Weight (AFDW). The larva material that was available for this study showed to consist of a majority of small 

larvae with few otolith increments. These larvae were considered to be unsuitable for the increment 
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measurements. It was therefore decided to develop the growth model on the larger larvae in the material (≥ 

5mm). Based on these considerations only 37 fish were suitable for otolith growth analysis. In these fish both 

lapillus and sagitta were dissected and mounted on glass-slides with thermoplastic cement (Buehler ©). 

 

Cod juveniles: Due to the lack of success in capturing juvenile cod during the program, samples were 

obtained from a CORE research cruise performed in 1995. The primary goal of this cruise was to obtain an 

estimate of the horizontal and vertical distribution of O-group cod using trawl and hydro acoustic techniques 

(for details on sampling protocols see Nielsen and Lehmann, 1996). These will be utilized to examine the 

potential impact of hatch timing, transport and demersal distribution on survival success of Baltic cod larvae 

and juveniles by identifying characteristics of surviving 0-group cod. 

For the analysis of hatch date and growth analysis a total of 357 settled juvenile cod were sampled during 

the cruise in December 1995. A subsample of 94 fish (size range from 35 –80 mm) represented 5 different 

settling areas (North, South, Central, East and Northeast) in the Central Baltic Sea, were selected for otolith 

analysis.  

For the analysis of the relationship between hydrographic regime and juvenile cod growth, additional 

samples from cruises performed in November and December 1998 during cruises with RV “SOLEA” and 

“DANA” were selected. 

Relatively low numbers (two fish per trawling hour) of pelagic juveniles were caught during the November 

cruise. For comparison with the December cruise a subsample of 20 fish was selected from the same area of 

interest. These fish were caught between 1800 and 2200 from 3/11-5/11 and were caught with an Isaac-Kidd 

midwater trawl at a speed of 4 kn. On the December cruise two main areas of interest were selected: A 

shallow area on Oder bank (54°41’30’’ N and 14°31’30’’ E, bottom depth 27m) and a deeper area on the 

slope of Oder Bank (54°33’30’’ N and 15°22’80’’ E, bottom depth 47 m). On the bank 169 fish were caught 

between 2030 and 2100 on the 7/12 and on the slope 105 fish between 2130 and 2200 on the 9/12, in a GOV 

bottom trawl towed at a speed of 4 kn. An overview over the sampling localities is given in Fig. 3.1.28. For 

analysis a random subsample of 50 fish was selected from each area and compared with total catch for 

equality of size distribution. 

After capture, the fish were immediately frozen at –20°C. In the lab fish were thawed, standard length (SL) 

measured to the nearest 0.5mm, dried at 60°C for 48h and weighed (DW) to the nearest 0.01 g. Sagittal 

otoliths, henceforward just called otoliths, were extracted, rinsed in water and stored in labelled plastic bags. 

For the two localities daily resolved hydrographical profiles were obtained with the 3-D eddy-resolving 

baroclinic model of the Baltic Sea (Lehmann, 1995). This model has been developed at the Institute for 

Marine Research in Kiel, Germany, and is based on the free-surface Bryan-Cox-Semtner model, a modified 

version of the Cox numerical general ocean circulation model (Bryan, 1969; Semtner, 1974; Cox, 1984). The 

model covers the whole Baltic, from Kattegat and Skagerrak to the Gulfs of Riga and Bothnia. It has a 

horizontal resolution of 5km with 41 vertical levels and a time-step of 5min. The model is forced by actual 

atmospheric data (wind, air temperature, humidity, etc.), provided by the SMHI (Swedish Meteorological and 

Hydrological Institute) and river runoff taken from a mean runoff database (Bergström and Carlsson, 1994), 

as well as field data obtained during research cruises. Model output values were averaged to obtain a 24-

hour resolution. 
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On the bank, the water column was mixed virtually throughout the year, with temperatures decreasing from 

approximately 14 to 4.5°C in the investigated time period. Data were not available from Julian day 334 

onward, but were extrapolated to measured values from the December cruise. On the slope, a strong 

thermocline developed around Julian day 120, with 14°C in the surface and 5°C at the bottom and persisted 

approximately until day 310. After Julian day 320, an inverse thermocline, with cold water above warmer 

bottom water developed and persisted to the day of capture. The profiles of surface and bottom 

temperatures at the two localities are shown in Figs. 3.1.29 a and b. 

 

Sprat: For the analysis of hatch date distribution and growth, sprat larvae were collected periodically in the 

Bornholm Basin between April and August 1999. Larvae were collected using a Bongo net with a diameter of 

60cm equipped with a 500μm net. A standard oblique tow was conducted from the surface to the bottom at 

every station at a speed of 3kn. Besides, on the 13th and 14th of August metamorphosed larvae were 

collected using a fishing trawl with a net opening of around 10m at an average depth of 10-15m at a speed of 

3.5kn. At each station, sprat larvae were identified and a sub-sample preserved in 96% alcohol for otolith 

analyses except for those caught in the middle of August when individuals were frozen. A representative size 

range of larvae from selected stations over time was analysed to cover all possible otolith growth patterns 

formed at different temperature regimes. Details of sample sizes of larvae are given in Table 3.1.6. 

For larval sprat a growth model was also developed, based on bioenergetic relations. This model is 

described in the paragraph “Growth rates of larvae and juvenile sprat and cod”. 

Larval samples caught on the 19th of May, on the 26th of May and on the 4th of June from Station 23 

(koordinates: 55o17’30’’ N and 15o45’0’’ E) were analysed coinciding with the peak of larval abundance. The 

station was chosen to be representative of the central Bornholm Basin as it showed very high abundance of 

eggs and larvae during the whole spawning period. Larvae samples from the 19th of May and the 4th of June 

were caught using oblique hauls without depth stratification and using a Bongo equipped with a 500μm net. 

Samples from the 26th of May were collected at discrete depths with a 1 m2 BIOMOC multiple 

opening/closing net (a modified MOCNESS system). The BIOMOC was equipped with nine 335μm nets and 

with 50μm liners (diameter of opening 4 cm) inserted in the BIOMOC at selected depths. Two combined 

BIOMOC hauls, 17 nets in 5 meters intervals, constituted a depth profile from 5 to 85 meters. Towing time in 

a specific depth was 3min, after which the BIOMOC was lowered 2 meters. Here a new net was opened and 

the BIOMOC was lowered 3 meters to the correct sampling depth. This profile was sampled every 3 hours 

for a complete 24 hours cycle. Towing speed was 3 kn, and a mechanical flow-meter recorded filtered 

volume for each net. Temperature and salinity were measured for each depth interval on the three sampling 

dates. Sprat larvae were identified and subsamples were preserved in 96% ethanol for further otolith 

analysis, the rest of the larvae were preserved in formaline. Larvae were characterized as dead (D) or alive 

(L) previous to fixation. 

 

Experimental samples 

As the otolith formation rates in relation to the fish's environment are still not clearly understood, the best way 

of identifying some of the key factors in this process are laboratory experiments. Therefore, a series of 

experiments has been carried out for the purpose of improving our knowledge of the relationship between 
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otolith growth and fish somatic growth and two growth models were developed for cod (models are described 

below in: “Growth rates of larvae and juvenile sprat and cod”. 

Juvenile cod of approximately 20mm standard length (SL) and 60 days old were obtained from the Isle of 

Man Marine Laboratory, University of Liverpool. After 7 days acclimatisation to the facilities of the Danish 

Institute for Fisheries Research at a temperature of 12°C the fish were distributed evenly over 12 

experimental tanks. The fish were kept in 32psu seawater at full aeration and a light cycle of 16L:8D at 

constant temperatures of 5, 10 and 15°C, recorded on an hourly basis with Orion Tinytag loggers (vers. 1.2). 

Pellets of dry food (Perla Marine, Skretting a/s Denmark, pellet size from 0.8mm to 2mm) were provided 

continually throughout the day by automatic feeders at a high food level, corresponding to ad libitum feeding 

(approximately 4.0, 5.5 and 7.5% of fish dry weight per day for 5, 10 and 15°C respectively) and a low food 

level, corresponding to 65% of the three high food levels. The food consumed was calculated daily as the 

difference between food provided and the leftovers. 

At days 0, 10, 20, 30 and 40 all fish were anaesthetised with MS 222, measured and weighed and a random 

sub-sample of 10 fish from each treatment was taken, except for day 40 of the 15°C, low food treatment 

where only 5 fish remained. Otoliths were extracted, rinsed in water and stored in labelled plastic bags. Fish 

were dried individually at 60°C for 48h. At each sampling, some fish were separated from the rest and used 

for additional experiments: 

At a size of approximately 2.5g wet weight 28 fish from the high food treatments of the three temperatures 

were transferred to small plastic containers inside the experimental tanks with 6 individually recognisable fish 

in each container. Four randomly chosen fish from each treatment were sacrificed at the beginning of the 

starvation experiment. Every day at 8:00 am the containers from the 10 and 15°C treatments were 

transferred to a tank containing 5°C colder water, while the 5°C treatment containers were transferred to a 

10°C tank. After 1 hour the containers were returned to their original tanks, leaving a visible check in the 

otoliths. Every 5 days fish were anaesthetised, measured and weighed and a sub sample of four fish from 

each temperature was sacrificed. The starvation period lasted 15 days where after the remaining 48 fish 

were sacrificed. 

After 40 days two fish from each tank were measured, weighed and transferred to individual containers 

within two different tanks. Over the next 24 hours temperatures were gradually increased to 20°C in one tank 

and decreased to 0.9°C in the other. Fish from the 20°C treatment were not fed to minimise metabolic stress 

while fish from the 0.9°C treatment were fed ad libitum. Fish were sacrificed after 5 days and 50 days, 

respectively. 

 

Otolith measurements 

For both field and experimental samples of cod and sprat several otolith measurements were obtained. 

Procedures were essentially the same. The sagittal and lapillar otoliths were dissected from the head of the 

fish and dried. Unless otherwise stated, the term “otolith” refers to the sagittal otolith only. In the following the 

procedures for larval and juvenile cod and sprat are described. 

 

Cod larvae: In this study each lapillus was prepared for ageing by an intensive grinding and polishing 

procedure. Different kinds of lapping paper and fine grain polishing paste (Buehler ©) were employed to 

enhance the readability of the otoliths. The otoliths were ground down to the plane of the nucleus in a way 
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that revealed the microstructures from the nucleus check and to the otolith edge (Dale, 1984). The otoliths 

were then flipped and a similar grinding and polishing procedure was performed on the opposite side of the 

otolith. 

 

Cod juveniles: Otolith volume: Otoliths were weighed to the nearest 0.001 mg (otoW). For the analysis of 

otolith data an image analysis system (IMAGE PRO, version 4) was used with coupling of a dissection- or a 

compound microscope to a monitor screen by digital camera and frame grabber. Otolith area was measured 

from pictures of the whole otolith taken in the sagittal (otoA) and frontal plane (otoAf), as well as otolith 

length, from anterior to posterior edge, in the frontal plane (otoLf) at a magnification corresponding to 6.4mm 

pixel-1 (terminology see Secor et al., 1992). To calculate the otolith volume from image measurements an 

average otolith thickness was estimated as otoAf /otoLf and multiplied by otoA. For calibration, the volume of 

30 randomly chosen otoliths (minimum weight 1.2mg) was calculated by measuring the displacement of 

water in a glas vial (5ml) sealed with a small, round microscope cover slip. Care was taken to exclude any 

water bubbles before sealing the vial. The water volume displaced was then calculated as: volume= 

[(weightvial+water+otoW)-weightvial+water+otolith inside vial]/density of water (density of deionised water at 20°C= 0.998 

mg*mm-3). Five readings were taken per otolith and their values averaged. The image analysis derived 

volume was then calibrated to actual volume: otoV (mm3)= 0.771·(otoA·otoAf/otoLf); (n= 30, r2= 0.96). 

Length measurements: The otoliths were mounted onto microscope slides with thermoplastic cement 

(Büehler) with the proximal side facing up and ground to the central plane on a rotating disc covered with 

lapping film (grit 1200). Hereafter they were polished first on lapping film (3mm) and then with alumina paste 

(Büehler, 0.05mm). The polished sections were then turned and carefully pressed to the surface of the 

microscope slide to remove air bubbles and surplus cement. Hereafter, they were ground to a thickness of 

about 80mm and polished again. Over-polished and broken otoliths were discarded (two per treatment, with 

the exception of 10 and 15°C with low food, where all otoliths could be used). 

Otolith length measurements referred to here were taken along the longest distance from the nucleus to the 

tip of the rostrum at a magnification corresponding to 2.2mm·pixel-1. Measurements taken at different 

positions in the frontal lobe were scaled to total rostral length. Total length from nucleus to the edge (otoL), 

length from the temperature mark to the edge, increment widths in this period (IW1-IW40) as well as the daily 

increments of the starvation period were measured. 

Increment widths were analysed along a profile of grey values increasing from 0 (pure black) to 255 (pure 

white) with the “caliper” tool of Image Pro using a profile width of 50mm. This tool identifies recurring patterns 

based on the residuals from a running average. The start of an increment was defined as the point at which 

the grey values changed at the fastest rate towards higher values (higher transparency). From otoL and IW1 

to IW40 the following otolith lengths were calculated: otoL0, otoL1, otoL2, otoL3 and otoL4, corresponding to 

the otolith length from the nucleus to the start of experiment and days 10, 20 30 and 40 (equal to otoL). 

 

Otolith opacity: The otoliths light absorption capability was measured as the average of the distribution of 

grey values within a selected area of interest as described in Hüssy et al. (2002a). The measurements of fish 

from the growth experiment were collected in sections: a0= hatching to start of experiment, a1= days 1 to 10, 

a2= days 11 to 20, a3= days 21 to 30 and a4= days 31 to 40, covering as large an area as possible including 

the lobes on the dorsal/ventral side perpendicular to the rostral axis. Cracks or damaged areas were 
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excluded and the five areas were scaled to total otolith area (otoA) (e.g. A1= a1/(a0+a1+a2+a3+a4)*otoA). In 

fish from the starvation experiment the values within each increment, measured along a profile of grey 

values using a profile width of 100mm were averaged. The individual areas and increments opacity was then 

calculated as the percentage of the incident light (Li) absorbed by the otolith, after correcting for light 

refracted within the microscope (Lr): 

 

/Li·(otoG-Lr)- otoO 100100measured = , 

 

where Li= 340 and Lr= 0.0173·Li+25.919= 32. Opacity measurements were then standardised to an otolith 

thickness of 80mm following the method described in Hüssy et al. (2002a). The individual areas opacities 

were called otoO0, otoO1, otoO2, otoO3 and otoO4, while the opacities of the starvation experiment were 

called otoOd=1 to otoOd=15. 

 

Sprat: For the analysis of hatch date distribution the total length of the larvae selected for otolith analyses 

was measured under a dissection microscope connected to an image analysis system through a black and 

white camera with a resolution of 4.09 pixels per mm. Total length estimates were not corrected for 

shrinkage in ethanol. Each larva was placed into a small drop of water and both pairs of otoliths (sagitta and 

lapillus) identified under a magnification glass using double-polarized light. Both sagitta otoliths were then 

removed from each larva using a pair of dissecting needles. All sagitta otoliths were mounted in 

thermoplastic cement (Buehler©) on individual standard glass microscope slides with the sulcus surface of 

the otolith facing downward. 

Further preparations were conducted to enhance visibility of the otolith microstructure pattern. Otoliths were 

first polished on a polishing disc with two grades of 30 and 3μm and thereafter using fine polishing with a 

particle size 0.3μm (Alpha Micropolish Alumina® No.2). Only one sagitta per individual was polished. During 

the process, the otoliths were re-positioned by re-heating the thermoplastic cement so that both sides of the 

otolith could be polished. The polishing procedure was such that all primary increments were visible in the 

same focal plane from the centre to the edge in larvae otoliths whereas in adult otoliths only the central part 

of the otolith surrounding the nucleus was enhanced. Otolith preparations were then examined under a light 

microscope connected to an image analysis system (GLOBAL LAB®Image, Microsoft® WindowsTM) 

equipped with a black and white CCD camera. The resolution was 2.61 pixels μm-1 and 9.82 pixels μm-1 for 

larval otoliths. Each preparation was photographed and saved for subsequent measurements with a more 

advanced image analysis system (Image-Pro® Plus 4.1, Microsoft® WindowsTM). The distance from the 

centre to each primary increment was measured. The date at increment formation was estimated from the 

number of primary increments counted in the larval otoliths under the assumption that they were formed daily 

(Alshuth, 1988; Ré and Goncalves, 1993). 

For the analyses of sprat growth a total of 1376 sprat larvae caught on the 26th of May were preserved in 

alcohol. Every individual larva was placed under a dissection microscope connected to an analysis system 

through a black and white camera to measure the length of the larva. In 66 D-larvae and 52 L-larvae 

individual total length was measured by free-hand drawing a line along the image of the larvae. Additionally 

the perimeter of the larvae was automatically measured using an automatic tool available in the analysis 

system. There was a very high correlation between the length and the perimeter of the larva (r2=0.9481, 
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n=66, p<0.001 for D-larvae and r2=0.9711, n=52, p<0.001 for L-larvae) therefore, in all other larvae only the 

perimeter was measured and further transformed to larval length. The resolution of the measurement was 

4.09 pixels mm-1. 

The larvae were separated into three groups according to their total length (calculated from relationship 

between length and perimeter of the larva): less than 10mm, between10-15mm and between 15-20mm. No 

larvae longer than 20mm were found in any of the samples caught in May. Sorting was made separately for 

different depths, times of capture and the state of the larvae. Sub samples of larvae representing all depths 

and time intervals and different length-groups and both D- and L-larvae were selected for otolith analysis. If 

present, three larvae from each sample corresponding to respective depth, time, length-class and state of 

larvae were taken for otolith analysis resulting in a total of 247 larvae. Total length and all other variables 

were individually measured in the larvae used for otolith analysis. 

Besides, 111 and 130 larvae were preserved in alcohol from samples caught on 19th of May and 4th of June 

respectively from Station 23 (koordinates: 55o17’30’’ N and 15o45’0’’ E). Length of all preserved larvae was 

measured for separation into length-groups and a sub-sample proportional to the number of larvae in each 

length-group was chosen for otolith analysis. 

The total abundance of sprat larvae per m2 was calculated accounting for all the larvae caught and 

preserved in different media. In order to standardize the abundance of larvae, the data derived from oblique 

hauls were used. Therefore the abundance of larvae on the 26th of May was approximated using data from 

oblique haul conducted at the station on the 24th of May. Length distribution of D-larvae in sub-samples taken 

for otolith analysis was used to raise the length distribution to total number of larvae caught per m2. 

Sagittal otoliths were removed from 246 larvae caught on the 26th of May, from 47 of them lapilli were 

removed as well. Both sagittae and lapilli were removed from 59 larvae caught on the 19th of May and from 

73 larvae caught on the 4th of June.  

For otolith removal the larva was placed into a small drop of water and otoliths were located and identified 

under magnification glass using double-polarized light. Otoliths were removed from a larva using a pair of 

dissecting needles and the otoliths were mounted on slides in thermoplastic resin. When it was not possible 

to distinguish sagitta and lapillus according to their position in the head, these otoliths were not included in 

further analysis. From larger larvae caught in July sagittae were removed under magnification glass with 

reflected light using forceps. 

The area, grey average, length difference, major axis, maximum radius, minimum radius, minor axis, 

perimeter and width difference of all otoliths were measured except left sagittae in samples from 26th of May. 

Left sagittae in this sample were measured only for 49 larvae and in addition when right sagitta of particular 

larva was not present. Otoliths were measured under a microscope connected to an image analysis system 

using a magnification giving a resolution of 4.88 pixels per μm. Before measuring, all otoliths were 

completely adjusted to horizontal position by reheating the resin if necessary. Otoliths that were not possible 

to place completely horizontal and otoliths that looked strange or were broken were not used in further 

analysis. 

Otoliths were polished on a polishing disc with a grade 3 µm to remove the resin on top of the otolith, next to 

the surface of the otolith polishing was continued with Alpha Micropolish Alumina No.2 with a particle size 

0.3 µm. Larger otoliths were flipped during polishing in order to get the resin removed from all over the otolith 

avoiding overpolishing any part of it. Images of otoliths were saved by Global Lab Image program for later 
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microstructure analysis using a magnification with a resolution of 2.61 pixels per μm for larger otoliths and 

9.82 pixels per μm for smaller otoliths. Immersion oil for microscopy was used to remove polishing remains 

and clear the structures of the otolith. The images of the otoliths were analysed using Image-Pro Plus 4.1 

program. The distance from the centre to the end of each increment was measured along the same axis for 

all the otoliths. 

 

Hatch date distribution  

Cod:  

Ageing procedure 

The lapillus was chosen for the ageing procedure that was performed in this study. Several studies have 

reported the formation of daily increments in the lapilli of young cod, which enables ageing of the individual 

fish from microstructure analysis (Dale, 1984; Geffen, 1995). The lapilli are furthermore smaller than the 

sagittae otoliths and have a more flattened shaped. Less time is therefore needed in the preparation of the 

lapillus for the microincrement analysis (Meekan and Fortier, 1996). Additional growth centres are formed in 

the sagitta, and make the reading of the microstructure more complicated. Secondary growth centres are not 

present in the lapilli, which makes the reading of these otoliths less difficult (Meekan and Fortier, 1996). 

A CCD camera mounted on a compound microscope combined with a digitised image analysis enabled 

detailed counts of increments in the individual otolith (magnification 9,8 pixel/mm). The increments were 

counted along the maximal radius from the first clear check in the otolith nucleus corresponding to the otolith 

formations at the time of hatch and towards the edge of the otolith (Dale, 1984; Bergstad, 1984). The counts 

of the primary increments were then performed in the opposite direction. In cases were the two counts did 

not match, the counting procedure was repeated until a match in increments number was found. 

In order to evaluate the precision of the counting procedure a test was performed on 16 randomly selected 

otoliths. The increments of these otoliths were read twice with a 14 days interval between first and second 

count. The test revealed a precision of the ageing procedure on ± 4,67 increments. 

 

Hatch dates 

The distribution of hatch dates on the 5 sampling areas was illustrated by calculating the cumulated 

frequency for hatch dates in each of the individual areas. This resulted in 5 plots of cumulated hatch date 

frequency. A 8-degree polynomial curve was fitted to each plots, and the equation of the first derivate for 

each area was found. In this way the most abundant hatch dates on the different settling areas were 

revealed as peaks in the plots of the first derivate vs. age (Fig. 3.1.30). 

 

Age composition 

Besides the analysis of the most frequent hatch dates in each settling area, the cumulative frequencies were 

used in an analysis of the differences in the age compositions between the areas. The plots of the 

cumulative distribution were compared and similarities in age composition were observed between the 

Northern and Southern areas as well as between the central and north-easterly areas. Approximate 

probabilities from students T-test were applied for pooling since tables of the non-parametric Kolomogorov-

Smirnov statistic above P-values of 0.10 were not available. Based on these preliminary similarities the age 
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data were pooled into a NS- group (Northern and Southern areas), a NEC-group (Centre and Northeastern 

areas) and an Eastern group.  

The cumulative age frequencies of the 3 groups were plotted against age, and a Kolomogorov-Smirnov test 

was applied in order to test the differences between the groups with regard to their age composition 

(Conover, 1971). 

 

Hatch check size 

Otolith size corresponding to the time of hatch was recognized as a visible check surrounding a more or less 

structure less nucleus (Campana, 1989; Quinonez-Velázques, 1999). The check size was measured as 

maximal diameter and the diameter orientated 90° clockwise on maximal diameter 

 

Sprat:  

Otolith growth trajectories 

Otolith growth trajectories were calculated using otolith volume increase instead of increment width to 

account for the effect of previous size in increment width. The volume increase between two consecutive 

time steps can be calculated as: 
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assuming the otolith volume can be approximated to an ellipsoid where r is the minor radius measured along 

the transversal axis of the otolith, R is the major radius measured along the longitudinal axis of the otolith 

and h is the otolith thickness all variables measured at time t or t-1 respectively. Given that r and h are not 

commonly measured in routinely otolith analysis, a more general expression was proposed where volume 

increase was expressed as a function of size of the otolith prior to the primary increment formation (Rt-1) and 

the width of the primary increment itself (Rt-1), which are variables widely used in otolith analysis, with the 

form: 
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where dRt/dt is the increment width formed during a time step, Rt-1 is the size of the otolith previous to the 

formation of the primary increment,a1, a2 and a3 are constants. The parameters a1, a2 and a3 in expression 2 

were calculated by minimizing the difference of sum squares between the increase in ln-transformed volume 

observed from eq (1-1) and the expected from eq (1-2) for every increment width using optimisation 

algorithms (Solver, Microsoft Excel). 

 

The effect of temperature in otolith growth  
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The effect of temperature in the growth pattern of the otoliths during the larval stage was analyzed 

statistically by fitting a mixed linear model to the data using the method of restricted maximum likelihood 

(Proc Mixed, SAS v 8.1). Mixed linear models are a generalization of the general linear models where the 

data are permitted to exhibit correlation among measurements of one variable taken over time on the same 

individual. The nature of the correlation is evaluated by assuming different types of covariance structures in 

the model. In this particular case, measurements of otolith volume over time in larvae caught in 1999 were 

considered as the dependent variable whereas temperature at day of increment formation was considered 

as the independent variable. The temperature at day of increment formation was previously calculated from 

the day of the year-temperature relationship obtained for 1999. Because larvae concentrate in the upper 

layer of the water column at the time of formation of the first primary increments, average daily temperatures 

over the upper 10 m were used in the analysis. Only the first seven growth structures, corresponding to the 

maximum number of primary increments found in the youngest larvae, were included in the analysis to avoid 

statistical treatment of missing values. 

Four different types of covariance structure were implemented in the model to analyze various possible 

patterns of correlation in the dependent variable for the fitted model: (a) an unstructured covariance matrix, 

(b) a compound symmetry matrix, (c) a covariance matrix corresponding to a first-order autoregressive 

model and (d) a covariance matrix assuming a first-order autoregressive moving average. Two different 

likelihood-based approaches were used to select the model that best fitted the data: the Akaike’s criteria and 

the likelihood ratio test (Bozdogan, 1987; Wolfinger, 1993). In the first approach, the Akaike’s value was 

calculated for each model and the best fit was assumed in the model showing the lowest Akaike’s value. 

Having decided on the best model that may fit the data through the lowest Akaike’s value, the adequacy of 

the other covariance structures to fit the data as well was tested by calculating the significance of the 

likelihood ratio test between the selected model and every other model. This statistic compares pairs of 

covariance models and is calculated subtracting the corresponding values of –2 log likelihoods calculated for 

each model. The significance of the likelihood ratio test is then tested using the Х2 distribution (Jennrich and 

Schluchter, 1986) so that if the ratio test is not significant both models could equally fit the data whereas if 

the ratio test is significant then the model with the lowest Akaike’s value best fit the data. All measurements 

were log-transformed to homogenize the variances. 

 

Estimation of date of first primary increment formation 

After showing significant effects of temperature on otolith growth during the larval stage, the relationship was 

turned around and the estimated temperature experienced by the larvae resulting in the observed otolith 

growth pattern was calculated using a general linear model (PROC GLM, SAS v8.1). Temperature was 

introduced as the dependent variable in the model measured as the average temperature in the upper water 

layer in 1999 at first 7 primary increments formation. As independent variables, volume increase of the larval 

otoliths during the 7 first days and all possible interactions among them were considered a priori. Afterwards, 

the model was simplified by taking only the factors that had a significant effect in the dependent variable. 

Estimated temperatures were then used as a proxy for hatch date by searching for the day of the year when 

the difference between the observed and the estimated temperature exhibited a minimum. The accuracy of 

the method was evaluated by comparing the estimated temperature and dates at hatch with the observed 

ones. 
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Growth rates of larvae and juvenile sprat and cod 

Sprat:  

Vertical distribution of the larvae 

Differences in the vertical distribution of different length-groups of larvae on the 26th of May were analysed 

using sub-samples that were preserved in formalin because of larger sample size and better representation 

of the whole depth profile compared to sub-samples preserved in alcohol. The number of larvae measured 

from the formalin sample corresponding to particular depth and length-group was raised to total number of 

larvae captured per m3. 

 

Cod:  

Identification of increment patterns in the field sample 

For the identification of different increment patterns in individuals from field samples the difference between 

the running average of the 10 previous and the 10 following increments was calculated for every increment: 

Di= absolute value of AVERAGE(IWi-10 to IWi)- AVERAGE(IWi to IWi+10). For the 5-10 first and last 

increments values were calculated by reducing the number of increments included in the running average. 

The 5 first and last increments were thus excluded from the analysis. Maximal absolute Di’s are achieved 

when increment widths change from one pattern to another and matched the visual observations well. These 

maxima, numbered from the secondary growth centres outward as Dmaxj, and the corresponding otolith 

lengths (OLj) were recorded and the corresponding otolith weights (OWj) calculated using model (1). Otolith 

length and weight at secondary growth centres were called OL0 and OW0. Intervals of similar microstructure 

(Ij) were numbered from the secondary growth centre in the rostral axis and outward, so that Dmaxj is the jth 

maximum observed at OLj, the otolith length at the end of interval Ij. Numbers of increments observed within 

the different pattern intervals were counted. 

 

Validation of daily increments in juvenile cod 

For every increment pattern interval an observed otolith growth rate was calculated as: 

dOW/dtj=(OWj-OWj-1)/number of IW in Ij. 

For the same intervals expected growth rates were calculated. This was done by using the observed OWj’s 

as starting points and letting the otolith grow for as many days as the number of observed increments in Ij 

using model (I-4) (model description, see below). The otolith weight at the end of each interval was recorded 

and otolith growth rates calculated. The temperature term for model (I-4) was obtained from the 3-D 

baroclinic model of the Baltic Sea. 

Newly settled juvenile cod are known to spend the day in close association with the seafloor and migrate up 

into the water column at night (Perry and Neilson, 1988; Lough and Potter, 1993). Otolith growth rates were 

therefore modelled under three different scenarios: 1) juvenile cod stay above the thermocline, 2) juvenile 

cod stay close to the bottom throughout day and night and 3) juvenile cod stay close to the bottom at day 

time and move up into the water column at night. The temperature experienced over 24 hours by migrating 

fish was modelled as T= (hdaylight·Tbottom+(24-hdaylight)·Tsurface)/24, where hdaylight = hours of day light from 

sunrise to sunset and T= temperature. Surface temperatures over time were very similar on the two localities 
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and assumed to be representative of the whole surface mixed layer in which the fish drift from the spawning 

area in the Bornholm Basin to the capture site. 

 

Increment structure in field and experimental samples 

The degree of autocorrelation was assessed by analysing the effect of the five previous increments on 

individual increments of fish from both experimental and field samples. With a GLM approach the following 

model was tested: 

 

521 ... −−− ⋅++⋅+⋅= iiii IWeIWbIWaIW  

 

From the increment widths of each individual fish from the experimental sample a coefficient of variation (CV) 

within individuals was calculated as CV= SD(IW1 to IW40)/average(IW1 to IW40)*100. For fish from the field 

samples this CV was calculated for the area from the first increment pattern change (OL1) to the edge: CV= 

SD(IWOL1 to IWOLedge)/average(IWOL1 to IWOLedge)*100. Accordingly, coefficients of variation were calculated 

across individuals for each day of the experiment and for each day of formation after the secondary growth 

centre. 

 

Hydrography related growth in juvenile cod 

For every increment an observed otolith growth rate was calculated as: dOW/dti= (OWi-OWi-1). Expected 

growth rates were calculated using an otolith growth model (model (I-4)) presented in Hüssy et al. (2002a) 

and described below: 

 

ε(T)c(DW)ba(dOW/dt) OWOWOW +⋅+⋅+= lnlnln  

 

where aOW= -3.659, bOW= 0.544, cOW= 0.490 and e= model error N(0, 0.353). Previous dry weights were 

estimated from the dry weight-otolith weight and otolith weight-otolith length relationships of the combined 

November and December samples. The temperature term for the model was obtained from the 3-D 

baroclinic model of the Baltic Sea. 

Newly settled juvenile cod are known to spend the day in close association with the seafloor and migrate up 

into the water column at night (Perry and Neilson, 1988; Lough and Potter, 1993). For each daily increment 

three expected otolith growth values were calculated under the three different assumptions: 1) juvenile cod 

stay above the thermocline throughout day and night, 2) juvenile cod stay close to the bottom throughout day 

and night and 3) juvenile cod stay close to the bottom at day time and move up into the water column at 

night. The temperature experienced over 24 hours by migrating fish was modelled as Tmigration= 

(hdaylight·Tbottom+(24-hdaylight)*Tsurface)/24, where hdaylight = hours of day light from sunrise to sunset and T= 

temperature. Surface temperatures over time were very similar on the two localities and assumed to be 

representative of the whole surface mixed layer in which the fish drift from the spawning area in the 

Bornholm Basin to the capture site. 

The observed otolith growth rates were then compared with the three estimated values. For each individual 

fish the otolith increments were assigned to the behavioural pattern with the least difference between 
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observed and expected values: 1) fish stay above thermocline, 2) fish stay near bottom or 3) fish undertake 

daily vertical migrations. The extent of migratory activity was estimated as number of days in the surface, at 

the bottom or migrating divided by the total number of days within each increment pattern interval (Psurface, 

Pbottom and Pmigration respectively). From this activity index the proportion of time spent above the thermocline 

was calculated as Psurface+Pmigration·(hdaylight/24). These proportions are calculated for all three increment 

pattern intervals observed (I1, I2 and I3). 

 

Statistical analysis: Measurements of fish length and weight, otolith length and weight of the field sample 

were tested for normality using the Kolmogorov-Smirnov one sample test. Normally distributed data were 

then compared with one-way ANOVA, while non-normally distributed data were analysed using Wilcoxon 

rank sum test for equality of means. The frequency distributions of fish ages were compared using Wilcoxon 

signed rank test for paired observations. Regression coefficient and intercepts of regressions were 

compared with ANCOVA. Significance levels were set at p= 0.05. 

 

Growth models for larval and juvenile cod and sprat 

Individual based growth model for larval cod 

A CCD camera mounted on a compound microscope combined with a digitised image analysis enabled 

detailed measurements of the otoliths (magnification up to 9,8 pixel/mm). Otolith size at catch was measured 

as area, perimeter and major and minor radius. 

A detailed measurement procedure was introduced to obtain a longitudinal data set for the individual larvae 

otolith. Each increment width was measured along the maximal radius as the distance between the darker 

discontinuous zones. In some cases these measurements were difficult to perform due to limited visibility in 

the otolith. A polishing procedure with lapping paper and polishing paste (Buehler©) was therefore 

introduced to improve the increment measurements.  

In the present study both the sagittae and lapillus were available for analysis of age and growth. However 

the lapillus was preferred for several reasons. Several studies have reported the formation of daily 

increments in the lapillae of young cod, which enables ageing of the individual fish from microstructural 

analysis (Dale, 1984; Geffen, 1995). Also the lapillus are formed earlier in cod life, and have a higher growth 

in the earliest life stages of cod (Meekan and Fortier, 1996). This makes the resolution of the early 

incremental growth pattern higher and less difficult to analyse. The lapillus was therefore chosen as the 

otolith for analysis of hatch check size, ageing and for modelling of somatic growth.  

A three-component growth model (TCM) was developed for the Baltic cod larvae. The model was based on 

records of otolith increments, and was designed to produce somatic growth trajectories for the individual cod 

larvae. The model further tested for the optimal otolith growth interpretation for the analysed fish material. 

The TCM consisted of three basic components that were designed to work together in a dynamic and 

optimising way. The three components of the model are separately described in the following parts. 

 

First component of the TCM - The somatic growth expression: This part of the TCM had the purpose to 

model somatic growth trajectories for the individual fish.  

Each trajectory had the restrictions to start in a common fish size at hatch, and to end in the individual 

observed fish length at the age of catch. 
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Introducing a somatic growth equation, which estimated a general size at age growth trajectory, solved this 

task. 

The general trajectory was then applied using a scaling factor for the individual larvae. The ratio between the 

individual measured fish size at catch and the general estimated fish size at the same age was then used as 

a scaling factor for the individual fish, and applied to each age in the days before catch, resulting in an 

individual fish growth trajectory. 

In the choice of a somatic growth equation, it was considered essential that the equation was capable of 

describing a large range of potential trajectory shapes. This precaution was taken in order to avoid exclusion 

of certain growth curves that could be present in the larval material, but not predictable in a more rigid 

general equation. Preliminary tests showed that a third degree exponential polynomial fulfilled this restriction 

and was preferred as the general growth equation. 

 

)()()((
)1()(

32

* ftetdtc
tt EXPFSFS +++
−=  

 

Where  FS represents fish size in mm  

 t is the time represented in one otolith increment 

 FS(t-1) is the fish size at a previous time step 

And c, d, e and f are the respective coefficients to the zero, first, second and third order power of time 

determining the shape of the growth trajectories. The equation was designed to estimate fish size at age (t) 

by multiplying the fish size at a previous age (t-i) with the exponential polynomial function of (t). The 

calculation of trajectories thereby became dependent on an initial fish size. The somatic size at hatch was 

chosen as the starting point for the trajectories. This time in larval life history was preferred due to 

ontogenetic changes from embryo to the onset of the larvae stages, which corresponded with the 

hatchcheck in the otolith microstructure. The somatic size at hatch, however, could not be measured 

individually in the field material, but common values for length and weight for all individuals were obtained 

from literature values and from newly hatched larvae in the sampled material. 

The length at hatch was taken from laboratory studies with cod larvae reared at 5 ºC (Pepin et al., 1997; Von 

Herbing et al., 1996), whereas the the weight at hatch (0,0131 mg ±0,0053 was estimated as a mean of 18 

newly hatched larvae that were present in the sampled material. A storage procedure that combined 

formaldehyde and alcohol were applied on the larvae material during the cruise and prevented the use of 

body length as a measure of somatic size due to deformation of the smaller larvae.  

 

Second component of the TCM - The Otolith growth models: The purpose of the second component was to 

produce estimations of otolith growth that were based on different interpretations of otolith growth. 8 models 

represented the interpretations that estimated the otolith growth rate as functions of either fish size or fish 

growth in length or weight terms (Table 3.1.7). The otolith growth models were linked to the somatic growth 

trajectories, and ranges of otolith growth rates were estimated. 

 

The third component of the TCM - adjusting and evaluating the estimated otolith growth rates: The third 

component of the TCM had two major tasks; the first was to measure the degree of similarity in the estimated 
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otolith growth rates from the 8 models with the observed otolith growth. This was done by minimized sum of 

squares of the estimated versus the observed otolith growth rates, and the correlation was expressed as the 

R2- values. The second task was to connect the three components of the TCM by an optimising algorithm 

that could adjust the somatic and otolith growth equations to the best fit between the estimated and observed 

otolith growth rates. This was done by calculating the sum of squared deviations between the estimated and 

observed otolith growth rates and then maximising the R2- value described in following formula. 

 

 R2 = 
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dOSSQ Obs  is the sum of squares for the observed otolith growth subtracted the mean otolith 

growth rate 
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SSQ estObs is the sum of squares of the deviations between the observed and the estimated 

otolith growth rates. 

 

The optimising was done by adjusting the coefficients c, d, e and f in the somatic growth expression and the 

coefficients a and b in each of the 8 otolith growth models towards a maximal R2- value. The fitting procedure 

was evaluated by plotting the residual versus age. The residual values were interpreted as the variation in 

the observed otolith growth that was “left“ unexplained by the estimations from the coupled fish growth/size - 

otolith growth models. In order to visualize the curved trends in the residual - age plot, a 6-degree polynomial 

regression analysis was applied and the R2- value for this correlation was derived. 

 

Model I for juvenile cod: Linking otolith growth to fish growth directly 

The relationship between otolith length and weight of the pooled experimental samples is described by the 

model: 

 

(I-1) iOLOL (OL)ba(OW) ε+⋅+= lnln , 

 

where OW= otolith weight in mg, OL= otolith length in mm, εi= error of the individual. On the basis of this 

model otolith weight, scaled to the individual fish’s final otolith weight, was calculated for each increment and 

otolith weight change per day calculated as dOW/dti= OWi-OWi-1. 

Assuming that size hierarchies are preserved over time so that e.g. the smallest fish will always be smallest 

throughout the experiment (McCarthy et al., 1992; Metcalfe et al., 1992), fish from each sampling were 

ranked according to their dry weight. The best fit was obtained with the model: 
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(I-2) ε+⋅+⋅+⋅+= )lnln)ln( (rankddayc(T)baDW DWDWDWDW , 

 

where DW= fish dry weight in g, T= temperature in °C, day= day of the experiment, rank= size rank of the 

individual within a sampling time and treatment (absolute values since subsample sizes were equal) and ε = 

model error. Dry weights of all fish were back-calculated for each day of the experiment using model (I-2). 

Both otolith length and weight measurements are used as estimators of fish size (e.g. Marshall and Parker, 

1982; Mosegaard et al., 1988; Secor and Dean, 1989). Therefore, two different approaches were applied: 

Relating otolith increment width to otolith length and relating change in otolith weight to fish dry weight. 

Increment widths (IW1-IW40), change in otolith weight (dOW/dt1-dOW/dt40), total otolith length (OL) and otolith 

weight (OW) and temperatures were ln-transformed to stabilise variance. The effect of otolith size and 

temperature on otolith growth over the experimental period was then tested using general linear models 

(GLM). Since all cod juveniles and otoliths had roughly the same start size, these variables were not 

included. The models tested were: 

 

(I-3) ε+⋅+⋅+= (T)c(OL)baIW IWIWIW lnln)ln(  

(I-4) ε(T)c(DW)ba(dOW/dt) OWOWOW +⋅+⋅+= lnlnln  

 

Model II for juvenile cod: Linking otolith growth to fish growth through bioenergetic relations 

The model developed in this paragraph is described in Hüssy et al. (2002b). Calcium carbonate 

incorporation: The model requires measurements of fish wet weight (fishWW), otolith length (otoL), daily 

increment widths (IW) and otolith opacity (otoO) as input. From otoL estimates of otolith area, weight and 

volume and changes in these parameters can be derived from equations (II-1) to (II-4), while fish dry weight 

can be estimated from wet weight (5). 

 

(II-1)    b a·otoLotoV otoW otoA =or ,  

(II-2)    ))/otoL-otoLaw·((otoL)·timeg·gdotoW/dt ( bwbwbw--
t1-tt

11 =  

(II-3)    )-otoLaa·(otoL)·timemmdotoA/dt ( baba-
1-tt

12 =  

(II-4)    )-otoLav·(otoL)·timemmdotoV/dt ( bvbv-
1-tt

13 =  

(II-5)    wcbwca·fishWWfishDW =  

 

where otoA= otolith area in mm2, otoW= otolith weight in g, otoV= otolith volume in mm3, otoL= otolith length 

measured from the centre in the rostral axis in mm, fishDW and fishWW= fish dry and wet weight in g. 

Due to the observed coupling between metabolism and otolith growth (Wright, 1991a; Yamamoto et al., 

1998; Wright et al., 2001) metabolic rate (M, g dry weight·g-1·d-1) was modelled as a function of specific 

change in otolith weight per day (g*g-1*d-1): 

 

(II-6)    )dayg(g /)dayg(g 1111
 

−−−− ⋅⋅⋅=⋅⋅ dtdotoWarM  
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Protein incorporation into the otolith: Otolith protein content, and therefore daily protein synthesis, can be 

estimated from the otoliths opacity. Opacity (otoO) is defined as the percentage of incident light absorbed by 

the otolith viewed in a transmission light microscope (see materials and methods and Hüssy et al. 2002a). 

The amount of protein incorporated within a time of interest can be calculated as: 

 

(II-7)    dtdotoVotoOopbopa /)(g)(depositedProtein  ⋅⋅+=µ  

 

The fractional rate of otolith matrix synthesis (PSo) can thus be calculated from the protein deposited within a 

time of interest, divided by the protein mass of the saccular epithelium (mSE). 

 

(II-8)    ·pp·et·ed·wcar·aa·otoLmSE ba
t=  

(II-9)    mSEdepositedproteinPS / o =  

 

where r= 2*ratio between otoA and epithelium area, et= thickness of the epithelium, ed= specific density of 

the epithelium and pp= the protein content-dry weight ratio of the epithelium. 

Nothing is known about the rates of protein synthesis in the saccular epithelium, but we assume that the 

incorporation of matrix protein into the otolith depends on the synthesis rate of this protein. The relationship 

between weights and fractional synthesis rates of a wide range of tissues such as liver, gills, intestine, 

spleen, ventricle, stomach, gonads and white muscle can be described by the function Y= a*Xb (Houlihan et 

al., 1986; Houlihan et al., 1988; Foster et al., 1992). It seems therefore reasonable to assume that the same 

applies for the fractional rates of whole body (PSf) and otolith matrix synthesis (PSo): 

 

(II-10)    bpoPSapoPS of ⋅=  

 

Whole body protein turnover: Protein synthesis and degradation are usually expressed as fractional rates. 

The fractional rate of e.g. synthesis is defined as the percentage of whole tissue protein wet weight mass 

synthesised per day. Protein synthesis rates (PSf) can be estimated by measuring the flux of isotope labelled 

essential amino acids, while degradation rates (PDf) usually are calculated from the difference between 

synthesis and net protein accretion (G): PDf = PSf -G (Houlihan et al., 1986; 1988; 1995). 

In growing fish the rate of protein synthesis and degradation increase linearly with positive growth rate. At 

maintenance synthesis and degradation balance each other. Houlihan et al. (1988) found the fractional rates 

of protein synthesis (PSf) and protein degradation (PDf, defined as actual degradation+cost of synthesis) in 

growing fish to be functions of fish growth where PSf = PSf, maint+bs*G and PDf = PDf, maint+bd*G, where 

growth is in % body wet weight·day-1. Rearranging these equations, degradation can be expressed as a 

function of synthesis. In juvenile cod the weight exponents of protein synthesis and degradation are similar 

(Houlihan et al., 1995), so that bd/bs from the relationship between the two parameters (equal to deg in Table 
3.1.^8) is constant over fish size. In growing fish the rate of protein degradation can therefore be written as: 
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(II-11)    )(deg maintf,fmaintf,f PSPSPDPD −⋅+=  

 

The intercept of this expression corresponds to the fractional rates of synthesis, and degradation, at zero 

growth (i.e. maintenance). Houlihan et al. (1988) showed this rate to be 1.42% for a 300g cod. Since protein 

synthesis and degradation rates are size dependent, these values have to be corrected for fish weight: 

 

(II-12)    bpfwcbwcb )/wca·fishWW apf·(wca·  PD PS 300maint f,maint f, ==  

 

where apf = 0.0142 and bpf = -0.2 (values from Houlihan et al., 1986; 1988). In this equation apf corresponds 

to the synthesis rate of a 300g cod and PSf to the synthesis rate corrected to the actual fish size. If PSf >PSf, 

maint, meaning that fish are growing, growth is calculated as the difference between synthesis and 

degradation. 

 

(II-13)    pp)PD(PS dfishDW/dt ⋅−= ff(growth)  

 

where pp = protein content-dry weight ratio and dfishDW/dt in g*g-1·time-1. With all variables included the 

complete expression for fish somatic growth can be written as: 
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If PSf <PSf, maint the fish were considered to be starving and their weight loss estimated from routine 

metabolic rates, calculated from otolith weight change, as suggested by Beck and Gropp (1995): 

 

(II-15)    dtar·dotoWdfishDW/dt /n)(starvatio =−  

 

All parameter values referred to here are summarised in Table 3.1.8. 

 

Parameter estimation 

Otolith weight and volume increase: Otolith weight/volume and length have a functional relationship of the 

form otoW/otoV = a *otoLb. Otolith weight and volume increase between two days was estimated as 

dotoW/dt = otoWt-otoWt-1 and dotoV/dt= otoVt-otoVt-1, using the increment widths to calculate otoLt-1. In the 

present context t may be 1 or 10 days, depending on the experiment type. In the following V0 will refer to the 

volume from the nucleus to experiment start, and e.g. V4 to the volume between otoL3 and otoL4. The same 
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denomination will be used for otolith weight unless reported otherwise. Relative rates of otolith weight 

change were calculated from dotoW/dt and otoW. 

Mass of the saccular epithelium: The mass of the saccular epithelium was estimated as epithelium 

area·thickness·density. Epithelium area was calculated as r*otoA, where r = 2*epithelium-otoA ratio (ratio= 

2.25, from Saitoh and Yamada, 1989). The epithelium thickness averages 0.01 mm (Takagi and Takahashi, 

1999; Takagi, 2000) and the specific density of the epithelium was assumed to be 0.001g*mm-3. The protein 

mass of the saccular epithelium (mSE) was calculated by converting epithelium mass to g protein using the 

same dry weight – wet weight and protein content – dry weight conversion coefficients as for whole fish. 

Routine metabolism: Since the body tissue in small juvenile cod almost exclusively consists of protein the 

rate of dry weight loss is caused by degradation of proteins (Black and Love, 1986) and assumed to be 

representative of routine metabolism (Mroutine) (Beck and Gropp, 1995). The expected dry weights of fish at 

days 0, 5 and 10 of the experiment were calculated using the corresponding dry weight/wet weight ratios of 

the sub samples. Otolith weight changes corresponding to days 0 to 5, 5 to 10 and 10 to 15 of the starvation 

period were calculated using the observed otolith length-weight relationship. The scaling constant in the 

dfishDW/dt (g*g-1*day-1)= ar*dotoW/dt (g*g-1*day-1) equation was estimated with the least squares method. 

Q10 of otolith growth: The temperature response of standard oxygen consumption is often described by a 

quotient, Q10= (M1/M2)(10/(T1-T2)), where M1 and M2 are oxygen consumptions at temperatures T1 and T2 

respectively. To validate the assumption of a direct coupling of otolith growth and standard metabolism we 

used fish sampled on day 40 of the high food experiment from all three temperatures, as well as fish from the 

0.9°C and 20°C treatments. From the average otolith weight changes (g*g-1*day-1) of these treatments we 

calculated a hypothetical Q10= (dotoW/dt)T1/(dotoW/dt)T2
(10/(T1-T2)), where T= temperature. 

Protein synthesis: For the estimation of parameters in the whole body protein - otolith matrix synthesis 

relationship specific growth rates of the final sample were calculated as G= ((fishDW-

intercept)/40)/((fishDW+intercept)/2), where intercept = intercept of the fishDW – day of experiment 

regression from the individual treatments and 40= days of experiment duration. Protein synthesis was then 

calculated as PSf= PSf, maint+bs*G, where PSf, maint = 0.0142, bs= 0.0116 and G= specific growth rate and 

scaled to observed fish size, following the procedure described by Houlihan et al. (1988) (see also above). 

Otolith matrix synthesis rate was calculated from otolith protein deposited over the whole experimental 

period and the average saccular epithelium weight: PSo= (protein deposited/40)/((mSEt=40+mSEt=0)/2), where 

mSE= mass of saccular epithelium and t=0 and t= 40 are start and end of the experiment. The constants of 

the PSf= apo*PSo
bpo relationship were estimated with the least squares method. 

 

Back-calculation of fish weight 

Applying the model to each fish from the growth experiments final sampling, dry weight was back-calculated 

to days 30, 20, 10 and 0 of the experiment. Average back-calculated sizes were then compared visually to 

average sizes of the population observed at each of the four 10-days sampling periods. For comparison with 

measured population wet weights at the 4 sub-samplings, the back-calculated model outputs were 

transformed to wet weights using the observed fishWW/fishDW relationship. 

 

Sensitivity analysis 



Final Consolidated Report  Task 3 
 

 266 

A sensitivity analysis was done for each parameter of the model, following the method presented by Kitchell 

and Stewart (1977). The estimated change in fish dry weight from day 1 to day 40 of the experiment was 

used as output parameter. Each of the input parameters was separately varied ± 10 % from the standard 

values before the simulation was rerun. This procedure was done for all fish individually. The resulting 

changes in the output parameter were then compared to values from the standard simulation. 

The sensitivity of the output parameter (change in fish dry weight) to changes in individual input parameters 

was calculated as: 

 

)/()( pxxp(p)S ∆⋅∆⋅= , 

 

where S(p) = sensitivity of the output parameter to changes in input parameter p 

 p = nominal value of input parameter from the standard simulation 

 Δp = deviation of input parameter p 

 x = nominal value of output parameter x from the standard simulation 

 Δx = deviation of output parameter x caused by a deviation in input parameter p 

Sensitivities were calculated for each parameter and fish. Values were averaged across individuals to result 

in one single sensitivity value per parameter. 

 

Bioenergetic growth model for larval sprat 

The formulation of the model: Growth was calculated as the difference between two general compartments: 

ingestion or energy gain and metabolism or energy expenditure. Ingestion involves two main processes, 

encounter of prey and successfully catching and eating it. Metabolism was sub-divided into standard 

metabolism, active metabolism, SDA, egestion and excretion. Total possible energy expenses were limited 

by the maximum aerobic capacity. 

 

1. Ingestion 

Prey encounter rate: The number of prey of a given size encountered per unit of time at a given depth (epreyz) 

was calculated as the product of the predator visual volume of that prey size at that depth (Volpreyz) and the 

prey density of that size group (Npreyz): 

 

preyzpreyzpreyz NVole =     (2-1) 

 

where  

 

VdVol
zeyepreyzprey

2).(sin βπ=   

 

assuming a larva swims with speed V searching a cylindrical volume which longitudinal axis is the larva’s 

trajectory and the radius equals the sinus of the detection angle (β) multiplied by the perception distance 

(deyepreyz) which is the maximum distance at which prey are seen.  
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To calculate deyepreyz, an expression was developed including the effect of light, prey size and larval size. The 

irradiance at a given depth (Ez) was estimated as: 

 

)exp( kZEE oz −=       (2-2) 

 

being Eo the irradiance measured at the surface of the water, k the light attenuation coefficient and Z the 

depth. Once Ez is known, the irradiance that is reflected by a prey item in the direction of the predator eye 

(Eprey z) was calculated as:  

 

zpreyzprey EARE ..=  , being    (2-3) 

 

2)
2

.( prey
prey

L
A π=  

where R is the reflectance of the prey which is assumed to be equal to 0.005 (Munz and McFarland 1977) 

and Aprey is the area of the prey item approximated to a sphere with radius equal to half of the prey length 

(Lprey). The irradiance reaching the predator eye (Eeyez) is then estimated as: 

 

).exp(. eyepreyzpreyzeyez dEE α−=    (2-4) 

 

where α is the beam attenuation coefficient and deyepreyz is the distance at which the prey can be seen by the 

predator. 

Measurements of deyepreyz as a separate function of Epreyz and fish length (L) were available from a study on 

planktivorous Lepomis where perception distances were reported for a variety of larval sizes predating on 

different prey lengths (Breck and Gitter, 1983). To combine in one expression the effect of Epreyz and L on 

deyepreyz we fitted a GLM to the data from Breck and Gitter (1983) after transforming the prey sizes of the 

experiment into Eprey using the equation 2-3, with Ez being the light at experimental condition assuming 1 

W.m-2 = 4.6 μE.s-1.m-2, all calculations at Z=1. The equation obtained was: 

 

LEd preyzeyepreyz 20868.056566.469 +=   

 

with an R2=0.8984 both variables significant (p<0.001), deyepreyz in cm and fish L in mm. 

Assuming no turbidity (α=0) in the experiment from Breck and Gitter (1983):  

 

zpreyzeye EE =  

 

which substituted in the previous equation yields: 
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LEd zeyezeyeprey 20868.056566.469 +=   (2-5) 

 

Solving the two equation system by leaving alone Eeye in equation 2-5 and substituting it in equation 2-4: 

 

zpreyZ
eyepreyz EE

Ld
.

56566.469
20868.0

=
−

 

 

Substituting Ez by expression 2-2 and Epreyz by equation 2-3 then: 

 

)exp(..005,0).exp(.
56566.469

20868.0
zpreypreyo

zeyeprey dAkZE
Ld

α−−=
−

   (2-6) 

 

Equation 2-6 was used to estimate deyeprey z as a function of light, prey and predator size using iterative 

methods. The calculated deyeprey z was then substituted in equation 2-1 to estimate the number of prey of a 

given size encountered by a larva. We assumed every prey encountered per unit of time was eaten. 

 

Maximum daily ingestion rates (Cmax) were estimated as a function of fish digestion rate and time needed by 

a larva to fill up its stomach (reasoning from Beyer and Laurence 1980): 

)1.(max dg
S

GC day
cap +=    (2-7)   

 

where Gcap is larval gut capacity in grams,  Sday are the seconds of daylight for a given day and dg is prey 

digestibility equal to 2 hours (Fossum 1983). To calculate Gcap, first we estimated Gvol multiplying the area 

occupied by a full gut, measured as a function of fish length in herring larva (Garea) Langsdale (1993), by the 

gut width which was assumed to be 0.5 mm (personal estimation). Afterwards, Gvol was multiplied by an 

average copepod density, ρ=1.04 g.cm-3 (Mauchline 1998), to calculate Gcap in total grams of prey per day. 

 

2. Metabolism 

Standard metabolism (Rs): The expression for standard metabolism was calculated by using data for herring 

larvae from data published in Kiørboe et al (1987).  

Active metabolism and maximum metabolism: The relationship between energy consumption and swimming 

speed was described by a power function derived for larval and juvenile Rutilus (Kaufmann 1990). Maximum 

aerobic capacity (Rmax) was then estimated as the sum of Rs and the energy expenses of fish swimming at 

the limit of aerobic swimming speed (Vcrit) as calculated from Kaufmann (1990). 

Temperature effect on metabolism: The effect of temperature on standard metabolism, maximum sustainable 

swimming speed, active metabolism and maximum metabolism was estimated separately using different 

temperature quotients (Q10). Rs varied with temperature with a Q10 of 2.7 as calculated for herring larvae 

(Almatar 1984). Changes in Vcrit with temperature were modeled assuming a Q10 of 1.6 (Rome 1990). The 
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effect of temperature on Ra and Rmax was included using our own Q10 estimations using data from Kaufmann 

and Wieser (1992) and reasoning from Wieser (1995) and Wieser and Kaufmann (1998). 

Specific dynamic action, egestion and excretion: Specific dynamic action, egestion and excretion were 

calculated as constant proportions of ingested energy using the same expressions as in a previous growth 

model for young herring and sprat (Arrhenius and Hansson 1993). 

Energy conversion factors: All calculations were conducted in Joules assuming 1 mg O2 = 13.96 J or the 

average energetic content with a normal fish body composition of proteins, lipids and carbohydrates (Jobling 

1995), 1 micmol O2 = 0.45 J (Huuskonen et al. 1998), 1 mg dwprey = 18.5 J (Båmstedt 1986).  

 

3. Input data  

The prey field: Daily zooplankton abundances specie-stage specific were modeled using Generalized 

Additive Models (GAMs). Data of zooplankton abundance were available from samples collected during 

1988-1992 published by Dahmen (1995) and research cruises conducted during April-August 1999 in the 

Bornholm Basin, the main spawning area in the Baltic Sea. The data was reported by specie, Temora 

longicornis, Acartia spp. and Pseudocalanus elongatus, and stage of development, copepodites I-III, 

copepodites IV-V and adults. Since no temporal coverture of nauplia abundances was available, nauplia 

stages were not considered. Day number and temperature were used as covariates in the GAM.  

Data on the zooplankton vertical distribution by specie and stage during daytime was approximated by data 

from samples collected by Dahmen (1995).   

Prey size distribution: Seasonal trends in the average wet weight and its variance for each stage-specie in 

the Baltic were estimated from Hernroth (1985). Stage-specific wet weights compositions were drawn from a 

uniform distribution assuming equal probability from all values in the range defined by the lower and the 

upper bound in Hernroth (1985).  

Irradiance and k-coefficients: Irradiance in the surface layer (Eo) was calculated using data on average 

monthly sums of radian energy reaching the surface of the sea in the southern Baltic [cal cm-2 month-1] 

(Dera, 1992) transformed to average energy per second [Jm-2s-1] assuming 1 cal = 4.18 J, 1 month=number 

of days per month, 1 day= number of seconds with daylight. The number of seconds of daylight was 

calculated as the time between sunrise and sunset. 

Light attenuation coefficients (k) in the Central Bornholm Basin were calculated using one satellite image per 

month from the SeaWIFS sensor. All images were corrected for atmospheric effects using the MUMM 

software and methodology as described in Ruddick et al. (2000). K values were then obtained using the 

algorithm for the diffuse attenuation coefficient k(490) (Mueller 2000) implemented in the software package 

SEADAS. K values were assumed constant with depth. These images were processed in the Geographical 

Institute in Copenague in the framework of the DECO project.  

 

4. Observed growth rates 

Larvae were collected in the Bornholm Basin using a Bongo net with a diameter of 60 cm equipped with a 

net of 500 microns on the 1, 25 and 27 of July and the 5 of August 1999. Hauls were oblique at a speed of 3 

kn from the surface to the bottom at every station. Besides, on the 13 and 14 of August, larger individuals 

were collected during dawn using a fishing trawl with a net opening of around 10 m at an average depth of 

10-15 m at a speed of 3.5 kn. 
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At each station, sprat larvae-juveniles were identified and a sub-sample preserved in 96% alcohol for otolith 

analyses except for those in the middle of August that were frozen. The total length of the larvae selected for 

otolith analyses was measured under a dissection microscope connected to an image analysis system 

through a black and white camera with a resolution of 4.09 pixels per mm. Total length estimates were not 

corrected for shrinkage in ethanol. 

Both otoliths (sagitta) were removed from every larva using a pair of dissecting needles under a 

magnification glass using double-polarized light. All sagitta were mounted in thermoplastic cement 

(Buehler©) on individual standard glass microscope slides. To enhance visibility of all primary increments 

from the center to the edge, otoliths were first polished on a polishing disc with two grades of 30 and 3 μ and 

thereafter using fine polishing with a particle size 0.3 μ (Alpha Micropolish Alumina® No.2). Only one sagitta 

per individual was polished. During the process, the otoliths were re-positioned by re-heating the 

thermoplastic cement so that preparations could be conducted on both sides of the otolith. Otolith 

preparations were photographed and saved using a light microscope connected to an image analysis system 

(GLOBAL LAB®Image, Microsoft® WindowsTM) equipped with a camera with a resolution of 2.61 pixels μ-1 

and 9.82 pixels μ-1. The number of primary increments was counted automatically using a more advanced 

image analysis system (Image-Pro® Plus 4.1, Microsoft® WindowsTM) and the day at increment formation 

estimated under the assumption that increments were daily (Alshut 1988). Length at first primary increment 

formation was assumed to be 15 mm, the average length at which primary increments were identified in the 

samples.  

 

5. Comparison between observed and expected growth rates 

Three different sprat cohorts were identified based on the time of formation of the first primary increment, 

namely prior, during and after the development of the thermocline, average day 21-June, 5-July and 16-July 

respectively. Even if the sprat-spawning season began in earlier in the year, no larvae with distinguishable 

primary increments under the microscope were sampled prior to June and therefore were not included in the 

analysis.  

Simulated length-at-age and daily growth rates for each cohort were predicted from the model. Growth 

trajectories were estimated assuming individuals of each cohort were living at 20, 30, 40 and 75 meters to 

investigate possible differences in the trends due to depth location. Additionally, the maximum growth curve 

was obtained by selecting the maximum growth rate every day over the water column.  

Specific patterns in the predicted length-at-age and growth rates were identified and compared to the 

observed from the otolith analyses. Comparisons included the examination of patterns in the residuals of the 

otolith size-fish size and age-fish size relationships and the analysis of the slope in otolith growth trajectories 

using individual regression analysis for each otolith.  

 

Characteristics of survivors 

Cod: Earlier studies of the otolith size at hatch in Baltic cod larvae have indicated that larger hatchcheck 

seems to characterize the surviving fish (Grønkjær and Schytte, 1999). In this study we preformed a similar 

analysis but included an expansion of the analysis to include the period following hatch, by incorporating an 

analysis of the hatchcheck influence on the post hatch otolith accretion rate.  



Final Consolidated Report  Task 3 
 

 271 

The growth analysis with TCM for larval cod was introduced as a method to produce individual growth 

patterns from the longitudinal records of larvae otolith increment measurements. It is intended to compare 

the larvae growth patterns with datasets of hatch- and catch dates, as well as regional origin and feeding 

regimes. However limited cod larvae material may be a setback for the analysis of hatchchecks and growth 

characteristics for the surviving fish. 

For the larval and early pelagic juvenile samples from 1995 individual otolith growth trajectories were 

measured and compared to hydrodynamic model outputs on temperature time trajectories for particles in the 

wind driven flow field for 1995. 

 

Sprat: Date of first primary increment formation in adult sprat: Samples were taken at research cruises 

conducted by the Danish Institute of Fisheries Research and the Institute of Marine Sciences in Kiel as well 

as from the Danish small mesh commercial fishery. Age 1 sprat was sampled over the spawning season in 

1998, 1999 and 2000 from the Bornholm Basin. 

All fish were measured in total length (to the nearest millimeter), weighed (to the nearest 0.01g) and 

separated into juvenile, male or female. Maturity was determined using the description of the maturity stages 

of Baltic sprat by Alekseejev and Alekseejeva (1996). This scale assesses maturity in ten different stages: 

juvenile (I), immature (II), ripening (III), mature (IV), pre-spawning (IV-V), spawning (V), partly spawned-

ripening (VI-III), partly spawned-mature (VI-IV), spent (VI) and post-spawning (VI-II). Immature sprat was 

considered in stages I and II, whereas individuals in the other stages were considered mature. A random 

sub-sample of age 1 sprat from each year was selected for further otolith analysis (Table 3.1.6). In every 

otolith analysed the distances from the centre to the first seven primary increments were measured with a 

resolution of 2.45 and 4.93 pixels μm-1. The method prior developed was applied in these otoliths to estimate 

date at first increment formation in survivors from three different year-classes 1997-1999. 

The effect of date of first primary increment formation on the proportion mature at age 1 was afterwards 

analyzed using a generalized linear model where the dependent variable was the ratio between the number 

of mature individuals and the total number of individuals (p) and the independent variable was the 

temperature at hatch. The mean of the population was allowed to depend on a linear predictor through a 

nonlinear link function of the shape η = Ln (p/1-p) allowing the response probability function to follow a 

binomial probability distribution (Proc Genmod, SAS v 8.1). The proportion mature at each temperature was 

then estimated as p=exp(η)/(1+ exp(η)). The model was run considering the three years separately. 

 

Results 

Hatch date distribution 

Cod: The hatch date frequencies of juvenile cod from the 1995 sample are shown in relation to the settling 

areas in Fig. 3.1.30. The central areas are not included in these figures due to the low number of individuals 

(7 fish) that were available for the analysis in this area. Included in each area plot is the curve of the first 

derivate of the 8th degree polynomial fitting the cumulative hatch date frequency. Fig. 3.1.30.d show that the 

North-eastern areas are characterized by a peak in hatch dates around the 29th August 1995 and a minor 

peak for the hatch dates around late July 1995. The Eastern areas showed a similar peak at the 29th august 

1995 and a minor top in the hatch dates in mid to late September (Fig. 3.1.30c). A different pattern was 
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observed in the Southern and Northern areas with peaks in hatch dates around 11th and 10th of September 

respectively (Fig. 3.1.30a and 3.1.30b). 

The Kolmogorov-Smirnoff test showed a significant difference between the cumulated frequency-curves with 

the pooled NS-group having later hatch dates than the pooled NEC-group (P<0.005, Kolmogorov-Smirnoff 

test) (Fig. 3.1.31). A significant difference was additionally observed between the intermediately positioned 

curve of the Eastern group and the curves of the NS-group and the NEC-group respectively (P<0.05, 

Kolmogorov-Smirnoff test) (Fig. 3.1.31). These results indicate that younger cod dominated the northern and 

southern areas whereas older cod dominated the Northeastern areas. The Eastern areas seemed to consist 

of a group of young cod similar to the NS-group and a group of intermediate-aged fish lying between the NS- 

and the NEC-groups (Fig. 3.1.31). 

The error distribution of blind tested age readings shows a lower spread than the observed distributions of 

hatch dates for each of the areas sampled. Except for a few outliers the distribution is approximately normal 

with a standard deviation of 4.6 days, whereas the distributions from at least two areas appear non-normal 

and all have standard deviations exceeding 15 days. 

 

Sprat: Otolith increase in volume: After calculating the parameters, equation (1-2) for the calculation of otolith 

increase in volume was re-written as: 
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with a difference in the sum of squares between the volumes calculated from eq (1-1) and eq (1-2) equal to 

0.026, r2 = 0.99 n =4055. 

The temperature regimes: Temperature conditions experienced by the larvae in the upper layers during 1999 

differed through the spawning season. Temperatures were relatively constant until the middle of May and 

vary around 4-5 ˚C (Fig 3.1.32). From the 15th of May onwards, there was a gradual increase in the 

temperatures reaching up to 18-21˚C at the end of July and August. 

The effect of temperature in otolith growth: Results from the mixed linear model (PROC MIXED; SAS v8.1) 

showed a significant effect of temperature on the growth trajectory of the larval otoliths for all covariance 

structures (p<0.001, n=4700). Comparison of Akaike’s Information Criterion suggested that model (1-1) best 

fitted the data (Table 3.1.9). The log-likelihood ratio test calculated for model (1-2), (1-3) and (1-4) against 

model (1-1) was highly significant for all pairs of comparisons (Table 3.1.9) suggesting model (1-1) to best fit 

the data compared to the other ones. Therefore, the expression to estimate the influence of temperature on 

the otolith volume increase was estimated as: 
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There was an increase in the otolith growth rates with increasing temperature (coef=0.4441; p<0.001). The 

negative coefficient for age (coef=-0.3773; p=0.03) and the positive for the age–temperature interaction 
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(coef=0.2109; p<0.001) indicated that otolith growth rates were increasing with age for temperatures above 6 

degrees.  

Temperature at first primary increment formation: The Ln-transformed temperature at first primary increment 

formation (Ln (T1)) was successfully modelled as a function of otolith volume increase by the expression 

(equation (1-3)): 
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where 
dt

dVolday  is the otolith growth rate in volume increase at a given age in days. The model explained 

67% of the variance. From all possible effects and interactions only these 5 variables corresponding to the 

volume increase observed in days 5-7, and the interaction between days 5 and 6 and between days 6 and 7 

had a significant effect (p<0.001) on the temperature at first primary increment formation. Positive 

coefficients for days 5-7 pointed out that temperatures inferred from otoliths with higher growth rates were 

warmer than the ones showing lower growth rates. Negative coefficients for the interaction terms indicated 

that the model predicted temperatures at hatch below 6ºC if otoliths had decreasing volume increase with 

age. Similarly, otoliths where volume increase was higher with age resulted in predicted temperatures at 

hatch above 6ºC. Differences in the otolith microstructure pattern between otoliths forming their first primary 

increment at different temperatures are shown in Fig 3.1.33. Using 
dt

dVol
dt

dVol
dt

dVol 321 ,,  measured as the 

volume increase corresponding to the first, second and third primary increment identified at 30 μm from the 

core respectively instead of 
dt

dVol
dt

dVol
dt

dVol 765 ,,  in equation (1-3), yielded in 85% of the cases 

differences in estimated temperatures of less than 1˚C with a maximum in temperature differences of 3˚C. 

Estimated temperatures at first primary increment formation using equation 3 were very similar to the 

observed ones for larvae caught in 1999 (Fig. 3.1.34). These temperatures were then transformed to day of 

first primary increment formation using the temperature regime in 1999 from Fig. 3.1.32. Differences between 

observed and estimated dates for larvae caught in 1999 were normally distributed (Shapiro-Wilk; p=0.2301). 

There was an average difference between the observed and the estimated dates of first primary increment 

formation of 5.75 days. The standard deviation was 9.49, therefore the 95% confidence limits for the mean 

were calculated as 5.75±1.96*9.49, giving a lower limit of -3.75 and upper limit 15.24 days.  

 

Growth rates of larvae and juvenile sprat and cod 

Individual based growth model for larval cod 

Cod larvae: A strong correlation was observed between otolith area at catch and fish size in the larval cod 

samples (TL vs. lapillus area, r2 = 0,985, n=37 (Fig. 3.1.35); fish weight (AFDW) vs. lapillus area r2 = 0,994, 
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n=37 (Fig. 3.1.36)). A strong correlation was also observed between age and the otolith area (r2 = 0,916, 

n=37 (Fig. 3.1.37)), and likewise for the correlation between age and fish size (age vs. TL r2 =0,938, n=37 

(Fig. 3.1.38); age vs. weight (AFDW) r2 =0,847, n=37 (Fig. 3.1.39)). 

Otolith growth model: Analysis of the otolith growth interpretations showed in general a low ability to explain 

the variance in the cod larvae material. R-square values showed less that 50% of the observed variance was 

explained by the tested models (Table 3.1.10). Among the tested models the model that expressed otolith 

growth as fish growth in terms of weight units (AFDW), had the best ability to estimate the observed otolith 

growth (Table 3.1.10). The somatic growth trajectories that were produced from the allometric description of 

otolith accretion to somatic growth in weight terms (model 4), showed a curved growth pattern with low 

growth in the first days after hatch followed by a phase with higher growth (Fig. 3.1.40). However, individual 

differences were observed in the somatic growth patterns, and higher growth from the time of hatch to the 

time of catch was estimated for a minority of the larvae (Fig. 3.1.40). The residual plot of the estimated vs. 

observed otolith growth showed only a weak correlation with date (r2 =0,032 (Fig. 3.1.41)).  

 

Cod juveniles: Identification of increment patterns in the field sample: Examples of increment width patterns 

representative for fish from the two localities are shown in Fig. 3.1.42 a and b, with interval patterns indicated 

by vertical lines. These drastic changes in increment width were particularly frequent in samples from the 

slope. For the evaluation of the observed increment widths an otolith growth model was developed from 

experimental samples. 

Validation of daily increments in juvenile cod: An overview over the relationship between estimated and 

observed otolith growth rates is given in Table 3.1.11. On the bank, where fish did not have the option to 

migrate across a thermocline, and thereby induce a subdaily increment structure, observed and expected 

growth rates did not differ significantly (paired t-test, df= 49, p>0.05) in the first increment interval I1, whereas 

the proportionality constant a of the est = a*obs relationship decreases in I2 and I3. In all intervals residuals 

were evenly scattered around zero, with constant variance. On the slope, no significant differences between 

observed and expected growth rates were found under the assumptions that juvenile cod stay above the 

thermocline during I1, undertake daily vertical migration in I2 and stay close to the bottom in I3 (paired t-test, 

df= 49 in I1, 38 in I2, 21 in I3, all p>0.05). Under all three assumptions the proportionality constant a 

decreased from I1 to I3. The residuals were evenly scattered around zero, with constant variance. 

The variability in increment width of juvenile cod, demonstrated as the percentwise difference between 

consecutive increments, was high both in experimental (see Fig. 3.1.43a, b, c) and field samples (Fig. 3.1.43 

d). Half of the consecutive increments had a deviation of more than 25-30% from each other in the 

experimental samples, more than 15% in the November sample and 20% in the December samples. The 

frequency distributions of increment width deviations were compared using Wilcoxon signed rank test for 

paired observations. Increment widths were less variable in the low food treatment of all three temperatures, 

but this difference was only significant in the 15°C treatments (p<0.05). No difference was found between the 

two December samples (p>0.05), but the November sample was significantly different from both slope and 

bank of the December sample (p<0.05). 

The past five increments were found to have a positive effect on the width of individual increments. 

Particularly the last two increments had a significant effect, while adding IWi-3 to IW1-5 only explained an 

additional 3-5% of the variation in increment width (see Table 3.1.12). However, autocorrelation could only 



Final Consolidated Report  Task 3 
 

 275 

explain 50-55% of the variation in the field sample and 5-20% of the variation in the experimental sample 

(with the exception of the 5°C low food treatment, where ca. 50% was explained). 

The coefficient of variation (CV) within treatments of the experimental samples and localities of the field 

samples were not normally distributed (Kolmogorov-Smirnov one sample test, p<0.05). Within individuals no 

significant differences were found between coefficients of variation in increment width of the high and low 

food levels within temperature treatments of the experimental samples (Wilcoxon rank sum test for equality 

of means, p>0.05). For the three temperatures average CV’s of 25% at 5°C, 29% at 10°C and 25% at 15°C 

were found. In the field sample average CV’s for the bank and slope were 27% and 30% respectively. 

The variation between individuals across each day of the experiment and day of formation in the field sample 

resulted in average CV’s of 35% at 5°C, 33% at 10°C and 30% at 15°C in the experimental sample. Variation 

in the field sample’s CV was larger than in the experimental sample and increased with time, but the average 

level remained at 30-40% until day 80 for both localities. Thereafter the coefficient of variation decreased 

due to decreasing sample size. 

Validation of settling check: In the pelagic juveniles from the November sample no changes in increment 

pattern were found. For the demersal juveniles of the December cruise an overview over the values of the 

three pattern changes in relation to Julian day is shown in Fig. 3.1.44. For all otoliths with more than one 

change in increment pattern, the first increment pattern change (Dmax1) was found to be significantly larger 

than the subsequent Dmax2 (paired t-test, p<0.001). The secondary changes were predominantly associated 

with the time of thermocline turnover, while there was no relation between Dmax1 and date. The 

corresponding average increment widths decreased significantly between intervals I1, I2 and I3 (paired t-tests, 

p<0.001). Thus the first change in increment pattern is very distinct from the subsequent, presumably 

temperature related change. 

For comparison with published results, the average fish size at OL1 was estimated using the otolith length-

fish length regression of the pooled field samples: ln(SL)= a+b*ln(OL)2+c b*ln(OL), where a= 0.182, b= -

1.776 and c= 7.550 (n=120 and r2= 0.97). This yielded a presumed settling size of 43.35 ± 9.44mm for the 

slope and 45.52 ± 6.10mm for the bank. Accordingly, fish size corresponding to OL2 and OL3 were calculated 

to 59.92 ± 19.16 and 97.24 ± 14.16 for the slope and 60.67 ± 9.30 and 79.44 ± 16.03 for the bank 

respectively. 

These results strongly support the hypothesis that the first change in increment pattern observed in juvenile 

Baltic cod is in fact associated with the transition from the pelagic to the demersal habitat. 

 

Hydrography related growth in juvenile cod 

The analysis of fish length, dry weight, otolith length and weight showed significant differences between the 

two localities: Juveniles from the slope were bigger and had bigger otoliths than juveniles from the bank. 

Their age distributions (age from secondary growth centre to edge), however, did not differ. These results 

are summarised in Table 3.1.13. Subtracting the 34 days between the two cruises from the number of 

juvenile days and the sum of the outermost 34 increments from otolith length of fish from the December 

samples yielded an age and otolith length distribution that did not differ significantly from the respective 

distributions of the November samples (see Fig. 3.1.45). Juveniles from the two cruises can therefore be 

assumed to be derived from the same cohorts of fish. 
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There was no significant difference in the intercept and regression coefficient of the ln(OW)= a+b*ln(OL) 

relationship between field samples, and parameters therefore estimated as a= -16.309 and b= 2.4197 (df= 

119, p<0.05, r2= 0.95). 

Between the two localities of the December sample significant differences were found in the intercept and 

regression coefficient of the ln(DW)= a+b*ln(OW) relationship (bank: a = -2.1426, b = 1.0948 and r2 = 0.95; 

slope: a = -2.3251, b = 1.4767 and r2= 0.91). Significant differences were also found between the two 

demersal stage samples and the pelagic November sample (pelagic stage: a = -1.9108, b = 0.7846 and r2= 

0.96) (see Fig. 3.1.46). The higher regression coefficients of the demersal stages indicate that somatic 

growth in relation to otolith growth becomes relatively higher after settlement to the demersal habitat and that 

this trend was more pronounced on the slope. Since all fish originated from the same cohort, pooling all 

samples results in a better estimation of the fish dry weight term used in the model: ln(DW)= -

1.9202+0.9915*ln(OW) (df= 119, r2= 0.93). 

Pelagic life stage and settling period: The two areas did not differ with respect to otolith size at formation of 

secondary growth centres. The number of days from the secondary growth centre to settling and the 

corresponding otolith growth rates were analysed in relation to average date of formation. The pelagic phase 

duration (number of days in I1) was significantly and positively correlated with average Julian day of 

formation, showing that early spawned juveniles settled at a younger age than late spawned fish. Intercept 

and slope of these regressions did not differ significantly between the two localities (see Fig. 3.1.47). 

The corresponding average increment widths regressed on average Julian day of formation, revealed a 

significant, negative correlation for the bank locality, where fish spawned early in the season (May to June) 

had faster growth. On the slope locality this correlation was also negative, but not significant. Comparisons 

of this relationship between localities showed no significant difference in the regression coefficients of the 

two regressions, but throughout the pelagic stage increments of fish caught on the bank were smaller than 

on the slope (see Fig. 3.1.48). 

These results indicate that early spawned fish settle at a younger age than fish spawned later in the year. On 

the slope fish settled at the same age as fish on the bank, but had faster otolith growth rates. The settling 

pattern of the two localities is shown in Fig. 3.1.49, represented as proportion of settled individuals in relation 

to date, days after formation of secondary growth centre and fish size in mm (Fig. 3.1.49 a, b, c respectively). 

Demersal life stage: Average growth rates during the demersal stage were calculated from fish lengths at 

settling and capture and are shown in Fig. 3.1.50. This figure shows that during the demersal stage fish on 

the bank had experienced slower somatic growth than on the slope. At settling fish from the slope had a 

significantly larger otolith than fish from the bank, even though they had the same age. The observed 

difference in otolith size between the two localities had increased from the time of settling (average of 62mm) 

to capture (average of 179mm). 

A significant difference in otolith lengths back-calculated to Julian day 310 (breakdown of the thermocline) 

was observed between the two localities (average of 192mm). However, this difference between otolith 

lengths of the two localities was similar to the one observed at catch (average of 179mm, see Table 3.1.13). 

Growth rates of slope otoliths must therefore have been faster than bank otoliths during the time before the 

breakdown of the thermocline. 

Coupling between growth rates at settling and size at catch: The effect of fast growth during the pelagic 

stage on fish size at capture was assessed using the residuals from the increment width-day of formation 
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regression (Fig. 3.1.48), assuming that fish with positive residuals had experienced fast growth and fish with 

negative residuals slow growth. The residuals from the two localities (residbank and residslope) were regressed 

against fish dry weight at capture. A significant, positive correlation was found for the bank sample: 

residbank= -0.6955+3.6012*DW (p<0.01, r2= 0.17), while growth rate before settlement had no effect on fish 

size at capture on the slope: residslope= -0.8591+1.4176*DW (p= 0.17, r2= 0.04). 

Vertical migration: The potential bias of an ontogenetic decrease in otolith growth was evaluated prior to the 

analysis of vertical migration. The residuals from the observed daily otolith weight change-days after 

secondary growth centre regression (dOW/dt= 0.001·days after secondary growth centre+0.0132, n= 3616, 

r2= 0.46) revealed a negative trend after day 110. Increments formed after 110 juvenile days were therefore 

not included in the analysis. This applied to two fish. 

The proportions calculated for the three increment pattern intervals are plotted against average date of 

formation of the respective interval in Fig. 3.1.51. During the first pattern interval (I1, pelagic life stage) the 

increment widths suggested that Baltic cod stayed above the thermocline. Only 12% of the fish had 

apparently undertaken vertical migrations during a limited amount of time (approximately 7% of days). The 

second pattern interval (I2, early demersal stage) was characterised by a high degree of vertical migration, 

where fish spent 10-40% of their time above the thermocline. During the later demersal stages (I3), only a 

limited amount of vertical migration was detected. This decline in time spent above the thermocline is out of 

phase with the daylight hours, but corresponds to the breakdown of the thermocline. This suggests that the 

increment patterns in the demersal life stage may be separated into a pre (I2) and post (I3) thermocline 

turnover interval, with migrations subsiding after the turnover. 

 

Growth models for juvenile cod 

Model I: Linking otolith growth to fish growth directly 

In the experimental samples no significant treatment effects were found on the ln(OW)= a+b*ln(OL) 

relationship (ANCOVA, ptemperature= 0.601, pfood= 0.571). There was also no significant difference in these 

parameters between experimental and field samples. Therefore, model (1) was used for all estimations of 

otolith weight, with parameters estimated as aOL = -16.309 and bOL = 2.4197 (p<0.05, r2= 0.95). The model 

error εi was distributed normally with homogenous variance N(0, 0.147) and individual fish’s otolith weights at 

previous times scaled to otolith weight at catch. 

Temperature was found to have a highly significant effect on increment width (ANOVA, p<0.05), while food 

level had no effect (ANOVA, p>>0.05). This variable was therefore not considered in model (2). Model 

constants aDW, bDW, cDW, and dDW were estimated as aDW = -5.27, bDW = 0.875, cDW = 0.042 and dDW = 0.444, 

all variables were significant (GLM, all p< 0.05, r2= 0.90). The model error ε was distributed normally with 

homogenous variance N(0, 0.772). 

The parameters of model (3) were estimated as aiw = -9.488, biw = 1.624 and ciw = 0.209, (GLM, all p<0.001, 

r2= 0.62). The ln(OL)*ln(T)-interaction was found to be significant (p<0.001), but did not improve the model. 

In model (4) the parameters were estimated to be aow = -3.659, bow = 0.544 and cow = 0.490 (GLM, all 

p<0.001, r2= 0.74), where the DW-term was derived from model (2). The ln(DW)*ln(T) interaction was not 

significant. The residuals were normally distributed with homogenous variance in model (4), where ε = N(0, 

0.353), but not in model (3). Therefore model (4) was used for the validation of otolith growth in field 
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samples. The residuals of the observed versus expected otolith weight change using model (4) were 

normally distributed around zero with constant variance (residual SE= 0.352, r2= 0.74). 

 

Model II: Linking otolith growth to fish growth through bioenergetic relations 

Parameter estimation 

An overview over all parameters and their estimates is given in Table 3.1.14. Note that the equations in this 

table represent relative rates of protein synthesis, degradation, metabolism and growth, and that all 

measurements are in g and mm. 

Otolith weight and volume increase: In the present material otolith weight (otoW) and volume (otoV) are quite 

well explained by otolith length measured along the rostral axis: otoW= 1.50*otoL2.414 (r2= 0.95) and otoV= 

0.542*otoL2.415 (r2= 0.95), with residuals normally distributed around zero. Otolith protein content, which 

influences otolith density, may affect these relationships, but due to the good correlations between 

weight/volume and length, density was not included in the estimation. No significant effects of food level, 

temperature and interactions between these variables were found on intercept and slope of the otolith length 

– weight/volume relationship (both relations: GLM, df= 270, all p>0.05, ln-transformed data, single length 

measurement). 

Q10 of otolith growth: The relationship between otolith weight change and temperature is shown in Fig. 

3.1.52. The temperature response of otolith growth was evaluated using a temperature coefficient Q10 and 

these otolith growth rates. This resulted in Q10 of 71.3, 2.6, 1.2 and 0.8 for the temperature ranges 0.9-5, 5-

10, 10-15 and 15-20°C respectively and a Q10 of 1.7 between 5 and 15°C. 

Dry weight–wet weight relationship: The effect of temperature on the dry weight/wet weight relationship was 

analysed. Temperature and food had no significant effect (ANCOVA, p>0.05), and fishDW is therefore best 

described by the model DW = a*WWb, where a= 0.201 and b= 1.117 (r2= 0.82, p<0.01). This conversion was 

therefore used in all analyses. A decrease in the dry weight/wet weight ratio with length of starvation period 

was observed from the subsamples (see Fig. 3.1.53), in accordance with observations by other authors (e.g. 

Johnston and Goldspink, 1973; Black and Love, 1986). 

Routine metabolism: A decrease in metabolic rate with time of starvation is reflected in the changing dry 

weight/wet weight ratio and the decreasing rates of dry weight loss and otolith growth with time of starvation 

(see Fig. 3.1.54 and 3.1.55). The relationship between dry weight changes over the three 5-day-intervals 

(corresponding to Mroutine) and the corresponding change in otolith weight for fish of similar size is shown in 

Fig. 3.1.56. Since the residuals from the regression of fish weight change on otolith weight change were 

evenly scattered around zero, the scaling constant in the dfishDW/dt (g*g-1*day-1)= ar*dotoW/dt (g*g-1*day-1) 

equation was estimated to be ar= 1.016 with the least squares method (n= 106, r2= 0.46), where dfishDW/dt 

(g*g-1*day-1) is equal to Mroutine. 

Otolith opacity and density during starvation: Otolith density is determined by the otoliths protein content (see 

Hüssy et al., 2002a). Therefore, an analysis of otolith density in starving fish expresses the effect on the 

otoliths protein content, and thus synthesis rate of matrix protein. Density change with starvation 

(subsamples of 5 and 10 days starvation included in the analysis) was analysed in a multiple regression 

design for each individual temperature regime as density = ln(SL)+ln(fishDW). Starvation led to a negative 

length and positive dry weight effect. These effects were only significant in the 15°C treatment. The 

intercepts were found to increase with temperature (see Table 3.1.15). 
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The decrease in protein synthesis during starvation is reflected in the otoliths opacity (see Fig. 3.1.57). A 

significant effect of temperature on the slope of opacity on time of starvation was found for the first 12 days 

of the experiment (ANCOVA, df= 412, p<0.01). 

Protein synthesis: The constants of the PSf= apo*PSobpo relationship were estimated as apo = 4.55 and bpo 

= 0.637 (n= 55, r2= 0.43). 

 

Sensitivity analysis 

Since the sensitivities calculated are self-normalising a value of S(p) = ± 1 indicates that a 10% change (or 

error) in the input parameter causes a 10% change in calculated growth. Absolute values of S(p) <1 indicate 

a general robustness of the model, while the higher the absolute value of S(p) the greater the effect of a 

potential error. This type of analysis may be used in the assessment of the importance of individual 

parameters for the model. The sensitivities calculated for each parameter are shown in Table 3.1.16. The 

results show that the model generally is robust to parameter changes. All sensitivities fell within the range of 

± 1, except for bpo which lay just above 1. Absolute sensitivities for the parameters aw, aa, av, bv, apf, bpf, 

opa, opb, pp and deg are all below 0.5. A measurement error of 10% results in much less than 10% change 

in the output variable and these parameters are therefore assumed to be reliable estimators of otolith 

volume, protein synthesis and degradation, the fish protein content parameter pp as well as the relationship 

between otolith opacity and protein content. Slightly greater sensitivity is involved in the estimation of the 

routine metabolism parameter ar, where particularly a lower estimate leads to an equivalent deviation in 

weight change. To improve confidence in this relation data for a wider size range and for different species 

need to be assessed. Not surprisingly, the model is relatively sensitive to errors in measurement of the 

exponents of the otolith length - otolith weight/area, bw and ba. Great care must therefore be taken in 

estimation and validation of these parameter values. However, data of otolith length and weight are usually 

available from the literature and can be used to calibrate own insufficient data. 

 

Back-calculation of fish weight 

Cod juveniles: Fish from the last sampling date of the growth experiment were used to assess the precision 

of growth model II for juvenile cod (model II-14 and II-15). Average values of back-calculated and observed 

wet weights of the growth experiment are shown in Fig. 3.1.58 (average back-calculated wet weight = 

0.952·average observed wet weight, r2= 0.95). The residuals of observed minus back-calculated values are 

not evenly scattered around zero, with negative values at weights <0.9g and slightly positive values at 

weights >0.9g. 

The back-calculated dry weights of the starvation experiment plotted against “observed” values are shown in 

Fig. 3.1.59. All values for both the beginning of the experiment as well as days 5 and 10 fall on a straight line 

with correlation coefficients of 0.91, 0.94 and 0.96 for days 0, 5 and 10 of the experiment respectively 

(overall r2= 0.92). The residuals of observed minus back-calculated values are scattered around zero, but not 

normally distributed (Kolmogorov-Smirnov, n= 150, p< 0.05). 

 

Sprat: Reliable ages and growth trajectories could not be calculated from the analyses of otolith increments 

width in the earlier stages, as no primary increments were identifiable using light microscope. Therefore, 

differences in growth characteristics among individuals were analysed using otolith size-fish size 
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relationships. Additionally, an attempt to calculate otolith and somatic growth rates was tried using 

consecutive samples of the same population over time. 

Vertical resolution sample: No differences in the fish length-otolith radius relationship were found among 

individuals according to depth when otoliths from the vertical resolution sample from the 26th of May were 

analyzed (GLM, all variables as categorical, all p>0.01). 

Consecutive samples of the population over time - Fish size-otolith size relationship: The fish length-otolith 

radius relationship was poor in samples from 19th of May (r2 = 0.0021, n = 52, p =0.7422 for D-larvae) and 

26th of May (r2= 0.0999, n=106, p=0.001 for D-larvae and r2 = 0.1475, n = 62, p =0.002 for L-larvae). A better 

correlation was observed in the sample from 4th of June (r2 = 0.5491, n = 37, p<0.001 for D-larvae, r2= 

0.8278, n= 23, p<0.001 for L-larvae), all regressions being better for L-larvae. No significant differences were 

found in the otolith size distributions between the 19th and the 26th of May (Bs, p = 0.1). In contrast, both 

otolith size distributions were significantly different compared to the 4th of June (Bs, p<0.001 in both pairs 

combinations), with a clear displacement towards larger otolith sizes in June compared to May. 

Clear trends were identified from the analyses of the residuals of the otolith size-fish size relationship of the 

three samples pooled together. Residuals were randomly distributed in larvae less than 11 mm. In contrast, 

two clear trends were identified for larvae larger than 11 mm, with individuals caught in May following a 

decreasing polynomial curve while individuals caught in June followed an increasing polynomial curve (Fig. 

3.1.60).  

Somatic and otolith growth rates: 3 consecutive samples of the same population over May-June sampled in 

the same stations were available. The higher abundance of smaller larvae lengths caught in the 26th of May 

compared to the 19th of May suggest the recruitment of new individuals on the population (Fig. 3.1.61). 

Therefore, prior to the calculation of growth rates, cumulative curves were corrected for new recruited 

individuals. Data on abundance of eggs caught in the 19th of May showed the latest stage of development of 

the eggs in stage III. According to laboratory experiments the time of development of sprat eggs from stage 

III in first hatch larvae is approximately 100 hours (4 days) at temperatures of 4.29 °C (Thompson et al. 

1981) in the range of temperatures observed at 45-65 m depth where most of the sprat eggs usually occur 

(Wieland and Zuzarte, 1991). Therefore, larvae from these eggs would be expected to hatch around the 23th 

of May with a mean length of around 3mm and only three days to grow until the 26th of May and would not 

reach lengths longer than 7mm. Therefore individuals with lengths smaller than 7mm were assumed to be 

born in the period between the 19-23rd of May and a new cumulative curve was then calculated without 

including these individuals. No correction for mortality was applied assuming all size classes were subjected 

to similar mortality rates.  

The calculations showed increasing daily somatic growth rate with larvae size (Fig. 3.1.61) Larvae smaller 

than 8mm were estimated to grow at an average rate of 0.143mm/day, larvae between 8 and 9mm were 

growing at 0.214mm/day, larvae between 9 and 15 mm were growing at around 0.286 mm/day and larvae 

larger than 15mm were growing at 0.429mm/day. Otolith growth rates showed a similar pattern than somatic 

growth rates with larger otolith sizes growing at higher rates than smaller ones. Otolith sizes smaller than 9µ 

were growing at a grow rate of 0.026µ/day (0.30% per day). Between 9 and 9.3µ growth rates were of 

0.014µ/day (0.15% per day), from 9.3 to 10µ at 0.054µ/day (0.58% per day), between 10 and 10.7µ at 

0.034µ/day (0.83% per day), between 10.7 and 11.5µ, at 0.09µ/day (1.15 per day), and larger than 11.5 at 
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0.13µ and for the larger one 0.2µ/day (1.58% per day). Changes in fish length where greater than changes in 

otolith size suggesting larvae were growing in length but not in otolith size. 

 

Results from the larval sprat growth model 

The input data 

Prey field: Results from the GAMs showed a general increase in zooplankton abundances at the end of April 

and a decrease at the end of the year for all species-stages (Fig. 3.1.62 a-c). The vertical distribution of the 

stages varied among species. In general, all stages of Pseudocalanus were found deeper in the water 

column than those of Acartia and Temora (Fig. 3.1.62 d-f). In the same specie, CI-III stages were located 

upper in the water column compared to older stages. In Temora and Acartia this pattern was not so clear, 

although CI-III stages were located slightly higher in the water column compared to the adults.  

Hydrographical data: The temperature data showed the development of a superficial thermocline over the 

spawning season with temperatures up to 19 ˚C in August and a relatively stable mass of colder water at 

intermediate depths. 

 

The output of the model: Maximum growth rates occurred in the surface warmer layers above the 

thermocline since June, the month when the beginning of the thermocline was observed (Fig. 3.1.63). 

Growth rates decreased relatively fast from the surface towards the depth at which the thermocline was 

situated, after which they became relatively stable over a wide range of depths due to the interaction 

between more stable temperatures and high zooplankton abundances. The pattern was similar for all length 

groups although absolute growth rates were in general higher for larger larvae, 0.4 mmday-1 in 10 mm larvae 

up to 1.2 mmday-1 in 25 mm larvae. Prior to the development of the thermocline, there were almost no 

differences in growth rates between larvae in the upper layers and the ones living at intermediate depth 

layers, as observed for day 150, or were even higher at the intermediate layers, as observed early in the 

season especially for larger larvae. It was also at the beginning of the spawning season when negative 

growth rates occurred at the deeper layers for all larvae sizes coinciding with the low copepod 

concentrations, suggesting that growth rates in the deeper layers may be limited by food abundance early in 

the season. Not only zooplankton abundance but also light and temperature may limit growth in the deeper 

layers at the beginning of the spawning season as similar zooplankton concentrations late in the season 

resulted in very high growth rates. Besides, a secondary peak of decreasing growth rates was found in 

deeper layers after day 200 coinciding with another decrease in zooplankton abundance. 

Predicted optimal swimming speeds were in general low, never exceeding 1 bls-1 (Fig. 3.1.64). Spatial trends 

in swimming speed coincided with the spatial pattern for zooplankton concentration with decreasing 

swimming speeds co-occurring with depths and days when copepod concentrations were higher. Early in the 

season when copepod abundances were low, swimming speeds were higher. The low concentrations in the 

deeper layer after the summer as well as the low ones in the surface resulted in faster swimming speeds 

especially for 15-25 mm larvae. 

 

Growth trends: Predictions from the model suggest that variability in the length-at-age among individuals 

from the same cohort occurs due to differences in location over the water column (Fig. 3.1.65). In general, 

the length attained by an individual at a given age was smaller with increasing depth for all three cohorts. 
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Maximum growth rates over the water column were observed in all cases in the upper 20 m. Comparison of 

length-at age as observed from the otolith analyses and that from the model predictions shows that sprat 

larvae were generally growing at lower rates than the highest predicted over the water column for all cohorts 

suggesting that some other process than maximization of the growth alone may influence the vertical 

distribution of the larvae. This trend was more obvious in older larvae. Also from the otolith analysis we 

observed a wider pattern in length-at-age attained in younger larvae with fast and slow growers occurring 

together whereas later in the season only larvae with length-at-age characteristic of individuals living 

between 20-40 m depth were caught.  

In order to validate these results, we compared growth trajectories predicted from the model, assuming 

larvae were living at different depths, with those observed in the otoliths assuming somatic and otolith growth 

were correlated. In very young larvae, growth rates did not differ between the ones living deeper in the water 

layer and those up to 20 m depth among individuals from cohort A (Fig. 3.1.66). Neither was differences very 

marked for the other two cohorts although there was a tendency for higher growth in the upper depths. In 

contrary, in all the cases, there was a large difference among growth rates by larvae experiencing constant 

depths and those from larvae selecting the optimal depth to maximize growth over the water column. Later in 

their life, differences among growth rates for larvae experiencing different depths were much more marked. 

Specific clear patterns were found for growth trajectories in larvae living in the bottom of the water column 

where there was a sharp decrease in growth rates coinciding with the decrease in zooplankton biomass in 

deeper waters observed during the same days. Decreasing growth rates were not recognized in the growth 

trajectories of the otoliths of the older individuals from any cohort as suggested by the non-significant trends 

in increment width from the individual regressions of increment width and age during the same period 

(p>0.01 every individual regression). This suggests that no larvae living in the deeper layers were caught 

later in the season. The same approach suggest no larvae from cohort A were growing at the highest growth 

rates were caught later in the season, as a clear decreasing trend would be expected in the otoliths if trends 

as the one in the surface shown in Fig. 3.1.65 was experienced by some of the survival individuals. But given 

that changes in increment width were not significant (p>0.01 every individual regression), individuals from 

each cohort caught later in the season are likely to have a relatively homogeneous growth history.  

The relationship between otolith size-fish size was analyzed separately for each cohort and day of catch 

when the data included more than 4 individuals (Table 3.1.17). For cohort C relationships independently of 

day at catch were significant. In contrast, relationships for cohorts A and B were only significant when using 

data from the first catch day but not in August, which for cohort B may be explained by the low number of 

individuals available but for cohort A on the 13-August reflects a poor relationship. All data from different 

days of capture were pooled together and the residuals of the otolith size-fish size relationship analyzed for 

cohort C, the only cohort when all relationships were significant. Residuals were all negative for fish caught 

the 5 August suggesting that smaller individuals had larger otolith sizes compared to those caught on the 27 

of July. This pattern corresponds with faster growing fish mostly caught on the 27 of July having smaller 

otolith size than the ones caught on the 5 August. In older fish, no clear trends in the residuals were found. 

 

Characteristics of survivors 

Cod larvae: The individual based growth analyses that were performed with the TCM on a larvae material, 

was not applied to later life stages of cod, due to lack of suitable fish material. Characteristic growth patterns 
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and the relation to hatch date distribution could therefore not be identified for the cohort of fish that 

developed from the early larvae to juvenile stage.  

 

Cod juveniles: Instead the analysis of the distribution of hatch dates and age composition of settled juvenile 

cod among the settling areas on the slopes in the Bornholm Basin in 1995 indicated regional differences that 

could be related to survival traits for the larvae and juvenile stages of cod. Individuals that were sampled in 

the northern and southern settling areas, were characterized by being younger fish with a late hatch date 

peak around the 10th or 11th of September, whereas individual from the north-eastern and eastern settling 

areas were older fish with a hatch date peaking in late August. These results could indicate that transport 

during the pelagic life stages, influences timing of settling and properly survival of young cod. Further 

modelling of the drift pattern experienced by the young cod during the pelagic stages, may couple these 

results with egg distributions as well as feeding regimes and temperature records and provide a more 

complete description of the survivors. This topic is discussed under Task 4. 

Individual otolith growth trajectories from the larval and early pelagic juvenile period were measured and 

compared to hydrodynamic model outputs on temperature time trajectories for particles in the wind driven 

flow field for 1995. The expected pattern is a gradual ontogenetic increase in increment widths at constant 

temperature (see Fig. 3.1.67 recalculated from Radtke, 1989), therefore increment widths were analysed 

versus the distance from the nucleus to identify points where individual growth trajectories started to diverge 

from the general pattern (Fig. 3.1.68). The individual size at the change in growth pattern was then 

transformed back to the age were the change started. This age was then related to the estimated Julian birth 

date to see if a negative correlation existed indicating that a synchronised event could have induced 

increased otolith growth rate. 

When time spent in the small larval stage (otolith growth rate less than 3μm) is analysed vs. hatch-day a very 

clear pattern of two clusters is found. One cluster forms by individuals born relatively early in the season and 

which shows a negative trend of small larval stage duration with hatch date, this cluster also has a 

dominance of juveniles from the NE stations. The other cluster consists of mostly southern station individuals 

with a wide hatch date distribution but which all have a relatively short small larval duration uncorrelated to 

hatch date. Early born individuals may experience lower temperatures with a direct negative influence on 

otolith increment widths (Mosegaard et al., 1988) and possibly also on body growth rates (Campana, 1996). 

Hatch check analysis: The distribution of hatch check areas with regard to fish size showed a trend of larger 

hatch checks with size (Hc vs. TL, Fig. 3.1.69). Larvae with smaller hatch checks (220mm2) were missing at 

fish length above 8.7mm.  

An analysis of the otolith size corrected for hatch check size, and its correlation with otolith size at hatch was 

performed. The otolith size corrected for the hatch check size for the first to the 12th increment, was 

correlated with hatch check size. The results showed weak correlations with R-square values ranging from 

0.069 to 0.0006 (Table 3.1.17, Fig. 3.1.70). The result indicates that a process that influences the formation 

of the otolith in the time around hatching, only have limited effect on the otolith deposition in the post-hatch 

period. 

 

Sprat: Temperatures at first primary increment formation were also calculated for age 1 survivors caught in 

1998-2000 (year class 1997, 1998 and 1999 respectively) using equation 3. Trends in the estimated 
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temperatures were almost identical for the 1997 and 1999 year class with less than 20% individuals forming 

first primary increment at temperatures below 16ºC whereas for the 1998 year class most individuals formed 

it at colder temperatures (Fig. 3.1.71). This pattern is in accordance with the different temperature regime in 

1998, where temperatures were colder than those in 1997 and 1999 (Fig. 3.1.72). Though temperatures at 

first increment formation between 1997 and 1999 were very similar the back-calculated dates differed in both 

years (Fig. 3.1.73). The period of first primary increment formation for the 1997 year class survivors 

extended from early June to early August with most individuals forming it late July-beginning of August 

whereas in 1999 dates ranged between late May late July, most individuals forming first increment in July. 

For the 1998 year class, most fish were estimated to form the first increment before the 30th of June although 

around 30% of the larvae were forming it in July-August. Still, individuals of this year class forming their first 

primary increment at the end of June-early August were difficult to distinguish by looking at the 

correspondence between estimated temperature and day of the year given the similar temperatures over 

time observed late in the season (Fig. 3.1.72). 

Differences in the onset of maturity among individuals born at different times: The results from the models 

showed a significant effect of date of first primary increment formation on the proportion mature at age 1, 

when temperature at first increment formation was used as a proxy for date. A higher proportion of sprat 

forming the first primary increment at colder temperatures matured as age 1 compared to those forming it at 

warmer temperatures in 1998 and 2000 (p=0.0009 and p=0.0420 in 1998 and 2000 respectively). The 

absolute proportions, however, differed between the two years (Fig. 3.1.74). Converted to date, we found 

that early-born sprat matured at age 1 in higher proportion than late-born individuals (Fig. 3.1.75). No such 

trend was found in 1999 when the effect of hatch date on the proportion mature was non-significant 

(p=0.8985). 

 

Discussion 

Hatch date distribution 

Hatch date distributions of sprat and cod can be estimated from numbers of daily otolith increments. 

Preliminary results show differences in the otolith trajectories among individuals born at different times during 

the spawning season as well as with geographic location. Differences in the width of the rings among 

individuals born during the same spawning season are likely to reflect different environmental conditions 

experienced by the fish. Narrower increment widths are observed during low feeding activity or starvation 

(Molony and Sheaves, 1998) or due to low temperatures (Mosegaard et al., 1988). 

Otolith growth is also constrained by ontogenetic stage of the fish. Colder temperatures reduce fish growth 

rates extending the stage duration. The body features and physiological characteristics of the fish at a given 

stage act as a constraint for the amount of food that can be consumed and metabolised into growth. 

Therefore, we can find differences in the otolith width of the rings for fish experiencing the same 

environmental conditions but in different developmental stage. Juveniles have been sampled in SD 25 during 

the autumn-winter of 1999 and the otoliths are being analysed in the laboratory. To analyse the variation in 

survival of the cohorts it is necessary to compare back-calculated birth date distributions from survivors with 

spawning distributions and abundance of eggs (Fossum and Mokness, 1993). 
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Sprat: Temperature effect on otolith accretion rates: The significant effect of temperature in the otolith growth 

rates found in this study, with increasing otolith growth rates at higher temperatures, is similar to that found in 

other species (Neilson and Geen, 1982; Mosegaard and Titus, 1987; Hoff and Fuiman, 1993; Suthers and 

Sundby, 1993; Folkvord et al., 1997; Otterlei et al., 2000). Particularly for sprat, investigations where the 

relationship between otolith growth and temperature has been studied are scarce. Temperature was found to 

influence increment deposition in laboratory-reared sprat larvae where only faint increments were found after 

29 days in survivors reared at 6°C whereas increments were clearly distinguishable in larvae 6 days old at 

15°C (Alshuth, 1988). In our results, the substantial change in temperature regime over the spawning season 

for sprat in 1999 facilitated the identification of the temperature effect on otolith formation. This effect may be 

masked if field samples are collected at intervals when temperature differences are too small (Munk, 1993; 

Ré and Golcalves, 1993). Apart from the effect of temperature, growth rates may also be influenced by the 

feeding and hydrographical conditions experienced by the larvae over time. Specifically for sprat, individuals 

caught in mixed areas have been found to grow faster compared to those experiencing poorer feeding 

conditions in stratified waters (Munk, 1993). 

The different patterns of otolith growth over the season were identified by sampling successive components 

of the larval population over time. However, if the population is subjected to selective mortality, growth 

trajectories of individuals with a lower probability of survival may be underrepresented in some of the 

samples. This may be the case of larvae born earliest in the season because of their greater cumulative 

mortality than those born late in the season (Campana and Jones, 1992). Besides, mortality in many cases 

may be size selective with small larvae generally supporting higher mortality rates than larger ones (Bailey 

and Batty, 1984; Pepin et al., 1987) or selecting for growth characteristics with faster growing larvae having a 

higher probability of survival than slower growing ones (Miller et al., 1988). Even though the time interval 

between samples and the length range of the larvae used in this study suggest little overlap between 

individuals born at different times over the spawning season, at least until August 1999 when younger and 

older individuals were collected together, the existence of selective mortality could introduced some bias in 

the relationship between otolith growth rate and temperature.  

Selective mortality may also be an important task to consider if data of otolith growth trajectories or age are 

used to reconstruct hatch date distributions in larvae or to be further applied to estimate hatch dates in 

surviving adults. Using day of first increment formation as a proxy for hatch date is common for most 

clupeids (Moksness, 1992; Moksness and Fossum, 1992; Arrhenius and Hansson, 1996). For sprat, hatch 

dates are usually calculated in sprat adding a fixed number of 7 days to the day of first primary increment 

formation to account for the period prior to the onset of regular ring deposition as observed in the experiment 

at 15°C by Alshuth (1988). At this temperature, her experiments showed that first primary increment 

deposition occurred at lengths around 5mm (Alshuth, 1988). In our study, identifiable primary increments 

were first found in larvae 17mm long (with 7 primary increments) although other individuals of similar length 

did not show any identifiable primary increment yet. Still, all larvae of lengths larger than 20mm had easily 

distinguished primary increments. This suggests that the onset of regular increment formation in Baltic sprat 

does not always occur at the same time after hatch. Primary increments were neither visible in sprat larvae 

smaller than 11mm on average caught in the North Sea (Ré and Golcalves 1993). Given the significant 

effect of temperature on otolith growth rates, if early larval stages were developing in deeper water layers 

(Makarchouk and Hinrichsen, 1998) temperatures would have been low and initial otolith growth rates 
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considerably low with no discernible increments during the initial larval growth period. Also because larger 

sprat larvae are mostly found in depths above the thermocline (Wieland and Zuzarte, 1991; Makarchouk and 

Hinrichsen, 1998) as also indicated from our own samples in August 1999 conducted at an average depth of 

10-15m, larvae after the initial stage would have prevailed in warmer waters and otolith growth rates 

increased. Even if diurnal vertical migrations have been shown for other clupeids (Munk et al., 1989; Heath 

et al., 1991), the range of depth changes when migration has been reported for sprat does not usually 

exceed 15m (Kloppmann, 1991) so that larvae are likely to spend most of their time in the warmer layers. 

The conversion from day of first primary increment formation to hatch day should therefore consider other 

variables as day of the year and temperature to validate the time of formation of the first primary increment 

as well as correcting for selective mortality.  

One assumption implicit in our approach is that primary increments were formed daily, which has been 

previously confirmed for sprat (Alshuth, 1988; Ré and Goncalves, 1993) as well as in other clupeids 

(Moksness and Wespestad, 1989; Moksness, 1992; Ré 1984). Still, under sub-optimal feeding conditions or 

low temperatures deposition rates may be lower than 1 increment per day (Taubert and Coble, 1977; Methot 

and Kramer, 1979; Geffen, 1982; Lough et al., 1982; McGurk, 1984; Campana et al., 1987; Moksness, 

1992). This may result in an underestimation of increment numbers especially when increment widths are 

smaller than 1μm (Folkvord et al., 2000). The increment widths measured in this study were larger than 1μm 

for all otolith even in those experiencing cold temperatures in larger larvae. However, in otoliths from smaller 

larvae, increment widths were not identified under the light microscope suggesting that otolith growth rates 

may have been very low and increments if present very narrow. Further work is therefore recommended 

before daily formation of increments is assumed in smaller sprat larvae.  

All our otolith growth rates were estimated from measurements on volume increase instead of increment 

width as commonly used to account for the effect of previous otolith size in increment width. An alternative to 

increment width has already been suggested in other studies in terms of weight assuming that the same 

increase in weight will produce a larger incremental width along a radius on a small otolith than on a large 

otolith (Mosegaard et al., 1988). We followed a similar approach only that volume increase was preferred to 

otolith weight given the small dimensions of the otoliths that could lead to measurement error. Additionally, 

the relationship between otolith growth and temperature is stabilized when volume increase is used instead 

of increment width. Using increment width alone does not provide any information on the location of the 

increment in the otolith whereas using otolith volume both information on the increment width and its location 

in the otolith are considered.  

The estimation of date of first increment formation: Differences in the microstructure pattern of the otoliths 

due to temperature changes during the larval stage caught in 1999 were easily recognized in the adults of 

the same year class allowing for the estimation of temperature at first primary increment formation and 

therefore date of first primary increment formation with a relatively good precision. Comparisons between 

observed and estimated temperatures at first primary increment formation from larvae caught in 1999 

suggest a very good fit. 

The degree of accuracy of the estimated day at first increment formation from the predicted temperatures 

depends to a great extend on the time-resolution of the day of the year-temperature relationship and the 

temperature evolution over the spawning season. Daily time series of temperature as in this study will 

provide a detailed description of short-term changes in temperature over time so that back-calculated dates 
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will have a higher temporal resolution. If temperature data were collected leaving longer periods in between, 

only rough differences in hatch date among larvae would be identified, such as fish forming their first primary 

increment before or after the development of the thermocline or early and late in the season. This type of 

approach is more close to that used in herring where differences in the otolith trajectories, mainly due to 

temperature, have also been found in larvae born at different times during the year (Moksness, 1992; 

Fossum and Moksness, 1993; Stenevik et al., 1996; Fey, 2001) and further identified in adult herring to 

distinguish between individuals hatch in Spring, Autumn or Winter (Zhang and Moksness, 1993; Mosegaard 

and Madsen, 1996). 

 

Growth rates of larvae and juvenile sprat and cod 

Cod larvae: The TCM that was applied in this study is designed to optimise the interpretation of otolith 

growth for a given fish material. For the Baltic cod larvae an allometrical conversion of otolith growth into fish 

growth in terms of alcohol free dry weight was found to be the optimal model. This result supports an earlier 

study of North Sea Haddock larvae, were the TCM estimated the optimal interpretation of otolith growth as 

expressed in fish growth in terms of protein weight (Boll unpl. data). However the present study showed a 

low degree of explanation ability for the all tested models. This result limits the usage of the found otolith 

growth interpretation for Baltic cod larvae in future studies, since the optimal model explained only half of the 

observed variance in otolith growth.  

One reason for the limited explanation ability of the TCM analysis could be the constitution of the fish larvae 

material. 37 fish were considered to be suitable for TCM analysis and among these only 6 larvae had more 

than 20 increments, whereas the large majority had between 5-16 increments. Hence, beyond the 20th 

increment, the TCM estimations of otolith growth and somatic trajectories were based on relatively few 

observations. An improvement of the TCM analysis could therefore be an inclusion of a larger larvae material 

with individuals that had higher numbers of increments. It is therefore recommended that the results that 

were produced by the TCM during this study should be used with precaution.  

 

Cod juveniles: Validation of daily increments in juvenile cod: In this study we showed that it is possible to 

distinguish between different increment patterns in otoliths of juvenile Baltic cod with a simple, objective 

method based on the difference between the sums of consecutive increment widths. Such pattern changes 

are known to be induced by metamorphosis in a wide rage of fish species, both with respect to morphology, 

e.g. formation of secondary growth centres, and suddenly changing growth rates and visual appearance 

(Lee and Byun, 1996; Modin et al., 1996; Arai et al., 1997). Similar changes in otolith growth have been 

associated with the transition from pelagic to demersal habitat utilisation (Brothers and McFarland, 1981; 

Victor, 1982), but have mainly been determined by visual census (see however Victor, 1986). The first 

pattern change in juvenile Baltic cod occurred within a few days at a fish size of 40-50 mm, corresponding to 

the settling size determined by 24h trawling studies (Nielsen et al., 1997; Böttcher and Oeberst, 1996) and 

stomach content analysis (Hüssy et al., 1997; Nielsen et al., 1997). Thus, the first change in increment 

pattern, from wide to narrow increments, seems to be the result of the settling process. 

During the settling process on the slope, fish are exposed to temperature changes when they migrate across 

the thermocline. Such temperature effects may overrule the formation of daily increments (Campana. 1983b; 

Neilson and Geen, 1985), resulting in pronounced subdaily increments. One goal of this work was therefore 
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to evaluate whether the microincrements observed in juvenile Baltic cod otoliths were formed on a daily 

basis. 

The periodicity of increment formation has traditionally been validated by laboratory experiments. In larval 

fish this has predominantly been achieved by comparing increment counts with the known age of the fish 

(e.g. Geffen, 1982; Folkvord et al., 1997). In juvenile fish marking of the otolith prior to release in the wild or 

rearing of the fish for a known period of time has been the preferred procedure. Such marks may be induced 

with either chemical reagents such as oxytetracycline and alizarin complexone (e.g. review in Geffen, 1992) 

or by periodical variation in water temperatures (e.g. Volk et al., 1990, 1994, this study). Neither of these 

approaches is applicable to the evaluation of increment structures observed in field samples. For this 

purpose, an otolith growth model was developed, based on data from laboratory-reared fish. Prior to the 

application of this model the increment structure of both experimental and field samples were evaluated. 

The variability in increment widths between individual juvenile cod was in this study found to be substantial. 

For comparison with other juvenile fish species coefficients of variation in otolith increment width were 

estimated from data presented in the. In field samples a CV of 14-18% in black rockfish (Plaza et al., 2001), 

12-15% in coregonids (Eckmann and Pusch, 1989) and 15-30% in mesocosm reared cod (Suthers and 

Sundby, 1993) was found across individuals for individual experimental days. In experimental samples CV’s 

were estimated as 3-22% in weakfish (Paperno et al., 1997) and 4-14% in Atlantic salmon (Wright et al., 

2001). In larval, laboratory reared cod a CV of 30-35% was observed (Clemmesen and Doan ,1996). With 

the exception of the two cod sample’s CV these values are considerably lower than the 30-35% in the 

experimental and 30-40% in the field samples of this study. These results imply that juvenile cod have a 

much higher variability in otolith growth rates between individuals than other fish species. 

The variability in increment widths within individuals was found to be considerable, particularly in the 

experimental samples, despite constant rearing temperatures and food levels. Within the experimental 

samples increments were less variable in the low food treatments of all three temperatures, albeit only 

significantly in the 15°C treatments. Autocorrelation explained only 5-20% of this variation in increment width 

of the experimental samples and 50-55% in the field samples. The dependence of otolith increment widths 

on previous days growth has been suggested before (Gutiérrez and Morales-Nin, 1986; Morales-Nin et al., 

1995) and may apparently account for up to 65.7% of the variation of individual increment widths (Gallego et 

al., 1996). 

Part of the high variability in the field samples may be explained by the individual behaviour of fish and the 

differences in hatch date, but why are increments of fish reared under constant conditions so variable? 

Otoliths consist of 90-99.8% calcium carbonate embedded in an organic matrix (Degens et al., 1969). What 

is known as a daily increment consists of a broad, calcium rich “incremental” zone and a narrow, protein rich 

“discontinuous” zone (Watabe et al., 1982). Two possible mechanisms may lead to variations in otolith 

increment width: Variability in otolith growth rate in terms of calcium accretion, or variability in the timing of 

protein incorporation into the discontinuous zone. 

Calcium accretion depends largely on fish metabolism, in particular standard metabolic rate (Yamamoto et 

al., 1998; Wright, 1991; Wright et al., 2001). Standard metabolic rate of non-starving fish is known to be 

regulated exclusively by fish size and temperature and is not characterised by large variations over time 

(Schurmann and Steffensen, 1997). The hypothesis that variations in increment width are the result of 

variations in otolith growth rate therefore seems unlikely. 
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The rate of matrix accretion on the otolith is dependent on protein synthesis and the transport of this protein 

from the saccular epithelium, the site of matrix synthesis (Dunkelberger et al., 1980; Takagi and Takahashi, 

1999), into the endolymph and the otolith. The rate of protein synthesis is closely linked with protein 

consumption (Houlihan et al., 1989). If the timing of the discontinuous zone formation were dependent on 

protein consumption, one would expect that increments of fish fed sub-maximum rations once at the same 

time every day would be homogenous in width. However, variability in increment width between high and 

food treatment was only found to be significantly different in the 15°C group. The close correlation between 

fish size and otolith size often observed (e.g. Brothers and McFarland, 1981; Marshall and Parker, 1982; this 

study) seems to be in support of this latter hypothesis. Campana and Neilson (1985) put forward the by now 

generally accepted hypothesis that otolith increment formation is regulated by an endogenous circadian 

rhythm with the photoperiod acting as a zeitgeber (Tanaka et al., 1981). All external factors such as feeding 

periodicity, temperature and photoperiod were constant throughout the experiments of this study suggesting 

that some additional, endogenously controlled mechanism is involved in the regulation of increment 

formation. 

However, even though extensive, variations in otolith growth rates were nevertheless similar within 

experimental and field samples. Together with the high correlation between observed and estimated otolith 

growth rates it was therefore not possible to reject the hypothesis that the observed increments in juvenile 

Baltic cod otoliths were in fact formed on a daily basis. The estimated number of days within the different 

increment pattern intervals was therefore accepted to be representative of true fish age. 

Hydrography related growth in juvenile cod: In the present study early spawned Baltic cod were found to 

make the transition to the demersal habitat at a younger age than their late spawned conspecifics. Fish with 

the best match between hatch date timing and maximal zooplankton biomass may thus experience the 

fastest growth rates, which leads to early settling and promotes better survival according to the “Match-

Mismatch” (Cushing, 1972) and “stage duration” hypotheses (Houde, 1987). The spawning date/age 

dependent settling pattern was the same on both localities, but fish on the slope had experienced relatively 

faster growth rates during the pelagic stage. These results suggest growth rate related preferences in 

settling habitat. Already during the pelagic stage Baltic juvenile cod have been observed to undertake 

exploratory migrations into deeper water layers (Böttcher et al., 1998). The observed segregation may 

therefore occur if juveniles with faster growth rates select different habitat types for settling, in this case the 

deeper slope locality. 

At capture fish and otoliths were significantly smaller on the bank and the difference in otolith size between 

the two areas increased after settling. Also, the regression coefficient of the fish size-otolith size relationship 

was significantly smaller in the bank sample compared to the slope. At least two mechanisms may have 

caused these differences: Differential temperature regimes or prey availability. 

Temperature affects growth by stimulating the fish’s appetite. The consumption of cod increases 

exponentially with temperature up to a maximum at 16°C, leading to an increase in somatic growth rate with 

a maximum at 13.5°C (Jobling, 1988). Similarly, otolith growth rate increases with increasing temperature 

(Marshall and Parker, 1982; Mosegaard and Titus, 1987; Mosegaard et al., 1988). Below the temperature for 

optimal growth, otolith and somatic growth rates are proportional, higher temperatures lead to a decoupling 

between the two growth rates (Mosegaard and Titus, 1987). However, a temperature mediated decoupling 

during the demersal stage can be excluded, since temperatures never exceeded 14°C on both localities. 
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During and after the settling process, density dependent mechanisms may play a vital role in growth rate 

regulation and survival of juvenile fish (Myers and Cadigan, 1993a; Tupper and Hunte, 1994; Carr and 

Hixon, 1995; Tupper and Boutilier, 1995b), including cod (Sundby et al., 1989, Tupper and Boutilier, 1995a 

and c). Juvenile Atlantic cod become territorial after settling, defending territories in association with shelter 

sites (Tupper and Boutilier, 1995a and c). The size of their territories is dependent on fish size and available 

habitat at settling, and increases exponentially with fish size. This territorial behaviour results in size selective 

growth in juvenile cod of St. Margaret’s Bay, Nova Scotia, mediated by strong density dependent 

competition, not just for food resources, but also for shelter sites (Tupper and Boutilier, 1995a and c). No 

knowledge exists of the behaviour in demersal juvenile Baltic cod. 

In conformity with Tupper and Boutilier (1995 a and c), the finding of a prolonged pelagic stage for late 

spawned fish indicates that size-selective processes also regulate timing of settling and subsequent growth 

in Baltic cod. More importantly, fast pelagic growth entailed fast demersal growth on the bank, but not on the 

slope. 

The mechanisms responsible for these observations may be density dependent competition for food. 

Compared to other areas, the diversity of potential prey species in the Baltic Sea is limited, forcing newly 

settled cod to feed on the same size range and species of prey as fish of larger size (Hüssy et al., 1997). 

The major prey items during the first months of the demersal stage are benthic and semi-benthic 

invertebrates such as mysids and amphipods (Hüssy et al., 1997; JR Nielsen, Danish Institut for Fisheries 

Research, Charlottenlund Castle, DK-2920 Charlottenlund, Denmark pers. comm.), whose seasonal 

abundance is at its lowest during winter (Shvetsova et al., 1992). The highest densities of mysids are found 

in depths of 25-40 m (Hansson et al., 1990; Rudstam and Hansson, 1990), while amphipods exclusively are 

found below 26 m (Aschan, 1988). On the slope, feeding conditions may therefore have been more 

favourable than on the shallow bank due to greater variety and quantity in prey items, as suggested by 

Hüssy et al. (1997). 

But differential feeding conditions are probably not the only mechanism. No differences in growth between 

the two localities after Julian day 310 (breakdown of the thermocline on the slope) till capture, apparently 

linking the better growth conditions on the slope with the existence of the thermocline. Before the breakdown 

of the thermocline the otolith microstructure of the slope sample suggested that extensive vertical migration 

took place. Vertical migration is a well-known phenomenon in juvenile cod, as well as in other fish species. 

During the day newly settled cod are closely associated with the seafloor, while they move up into the water 

column at night (e.g. Perry and Neilson, 1988; Lough et al., 1989,; Lough and Potter, 1993; Böttcher et al., 

1998). These migrations are triggered by the light cycle (Perry and Neilson, 1988), are related to feeding 

behaviour and degree of thermal stratification (Perry and Neilson, 1988,; Lough et al., 1989) and have been 

hypothesised to serve maximisation of consumption (Bromley and Kell, 1995). The results from this study 

suggest that these migrations also may be a means of optimising the fish’s energy budget. Mysids, the 

primary prey of newly settled cod from this study (JR Nielsen, pers. comm.), stay close to the seabed during 

the day and undertake daily migrations up into the water column at night (Rudstam et al., 1989). Following 

the migrations of these mysids may increase consumption above the level of non-migratory fish. 

The ability to regulate the energy budget by behavioural adaptation has been shown in laboratory 

experiments for several fish species (Javaid and Anderson, 1967; Mac, 1985; Sogard and Olla, 1996). Fish 

on zero or low rations prefer colder water temperatures than well-fed individuals when given the opportunity 
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to select between different temperatures. Furthermore, the daily vertical migrations of juvenile sculpins 

across the thermocline have been shown to be undertaken for energetical reasons, rather than to be 

associated with feeding (Neverman and Wurtsbaugh, 1994). Migration may thus promote faster growth by 

the dual effect of increased consumption and decreased metabolic costs. An interaction between food 

availability and behavioural adaptation to the environment therefore seem to be the most likely explanation 

for the growth differences observed between the two localities. Apparently, areas below the summer 

thermocline are better suited as nursery areas for newly settled juveniles compared to shallow, nearshore 

habitats. Why, then, did fish on the slope stop migrating after the breakdown of the thermocline? The new 

bottom temperature is closer to cod’s preferred temperature range (Jobling, 1988; Schurmann and 

Steffensen, 1997), and this may have caused the fish to remain in this temperature regime. Another 

possibility is that the fish had reached the size at which their migratory activity declines, as observed in 

Atlantic cod on Georges Bank and in the North Sea (Lough and Potter, 1993; Bromley and Kell, 1995). 

Mortality during the first winter is highest in small fish of a variety of species (Post and Evans, 1989b; 

Cargnelli and Gross, 1996; Gotceitas et al., 1999). Attaining as big a size as possible before the onset of 

winter is therefore of vital importance for juvenile cod. The results from this investigation suggest that the 

time of hatch, growth during the pelagic stage and the habitat selected for settlement are some of the key 

factors for survival of juvenile Baltic cod.  

Growth model for juvenile cod, linking otolith growth to fish growth trough bioenergetic relations: The main 

effort of back-calculation studies has so far been directed at solving the relationship between fish and otolith 

growth in terms of otolith size only. Estimation of otolith protein content and its relation to fish growth has 

been neglected. The presentation of this model is therefore an attempt to promote interest for this topic and 

to propose an alternative way of back-calculating juvenile fish size. 

Calcium carbonate incorporation: The temperature response of oxygen consumption is often described by 

the temperature quotient Q10. In cod, values of Q10 in the temperature range of 5 to 10°C and 10 to 15°C 

decrease from 2.6 to 1.9 for fish of ca. 80-500 g (Q10 for 5 to 15°C= 2.2) (Schurmann and Steffensen, 1997). 

Our otolith growth derived Q10 matched these values closely, supporting a link between otolith growth and 

metabolism. The Q10 between 15 and 20°C was probably underestimated, since fish held at 20°C were not 

fed and otolith growth therefore possibly reduced. 

In a similar approach Mosegaard et al. (1988) obtained Q10 values of 2.0-2.3 in the same temperature range 

for Arctic charr fry. These authors also observed a levelling out of otolith growth at the highest temperatures. 

Correspondingly, Wright et al. (2001) found that the Q10 of standard oxygen consumption increases at a 

much faster rate in response to temperature than the Q10 of otolith growth calculated from both increment 

widths and weight increase. This phenomenon may be caused by a change in otolith density and does 

therefore not necessarily represent a decrease in CaCO3 accretion. In our study otolith density increased 

with temperature (Table 3.1.15) and calculation of otolith weight change from length measurements may 

thus lead to an underestimation of actual CaCO3 accretion. 

During starvation the metabolic rate of cod is known to decrease over the first two to three days until the fish 

reach a post-absorptive nutritional state, where after levels apparently remain constant (Beamish, 1964; 

Lyndon et al., 1992). However, O’Connor et al. (2000) found that standard metabolic rate decreased 

significantly over 23 days of starvation in juvenile cod. This latter result is based on 24 fish, contrary to 3-6 

fish used by Beamish (1964) and Lyndon et al. (1992). In this study such a decrease in standard metabolic 
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rate with time of starvation was reflected in the decreasing rates of dry weight loss and otolith growth, 

beyond the first three days of starvation. Obviously, the starvation induced decrease in increment widths co-

occurred with a decrease in weight loss, which supports the hypothesis of a link between otolith growth and 

fish metabolism. 

From these results it is not possible to infer which component of fish metabolism regulates otolith growth. 

Studies dealing with this topic have shown a close correlation between specific rates of standard oxygen 

consumption and otolith increment width (Yamamoto et al., 1998; Wright, 1991b), while Huuskonnen and 

Karjalainen (1998) found a higher correlation between otolith growth and both total metabolism and 

particularly feeding-induced thermogenesis (SDA). The latter also found otolith growth during starvation and 

concluded therefore, that otolith growth is governed by a growth independent and a growth dependent factor, 

related to standard metabolism and SDA respectively. However, in that study “standard metabolic rate” was 

measured within 8 hours of feeding and SDA calculated as the difference between total and standard 

metabolic rates. This may lead to an overestimation of standard metabolic rate, since the effect of specific 

dynamic action is measurable for 24-200 hours after food ingestion, depending on fish species, size and 

temperature (Jobling and Davies, 1980; Johnston and Battram, 1993). 

Increasing increment widths with increased ration have been observed (e.g. Wang and Eckmann, 1992; 

Paperno et al., 1997), but only after a delay of several days, implying that this may be an effect of fish size 

rather than SDA, related to food consumption. Other studies found increment widths to be unaffected by 

ration within a short period of time (Neilson and Geen, 1984; Tzeng and Yu, 1992) and in fish fed at irregular 

intervals (Campana, 1983). These results therefore seem to reject a coupling of otolith growth to SDA and 

total metabolism. 

Protein synthesis: In this model we assume that the incorporation of matrix protein into the otolith is 

correlated with whole body protein synthesis. No studies have yet addressed this relationship, but inferences 

can be drawn from the protein turnover in other tissues of fish, which in cod has been particularly thoroughly 

investigated (e.g. Houlihan et al., 1988 and 1989; Lyndon et al., 1992; Foster et al., 1992). 

Consumption is the factor with the highest regulatory impact on protein synthesis, since protein synthesis is 

directly correlated with protein consumption (Houlihan et al., 1988). In the myotomal muscles, the largest 

protein store of fish, the synthesis rate decreases with time of starvation (Loughna and Goldspink, 1984; 

Lowery and Somero, 1990), which may be the explanation for the concurrent decrease in metabolic rate. 

The decrease in protein synthesis during starvation is reflected in the otoliths opacity and density, supporting 

the correlation between protein synthesis in the whole body and the saccular epithelium. The increase in 

opacity during the last three days of the starvation experiment is caused by refraction of light at the interface 

between otolith and thermoplastic glue. This phenomenon seems to be a general problem (see Klink and 

Eckmann, 1992) and causes the outermost 15-20mm of the otolith to appear darker than they actually are. 

Protein synthesis rates decline exponentially with increasing body weight (Fauconneau, 1985; Houlihan et 

al., 1986). The value of the weight exponent differs between tissue types, but is similar to the exponent of 

oxygen consumption (Houlihan et al., 1986). A concurrent decrease in otolith opacity with fish size has been 

observed (Victor and Brothers, 1982). An increase in protein synthesis rate with increasing temperature has 

been observed by a number of authors (e.g. Mathers et al., 1993; McCarthy et al., 1999), while others found 

no temperature effect (Fauconneau, 1985; Foster et al., 1992). These apparently conflicting results may be 

explained with difference in the experimental setup. In studies where a temperature effect was observed, fish 
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had been fed ad libitum. Consumption rate is an exponential function of temperature and 1g of protein is 

synthesised for every g of protein consumed (Houlihan et al., 1989). This implies that the observed positive 

temperature- synthesis rate correlation could in fact be biased (Foster et al., 1992; McCarthy and Houlihan, 

1996). 

Protein degradation: In growing fish degradation increases linearly with positive fish growth rate. The 

response of protein degradation to starvation is not fully understood. Loughna and Goldspink (1984) and 

Lowery and Somero (1990) reported that protein degradation rates of white muscle increase for a few days, 

with a subsequent return to just above pre-starvation level. These authors estimated degradation rate as the 

difference between synthesis rate and specific wet weight growth rate. Since the protein content in their 

samples decreased with time of starvation, this procedure underestimates degradation rates. The result is a 

decoupling between synthesis and degradation rates during starvation, with degradation exceeding 

synthesis. Due to this decoupling it is impossible to estimate protein degradation from synthesis rates in 

starving fish. As a consequence we estimated dry weight loss from estimates of routine metabolism derived 

from otolith growth. 

Evaluation of the growth model: A relatively high sensitivity to measurement errors was found for the 

exponent of the otolith length - weight relationship. However, the exponent from our data seems to be 

applicable to different cod stocks, since Böttcher and Oeberst (1996) reported a similar value for juvenile 

Baltic cod. Possibly the weakest point of this model is the assumed relationship between fish somatic and 

otolith protein synthesis, since no data is available from the literature. So, even though sensitivities of these 

parameters (apo and bpo) are moderate the relationship needs further attention. Specifically targeted 

experiments linking the dynamics of fish and otolith protein synthesis should be a key topic for future 

research. 

The individual growth trajectories of fish used for the validation of this model are unfortunately not known. 

Model outputs, averaged for each sampling date and treatment, were therefore compared visually with 

average measured values. A tendency for overestimation of growth and thus underestimation of size at 

previous sampling times was observed in the growth experiment. In the otoliths of juvenile cod an opaque 

area may form in the rostral lobe, approximately 600-1000mm from the centre of the otolith (corresponding to 

0.1-0.4g fish dry weight and 0.4-1.6g wet weight). This phenomenon also occurs in wild fish (pers. obs.). The 

opacity within this area is higher than in the rest of the otolith, resulting in higher growth estimates. In large, 

fast growing fish the formation of this opaque area is particularly frequent and pronounced. Back-calculated 

sizes of fast growing fish are therefore smaller than expected, resulting in the smaller variation in the back-

calculated sizes compared to the variation in the population. The rostral lobes were chosen as measurement 

area principally because increments are formed perpendicular to the measurement axis. But the present 

results indicate that a change in measurement procedure may have to be considered. 

The conclusion of this study is that the hypotheses and model presented here are well suited to distinguish 

between conditions of growth and starvation in juvenile cod otoliths. With this approach, where otolith 

microstructure features are linked to fish metabolism, the size of juvenile cod from just after metamorphosis 

and over a period of 40 days could be back-calculated successfully. Equally important, the model provided 

good estimates of weight loss in fish during a starvation experiment. 
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Sprat: The otolith size-fish size relationship was poor in the two samples caught in May but improved in the 

sample from the 4th of June mainly because of larger larvae having larger otoliths than those sampled in 

May. A high correspondence between otolith and fish size suggests proportionality between otolith and fish 

trajectories in other Clupeids (Munk et al., 1991; Moksness and Fossum, 1992; Stenevik et al., 1996; 

Gallego et al., 1996; Folkvord et al., 2000) for a wide length-distribution of larvae. For sprat, several authors 

have found strong relationships between larval length and otolith size (Munk, 1993; Fey, 1997; Dulčić, 1998) 

although the length distributions of the larvae in those studies showed most of the larvae were longer than 

15-20mm, comparatively larger to those in our study. Poor relationships between both variables are found in 

early (post hatch) life stages of several species (Titus and Mosegaard, 1991; Geffen, 1995; Grønkjær and 

Schytte, 1999; Høie et al., 1999; Otterlei, 2000) suggesting otolith and fish growth may not always be 

proportional. Both growth processes have been shown to respond in a different manner to increasing 

temperature (Marshall and Parker, 1982; Mosegaard and Titus, 1987; Houde and Morin, 1990), and periods 

of starvation (Brothers, 1981; Marshall and Parker, 1982; Campana, 1983; Volk et al., 1984). Specifically, in 

clupeid larvae, otolith growth has been found to respond slower to changes in prey density (Moksness et al., 

1995) and to be higher at higher temperatures relative to somatic growth (Folkvord et al., 1997). 

Evidence of no proportionality between both growth processes has also been observed in slower growing 

fish having relatively larger otoliths than fast growers of the same size (Mosegaard et al., 1988; Secor and 

Dean, 1989; Secor et al., 1989) although in clupeid larvae these results are controversial. While some 

studies show slow growing larvae having larger otolith size at the same somatic size than faster growing 

larvae (Moksness, 1992; Moksness et al., 1995) in other studies slower growing larvae were not found to 

have larger otoliths at a given length than faster growing larvae (Moksness, 1992; Munk, 1993 ref 117; 

Folkvord et al., 2000). Estimated somatic growth rates were in the range of those reported for sprat in other 

studies (Table 3.1.18). 

The analysis of otolith microstructure has been widely used to estimate somatic growth trajectories in larvae. 

These calculations are based on two general assumptions, the daily periodicity of increment formation and 

the proportionality between otolith and fish growth  (Bartlett et al., 1984; Weisberg, 1986; Smale and Taylor, 

1987; Campana, 1990; Francis, 1990). In sprat, as well as in other clupeids, the daily nature of increment 

deposition has been validated in laboratory-reared larvae under constant temperature and feeding conditions 

(Alshuth, 1988; Moksness and Wespestad, 1989; Moksness, 1992) and in field samples (Ré, 1984; ref11; Ré 

and Goncalves, 1993). However, on the same species, deposition rates lower than 1 increment per day have 

been observed under sub-optimal feeding conditions or low temperatures (Taubert and Coble, 1977; Methot 

and Kramer, 1979; Geffen, 1982; Lough et al., 1982; McGurk, 1984; Campana et al., 1987; Moksness, 1992; 

Folkvord et al., 2000) suggesting that environmental factors may influence increment deposition.  

Differences are also found in the timing of first primary increment formation. The age in clupeids is usually 

calculated adding a fix number of days to the number observed from the otolith increment analyses to 

account for the period prior to the onset of regular ring deposition (Moksness and Fossum, 1992ref 116; 

Arrhenius and Hansson, 1996; Stenevik et al., 1996). Although the duration of this period may be species-

specific (Geffen, 1986) differences among individuals of the same species are also found under various 

temperatures (Lough et al., 1982; Moksness, 1992; Høie et al., 2000; Moksness et al., 1995; Folkvord et al., 

1997). In sprat, the literature is scarce, and only one study showing first increment formation 6 days after 

hatching at 15°C has been reported (Alshuth, 1988). Still, our results suggest that larvae in the Baltic Sea 
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may form their first visible primary increment later in their life compared to those results observed in the 

laboratory.  

As observed from our results, back-calculations of larval growth of sprat from otoliths in early life stages can 

be biased because of possible uncoupling between somatic and otolith growth. Stronger relationships 

between otolith size and fish size can be found in some patches of larvae, but it should not be generalized to 

all sprat larvae born at different times during the same spawning season. 

The growth model developed for larval sprat indicated a general trend for larvae above the thermocline to 

grow at the highest growth rates over the water column even if the peak of zooplankton abundance occurred 

at 30 m depth. Alternatively, intermediate layers also resulted in high growth rates in more homogeneous 

water columns as observed at the beginning of the spawning season. In general, this suggests faster 

growing larvae later in the season. In general, swimming speeds increased as a response to low 

zooplankton abundance, increasing temperature enhanced growth rates mainly by increasing aerobic 

capacity. 

We have identified differences in the growth trajectories between early and surviving larvae born at the same 

time of the year. Predicted growth rates were compared to those observed from the otolith analyses 

assuming proportionality between otolith and fish growth trajectories. Still, some authors have reported both 

growth processes respond in a different manner to some environmental conditions, mainly increasing 

temperature (Marshall and Parker 1982; Mosegaard and Titus 1987) but also in slower growing fish having 

relatively larger otoliths than fast growers of the same size (Mosegaard et al, 1988; Secor and Dean, 1988; 

Secor et al. 1989). The significant relationship between otolith and fish size found in the literature suggests 

proportionality between otolith and fish trajectories in sprat (Munk, 1993; Fey 1997) for a wide length-

distribution of larvae. Still, some studies show slow growing herring larvae having larger otolith size at the 

same somatic size than faster growing larvae (Moksness 1992; Moksness et al 1995) although in other 

studies slower growing larvae were not found to have larger otoliths at a given length than faster growing 

larvae (Moksness 1992; Folkvord et al 2000). Our relationship between otolith size fish size was not 

significant for all samples what may indicate lack of proportionality between otolith growth and fish growth in 

some cases. 

Early larvae were growing at a wide range of growth rates besides those predicted as highest over the water 

column, suggesting the existence of trade-offs with other fitness-related traits as increased risk of predation 

or starvation determining their location in the water column. Comparatively, only individuals growing at 

intermediate growth rates were caught as older larvae, which may indicate selection for growth 

characteristics over time or geographical differences in survivorship.  
The vertical distribution of the sprat larvae could not be inferred from the otolith samples used in the 

analysis, as they were collected using oblique nets. Vertical distribution samples showed a predominance of 

small larvae in deep layers but older individuals predominantly in the upper 45 m (see previous task 

describing larval vertical distribution). A similar pattern was found during the summer in the same area with a 

deep maximum occurring at 70-75 m mostly dominated by small larvae (<6 mm) whereas older larvae (up to 

19 mm) occurred predominantly in the upper 45 m (Wieland and Zuzarte 1991). In the same study, the peak 

of abundance in the upper 45 m varied between years but there was a general peak in the surface and also 

between 20-40 m depth (Wieland and Zuzarte 1991). The vertical distribution of larvae larger than 15 mm 

has rarely been reported. Our own catches in August were conducted at around 15+-10 m depth, which is 
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close to the predicted depth at which survivors were expected to occur. Therefore, predictions that part of the 

population stay at other depths that those yielding the highest growth rates cannot then be neglected 

according to field samples and vertical distribution of the larvae should be analyze in terms of possible trade-

offs between growth and other traits. 

Trade-off with predation risk: Prey avoidance of predation has been suggested as an important component 

of predator-prey interactions (Lima and Dill 1990). Assuming predators can strike opportunistically and could 

be anywhere at a given time (Lima 2002), those depths at which the encounter between predator and prey is 

favored will have a higher predation risk and therefore be avoided by the prey. Optimal depths to attain the 

highest growth rates for all cohorts were predicted above the thermocline. So the question arising here is if 

upper layers are likely to have higher predation risk so that larvae may have to choose between grow faster 

or increasing survival probabilities.  

There are no quantitative estimations of predation mortality rates for Baltic sprat larvae. In general, the main 

predators of fish larvae are planktivorous fish  (Bailey and Houde 1989), which in the Baltic Sea are mainly 

represented by herring and sprat. Both species prey on larvae in the laboratory (Fuiman and Gamble 1988) 

although in the Baltic only herring but not sprat has been reported to eat fish (Hansson et al. 1990; Rudstam 

et al. 1994). Still, zooplankton is usually the predominant or only prey for both species (Arrhenius 1996; 

Möllmann and Köster 1999). Also invertebrates Aurelia aurita may prey on fish larvae although no evidence 

was found during CORE (1998) for a substantial predation pressure.  

Baltic herring and sprat are visual predators with most feeding activity during daylight (Arrhenius and 

Hansson 1994). Since light level influences the visual abilities of the predators, larvae staying above the 

thermocline may increase their visibility and consequently their predation risk. Besides, if encounter rates 

with predators were proportional to swimming speeds, the probability of encounter a predator would increase 

in the upper layers, where predicted optimal swimming speeds were faster. Both would result in the same 

strategy of larvae avoiding upper layers. At population level, if high larval densities depress the zooplankton 

abundance at a given depth, then the increase in swimming speed predicted for declining food levels may 

lead to a positive association between larval density and larval predation mortality (Anholt and Werner 1998). 

From this perspective, combining data on larvae densities together with zooplankton densities, zooplankton 

turnover rates and larval ingestion rates may yield important information. It would be expected that given the 

low number of zooplankton items and the higher larval ingestion rates in the above depths, increasing larval 

densities could be related to higher larval predation mortality. Therefore, sprat larvae may face a trade-off 

between growth and predation risk. 

Other possible trade-off may be starvation risk. Some larvae may prefer to stay at those depths where the 

abundance of prey is higher. By moving to other depths than those where the peak of zooplankton occur the 

risk of starvation increase. Other hypothesis is the existence of energy-conserving mechanisms influencing 

the vertical location of fish by fish choosing depths at which the energy expenditures decrease at least when 

food concentrations are low (Sogard and Olla 1996). Intermediate depths had associated lower metabolic 

cost in terms of standard and active metabolism but did also predict lower aerobic capacity than those in 

upper layers. It is difficult to generalize this mechanism over the season, as clear differences in metabolic 

rates between upper and intermediate layers are only found in thermally stratified waters. 

In light of these results, we conclude that simple modifications of the foraging behaviour together with 

changes in environmental variables over depth and time can explain much of the growth variability among 
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sprat larvae born during the same spawning season. Sprat larvae growing at growth rates lower than the 

highest predicted sprat may be explain by trade-offs between growth with other factors such as predation or 

starvation risk. 

 

Characteristics of survivors 

Cod: Since the material that was used for the hatch check analysis was chosen selectively from a larger 

material, precautions towards the material ability to reflect selective processes in the cod larvae population 

should be taken. With this precaution in mind, the fallout of larvae with the smaller otolith size at hatch with 

increasing fish size that was observed in this study, tend to support earlier reports of selection for larger 

hatch checks for the Baltic cod larvae (Grønkjær and Schytte, 1999). The authors suggested that the larger 

hatch check reflected maternal and metabolically advantages that were expressed in better ability to perform 

vertical migration from the deeper hatching waters towards the higher productive surface waters. In order to 

verify these suggestions, an analysis of a more complete larvae material is needed. 

In the present study, it was tested whether the processes that were influencing the formation of larger hatch 

checks, continued to have an effect on the otolith formation in the period following hatch. The general pattern 

of weak correlations between hatch check size and otolith size at different increments after hatch check that 

was observed in this study did not support this idea. Hence the formation of a larger hatch check does not 

support a higher otolith growth rate in the period after hatch. 

Sprat: When the method to estimate temperature at first increment formation was applied to survivors caught 

as age 1 from year classes 1997-1999 trends in temperature at first primary increment formation were in 

accordance with the temperature regime observed each year. Therefore, the method appears to be highly 

reliable when back calculating temperature at increment formation. The accuracy of the method may be lost 

in years when temperatures over the season are more homogeneous as for example in 1998. The 

temperatures observed between July and August during this year were rather constant. Therefore the same 

estimated temperature at first primary increment formation will correspond to a wide spectrum of possible 

dates. This could be a limitation to the method for some years. We should also keep in mind the relative 

character of the estimated day of first primary increment formation as a proxy for hatch date in this study. 

Because different larvae may form their first primary increment at different times of the years, the estimation 

of hatch dates from the day of first increment formation may be biased if other variables such as temperature 

and day of the year are not included. On the other hand, the method was directly applied in survivors caught 

as age 1 to estimate day of first primary increment formation of individuals from different year classes. If 

these distributions were transformed to hatch date distribution without correction for selective mortality, hatch 

dates distributions would be biased representing only those from the ones surviving up to age 1. Therefore, 

correction for selective mortality should also be included. Moreover, specific conditions each year in terms of 

abundance, composition and availability of food items may differ among years. This may as well be reflected 

in the growth patterns of the otoliths so that fish living under the same temperature but different food 

conditions may not have identical growth trajectories. 

One advantage of this method compared to other methods in the literature is its methodological simplicity for 

the relative high temporal resolution obtained. In herring, measurements of growth rates are conducted over 

a long distance of the otoliths so that more careful preparations compared to those in this study are needed 

(Moksness and Fossum, 1991; Mosegaard and Madsen, 1996). Other methods consist on the identification 
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of the time of the year when primary increments become indistinguishable so that day of first primary 

increment formation can be estimated by counting the increments from that day (Victor and Brothers, 1982). 

Those methods are even more demanding, requiring high quality of preparations as all primary increments 

from the core to the beginning of the winter ring should be visible. Moreover, even if the temporal resolution 

of the predicted dates of first primary increment formation using the latter type of methods may be similar to 

that in ours, the difficulty in identifying and counting primary increments in older fish usually limits its use to 

age 1 fish (Victor and Brothers, 1982) whereas the method proposed in this study could be used in fish 

independently of their age. Further, the present method was relatively robust to errors in the location of the 

first primary increment since volume growth made it more or less independent of precise definition of day 

number. This could otherwise be a main source of uncertainty given that no clear hatch or first feeding check 

could be identified in the otoliths. 

Within the framework of characteristics of survivors, we have estimated the effect of hatch date on the onset 

of maturity finding that there is a higher proportion of early-born sprat maturing at age 1 compared to late-

born ones, although absolute proportions differed between years. In most fishery studies age at maturity is 

usually calculated as the age at which 50% of the population is mature (Trippel and Harvey, 1991) under the 

assumption that all individuals have similar characteristics at a given age. As observed from our results this 

may hold for some species but in other species such as Baltic sprat, a specific age group may vary in the 

proportions of mature and immature fish among years. Especially when the species analysed have a long 

spawning season, individual differences in the onset of maturity may be influenced by the date they were 

born.  

The possibility of estimating date of first primary increment formation in adults from the identification of otolith 

growth patterns formed during the larval stage offers a tool for analysing the influence of first primary 

increment date distribution in the study of fish life history, specifically as in our case the onset of maturity. 
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Nutritional condition of sprat larvae  

Material and methods 

Sprat larvae are not evenly distributed over the water column but show rather concentrated appearance near 

the surface and close to the seafloor. Wieland and Zuzarte (1991) hypothesized that only those larvae which 

have a good condition are able to migrate to the surface while others, being inactive due to starvation, sink to 

the bottom. Another hypothesis is that larval fish are dependent on circulation patterns to transport them 

from the spawning grounds to nursery areas (Voss et al., 1999). In the Baltic, a main spawning area of sprat 

is located in the central Bornholm basin. Therefore a transport to the shallower margins of the Bornholm 

basin, offering different zooplankton compositions (Hinrichsen et al., 2002b) may benefit larval condition, 

resulting in higher survival potential. S 

To address the different hypotheses, in May/June 1999 and in May 2001 Bongo hauls were carried out in 

order to catch sprat larvae in the Bornholm basin. Additionally, on July 10th and 11th 2000 a BIOMOC-

plankton gear was used in a 24 hour permanent station to catch sprat larvae from different strata in the 

central Bornholm Basin. For later examination the ichthyoplankton was initially stored in liquid nitrogen and 

transferred into a -70°C freezer. All larvae had completely absorbed the yolk sac, i.e. first feeding should 

already have occurred or at least been attempted and none of the larvae were metamorphosed yet. 

tarvation generally induces a slower growth rate (Buckley, 1982; 1984), which prolongs the larval phase and 

thus the vulnerability to predation (Rice et al.,1987; Gadomsky and Petersen 1988). Nucleic acids play a 

crucial role in growth and larval development. With Regnault and Luquet (1974) and Dortch et.al. (1983) the 

DNA-content in tissues can be considered constant, whereas the RNA-content is directly proportional to the 

protein production within the cell i.e. the tissue. Bulow (1970; 1987) found that the RNA/DNA ratio is a 

reliable indicator of metabolic cell activity. The length-weight ratio was suggested by Hempel and Blaxter 

(1963) and Blaxter (1971) to be a useful tool in determining the nutritional condition of herring larvae. The 

RNA/DNA ratio and the length-weight relationship are used to compare the nutritional condition of the larvae 

in shallow and in deep waters to test the hypothesis that bottom living larvae are starving. 

The measurement of nucleic acid content was carried out by using fluorescence-photometric procedures as 

established by Clemmesen (1993). Ethidiumbromide, which intercalates with nucleic acids served as 

fluorophor for the measurement. Ethidiumbromide shows, after binding to double-string areas of nucleic 

acids, a wavelength of emission at 355 nm and a peak of emission at 590 nm (LePecq and Paoletti, 1966; 

LePecq and Paoletti, 1967). The signal depends linearly on the concentration of nucleic acids. For 

measuring the fluorescence a microtiterreader (LabSystems, Fluorescan Ascent) was used. 

For the otolith analyses, larvae were rinsed and the total length was measured. Sagittae were identified and 

dissected using fine insect needles under a stereo microscope. These otoliths were mounted on glass slides 

using nail polish. It was not necessary to polish the otoliths due to the delicate texture and the young age of 

the larvae. The measurements of the sagittae were performed using a digitalized computer-aided video 

system, with a CCD camera connected to a microscope at 1000 X magnification 

Results 

The majority of the 126 larvae examined have a body length between 7.5 and 17.5 mm. Comparing the 

nonlinear regression analysis for the larvae from shallow waters (solid line in Fig. 3.1.76) with the one for the 
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larvae from the bottom waters (broken line in Fig. 3.1.76) shows that the larvae from deeper water layers 

have a higher dry weight at a given total length than the ones from the top. Table 3.1.19 illustrates this for 

7,5, 12,5 and 17,5 mm long larvae. These sizes were chosen, because 91% of the sprat larvae have a total 

length between 7,5 and 17,5 mm. The length-weight ratio used as a measure for nutritional condition 

indicates larvae from the bottom being better nourished than larvae from shallow waters.   

Fig. 3.1.77 shows the individual variability of the RNA/DNA ratios and the length dependency of the ratios. 

Since no data on starved and fed sprat larvae from the Baltic Sea was available the linear regression 

analysis fitted to the data from starving and fed herring larvae from lab calibration (Clemmesen, 1994) 

served as a reference. Larvae from the top and from the bottom could not be clearly distinguished by their 

nutritional condition. Small larvae were generally less well fed than larger ones, regardless of the water 

depth they have been taken from. Comparing larvae longer than 12 mm from top and bottom waters shows 

that larvae with RNA/DNA ratios close to the starvation line (established with herring larvae in the lab) were 

all taken from shallow waters, while larvae from the bottom tended to have higher RNA/DNA ratios similar to 

the values found for well fed herring larvae in Clemmesen’s (1994) experiments. The mean RNA/DNA ratios 

of the sprat larvae and the expected RNA/DNA values from the linear regressions for starving and fed 

herring larvae from the lab (Clemmesen, 1994) are given in Table 3.1.20. The mean RNA/DNA ratios of the 

sprat larvae are much closer to the RNA/DNA ratios predicted by the regression for fed herring larvae from 

the lab, the mean RNA/DNA ratio of sprat larvae with a total body length of 9-11.9 and 12-14.9 mm is even 

exactly the same as for fed herring larvae of this size range, but, as with the other length groups, we find a 

very high variance from the mean (Table 3.1.20). 

The samples taken with the Bongo net in 1999 and 2001 were divided into two groups, those from the 

margin of the basin (water depth < 80m) and from the central part of the basin (water depth> 80m). In 1999 

and 2001, this division leads to significant differences in standard length, dry weight, RNA- and DNA-content, 

with higher values found at the shallow part of the basin.The RNA/DNA ratio was significantly different only 

in 1999, with higher values at the central basin. In 2001 no differences in the RNA/DNA ratio was found 

between the margin and the central Bornholm basin. (Table 3.1.21 & 3.1.22) 

In both years, 1999 and 2001, the smaller larvae were found in the central basin. In 1999 the larvae from the 

central basin were significantly better conditioned than those of the margin of the basin. In larvae smaller 

than 7 mm a positive development of the RNA/DNA ratio with increasing standard length was observed. In 

larvae bigger than 7 mm the development of the RNA/DNA ratio reversed to decreasing values with ongoing 

growth (Fig 3.1.78). In both years, 1999 and 2001, the larvae caught in the central basin showed higher 

RNA-contents at a given DNA-content than in the margin of the basin, indicating a higher proteinbiosythesis 

at a given cell number (Fig. 3.1.79). In 1999, higher DNA-contents at a given dry weight compared to the 

2001 samples were found. Also, in both years, the higher DNA-contents at a given weigth were found in the 

central basin (Fig. 3.1.80). A similar pattern was observed in the RNA-content related to the larval weight. In 

both years the larvae at the central basin showed higher RNA-contents and the RNA-contents in 1999 were 

generally higher than in 2001 (Fig. 3.1.81). The DNA-content normalized to µg DNA per mg showed a 

negative correlation to larval dry weight (Fig. 3.1.82). Larvae from the 1999 survey generally showed higher 

DNA concentrations than those caught in 2001. Also a trend to higher concentrations in the central basin 

was found in both years, corresponding to the smaller larvae found in the central basin. A length-age 

relationship was established based on 335 otolith readings of the 2001 samples. Otolith readings from 
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laboratory reared sprat larvae were used to calibrate the otolith readings from the filed, leading to the 

formula: Age= increment number + 6 (Alshut, 1988). The length-age relationship was y=0,5906x+3,0379 

(r²=0.68). 

Discussion 

The hypothesis that sprat larvae from the top layers of the water column have a superior nutritional condition 

to their counterparts in deeper waters has to be rejected in the light of our results. In contrast to this 

hypothesis the larvae from the deep seemed to have a slightly better nutritional condition than the ones from 

the top. Clemmesen (1994) found mean RNA/DNA values of 1.2 for 10 mm larvae starved for 6-9 days 

compared to a mean RNA/DNA ratio of 1.7 for 23 mm larvae. RNA/DNA values of that amplitude could also 

been found in sprat larvae from the Bornholm Basin with RNA/DNA ratios for 10-11 mm long larvae ranging 

from 1.3 to 2.4 and for larvae between 20 and 23 mm from 1.4 to 3.4. We found RNA/DNA ratios in larvae 

from 0-20 m as well as from 40-70 m to be highly variable, with starving and well fed individuals in both top 

and bottom layers. Thus, we did not reach the same conclusion as Wieland and Zuzarte (1991) who 

postulated poor nutritional condition for sprat larvae found in deep waters.  

Tryptic enzyme activity compared to RNA/DNA relationship of sprat larvae from the North Sea was examined 

by Anonymous (1994). A tryptic enzyme activity of ca. 0.5 nmol/min./larvae (given as the amount of 

hydrolized substrate Methylcounmarinylamid) was found to be the critical threshold for starvation in 11-14 

mm long sprat larvae, a value that translates into a RNA/DNA ratio of 1.6 (compared to 1.3 in Baltic herring). 

In the sprat larvae from the Bornholm basin a RNA/DNA ratio of 1.6 occurred at the bottom as well as at the 

top, thus indicating no clear evidence that sprat larvae from the top are better nourished than the ones from 

the bottom, which is confirmed by the findings from the length-weight relationship as well as by the 

RNA/DNA ratios themselves.  

Kloppmann (1991) observed a concentration of sprat larvae in the North Sea (vicinity of Helgoland in the 

German Bight) in the upper 10 meters only during daytime while they showed a dispersed distribution during 

dusk and night, which was confirmed by Anonymous (1994), who could also detect a distinct diurnal 

behaviour of vertical migration in sprat larvae from the German Bight.  Since the hypothesis of larvae in the 

upper water layers being in a better nutritional condition than those from the deep waters can no longer be 

maintained the question arises, if and to what extent vertical migration is performed by sprat larvae in the 

Bornholm Basin and if migration behaviour changes with physical and/ or biological environmental factors. 

Last (1980) found the feeding rate of sprat larvae from the west-central North Sea to increase rapidly after 

sunrise, decreasing during the afternoon and to rise again in the late afternoon. At night no feeding could be 

observed, since sprat larvae hunt visually and therefore need light to catch their prey which is not given in 

depths below 20 m. Hunter and Sanchez (1976) found larvae of many clupeoid species to inflate their swim 

bladders by swallowing air at night as a means of maintaining buoyancy and thus conserving energy during 

periods when the light intensity is below the threshold for feeding. Blaxter and Ehrlich (1974) could 

demonstrate that larvae without or with a deflated swimbladder sink more rapidly than larvae with inflated 

swimbladders. Both these results allow the conclusion that it is more advantageous for the larvae to stay 

near the surface. How the sprat larvae from the deep water layers obtain their prey has yet to be determined.  

Starvation was mostly affecting the smaller, supposedly younger larvae but it could also be shown that some 

larger (older) larvae had RNA/DNA ratios which identified them as starving. These larvae were found mainly 
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in upper water layers, which opposes the findings of Zuzarte (in prep.) that small sprat larvae caught below 

the pycnocline did not feed.  

It will be necessary to further investigate which quality and quantity of food items were available to larvae in 

both shallow and deep waters and which of these were actually captured by the sprat larvae. 

The central Bornholm basin produced the smaller larvae during both, the 1999 and the 2001 survey. These 

small larvae were generally of a better condition than bigger ones, reflecting in higher RNA/DNA ratios. The 

yolk sac of a sprat larvae is typically completely utilised at a length of around 5 mm corresponding to an 

estimated age of 3.3 days in 2001. Mentioning that the RNA/DNA ratio reflects the situation the larva faced 

around 3 to 4 days prior to sampling (Clemmesen, 1994), the rising RNA/DNA ratios in larvae smaller than 7 

mm (est. age: 6.7 days in 2001) can be understood as resulting from the utilization of the yolk sac, the 

decreasing ratios in larvae bigger than 7 mm can be explained as effects resulting from external feeding. 

Compared to RNA/DNA ratios found in wild caught herring larvae (Clemmesen, 1996), the development of 

the RNA/DNA ratios presented in this study decreases with size and indicates a rather poor feeding success. 

The higher DNA-contents per unit weight found in the central basin in both years may indicate a size 

dependent effect on growth. In small, endogenous and mixed (endogenous/exogenous) feeding larvae 

growth is realized to a high proportion by cell division (hyperplasia). As the DNA-content per cell is quasi 

constant, hyperplasia reflects in a high DNA-content per unit weight, while low DNA-contents can be used as 

an indicator for hypertrophy (growth in cell size). The lower DNA-contents found in the margin of the basin 

can be explained as growth not only in cell numbers, but also in cell size. 

In the upper 25 m of the water column, a temperature difference of approx. 2°C can be found between the 

two years with the colder temperature in 1999. (Hinrichsen, pers com.) Assuming that most of the larvae 

were caught in this region, the smaller cell sizes in 1999 (higher DNA-contents per unit weight) seems to be 

the effect of the colder water temperature experienced. This is in accordance with results from Ferguson and 

Danzmann (1990), who found that cold acclimated fishes have smaller cells than warm acclimated ones. 

 

3.2 Develop inter and intra-annual time series of variations in physical 
oceanographic processes influencing the feeding environment and 
distribution of the young of the year pelagic stages 

Introduction 

In this component of the project the primary aim has been to identify and describe the physical processes 

influencing growth, survival distribution of young of the year cod and sprat and determining the component of 

the spawning stock contributing to recruitment. In order to accomplish the goals of this subtask effort has 

been put into the development of indices describing upwelling and turbulence to be correlated to historic 

variations in recruitment success of Baltic cod and sprat. Besides upwelling, a secondary factor affecting 

feeding and growth of fish early life history stages is small-scale turbulence. Turbulent mixing on one hand 

may enhance encounter rates between larval fish and their prey, but on the other hand may disrupt food 

aggregations at subsurface plankton maxima and may affect the vertical distribution of eggs and larvae 

leading to higher mortality (or losses towards the bottom). Modelling activities could utilize upwelling and 
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turbulence indices as independent parameters to explain the variability in abundance for the transition from 

late egg or early to late larval stages of cod and sprat. 

 

Material and Methods 

3-D Simulations of upwelling  

The numerical model, which was developed by Andrejev and Sokolov (1989, 1990), is of the time-

dependent, free-surface, baroclinic, and three-dimensional variety. Simplifications in the form of the 

hydrostatic approximation, the incompressibility condition, a Laplacian closure hypothesis for sub-grid scale 

turbulent mixing, and the traditional f-plane approximation are made. It is  furthermore assumed that density 

variations only manifest themselves in the buoyancy terms; elsewhere the density is taken to be constant. 

 

Main parameters and assumptions 

In order to apply the model, it is necessary to specify a number of quantities. The horizontal kinematic eddy 

diffusivity coefficient is prescribed to be constant at 50 m2/s for the Baltic Sea. The vertical eddy diffusivity 

coefficient ϑ  is taken to be dependent on the local velocity shear and buoyancy forces (Kochergin, 1987): 
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where u  and v  are the velocity components along the eastward- and northward-directed x - and y -axes, 

respectively. The z -axis is taken to point downwards, ρ  is a density, 0ρ  is a reference density and the 

gravitational acceleration is denoted by g . The parameter h is assumed to be 2.5 m, which is equal to the 

thickness of the uppermost layer in the model. 

The wind stress components (Niiler and Kraus, 1977) take the form 
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where W  is the wind velocity and aρ  is the density of air. Following Bunker (1977), the drag coefficient dC  at 

the sea-surface was formulated as 
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A quadratic law was used for the bottom friction, where the drag coefficient bC was prescribed as   0.0026 

(Proudman, 1953). 

The heat transfer and radiation balance at the air-sea interface is, following Lane and Prandle (1996), taken to 

be 
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where sQ  is the effective mean solar radiation, that is approximated by a sinusoidal function of the time of year 

and latitude, aT  is the air temperature, sT  is the sea-surface temperature and k is an exchange coefficient. The 

last one is calculated by an empirical expression, related to the square of the wind speed and temperature, and it 

takes into account both conduction and evaporation. For salinity the corresponding flux sF  is to a lowest-order 

approximation prescribed as zero, because the difference between precipitation and evaporation is not known 

accurately due to a lack of observations. sF  is usually estimated to be slightly positive in the Baltic Sea, but 

there are large discrepancies between the published estimates (e.g. Ehlin 1981; HELCOM 1986; Omstedt et al. 

1997).  

Vertical convection has to be parameterised since the model uses the hydrostatic approximation. The following 

heuristic algorithm is used: first a check is made of whether the water in a grid cell is stable relative the water of 

the underlying cell. If not, the water of the unstable grid cell (or some part of it, cf. Sokolov et al., 1997) is moved 

into the lower cell and the same volume of water from the lower cell is displaced upwards and mixed with the 

upper-cell water.  This procedure of water replacement proceeds cell by cell until the sinking volume finds itself 

in stable conditions and the water column is well-mixed in the vertical direction.  

 

Set-up of the numerical model experiments for the upwelling studies 

A 10-year period from 1979 to 1988 was investigated using the model. The simulation period was yearly 

from May 1 up to September 30. This period was chosen due to the fact that the idea in this subtask is to 

study upwelling with biological relevance. The open boundary of the model domain is placed in the Kattegatt 

along latitude 57°35′N.  The horizontal resolution of the model is 2 nautical miles. For the  bottom topography 

we used a standard bathymetry provided by Seifert and Kayser (1995). The Baltic model comprises 18 levels 

in the vertical with a monotonically-increasing layer thickness towards the bottom. The depths of the layer 

interfaces are: 0 m, 2.5 m, 7.5 m, 12.5 m, 17.5 m, 22.5 m, 27.5 m, 35.0 m, 45.0 m, 55.0 m, 65.0 m, 75.0 m, 

85.0 m, 95.0 m, 105.0 m, 137.5 m, 162.5 m, 187.5 m and the bottom. 

The initial temperature and salinity fields for the model were assembled using a data assimilation system due 

to Sokolov et al. (1997), which in turn is coupled to a Baltic environmental database (Wulff and Rahm, 1991) 

and to the three-dimensional model employed here.  To construct the initial fields for May 1 each year , 

temperature and salinity data from the database for all months of April from 1979 to 1988 were used. The 

reason for this somewhat artificial choice is the insufficient amount of true data available for a single April 

month. The model run was initiated  from a quiescent state. 
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We have used SMHI (SMHI=Swedish Meteorological and Hydrological Institute) gridded meteorological data for 

1979-1988 with a temporal resolution of 3 hours and a spatial resolution of 1 degree over the entire Baltic Sea 

area (Krister Boqvist, SMHI, pers.comm.). Since the wind velocities in the data set represent  geostrophic 

values, they  must be extrapolated to the sea-surface. A standard method for this correction is to multiply the 

wind speed by a factor of 0.6 and deflect the direction 15° counter-clockwise (Bo Gustafsson, pers.comm.). The 

long-term mean monthly river discharges (Bergström and Carlsson, 1994) are used for the main rivers of the 

Baltic Sea area, to which the contributions from smaller rivers are added. 

 

The upwelling index 

The upwelling index is defined as:  
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where w is a vertical velocity, n (1….N) is the time step. 

The index reflects the persistency of the vertical current component. If the vertical current is directed 

upwards/downwards throughout the whole simulation period, the index is equal to 100% /-100%. The more 

variable the direction of the vertical currents is, the closer the index is to 0%. 

 

Verification of the model with observed upwelling 

A comparison with the analyse of Gidhagen (1987) is carried out at the Swedish coastal area. Gidhagen 

studied in situ data of sea-temperature (0-5 m depth) during a 10-year period of 1973-1982. This analysis is 

based on sea-surface maps (40 coastal stations, 25 ships) that were plotted every second day in SMHI. The 

analysis was carried out only for measurements within a distance of 10 km from the coast. Upwelling was 

proved if an in situ measurement showed an abnormal temperature drop of at least 2 ºC compared with 

earlier and surrounding measurements (see Gidhagen, 1987 for details).   
Another data set used for model verifications is that from Haapala (1994), who carried out continuous 

current, temperature and conductivity monitoring at three stations near the Hanko Peninsula, in the Gulf of 

Finland during 1978-88.  The model results of surface temperature and salinity (5 m depth) were compared 

with Haapala’s measurements in summer 1988 at 5 meters depth at station P1 (59º50’N, 23º14’E). The 

period under investigation included several strong upwelling events. 
 

Set-up of the numerical model experiments in the Gulf of Finland – verification with hydrographic 

observations 

The modelling here is based on a nested grid system, where the large-scale Baltic model is run using a 

coarse grid and its output (sea-level, temperature and salinity) is used as open-boundary data for the local 

highly-resolving version of the model which is applied to the Gulf of Finland. At the open boundary the data 

from the large-scale model is interpolated in space and time to the fine-resolution grid for each model level.  
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A five-year period from August 1, 1987 to August 31, 1992 was investigated using the model, which, as 

outlined below, was adjusted to the initial conditions by running it for the period  July 1-July 31, 1987. The 

open boundary of the large-scale model domain is placed in the Kattegatt along latitude 57°35′N. During the 

simulation period (1988-1992) there were no significant inflows from the North Sea into the Baltic. On the 

other hand, in order to set sea level properly in Kattegat, it is needed to use observations at both ends of the 

open boundary. In other words one observational point is needed from Swedish side and one from Danish 

side. Our experience shows that the zero level can differ in between various observational points. To avoid 

this problem and taking into account that this work is devoted to mean circulation, we have decided to use a 

passive free radiation condition (Mutzke, 1998; Orlanski, 1976) for the sea level at Kattegat. For temperature 

and salinity a  nudging procedure is carried out for the entire Baltic model. The Gulf of Finland model domain 

has two open boundaries, where the western one coincides  with longitude 22°32′E and the southern one 

with latitude 59°05′N. Both models have the same vertical resolution, and in the Baltic Proper the horizontal 

resolution is 5 nautical miles (Stigebrandt and Wulff, 1987), whereas it in the Gulf of Finland is 1 nautical 

mile. For the latter bottom topography (Fig. 3.2.1) we used a standard bathymetry provided by Seifert and 

Kayser (1995). The large-scale Baltic model comprises 18 levels in the vertical with a monotonically 

increasing layer thickness towards the bottom. The depths of the layer interfaces are: 0 m, 2.5 m, 7.5 m, 

12.5 m, 17.5 m, 22.5 m, 27.5 m, 35.0 m, 45.0 m, 55.0 m, 65.0 m, 75.0 m, 85.0 m, 95.0 m, 105.0 m, 137.5 m, 

162.5 m, 187.5 m and the bottom. The limited-area model does not include the three last layers defined 

here, since the Gulf is more shallow than the Baltic Proper. 

A simple data assimilation procedure was carried out for the coarse-resolution Baltic Sea model. Each July, 

throughout the experiment, the salinity and temperature fields were slightly corrected using a procedure 

(Stauffeur and Bao, 1993) incorporating the nudging term into corresponding equations: 

 

)( mia CCkN −=
 

(6) 

 

where ak  is a nudging coefficient and was prescribed here as 2.0⋅10-6, iC  is an initial temperature or 

salinity in a grid point and mC  is the simulated temperature or salinity at the same point. We used the 

nudging for the coarse-resolution Baltic model only, since the aim of that model is just to generate open 

boundary conditions for the high-resolution model of the Gulf of Finland.  

In order to determine the ability of the model to reproduce the overall hydrographical features, we took the 

model results at the end of the five-year run (on August 21, 1992) and compared them with CTD 

observations carried out on board R/V Aranda  mainly from 19 until 22 August 1992. The model results were 

also compared with sea-level observations of Helsinki in 1992. 

 
The 1993 salt water intrusion 

The major salt water intrusion of 1993 was simulated by the model system. The simulation period was 

between December 1, 1992 and January 31, 1993. The initial conditions, river runoffs and meteorological 

forcing functions corresponds to what is described before. The horizontal resoltion of the model was 1 

nautical mile, whereas 22 layers were used in the vertical direction.  The sea-level observations from 
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Göteborg were used at the open boundary (3 h interval). For salinity and temperature, we have the following 

boundary conditions: 
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Where S is the salinity, T is temperature, n is normal to the coastline. 

 

Upwelling and turbulence  

The environmental changes in the northern and southern coastal areas of the Bornholm Basin as well as the 

turbulent conditions for cod and sprat were derived from two different time series: 

Wind stress and direction in the Bornholm Basin the Gotland Basin and the Gdansk Deep between 1948 and 

1999 were obtained from sea level air pressure fields being available from the NCEP/NCAR re-analysis data 

as well as directly from wind measurements registered at Christiansoe. Upwelling values for every 24 hour-

observation were calculated by means of the horizontal Ekman transport along the different coastlines. 

Monthly and quarterly upwelling were calculated as the mean of available daily data over the specific time 

period. Upwelling given by positive values is caused e.g. at the northern coast of the Bornholm Basin by 

westerly winds and, in contrast, in the southern coastal environment by winds of north-eastern direction.  

Under the assumption, that larvae and prey are located within a less stratified layer, small-scale turbulence is 

given by the dissipation rate of turbulent kinetic energy. This is correlated to the cube of the wind speed and 

is inversely proportional to larval depth (MacKenzie and Leggett, 1993). 

Both, upwelling as well as turbulence indices have been calculated with respect to the spawning periods of 

sprat and cod. Furthermore, the turbulence index takes into account that, on average, larval sprat is located 

higher (0-10m) in the water column than cod (25-35m).  

Additionally, pursuit success probability of larval fish has been calculated by utilizing a regression model for 

describing the influence of turbulent velocity on larval feeding success (MacKenzie and Kioerboe, 2000). 

This pursuit success model requires as input estimates of turbulent kinetic energy dissipation rate (from wind 

data time series) and prey separation distance (from prey field data). Successful pursuit probabilities have 

been calculated for early (April-May), summer (June-July as well as for later hatched larvae (August-

September) for two depths (10 and 30 m) representing the occurrence of larval sprat in the upper and larval 

cod in the lower layer. 

 

Satellite imagery 

In order to verify the occurrence of upwelling, sea surface temperature (SST) was computed from AVHRR 

(Advanced Very High Resolution Radiometry) satellite imagery from 1994 and 1995. The SST imagery, with 

a spatial resolution of 1.1 km at nadir is sufficient to resolve frontal regimes, coastal jets, upwelling regions 

and mesoscale features such as vortex pairs and filaments. The 1994 AVHRR data were acquired from the 

Dundee Satellite Station, while the 1995 data were downloaded from the NOAA Satellite Active Archive 
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(SAA) facility in the US. A total of 27 images were obtained from the period May-July, 1994, while 53 images 

were acquired for the period May-July, 1995. All of the images have been screened and geo-referenced to a 

suitable geographic projection. Final processing has been completed on 30 percent of the images. The 

processing stages include calibration, computation of SST, cloud and land masking, geo-referencing using 

an orbital model, registration of the images using a vector coastline and production of publication-quality 

images. All images are projected on to the same spatial domain with the same geographic projection with a 1 

km pixel size. Thus, quantitative analyses can be conducted on a sequence of images and images can be 

compared. 

 

Results 

3-D Simulations of upwelling  

The comparisons of the model results with  hydrographic parameters were carried out in the Gulf of Finland 

in 1992 for salinity, temperature and sea-levels whereas the verifications with current observations were 

concentrated on the year 1981 when current measurements, plenty of them were available in the easter Gulf 

of Finland. The results shown here for the verifications are just highlights and the analyse is based on much 

broader set of data. 

The comparison of the model results with observations shows  that the surface temperature field is relative 

well reproduced (Fig. 3.2.2). On August 21, 1992, the  surface temperature varied between 13 and 18 °C 

with the highest values found in the east and in the west. At the northern coast, signs of a recent upwelling 

event are visible. The predicted surface temperatures were compared with the corresponding CTD-

measurements and it was concluded that the model reproduces the surface temperature with an accuracy of 

around 0.5 °C. The only measurement in the eastern part of the Gulf shows a large difference, about 2°C, in 

comparison with our calculations. This is not very surprising since the measurement took place on August 

18, three days before date for which the calculated results were obtained and because the sea-surface 

temperature in this shallow point is strongly time-dependent.  The temperature distribution in the west-east 

direction (not shown) indicates that the stratification is strong with a pronounced thermocline at a depth 

ranging from 12 to 21 m, where, however, the water masses in the shallow coastal areas are well-mixed. The 

isotherms are quasi-horizontal, and at the bottom the predicted temperature is more-or-less homogeneous 

with a mean value of around 4 °C, i.e. slightly higher than that observed on average (see e.g. Haapala and 

Alenius, 1994).  

The predicted surface salinity (Fig. 3.2.3) is reproduced by the model with an accuracy of around 0.5 psu. 

The surface salinity varies from around 0 psu in the Neva Bight to about 6.8 psu on the Hanko-Osmussaar 

line at the mouth of the Gulf. The water mass in the northern part of the Gulf is fresher than that found along 

the southern coast, with surface salinities at the Estonian coast 0.5-1.5 psu higher than on the Finnish side, 

this due to the fresh water inputs from the rivers Neva and Kymi. The distribution of surface salinity thus 

directly supports the assumption of the Gulf being characterised by a cyclonic circulation (Andrejev et al., 

2002). It can be furthermore concluded that the model can relatively well reproduce the east-west high-

salinity gradient in the Gulf. 

The salinity cross-section through points marked by letters from A to F in shown in Fig. 3.2.3. The near-

bottom salinities are less than climatological averages (see e.g. Jurva, 1951), but in a good agreement with 
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observations made around August 21, 1992. Nevertheless the penetration of Baltic water into the Gulf is 

clearly discernible (Fig. 3.2.4). The isohalines are quasi-horizontal and the decrease of the salinity towards 

east becomes visible both in the model results as well as according to the measurements.  

For the model runs, the open boundary sea-levels were obtained from the coarse-resolution model of the 

Baltic Sea. A convincing example of predicted and observed sea-levels from Helsinki during the period 

January 1-April 30, 1992 is shown in Fig. 3.2.5, and it has furthermore been ascertained that the model is 

capable of reproducing the main features of the sea-level variability in the Gulf of Finland during the entire 

five-year period. No major phase differences were observed between the model results and the 

measurements. The maxima and minima of the sea-level are in general well reproduced by the model, and it 

was found that the errors in these predictions primarily arose from the inaccuracies of the prescribed 

atmospheric forcing. Another potential error source is the description of the sea-level conditions at the open 

western boundary of the high-resolution model.  

Upwelling means, in general terms, vertical replacement of deep waters towards the surface. In reality, 

upwelling never takes place from depths greater than a few hundred meters in to the surface layer. The 

primary presupposition to an  upwelling  is that horizontal advection transport the surface waters away from 

the upwelling area, or in other words, divergence of currents (Hela, 1976).  

Upwelling can be expected to take place due to several reasons. According to Hela (1976) at least the 

following types of upwelling should be mentioned (here, for the Northern Hemisphere). Firstly, geostrophic 

transversal upwelling, produced internally by an alongshore current, with the upwelling appearing on the left 

side of the current. This mechanism is most probable coupled with the development of internal Kelvin waves 

(Walin, 1972, Svansson, 1975). Secondly, transversal Ekman upwelling, produced externally by a wind 

component blowing alongshore. As a result of this, coastal upwelling (most common type) takes place with 

the coast on the left hand side and offshore upwelling occurs with the coast on the right hand side. Thirdly, 

costal upwelling brought about externally by the stress of seaward winds in shallow waters (so-called 

“Leewirkung”). This type can be rather important at the shallow coastal areas (Svansson, 1975). The fourth 

type is connected with the divergences of the surface current field. This can be caused by several 

mechanisms; at least due to inhomogenity in the bottom topography and because of the curl of the wind 

stress.  According to Fennel and Seifert (1995) the intensity of upwelling varies alongshore during upwelling-

favourable winds. This is due to the generation of Kelvin waves in response to an alongshore wind decaying 

in time. Then the downwelling signal propagated by the Kelvin waves overcome the local Ekman upwelling.  

Only a few studies have been carried out to find out the main upwelling areas in the Baltic and to estimate 

the typical lifetime of an upwelling event. Byckhova and Victorov (1986) analysed  available satellite data for 

1980-1984 and found that there exist 14 upwelling zones during the stratified period. However, these 

observed areas are coupled with various wind events, so the results do not represent real long-term mean 

conditions. According to Byckhova and Viktorov (1986) the lifetime of upwelling range between from 0.5 to 

10 days, the temperature gradient at the sea-surface reaches 0-5-1 K/km, and the total temperature 

difference between upwelled waters and the open sea ranges from 2 to 10 K. A further analyse of the 

upwelling parameters in the Baltic is carried out e.g. by Bychkova et al. (1990), Rudolff, et al. (1991), 

Horstmann (1993) and Siegel et al. (1994) based on satellite data.  Gidhagen (1987) used satellite data for 

the summer period in 1981-83 focused on the Swedish coastal waters. He concluded that coastal upwelling 

is a common phenomenon along the western coast of the Baltic. At some favourable coastal areas, 
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upwelling occurs one-fourth to one-third of the time. The satellite data indicate that the horizontal scales of 

the coastal upwelling are of the order of 100 kilometres alongshore and 10-20 kilometres in the direction out 

from the coast.  

The dynamics behind the development of real upwelling in the Baltic has been studied by e.g  Haapala 

(1994) carrying out investigations of upwelling in the Gulf of Finland, near the Hanko Peninsula during 1987-

88. It was found that a wind parallel to the coastline should have a duration of about 60 h and 

correspondingly a wind impulse of about 4000-9000 kgm1s-1 to cause an upwelling event when thermal 

stratification exist. The vertical veclocity can reach values of 4-10-3 cm/s (Hela, 1976). Kahru et al. (1995) 

have concluded that upwelling is a key factor in generation of frontal areas. The upwelling filaments that 

emerge when the upwelling front along a coast becomes unstable, are common feature e.g. in the north-

western Gulf of Finland and at the eastern coast of the Bothnian Sea. These filaments are found to be 

effective carriers of water and substances.  

It can be concluded that upwelling is one of the most important mechanism causing vertical mixing in the 

coastal areas of the Baltic (see e.g. Svansson, 1975; Haapala, 1994). During the summer season, when 

thermal stratification exist, the surface layer of the sea is depleted of nutrients, the upwelling plays an 

important role for the plankton communities by transporting nutrients from the deep layers to the euphotic 

zone with the major temperature variations taking place  in the 5-10 kilometres  broad coastal zone (see e.g. 

Walin, 1972; Haapala, 1994; Lehmann et al., 2002). Gradually, the nutrient-rich surface waters are spread to 

larger areas due to advection and horizontal diffusion and thus upwelling  seem to directly enhance the 

overall primarily production  (Nõmmann et al., 1991; Fonselius, 1996; Semovski et al., 1999) and has a 

significant influence upon the spatial distribution of pelagic organisms, too (Raid, 1989).  

Due to the limited extension and shallowness of the Baltic Sea, most of the upwelling events can be 

expected to take place at the near-coastal zone. The prevailing south-westerly winds are expected to play a 

certain role in determining the spatial distribution of upwelling areas. We can also wonder how large values 

the upwelling index, i.e. the persistency of upwelling, can reach in favourable areas. 

Due to practical reasons, it is easiest to focus the study on the different sub-areas of the Baltic Sea 

separately and to investigate the upwelling index and reasons behind the resulting patterns in detail. The 

following figures represent the mean condition during the simulation period from 1979 to 1988 (May-

September yearly). The investigation is concentrated on the depth of 2.5 m, which is expected to represent 

conditions in the uppermost layer of the sea with biological relevance (Myrberg and Andrejev, 2002). 

The upwelling/downwelling pattern becomes visible in the Bothnian Sea, even if the structure is not so 

pronounced as in some other areas of the Baltic Sea. The mean wind conditions favour upwelling to take 

place at the Swedish coast, while downwelling on average becomes visible at the Finnish coast. The 

upwelling area at the Swedish coast is fractional, but at some restricted areas indexes between 10 and 30 % 

can be found. Some interesting upwelling patterns are situated at the southern Bothnian Sea with index of up 

to 20 %, being most probable connected with bottom topography (Figs. 3.2.1, 3.2.6). The smallest values of 

the index are about -25% and typically between –10 and –20 % at the Finnish coast representing 

downwelling. This area has a length of about 150 km (alongshore) and a width between 10 and 40 km.  

However, offshore this near-coastal downwelling area a weak upwelling takes place. Thus, a north-south –

oriented upwelling front along the Bothnian Sea becomes visible even after the 10-years averaging 

procedure, the front thus being relatively persistent under various wind and thermal conditions. According to 
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Kahru et al., (1995) such a front (temperature) is called as the “Eastern Bothnian Sea Front”. The major 

mechanisms of such a front generation are: coastal upwelling, being complemented by coastal eddies, 

differential heating/cooling, and water exchange between basins with different water characteristics (Kahru et 

al., 1995). In the Gulf of Finland the dominating south-westerly winds favour upwelling at the Finnish coast 

where the largest values of the index are about 30% and typically between 10-20 % (Fig. 3.2.7). These 

upwelling at the Finnish coast, especially near the Hanko Peninsula, are well-known and well-documented 

(see e.g. Hela, 1976; Bychkova and Viktorov, 1986; Kononen and Niemi, 1986; Haapala, 1994 and Kahru et 

al., 1995). The length of this upwelling area in the western gulf is about 150 km (alongshore) whereas the 

width scale is between 10 and 25 km. Upwelling also become isible at the mouth areas of some major rivers 

of the gulf (Neva, Kymi, Narva, Luga) as well as in some extent in the eastern gulf. The southern coast of the 

gulf is correspondingly characterized by downwelling. The smallest values of the index are about –25 % and 

typically between – 10 and -20 %. The length of this area, which partly covers areas west off the gulf, (with 

some gaps) is about 200 km and the width is c. 5-15 km. In addition to the coastal upwelling areas, a 

complicate mosaic-like structure of the upwelling/downwelling system is seen at the open sea area. This 

pattern is most probable coupled with bottom topography and to the circulation system (closed vortices) in 

the area (Table 3.2.1). 

The coasts of the Estonian islands Hiiumaa and Saaremaa (Fig. 3.2.7) are characterized by a clear 

upwelling/downwelling system. The upwelling is intense especially at the eastern coasts of Hiiumaa and 

Saaremaa with maximum index of about 30 % and having typical values between 15 and 25 %.  At the west 

coast of both the islands strong downwelling takes place with minimum index of about - 30% and typical 

values between -15 and -25 % (Table 3.2.1). The dimensions of the upwelling/downwelling areas are: 

Hiiumaa (length 35 km, width 10-30km/ length 40 km, width 5-40km) and for Saaremaa (length 100 km, 

width 10-45 km/ length 75 km, width 5-40 km). 

Another area with pronounced upwelling/downwelling systems locate around the island of Gotland (Fig. 

3.2.8). The dominating south-westerly winds cause upwelling to take place on average at the east coast of 

Gotland with maximum index of about 30% and typical values between 15 and 25 % (Table 3.2.1). The 

average condition at the western coast is just the opposite, because the prevailing south-westerly winds 

cause a downwelling there (minumum index of about -25% and typical values between -10 and -20 %). The 

width of the upwelling zone is between 10 and 20 km and the length is about 150 km, while the width of the 

downwelling area is somewhat smaller, being 5-10 km; the length-scale also equals to about 150 km. The 

situation is the same if the island of Öland is investigated. The upwelling/downwelling indexes are somewhat 

larger than in the case of Gotland.  

The dominance of the south-westerly winds and related upwelling/downwelling patterns also become visible 

when studying the east and west coasts of the Baltic Proper area: the west coast (Swedish coast) is 

characterized by upwelling (Fig. 3.2.9) while at the eastern coast donwelling patterns dominate. The 

maximum index for upwelling are of about 40% and typical values between 15 and 30 %, while the minimum 

value for downwelling is –25% and typical values between – 15 and –20 % correspondingly (Table 3.2.1). 

The upwelling/downwelling areas cover the whole coast, with a width of 5-30 km at the western coast and 5-

10 km at the eastern. An interesting general feature is that offshore the coastal upwelling/downwelling areas, 

there is a opposite pattern (downwelling often takes place offshore the coastal upwelling and vice versa); i.e. 



Final Consolidated Report  Task 3 
 

 312 

there exists a north-south oriented front as found by Kahru et al. (1995) for temperature in the Bothnian Sea 

and in the Gulf of Finland. 

The Polish coast is mostly a downwelling area (with typical values between –10 and -20%; minimum of about 

–30%), because such a pattern is favoured by the prevailing south-westerly winds (Fig. 3.2.8). At the 

western coast of the Bay of Gdansk there is an upwelling region with maximum values of 40 % and typically 

between 15 and 30% and near the island of Rügen (Germany) there is also an upwelling area with values 

between 20 and 30%, occasionally 40%. The downwelling area. has a width of 10 km and a length of 200 km 

(alongshore), while the upwelling areas have the following dimensions: Rügen (width 10-20 km, length 130 

km) and Bay of Gdansk (width 10-20 km, length 45 km).  

The surroundings of the island of Bornholm are also characterized by upwelling/downwelling pattern with 

typical values between 10 and 25 % for upwelling and about –20 to –30 % for downwelling. The width of the 

upwelling region at the eastern coast is 10 km and the length-scale equals to 30 km, while for the 

downwelling area the corresponding numbers are 10 km and 20 km. A pronounced downwelling regions 

exists in the Bornholm Basin  with indexes between -10 and -20 %. The dimensions of this region are: length 

120 km (north-south), width 85-350 km (west-east). The easternmost part of this area is most probable 

connected with the overflow of water from the Bornhom Basin eastwards through the Stolpe channel towards 

the Gotland Deep (Table 3.2.1, Fig. 3.2.9). 

At the Danish Straits area  pronounced upwelling conditions become visible. The whole east coast of 

Denmark is an upwelling area. However, because the model’s open boundary locates near this area, the 

detailed analysis is omitted there. The Danish Straits are characterised by a pronounced 

upwelling/downwelling system i.e. a frontal system exists there (Pedersen, 1993). According to our 

simulations, the Danish side of the narrow Öresund is an upwelling area and the Swedish side a downwelling 

one. Same kind structures are found correspondingly in the Great and Little Belt areas. The 

upwelling/downwelling structure is pronounced there; the upwelling index is at most between 40 and 60 %, 

while the minimum values in the downwelling regions are between –30 % and – 50 % (Fig. 3.2.9, Table 

3.2.1). The width of the upwelling/downwelling is about 10-30 km while the length-scale varies considerable 

(c. 10-100 km) 

The rms of upwelling index was calculated too for the entire Baltic covering the period of calculation (Fig. 

3.2.10). The largest values of dispersion are naturally found at the coastal areas with pronounced 

upwelling/downwelling patterns. A specially interesting area is the Finnish coast in the Bothnian Sea. There 

exist a north-south oriented narrow band with very large values of the rms, which means that there is a 

pronounced variability in the upwelling/downwelling pattern. This area coincides with the area of active 

frontal generation found by Kahru et al., (1995). 

Table 3.2.2 presents maximum (upwelling) and minimum (downwelling) indexes and the corresponding 

indexes integrated over the whole simulation period. All the results represent conditions integrated over the 

subdivisions 25, 26 and 28.  

It can be concluded that the maximum/minimum values are usually between 40 and 60 %, which is in 

accordance with the results over all other parts of the Baltic, too. A certain maximum of the indexes is found 

in September, when autumn storms take place with prevailing south-south westerly or northerly winds. A 

corresponding minimum is found in  June, when the atmospheric systems are usually weak. Table 3.2.2 

shows that the mean upwelling index is somewhat larger for upwelling than for downwelling. This is most 
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probable due to the fact that the subdivisions under investigation are more favourable to upwelling because 

of the climatological wind patterns. 

Furthermore, a sub-index is introduced to every subdivision under study in order to estimate the spatial 

variability of the upwelling/downwelling activity between different sub-areas and to estimate the seasonal  

variability in each sub-area. Such a sub-index is defined as follows: the number of  grid points in which the 

upwelling index is more than some given value  (upwelling case) or less than some given value ( 

downwelling case) is divided by the total number of grid points in the corresponding sub-division. 

This given values are here defined to be 0.1M, 0.25M, 0.50M or 0.75M, where M is maximal/minimal 

upwelling index. Maximal upwelling index is 65% for upwelling and  minimal index is -62% - for downwelling 

(cf. Table 3.2.2).  

A comparison with the analyse of Gidhagen (1987) is carried out at the Swedish coastal area. Gidhagen 

studied in situ data of sea-temperature (0-5 m depth) during a 10-year period  of 1973-1982. This analysis is 

based on sea-surface maps (40 coastal stations, 25 ships) that were plotted every second day in SMHI. The 

analysis was carried out only for measurements within a distance of 10 km from the coast. Upwelling was 

proved if an in situ measurement showed an abnormal temperature drop of at least 2 ºC compared with 

earlier and surrounding measurements (see Gidhagen, 1987 for details).  We calculated the upwelling index 

using eq. (4) for the corresponding areas and months (July, August, September), even if our period of 

investigation differ somewhat from that of Gidhagen and even if our parameters behind the calculations are 

not the same. The results of the comparison are shown in Table 3.2.3. 

According to both the measurements and the model results the same stations are characterized by highest 

(Trellebrog, Ystad, Ratan) and lowest (Fårö, Svenska Högarna, Husum) upwelling indexes (Table 3.2.3). 

Typical differences of about ± 5 % are found, but that is evident due to the different temporal resolution 

between model results and the data. The measurements show that at some stations (Kalmarsund, Landsort, 

Husum, Almagrundet) there is a trend that the upwelling index increases from June to September. The 

model results show exactly the same trend, even if some single indexes differ from measurements by about 

± 5 %. The largest differences between the model results and the measurements take place in September. 

This is due the high winds speeds (autumn cooling) and related variability in short-time scales, not described 

by the measurements.  

Haapala (1994) carried out continuous current, temperature and conductivity monitoring at three stations 

near the Hanko Peninsula, in the Gulf of Finland during 1978-88.  The model results of surface temperature 

and salinity (5 m depth) were compared with Haapala’s measurements in summer 1988 at 5 meters depth at 

station P1 (50 deg 50 min, 23 deg.14 min). The period under investigation included several strong upwelling 

events. After July 21 the surface temperature dropped rapidly about 10 degrees and surface salinity 

increased correspondingly by about 0.5 PSU. Another strong upwelling was observed during September 10-

20 with decrease of surface temperature more than 5 degrees and corresponding increase in surface salinity 

by about 0.5 PSU (see, Haapala, 1994 for details). The model (Fig. 3.2.11) could usually reproduce rather 

well these upwelling cases with corresponding rapid changes in surface temperature and salinity. It should 

be stressed  that the measurements were carried out every second day, while the time step in the model was 

30 minutes which leads to the fact that the model results include much more high-frequency variability than 

the observations. 
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One excellent test case for the models is to simulate the salt water intrusion of 1993. The model’s ability to 

describe abrupt variations in the key hydrographic parameters comes clearly out. The details of this inflow 

can be found in several papers (see e.g. Matthäus and Lass, 1993; Fischer and Matthäus, 1996). Here some 

model results and comparisons with the corresponding observations is carried out. The Landsort sea-level, 

which is expected to show the changes of the Baltic water volume, is compared with the corresponding 

model results during the inflow period (Fig. 3.2.12). It becomes visible that the model can reproduce well the 

measured rise in the sea-level, which is a key element in forecasting of the salt water intrusion and related 

changes in the hydrography of the Baltic Sea. Fig. 3.2.13 shows that the model can reproduce the changes 

of the total salinity (vertical mean) through the Danish Sounds during the pre-inflow and inflow period. The 

total change in the vertically mean of salinity was more than 5 psu during the period under investigation. This 

result indirectly proves that the model can describe properly the inflow-outflow system of water through the 

Staits. 

Fig. 3.2.14 shows the intrusion of salt water to the Baltic Sea on January 20, 1993. Water with salinity up to 

20 psu penetrates to the Arkona basin. The vertical gradient of salinity is pronounced being about 10 psu 

between the surface and the bottom. The model can (Fig. 3.2.15) reproduce well the main features of the 

observed salinity pattern. The absolute values of salinity (e.g. in the bottom layer of the Arkona basin) are 

well simulated. The model also can reproduce the tilting of the isohalines. The salt water inflow continued to 

the Baltic (Fig. 3.2.15) and both the surface and bottom salinities in the Arkona Basin increased according to 

the observations. The tilt of the isohalines became even more pronounced, forming nearly a vertical wall 

between the saline North Sea water and more fresh Baltic waters. These features could be simulated rather 

well by the model again. 

The Fig. 3.2.16 shows the volume of water which flowed into the Baltic during the inflow period. The model 

gives an estimation of 340 km3, which is accordance with the results given by Matthäus and Lass (1993) who 

suggested according the measurements that the amount of inflowing water would have been 310 km3. 

 

Upwelling and turbulence  

From averaged physical model output there is a clear tendency, that along the northern and western coasts 

of the Baltic Sea, upwelling occurs in a distance of about 20-30 km offshore, while along the eastern and 

southern coast downwelling areas can be detected. Wind stress data for a period of almost 50 years provide 

temporally resolved information on the probability of upwelling occurring at both coastal environments of the 

Bornholm Basin. Figure 3.2.17 shows quarterly cumulative positive vertical transports (upwelling) for both 

coasts. Figure 3.2.17a displays the upwelling time series for the peak spawning period of sprat as well as for 

early spawning of cod (2nd quarters of the years). During the second quarter upwelling was predominant 

within the southern coastal area, especially for the time period prior to the 1980’s. Furthermore, upwelling at 

the southern coast exhibits a general tendency of decreasing intensity with time. Due to on average reduced 

easterly wind speeds since the beginning of the 1980’s upwelling strongly decreased being now of the same 

order of magnitude as within the northern coastal area. Compared to the 2nd quarters of the years, from July 

to September (late cod spawning) the spatial occurrence of upwelling regimes totally changed. Due to 

enhanced wind stress of mainly western direction during the 3rd quarter of the years (Lehmann and 

Hinrichsen, 2000b) upwelling is more likely at the northern coast (2 fold). Nevertheless, the same tendency 
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of decreasing upwelling intensity for the second part of the observational period is clearly visible (Fig. 

3.2.17b). Furthermore, during the 3rd quarter the natural variability of upwelling is higher leading to less 

stable oceanic conditions than during the previous quarter. The dissipation rates of turbulent kinetic energy 

are shown in Fig. 3.2.18. Generally, turbulent mixing at the vertical level of larval sprat is one order of 

magnitude higher than for larval cod. This implies, that for Baltic cod encounter between larvae and their 

prey is less affected by wind induced small-scale turbulence. Similar to wind-induced upwelling, turbulent 

mixing is generally higher and more variable prior to the 1980’s. 

Theoretical predictions of pursuit success probabilities based on wind velocities obtained from the 

NCEP/NCAR data set (1948-1999) as well as on realistic separation distances for nauplii of calanoid 

copepods were calculated. Using a weighted sigmoid regression model (MacKenzie and Kiorboe, 2000) 

successful pursuit shows different probabilities for different depths ranges as well as a seasonal signature. In 

general, due to higher wind-induced turbulent velocities in near surface layers, successful pursuit is lower in 

the upper layers compared to depths around 30 m. Highest successful pursuit probabilities were observed in 

summer (ca. factor 2), whereas in spring and late summer wind-induced turbulence has its highest negative 

impact on feeding success of larval fish. 

 

Satellite imagery 

Preliminary inspection of the completed images reveals that SST conditions in the Bornholm Basin varied 

considerably between 1994 and 1995. During the early summer of 1994 (Fig 3.2.19) a narrow (~10 km wide) 

band of warm water developed along the German and Polish coasts with cooler water in the central part of 

the basin. Considerable mesoscale activity was evident, particularly during May. In mid-July strong upwelling 

began off the Polish coast and persisted for nearly 3 weeks (Fig. 3.2.20). In 1995, a broader (~50 km wide) 

band of warm water developed along the German-Polish coast (Fig. 3.2.21). The SST in the interior of the 

Bornholm Basin was warmer than during the same period in 1994. No significant upwelling events were 

detected along the Polish coast during May-July from the images analysed thus far. Some intermittent 

upwelling was detected along the Swedish coast and off Estonia. The mesoscale activity was generally weak 

in the Bornholm Basin, but considerable eddy activity was evident in the Central Basin. 

 

Discussion 

Upwelling estimates obtained from the three-dimensional hydrodynamic model used here was verified with 

observations of salinity, temperature, sea-level and current. There was a good accordance between the 

model results and the measurements. The model can reproduce rather well spatial and temporal changes of 

the Baltic Sea hydrography according to the comparisons with high-resolution measurements. The Gulf of 

Finland was used here as the test area due to the availability of data and due to the complex hydrography of 

the area.  

Surely, the model works properly in other parts of the Baltic too, which was shown by verifying the model 

against the measurement of the major Baltic inflow 1993. The model could reproduce the abrupt changes in 

the hydrographic conditions: the intrusion of salt water in the near-bottom layer to the Baltic, changes in the 

sea-level height as well as the total amount of inflowing water.  

According to the results of the model tests, it is possible to use the model system for estimation of long-term 

changes of he hydrography of the Baltic Sea, if appropriate forcing functions and data sets are available. 
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Up to now, the sea-surface temperature and its spatio-temporal variations have been used as indicator for 

upwelling. However, the sea-surface temperature is most probable not the best indicator of upwelling 

because it is determined by the heat balance and thus, turbulent mixing (both in horizontal and vertical 

direction), advection and the interaction between sea and atmosphere modify the temperature variations in 

time. So, it is difficult to estimate which part of the changes in temperature are really caused by true 

upwelling, i.e. vertical displacement of water masses, and which part is coupled with other factors. 

Additionally, if the water column is homogenous in terms of temperature, the possible upwelling can not be 

found even if such ones occur and nutrient-rich waters are brought to the surface indeed. Due to the 

problems to use temperature as indicator for upwelling, here a new approach is presented where the vertical 

velocity at the near-surface layer is used as an indicator of upwelling.  

Here a statistical analysis for a 10-year period was used (May-September yearly) to calculate an upwelling 

index for the Baltic (in percentages) and to find out which areas are characterized by frequent  upwelling 

(downwelling). Our present system does not take into account the speed of the vertical velocity; all cases 

e.g. with a positive vertical velocity have the same weight in the calculation of the index. However, it is 

possible to set a lower limit for vertical velocity and only to take into account in the statistics values larger 

than that.  

The statistical analysis showed that the most persistent upwelling areas are the coastal zones. There is also 

a clear correlation between the dominant climatological wind direction (south-west) and the locations of 

coastal upwelling. Open-sea upwelling also occurs and in such cases the upwelling are mainly caused by 

favourable shape of the bottom topography and/or are due to the curl of the wind stress. It can be concluded 

that the main areas of coastal upwelling in the Baltic Sea are: The west coast of the Bothnian Sea, the 

northern coast of the Gulf of Finland, the west coast of the Baltic Proper, the east coast of Gotland, the east 

coasts of the Estonian islands, the east coast of Denmark including the Straits and areas east of the island of 

Bornholm.  Typical index values are 10-30 % for both up-and downwelling. The width scale is typically 5-20 

km (perpendicular to the coast), which is accordance with the statement of Walin (1972) that major 

temperature variations take place in a 5-10 kilometres broad coastal zone. The length-scale is somewhat 

more variable, being typically between 30 and 150 km (alongshore). 

It should be borne in mind that these results are based on a statistical approach of upwelling/downwelling 

conditions; in some single case the upwelling/downwelling system can naturally be very different from the 

results presented here. So, the main idea was to find out whether some upwelling areas with statistical 

relevance can be found in the Baltic Sea. In addition, it should be realized that, the main upwelling areas, 

with nutrient-rich waters entering the surface layer, are not exactly the same as those coupled with enhanced 

biological activity (like algae blooms etc.) because the sea currents transport and mix the water masses 

continuously. Thus the nutrient-rich, upwelled water masses move away from the location, where the 

upwelling originally took place. 

The comparison of the model results with the analyse by Gidhagen (1987) showed that there is a good fit 

between the results, even if the methods in our studies were based on using different key parameters for 

estimating upwelling. It is encouraging for our future work that this comparison gave good results. It should 

also be remembered that the periods under investigation were not exactly the same.  The comparisons of 

the model results with observations of strong upwelling in the Gulf of Finland in 1988 (Haapala, 1994) gave 
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encouraging results too. The model could reproduce rather well the observed rather rapid and abrupt 

changes in surface temperature and salinity. 

It became out that in many cases there exist a clear upwelling-downwelling structure perpendicular to the 

coast. It means that if an upwelling zone exists at the coastal area, just offshore of it a corresponding 

downwelling zone becomes visible and vice versa (e.g. in the Bothnian Sea). This is also reflected as a high 

rms of the upwelling index there. This structure has close resemblance to the north-south –oriented 

temperature fronts found by Kahru et al. (1995). According to Kahru et al. (1995) upwelling is one of the 

major mechanisms of the generation of such a front, even if coastal eddies, differential heating/cooling, and 

water exchange between basins with different water characteristics also play an important role. Thus, the 

role of upwelling, is an important mechanism in the general dynamics of the Baltic Sea and in frontal 

development and in determining areas where enhanced biological activity takes place. 

The study of the upwelling index in ICES sub-areas 25,26 and 28 showed in general that the 

upwelling/downwelling indexes usually do not exceed 10 % of the corresponding maximum value. It means 

that the average upwelling/downwelling events are not very intense compared with the maximal/minimal 

values.  

Upwelling seldom implies a total breakdown of surface water layers by cold nutrient enriched deeper water 

masses. Although, if the thermocline is pushed up close to the surface, making light more accessibly to the 

plankton and thus increases the chlorophyll maximum. In this way, primary production can be enhanced 

around the thermocline without cold subsurface waters being detectable at the surface (e.g. SST 

measurements by satellite imagery). Wind induced upwelling associated with stability and with shallow but 

pronounced stratification of surface waters results in enhanced plankton productivity and aggregation around 

the thermocline. The corresponding offshore transport (Ekman) of coastal waters might play another 

important role in the enhancement of biological productivity in the Baltic. The influence of the low saline 

nutrient enriched plumes of several rivers are apparent mainly along the southern and eastern coast lines of 

the Baltic (Neumann, 2000). In case, if the advection of these water masses is relevant to the reproduction 

biology of cod or sprat, there is a more intense spreading of the influence of the river plumes than normal, 

and thus the feeding potential for fish early life stages is possibly more expanded. For the Bornholm Basin, 

at present the only successful spawning ground of Baltic cod, upwelling in the southern coastal area is of 

higher importance compared to the north, because the nutrient input by rivers here is almost 50 fold higher 

than at the northern coast (Neumann, 2000). The direct consequences of downwelling are: low stability and 

stratification, and less intense and less shallower thermoclines than under upwelling conditions. 

Furthermore, nutrients and plankton are transported and dispersed within a wider range of the water column. 

Correspondingly, the areas of influence of the river plumes will be diminished due to advection of waters 

towards the coast. Prevailing downwelling conditions in the south would probably imply a general drop of 

plankton production in the offshore located spawning grounds of cod and sprat in the Bornholm Basin. 

A secondary factor affecting feeding and growth of fish early life history stages is small-scale turbulence. 

Turbulent mixing on one hand may enhance encounter rates between larval fish and their prey, but on the 

other hand may disrupt food aggregations at subsurface plankton maxima and may affect the vertical 

distribution of eggs and larvae leading to higher mortality (or losses towards the bottom). Furthermore, highly 

turbulent conditions (e.g. storms) will reduce feeding rates below those obtained during calm conditions and 

will affect the type of prey captured and ingested. 
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Project related modelling activities could utilize upwelling and turbulence related indices as independent 

parameters to explain the variability in abundance for the transition from late egg or early to late larvae 

stages of cod and sprat. Hence, analysing critical early life history stages might result in improved stock-

recruitment relationship models. 
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4 Modelling the influences of hydrographic/biological processes on 
the survival, distribution and growth of fish early life stages 

Introduction 

Natural variations in the abundance of fish stocks can be the result of several factors acting on all life stages. 

In particular, factors acting on the early life-history stages have been identified to contribute to recruitment 

variability (e.g. Lasker, 1981; Cury and Roy, 1989). Among these, biotic factors such as starvation and 

predation have been considered to be of great importance. Investigations dealing with the impact of 

predation on recruitment success have been intensified only in more recent years (e.g. Sissenwine, 1984; 

Köster, 1994; Köster and Schnack, 1994). Food limitation during the phase of first feeding has already been 

discussed much earlier as important factor regulating recruitment success, e.g. by Hjort (1914). Iles and 

Sinclair (1982), however, propagated the outstanding importance of an abiotic factor, i.e. ocean circulation. 

According to the ‘member-vagrant’ hypothesis (Sinclair and Tremblay, 1984) recruitment success would be 

largely determined by the circulation system encountered by the larvae. Survival would be dependant on the 

retention of larvae in areas of characteristic environmental conditions. In the Baltic Sea there are generally 

high gradients in both abiotic and biotic variables, due to the strong vertical stratification and the limited water 

mass exchange with the North Sea. Especially temperature, salinity, oxygen-content as well as prey and 

predator abundance vary in small horizontal and vertical scales, so that varying transport regimes might have 

a considerable influence on recruitment success. 

In the Baltic Sea, two cod (Gadus morhua L.) stocks exist whose early life stages (eggs, larvae, juveniles) 

are subject to transport processes. These stocks are the western Baltic cod stock, considered to be located 

west of the island of Bornholm, and the eastern stock, east of Bornholm (Bagge and Thurow, 1994). As 

obtained from genotypic and phenotypic analysis (Sick, 1965; Jamieson and Otterlind, 1971; Schmidt, 2000), 

a distinction between both stocks occurs on either side of longitude 14°30' N with some area of overlap 

between both stocks. To the east, the eastern stock extends northwards to the Bothnian Sea area, whereas 

on the western side, the western stock can be traced back towards the southernmost part of the Kattegat 

(Bagge et al., 1994). 

Besides the differences in their genetic characteristics, the different cod stocks spawn at different times of 

the year within areas of different environmental conditions. The spawning grounds of the western stock cover 

the Danish Straits, Kiel Bay, Fehmarn Belt and Mecklenburg Bay. The spawning season in the western Baltic 

starts in February and by May spawning is completed (Kändler, 1949; Berner, 1960; Thurow, 1970; Bleil and 

Oeberst, 1997).  

Contrary to other cod stocks, where salinities are sufficient to keep eggs floating in the surface layer, in the 

central Baltic cod eggs occur exclusively in the intermediate and bottom water, concentrating in a narrow 

depth range within or below the halocline (Kändler, 1944; Wieland and Jarre-Teichmann, 1997). Thus, the 

Baltic cod stock, unlike others, is subjected to a clear environmental influence on reproductive success 

based on oxygen conditions in the spawning basins (e.g. MacKenzie et al., 1996). Cod eggs are also subject 

to predation as high abundances of eggs are found in a relatively restricted area were they are heavily 

preyed upon by herring and sprat (Köster and Möllmann, 1997). The duration of the egg stage is temperature 

dependent with larvae typically hatching between 14 and 21 days (Wieland et al., 1994). A few days after 
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hatch, the larvae begin to migrate vertically through the halocline into less saline, shallower water layers to 

feed (Grønkjær and Wieland, 1997). First-feeding of cod larvae takes place around larval stages 5 to 6, at an 

age of 4 to 8 days after hatch (Fossum, 1986). Therefore, viable larvae of stages 6 and 7 should have just 

completed their vertical feeding migration and are mainly found above the halocline (Grønkjær and Wieland, 

1997). Here, they concentrate in the depth range of approximately 25-40 m, while their abundance in the 

upper 20 m is generally low. The vertical migration of larvae has been shown to be a prerequisite for survival 

with larvae in good feeding condition being found only in the upper 40 m (Grønkjær et al., 1997). 

Because of the prolonged spawning period for cod in the Baltic (Wieland and Horbowa, 1996), and age- and 

size-dependent timing of spawning (Tomkiewicz et al., 1997; Tomkiewicz and Köster, 1999) the potential 

exists for eggs and larvae of differing quality (e.g. competitive ability; Buckley et al., 1991) to be exposed to a 

temporally and spatially varying environment because of changes in food conditions (St. John et al., 1995), 

oxygen conditions (MacKenzie et al., 1996), predation (e.g. Köster and Schnack, 1994) and transport 

potential. The influence of varying transport potential on the survival of cod early life history stages in the 

Baltic is yet unclear. 

A number of different models had already been used to investigate egg and larval transport when this study 

started. Bartsch et al. (1989) used a baroclinic numerical model to explain the drift of herring larvae in the 

North Sea towards their nursery areas. Investigations on larval transport of the Japanese sardine in the 

Kuroshio current were performed by Kasai et al. (1992) as well with simple one-dimensional as with two-

dimensional numerical models. In the area of the Newfoundland shelf as well Helbig et al. (1992) and 

DeYoung and Davidson (1994) investigated the degree of retention of cod eggs and larvae on the shelf by 

means of current models. Campana et al. (1989) focused on the influence of varying transport for larval 

haddock spawned on Browns Bank (near Georges Bank). For the Baltic Sea Aro et al. (1991) formulated a 

two-dimensional two-layer model to estimate the drift of early life stages of cod. However, this model seemed 

not to be adequate for the planned investigations. Instead, a rather new 3-D eddy resolving baroclinic model 

of the Baltic Sea (Lehmann, 1995) should be used to model larval drift. First modelling attempts had already 

been undertaken for cod larvae by Hinrichsen et al. (1995) and Voss (1996), confirming the potential of larval 

drift to be modelled successively. 

According to the original idea of Sinclair and Trembley (1984) ‘retention’ is thought to be beneficial for 

survival while ‘dispersed’ individuals have higher mortality rates. However, in the Baltic Sea this might be 

vice versa: retention of larvae on the spawning grounds in the central basin can be hypothesized as being 

detrimental for recruitment success while a dispersal to shallow coastal areas could be beneficial: Production 

in the central basin appears to be nutrient limited with low prey availability potentially resulting in low growth 

and survival of cod (Kiørboe, 1991; St.John et al., 1995; St.John and Lund, 1996). The shallow coastal 

regions of the Baltic Sea however have been identified as regions of high primary and secondary production 

due to the availability of nutrients caused by the interaction of the thermocline with bottom topography (e.g. 

St.John et al., 1995; Josefson and Conley, 1997) and from terrestrial and benthic introduction. The 

significance of observed nutrient concentrations concerns nitrogen and phosphorus as limiting nutrients for 

the primary carbon flux in coastal water ecosystems (e.g. Søderstrøm, 1996) and coastal upwelling 

(Haapala, 1994). Hence, the rapid transport of larvae to the shallow coastal regions may potentially result in 

increased feeding success, growth and survival relative to individuals retained in the central basins of the 

Baltic Sea. Additionally, it has to be taken into account, that recent investigations of the long-term dynamics 
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of the main mesozooplankton species in the central Baltic revealed clear time-trends, with a decrease in 

biomass of P. elongatus, a species mainly distributed in the deep basins, since the 1980ies and an increase 

of the standing stock of the other abundant copepod species, especially Acartia spp. (Dippner et al., 2000; 

Möllmann et al., 2000). 

The main working tasks were to 

1) Employ 3-D, eddy-resolving circulation models to describe fluctuations of hydrographic parameters (e.g. 

temperature, salinity, oxygen concentrations) in spawning areas, 

2) Develop a coupled Individual-Based Model (IBM) of larval fish feeding and drift to evaluate how 

hydrographic processes may influence growth and survival of larval fish. 

 

Material and Methods 

Advection of cod early life stages 

Determination of birthdates and age/length characteristics from otolith analysis of 0-group cod 

The birthdates of 0-group cod caught in the different nursery areas of the Baltic Sea were determined from 

sagittal otolith microstructure analysis. This made it possible to assign the juveniles to their different 

spawning areas since timing of spawning, and hence the age of the 0-group cod, is different in the western 

and central Baltic stock. 

The main aims of these investigations were to determine the origin of juvenile cod caught within the Arkona- 

and Bornholm Basin based on birthdate distributions and to carry out modeling exercises to examine the 

potential impact of different wind driven circulation patterns on the transport of cod early life stages between 

the western and eastern Baltic. 

The juveniles were sampled during 6 trawl surveys in the Arkona- and Bornholm Basin carried out in 

September and October 1993 to 1996 by the IOR, using pelagic, bottom or near bottom hauls. In the 

laboratory, the meristic parameters of the fish were determined and the otoliths were removed. 

Microstructure analyses were carried out on a sub-sample of sagittal otoliths from juveniles from 2 to 18 cm 

in total length. A total of 81 pelagic and 243 demersal individuals were analyzed.  

The formation of the accessory growth center (AGC) was found from 42 to 56 increments (mean=49.3) after 

the hatchcheck taken from a subsample of well-prepared otoliths (n=18). Similar investigations from 18 

juvenile reared cod with a well known age (48 days) showed that the development of the AGC started 41 to 

43 days after hatch. Using these data, together with the results of the former analyses, gave an assumed 

mean value of 45 days from the hatchcheck to the beginning of the secondary increments.  

A detailed description of the otolith microstructure analyses can be found in Oeberst and Böttcher (1998).  

 

For estimation of the birthdates the following equation was used: 

 Birthdate = Catchdate - C1 - C2 – NDI ) 

where 

C1 is the mean number of days for the development of the egg stages;  

C2 is the mean number of days between the hatchcheck and the beginning of the secondary increments;  

and NDI is the number of secondary increments. 
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For C1 a constant value of 20 days was taken. This value was derived from the observed temperature 

regime in the Baltic Sea applying egg-stage development/temperature relationships (Thompson and Riley, 

1981) which agree well with results of Wieland et al. (1994). 

 

Age determination of pelagic 0-group cod from age/length characteristic 

These determinations of birthdates of pelagic 0-group cod caught in the different nursery areas were 

obtained from a specific highly correlated (r=0.78) age/length  

characteristic (Oeberst and Böttcher, 1998). For estimation of the ages the following equation was used:  

 Age = 52.48 + 9.18 * TL  

with TL the total length.  

 

The juveniles were sampled during 4 trawl surveys in the Bornholm Basin carried out in October/November 

1996, 1997, 1998 and 2000 using an Isaacs-Kidd-Midwater-Trawl (IKMT). 

 

Baltic Sea Model 

Numerical simulations of the Baltic Sea circulation were performed by application of a three-dimensional (3-

D) eddy resolving baroclinic model of the Baltic Sea (Lehmann, 1995). The model is based on the free 

surface Bryan-Cox-Semtner model (Killworth et al., 1991) which is a special version of the Cox numerical 

ocean general circulation model (Bryan, 1969; Semtner, 1974; Cox, 1984). The Baltic Sea model comprises 

the whole Baltic including the Gulf of Bothnia and Gulf of Riga as well as the Belt Sea, Kattegat and 

Skagerrak. At the western boundary an idealized North Sea basin is attached to the model domain which is 

used to take up sea-surface elevations in the area of the Skagerrak and to provide the water masses 

necessary for the water mass exchange which have the typical characteristics of the North Sea. The model 

is driven by atmospheric data provided by the SMHI (Swedish Meteorological and Hydrological Institute) and 

river runoff taken from a monthly mean runoff database (Bergström and Carlsson, 1994). The meteorological 

database covers the entire Baltic Sea drainage basin with its parameters stored at a temporal increment of 6 

hours. The horizontal resolution is 5 km. The model runs were performed with 41 vertical levels. Later on the 

model was enlarged to encompass 60 vertical levels. The thickness of the different levels was in each case 

chosen to best account for the different sill depths in the Baltic. For the region of the Bornholm Basin this 

results in a vertical resolution of 6 (3) m layers. A horizontal resolution in the order of the half Rossby Radius 

of deformation is required to resolve the whole spectrum of meso-scale motions. In the Baltic the internal 

Rossby Radius was determined to be in the range of 2 to 10 km (Fennel, 1991). Thus, the model is not fully 

eddy resolving for some regions of the Baltic, but in order to find a compromise between available computer 

capabilities and resolution of the model in space and time, a grid size of 5 km and a time-step of 5 minutes 

was chosen. Simulations were performed employing ground truth data of physical and biological parameters 

obtained on research cruises prior to the period of examination or utilizing the characteristic hydrography for 

the period of examination. For each depth level of the model, observational data were interpolated onto the 

model grid by objective analysis (Hiller and Käse, 1983). Calculation of larval drift routes was performed by 

using a Lagrangian particle tracking technique (Hinrichsen et al., 1997). Simulated three-dimensional velocity 

fields were extracted at 3-hourly intervals in order to develop a database for this Lagrangian particle tracking 

exercise on larval cod. The data set then offers the possibility to derive drift trajectories by calculating the 
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advection of ''marked'' water particles. Vertical velocities were calculated from the divergence of the 

horizontal velocity fields. The drifters were allowed to leave the layers where they were initially released. The 

positions of the drifters varied over time as a result of the three-dimensional velocities that they experienced. 

Furthermore, the data contain information on the temporal evolution of the hydrographic property fields 

(temperature, salinity, oxygen, current velocity, etc.) along the trajectories. In order to establish a Lagrangian 

view of the simulated circulation, drifters can be placed in the modeled flow fields at every location within the 

model domain. Moreover, the initial launch positions can be chosen independently from the vertical 

resolution of the model´s grid.   

 

Applications of the Baltic Sea Model 

The hydrodynamic model on Baltic cod larval drift has been utilized for the time period 1986 to 1999 in order 

to obtain means of intra-annual variability in distribution and transport patterns. In order to consider its 

seasonal variability in relation to spatial and temporal variations in larval transports a total of 720 Lagrangian 

drifters were released at depth between 25 and 35 m on a three dimensional regular spaced grid enclosed 

by the 60 m isobath encompassing the historical peak of larval abundance. Larvae were released into the 

modelled flow fields at 10 days intervals and were tracked for a period of 45 days. This time period 

approximately covers the entire duration of the first feeding larval phases of cod (Fossum, 1986). The 

release dates commenced April 1 and ended September 20 thereby encompassing the historic as well as the 

present peak spawning of eastern Baltic cod (MacKenzie et al., 1996). During their 45 days drift period larval 

cod dwelled within different areas characterizing different habitat. The larvae started drift in the deep area of 

the Bornholm Basin performing vertical migration from below the halocline into depths of about 30 m after 

transition from yolk sac to first feeding stage.  

In order to determine how many larvae in which subarea of the central Baltic Sea were present during their 

45 days drift duration and in order to obtain where pelagic life stages potentially settle a normalized time 

integrated version of the coefficient of overlap, C (Horn, 1966) was applied, which is 0 when there is no 

overlap and 1 when the two distributions are identical. This was calculated from: 

 C(t) = (1/t) \sum_{t=0}^{t_n=45} 2 * A * B / (A^2 + B^2) 

where A at any time t gives the number of larvae initially released at depths >60 m and on the other hand B 

gives the actual number of larvae in any of the subareas into which larvae could be transported (Hinrichsen 

et al., 2002a). Time integrated values at any given time are a measure for residence probability of the 

number of larvae within specified subareas (>60m, 40-60m, 0-40m).  

 

To obtain a general impression of meteorological impacts on larval transport, we related the relative 

residence probabilities within the above mentioned specific environmental subareas of the Baltic to 

atmospheric conditions. Relevant for the atmospheric forcing are the local conditions over the Baltic Sea, 

which are embedded into the large-scale atmospheric patterns. With respect to local forces, Lehmann et al. 

(2002) defined a Baltic Sea Index, which is the difference of normalised sea level pressure anomalies 

between Oslo (Norway) and Szczecin (Poland). In order to more account for the local atmosperic conditions 

in the area under consideration (Bornholm Basin) we calculated the normalised sea level pressure difference 

along a line at 15° E from 57° 30'N to 52° 30'N representing the u-component of the wind (hereafter BSI_u), 

whereas the sea level pressure gradient at 55N between 12° 30'E and 17° 30'E is a measure of the v-
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component (hereafter BSI_v). Daily mean sea level pressures at each position obtained from NCEP/NCAR 

re-analysis data (Kalnay et al., 1996) are normalised by deviding them by the long-term mean (1948-1999) 

standard deviation. 

For example, a positive BSI_u corresponds to an anomalous sea level pressure difference with westerly 

winds over the Bornholm Basin, in near surface layers leading to transport towards the east. In contrast, a 

negative BSI_u corresponds to easterly winds, favouring currents towards the west near the sea surface. 

BSI_u values have been calculated and subsequently averaged for each of the 45 days drift simulations. 

 

The potential for advective exchange of early life stages between the western and eastern Baltic basins 

Under strong westerly wind conditions, the general stratification of the Baltic is broken down by mixing and a 

considerable amount of highly saline water can penetrate into the eastern Baltic. These mass transports can 

be accompanied by advective propagation of passively drifting particles such as eggs and larvae of different 

fish species and, thus, within the same area (central Baltic) possibly lead to mixing of the juvenile 

populations of both cod stocks.  

The horizontal 0-group cod distribution within the potential nursery areas were not surveyed systematically 

on a standard station grid during the autumn cruises. Furthermore, the initial cod egg abundance data, as 

well their three-dimensional distribution patterns in the Danish Straits, in Kiel Bay and in Mecklenburg Bay 

are not available. Thus, it could not be the goal to simulate the drift patterns of the larvae for each of the 

years explicitly, but only to identify the principal factors influencing the transport of early life stages of cod 

between the western and eastern Baltic. Therefore, two scenarios with considerably different wind conditions 

(western Baltic cod spawning seasons of 1988 and 1993) were selected. 

The particle drift was derived from the temporal evolution of the tracer field. With respect to the average 

duration of the egg and non-feeding larval stages, these simulations were performed for periods of 25 days. 

Within the spawning grounds of the western cod stock (Great Belt, Little Belt, Kiel Bay, Langeland Belt, 

Fehmarn Belt, Mecklenburg Bay and Oeresund), eggs and young larvae are found below the pycnocline 

which, on average, is at 20 m depth (Bagge et al., 1994). Thus, passive drifting tracers were incorporated at 

model grid points where this depth was exceeded. Older cod larvae are usually found in the same 

geographical area as eggs and young larvae but mainly above the pycnocline ( < 20 m).  

 

In order to estimate the potentially different drift patterns of cod early life stages spawned in the western 

Baltic and in the Kattegat area, the circulation patterns were analyzed during the major spawning season 

(January to April) for two years with considerably different wind forcing conditions (1988 and 1993). The 

spawning period of 1988 (Fig. 4.1) was regarded as a mild winter with relatively low and variable wind forcing 

during the winter as well as in early spring. In contrast, in January 1993 the recent major Baltic inflow to the 

Baltic Sea occurred (e.g. Matthäus and Lass, 1995). During this time there was a relatively long period of 

strong wind forcing, mainly from the west. The years 1988 and 1993 are specified as scenarios 1 and 2, 

respectively. During the simulations, older larvae and/or juveniles of cod were prescribed as Lagrangian 

drifters which were released into the modeled Eulerian flow fields within the spawning grounds of the western 

Baltic at depths above the pycnocline. Regardless their age, older larvae and juveniles are considered to be 

horizontally passive or to have only a random swimming behavior which is not taken into account utilizing our 

Lagrangian particle tracking technique. The release of drifters was repeated at 5 day intervals, i.e. every 5 
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days a new batch of drifters was inserted and tracked over a period of 45 days. The release dates 

commenced on Julian day 6 and ended on Julian day 80, whereas the analysis of the temporal evolution of 

the tracer fields (eggs and/or young larval abundance) also started on Julian day 6 but ended on Julian day 

31 for both scenarios. 

 

Bio-physical modelling of larval cod growth and survival 

The coupling of a circulation model with trophodynamic relationships of larval fish can be utilized to examine 

starvation mortality and growth rates at the level of individual larvae (e.g. Werner et al., 1993; Letcher et al., 

1996). A coupled hydrodynamic/ trophodynamic individual based model (IBM) of drift and feeding designed 

to examine growth and survival of Baltic larval cod was constructed. This coupled model allows to examine 

feeding, growth and starvation mortality of larval cod in the Bornholm Basin in the context of their transports 

by utilizing trophodynamic relationships along their potential drift routes. Implementation of the coupled 

model required zooplankton abundance as well as turbulence and temperature fields as inputs to the larval 

feeding, metabolic and growth components (Hinrichsen et al., 2002b). Utilization of this model allowed to 

examine how habitat and environment affect survival and growth variability.  

The spatio-temporal variability of growth and survival is studied by modelling the fate of larvae for various 

scenarios in prey fields. The effect of a declining standing stock of Pseudocalanus elongatus (e.g. Möllmann 

et al., 2000) was simulated by using prey fields with and without this copepod species. 

The IBM tracks individuals through the larval stage thereby distinguishing four stages, i.e. yolk-sac larvae (< 

4.5mm), first feeding larvae (4.5 to 6mm), larvae of 6 to 9mm and larvae > 9 mm. Within the model the 

encounter of food, foraging, growth and survival of individual cod larvae is simulated by specific submodels 

in 6 hour time steps. All larvae were initially defined to have equal length and weight at hatch. Along the drift 

trajectories within the coupled model the larvae's environment consists of the prey field and the ambient 

temperature determining both their growth and survival. Yolk-sac larvae before reaching their length at first-

feeding (< 4.5 mm) were considered as passive drift particles, with growth exclusively determined by ambient 

temperature. In order to analyse the survival and growth of larval Baltic cod, the following simulation output 

parameters have been obtained by using the coupled model:  

 

· survival dependent on minimum weight growth rates 

· number of starvation periods 

· condition of larvae in terms of weight at 6mm length 

· growth in terms of mean length after 70 days of drift and feeding 

 

Trophodynamic IBM 

Encounter and turbulence submodels  

Encounter rates of larval fish with their prey are functions of both larval fish size (l), prey size and density 

(Blaxter, 1986). An estimate of the number of the ith prey item N(l,i) (i=1,2,..,n) encountered on a 24 hours 

basis depends on the search volume (SV) in which larvae perceive prey, and its concentration p(i) (ith 

prey/liter). Baltic cod larvae are visual predators (Last, 1978) and therefore the main daily feeding period can 
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be expected only during the fraction of daylight hours H (Morse, 1989),  

 

   HipilSVilN ××= )(),(),(  

 

The search volume was defined as the product of the fish swimming speed SS(l) and the area a fish of 

length l can scan for food (RA).  

 

   ),()(),( ilRAlSSilSV ×=  

 

For swimming speeds of larvae we used the summary relationship of Miller et al. (1988). This equation yields 

swimming speeds of approximately one body length per second. The reactive area (RA,mm2) was assumed 

to be half a circle with a radius equal to the reactive distance (RD) and was defined for each prey type i as  

 

   2),(5.0),( jlRDilRA ××= π  

 

The search volumes increase rapidly with increasing larval size and prey size. Prey sizes have been taken 

from Hernroth (1985). RD (mm) was defined as a function of both prey body length and larval length using 

the relationship of Breck and Gitter (1983).  

 

Including turbulence in the calculation for prey encounter rates (Rothschild and Osborn 1988) results in the 

number of (ith) prey encountered estimated as  

 

   ),(),(),( ilDilAHilN ××=  

 

The effect of turbulent velocities enters in the determination of A(l,i), the velocity of larval fish relative to its 

prey and to turbulent motions. D(l,i) is the product of the cross-sectional area of perception of the larvae RA 

and the prey concentration p(i). Turbulent velocities required for the determination of A(l,i) can be obtained 

by different methods. The simplified relationship utilized enables the calculation of turbulent velocities 

(MacKenzie et al., 1994) directly dependent on the cube of wind speed and larval depth. Wind speed and 

direction were obtained from the weather station Christiansø (up to 1994) as well as from atmospheric data 

provided by the Swedish Meteorological and Hydrological Institute (SMHI Norrköping, Sweden; from 1995 

onwards).  

 

Foraging submodel 

Larval fish typically are not able to attack all prey encountered, thus time required for feeding reduces search 

time. In order to simulate this process, we utilized a submodel characterizing optimal foraging in dependency 

on the swallowing probability (SP) determined empirically for cod and haddock larvae by Laurence (1985). 

This rather simple approach is dependent on both the initial dry weight at hatch (wmin) as well as on weight 

at age/length (w) 
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Growth submodel 

Temperature influences metabolic processes and is besides prey availability the most important factor that 

determines growth (Brett, 1979). As obtained from rearing experiments with Norwegian coastal cod (Otterlei 

et al., 1999) somatic growth in length and weight increased with increasing temperature. Specific length 

growth rates as well as larval stage durations have been determined by these relationships adjusted to 

observed length growth rates of Baltic cod. 

Larval growth is simulated by the standard bioenergetic supply-demand function, represented as the 

difference between the amount of food ingested by a larvae and the metabolic costs of its activities. The daily 

growth increment 

 

   mgAEG −×=  

 

is the difference between the weight gained through feeding (g) and the loss due to the weight dependent 

metabolic costs (m) (Werner et al., 1996). The total food intake (g) of individual larvae is related to 

consumption from the foraging model times the assimilation efficiency  

 

   ( )( )( )10002.025.018.0 −×−×−×= weAE  

 

which is the proportion of ingested food not egested by the larvae (Buckley and Dillmann, 1982). The 

assimilation efficiency strongly depends on the larval mass w ranging from 0.6 to 0.8 increasing rapidly with 

larval size. The ingested food provides energy exclusively used for growth after the energy for metabolic 

costs is totally covered.  

 

Starvation submodel 

A minimum weight (Wmin) at the end of the different larval stages is prescribed for each larvae. Maximum 

weight (Wmax) was taken from a length-weight relationship for Norwegian coastal cod (Otterlei et al., 1999). 

Larvae were defined to die from starvation if the final weight in a specific stage was below a threshold value 

(a) times the maximum weight  

 

   maxmin WaW ×=  

 

The threshold was set to 0.75 (Letcher et al., 1996). Starvation obviously occurred if the metabolic costs are 

higher than the gained weight due to feeding. This submodel on starvation was able to firstly determine the 

mass of a larvae at death from starvation and secondly enables counting of the starvation periods.  
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Prey fields 

Stomach content analyses of larval cod from the Bornholm Basin revealed copepod nauplii and early 

copepodite stages to be the preferred prey organisms similar to what has been observed for other stocks 

(Goodchild, 1925; Wiborg, 1948; Last, 1978; van der Meeren and Naess, 1993; Fossum and Ellertsen, 

1994). Additionally, cladoceran species, although playing a minor role, were identified as food for larval Baltic 

cod. The food composition of cod larvae is size-specific. Thus, for the present modelling approach we 

specified potential food organisms/ stages for feeding larvae of a specific size: 

 

· first feeding larvae (4.5 to 6 mm): nauplii of calanoid copepods  

· larvae of 6 to 9 mm: nauplii and copepodite stages of calanoid copepods 

· larvae > 9 mm: all life-stages of calanoid copepods as well as cladocerans. 

 

Zooplankton abundance data were derived from an extensive database compiled by the Latvian Fisheries 

Research Institute in Riga within the EU-funded project "Baltic Sea System Study, BASYS" (http://www.io-

warnemuende.de/Projects/Basys.htm). For detailed descriptions of the database as well as sampling and 

analysis procedures, see Dippner et al. (2000) and Möllmann et al. (2000). We included in the prey fields the 

dominant calanoid copepod (P. elongatus, Acartia spp., T. longicornis, C. hamatus) and cladoceran species 

(B. longispina maritima, E. nordmanni, Podon spp.). Densities of copepod nauplii, copepodites and adults as 

well as cladocerans were combined and assigned to water depth and seasonal occurrence.  

In order to obtain a spatio-temporal resolution of prey, zooplankton abundances were fitted by a second 

order polynominal function: 
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which is determined by a multiple regression analysis using the least square criteria. Aij is the abundance of 

the above described size specific food organisms. d represents the bottom depth at any location whereas t is 

given in Julian days. Due to the variable vertical resolution in sampling the zooplankton data, average 

seasonal prey abundances have been determined for two depth layers: 0-25 and 25-50m.  

 

Model simulations 

First, coupled hydrodynamic/trophodynamic IBM runs were performed for the spawning periods of 1986 to 

1999 in order to obtain the average intra-annual variability in survival and growth. Therefore, a total of 720 

Lagrangian drifters were released at depth between 25 and 35m on a three-dimensional regular spaced grid 

enclosed by the 60 m isobath. The drifters were released into the modeled flow fields at 10 days intervals 

and were tracked for a period of 70 days, as this time period approximately covers the entire duration of the 

larval phase of cod (Fossum 1986). The first release date was April 1 and the last September 20, thereby 

encompassing the main spawning period of Central Baltic cod (MacKenzie et al., 1996; Wieland et al., 

2000b). To investigate the effect of the strong decay in P. elongatus abundance, simulations were performed 

with mean prey fields excluding and including this species. No effect of turbulence on the feeding of cod 

larvae was implemented in these simulations. 
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The inter-annual variability in survival and growth of larvae originating from peak spawning times was 

simulated for the years 1986-1999. Dates of peak spawning were estimated by Wieland et al. (2000b) using 

egg abundance data. Model simulations were initialized by ignoring turbulence and using prey fields without 

P. elongatus. In the following we successively modified the simulations by taking into account (i) the vertical 

distribution of the zooplankton prey, (ii) the effect of turbulence on contact rates between predator and prey, 

and (iii) the inter-annual trend in prey availability. As obtained from field investigations (Grønkjær and 

Wieland, 1997), the vertical distribution of the small sized zooplankton particles has been given a marked 

peak (50% higher) in the upper part of the intermediate layer where Baltic cod larvae preferably dwell. 

In addition, in order to simulate the seasonal survival potential of larval cod for the cod spawning period in 

1999 the coupled hydrodynamic/trophodynamic IBM was utilized by using zooplankton data directly obtained 

from field surveys. The calanoid copepod species/stages known to be potential prey of larval cod have been 

constructed by objective analysis (Bretherton et al., 1976) for each of the field campaigns in April, May, June 

and August. The spatial and temporal development of the prey along the trajectories of the larval drifters was 

obtained by calculating deviations from the initially observed fields by utilization of the polynominal functions 

of mean prey fields (see section prey fields). Again, Lagrangian drifters were released into the modelled flow 

at depth between 25 and 35m within the Bornholm Basin. Temporally, the drifters were released at each of 

the midpoints of the surveys and were tracked for a period of 70 days. No effect of turbulence on the 

encounter and pursuit of prey on cod larvae was implemented in these simulations. 

 

Validation of the bio-physical model 

Sensitivity analyses have been performed for all sub-models to examine the implications of parameter 

uncertainty on larval survival. We have used individual parameter perturbations (Bartell et al. 1986) to assess 

larval survival with respect to each parameter. Single parameter values were decreased and increased by 

three levels of variation (5, 10, and 25%), while remaining parameters remained fixed at initial values. A 

measure for the quality of the results is how the uncertainty in the description of the parameter fields 

translates into deviations of larval survival compared to reference values obtained by the original runs. 

 

Identification of hatch and spawning locations and juvenile distribution of sprat  

In contrast to larval cod, sprat larvae were sampled in May/June 1999 at almost all of the sampling locations 

in the Bornholm Basin. The employed particle tracking technique also allows a backward calculation of drift 

trajectories by simply reversing the temporal sequence of the three-dimensional flow fields and by inverting 

the sign of the velocity in the equations. We made use of this unique capability of numerical models, allowing 

the possibility to examine a linkage between the different early life stages of larval sprat. Utilizing this 

technique allowed to trace larvae back to the sites were the were hatched and, moreover, can also give an 

estimate of the drift routes of egg stages directly back to their spawning grounds. For that purpose, we back-

calculated sprat larvae drift from the end of May to the beginning of April 1999. Measured lengths of larvae 

were converted into larval age by using an age/length relationship obtained from otolith microstructure 

analysis (Fig. 4.2). Larval drifters were released at their catch locations and were tracked back in time in 

dependency on their ages. After reaching their yolk-sac stage, larval drifter were moved vertically to depth of 

about 55m (see Task 2.1), or near the bottom if the water depth was lower. At this depths the final phase of 
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larval drift was assumed to be constant in time (7 days), whereas the duration of the foregoing egg phase 

was simulated by using temperature-dependent relationships of Thompson et al. (1981).   

Additionally, the larval distribution of larval sprat in May 1999 was forward calculated until October to identify 

the potential nursery areas of the juveniles. As obtained from field work on the vertical distribution of sprat 

larvae (see Task 2.1) simulated larvae were released into the modelled flow fields at a regular grid within the 

Bornholm Basin at 18m depths. The endpoints of the drift trajectories were compared with the juvenile 

distribution recorded during hydroacoustic surveys performed in autumn 1999. 

 

Results 

Advection of cod early life stages 

Length and age of juvenile cod in the Arkona Basin and Bornholm Basin 

The 0-group cod caught in autumn in the Arkona Basin and the Bornholm Basin can be divided into two 

major size classes. The length groups of cod between 3 to 7 cm and 8 to 14 cm caught within the Arkona 

Basin during autumn were traced back to spawning activities in July to August and March to May (Fig. 4.3a). 

Figure 4.3b displays the distribution of birthdates of juveniles caught in the Bornholm Basin. 

According to data on the temporal gonad development of cod (Bleil and Oeberst, 1997), the distribution of 

the birthdate estimates agrees well with the observed peak spawning periods for different areas of the Baltic 

Sea. The spawning season in the Arkona Basin and the Bornholm Basin covers the same time range, from 

May to July/August, therefore individuals spawned in summer months (Julian day 150 - 250) can be 

assigned to these spawning regions. The spawning season in the western Baltic had starts already in 

February and ends in May. Within this region the development of the gonads started later from west to east. 

Individuals originating from this group made up the majority of 0-group cod caught in the Arkona Basin (Fig. 

4.3a), but were also present in the Bornholm Basin (Fig. 4.3b). The additional fraction of juvenile cod found in 

the Bornholm Basin with back-calculated birthdates from January represents individuals spawned in the 

Kattegat region (Börje et al., 1985). 

 

Seasonal variability in transport 

First results of the residence probability of larvae focussed on the analysis of the general seasonal variability 

of larval drift. In the model runs, we addressed the question to which area larvae were most likely 

transported. Fig. 4.4 displays averaged seasonal overlap coefficients within the different specific subareas of 

the Baltic covering the spawning period of Baltic cod for the whole observational period (1986-1999). The 

highest concentrations of larvae after 45 days of simulation remained in the initial spawning ground (>60m; 

Fig. 4.4a). This pattern appears to be relatively stable and constant in time, only at the end of the spawning 

period a slightly higher transport rate out of the spawning ground is indicated. 

By the beginning of the spawning season, considerable amounts of larvae were evident within the southern 

environment (<60m; Fig. 4.4b,d). Occurrence in this area decreased with time showing a potential minimum 

level of overlap during mid summer. At the end of the spawning season larval transport towards the south 

was again more likely. The conditions in the northern area of the Bornholm Basin were of quite opposite 

character (Fig. 4.4c,e). Small fractions of larvae found at the beginning of the spawning period were followed 

by a strong increase during the mid of summer. For late hatched larvae it was less likely to be transported 



Final Consolidated Report  Task 4 
 

 331 

towards the northern shallow water areas. In contrast, larval transport from the spawning ground in the 

Bornholm Basin to adjacent basins (the Arkona Basin to the west; Fig. 4.4f, and the Gdansk Deep and the 

Gotland Basin to the east; Fig. 4.4g) was generally low. Drift towards the east shows a clear time dependent 

pattern, with most larvae being transported away from the initial spawning ground at the beginning and at the 

end of the spawning activity. Generally, transport patterns into the areas >40<60m are of relatively low 

variability. Transport towards the coastal environments (<40m) follows a similar pattern as obvious from the 

intermediate depth range, however, with less probability and high variability. 

 

Coupling of transport to atmospheric conditions 

The overall changes in residence probability of larval cod within the different subareas of the Central Baltic 

(Fig. 4.4) is coupled to local atmospheric forcing conditions for larval drift. To demonstrate this, linear 

regression analysis between the time integrated overlap coefficients for these different subareas and the 

averaged BSI_u values has been performed. Table 4.1 summarizes the results of this analysis, if larvae were 

released within different regions of the spawning ground (>60m). 

Highest transport rates towards the southern shallower water regimes are related to low BSI_u values 

(easterly winds), whereby destinations of larvae initially released within the more eastern part of the deep 

Bornholm Basin show strongest correlations. In contrast, transport towards the north is mainly caused by 

westerly wind (high BSI_u). It is remarkable that for these nursery areas the analysis revealed strong linear 

regressions which are statistically significant at the 95% confidence level, except for larvae initially inserted in 

the northwest of the Bornholm Basin. Correlations of larval transport towards the adjacent basins strongly 

vary. Similarly the fraction of larvae which finally remained in the spawning ground (>60m) after 45 days of 

drift, was not related to changes of the local atmospheric forcing conditions over the Baltic. 

A corresponding analysis utilizing the v-component (BSI_v) of sea level pressure anomalies yielded no 

statistically significant correlations. Multi-linear regression analyses considering both components (BSI_u 

and BSI_v) did neither improve the explained variance of overlap coefficients. 

 

Inter-annual variability of distribution and drift 

We next simulated the inter-annual variability of cod larval drift originating from peak spawning times of years 

1986-1999 (Wieland et al., 2000b). During the late 1980's peak spawning took place between the beginning 

of May to mid-June. A remarkable shift in the timing of peak spawning to July/August occurred in the late 

1990's. 

Because the mean pressure gradient between Oslo and Szeczin, parameterizing wind speed and direction 

over the Central Baltic, shows a strong seasonal variability (Lehmann and Hinrichsen, 2001), local 

atmospheric conditions might have an impact on larval drift. From 1986 to the beginning of the 1990's the 

averaged BSI_u values right after peak spawning time remained on an almost constant level (Fig. 4.5). Since 

peak spawning was shifted towards late summer, the anomaly of the sea level pressure gradient strongly 

varied, with extreme low values observed in 1995 and in 1996. Higher than average values were recorded in 

1997 and 1999, implying influence of stronger westerly wind forcing. Fig. 4.5 displays the overlap coefficients 

for the different subareas of the Bornholm Basin for larval transport originating from peak spawning times. 

Drift towards the northern coastal environment was evident for the first half of the time series. For the years 

1993 and 1994 (peak spawning in June) drift towards the northern coastal environment occured. Later 
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spawning in 1995 and 1996 (July) resulted in higher transport to the south. The potential for the existence of 

larval cod within the most shallow area (<40m) was relatively low. Southward oriented transports of larvae is 

a more pronounced pattern since the middle of the 1990's, caused by wind events of easterly directions. 

Transport towards the Arkona Basin was extremely high at the end of the time series, whereas drift into 

eastern directions generally could be neglected. Only for the years 1995 and 1996, a significant number of 

larvae had the potential to be transported towards the east. Generally, the potential for cod larval transport 

out of the spawning area is relatively low. The overlap coefficient between the number of initially released 

simulated larval drifters and the number of larvae retained within the deep part of the Bornholm Basin is on 

average higher than 0.6. 

 

Comparison between simulated residence probability of larval cod and observed distribution of 0-group cod 

In the present analysis, the distribution of simulated larval or 0-group cod locations is consistent with the 

observed distribution of 0-group cod. 0-group cod were caught by bottom trawls in low numbers within the 

northern coastal environment and in the deep Bornholm Basin (Fig. 4.6). For these patterns no specific time 

trend could be identified. Higher concentrations were found in the southern coastal area, corresponding to 

the simulated distributions (Fig. 4.4). Peaks in abundance of 0-group cod encountered in this southern region 

from the beginning and the end of the spawning actually confirmed the pattern obtained by our numerical 

simulations.  

Pelagic 0-group cod caught by IKMT hauls partly confirmed the pattern as obtained for demersal juveniles. 

Juveniles spawned between July and September were mainly caught south to the island of Bornholm (Fig. 

4.7), whereas juveniles spawned earlier in the season were only found at low numbers in the trawls 

independent of the location. The latter is due to the fact that at the date of catch (October/November), early 

spawned cod has already changed from pelagic to demersal habitat. The observed distribution pattern 

corresponds only juvenile cod within the time window of the second peak in abundance (late spawning) of 

demersal cod (Fig. 4.7). 

 

Advection of early life stages from western to eastern basins 

An overview of displacements of particles launched within the western Baltic can be obtained from Fig. 4.8, 

which shows the horizontally resolved but vertically integrated cod egg and/or young larvae concentrations 

generated by the circulation model. The figure shows the final locations of the arbitrarily chosen abundances 

after a 25-day integration period for scenarios 1 and 2 (Julian day 6 to 31; scenario 1: 1988 with low and 

variable wind forcing; scenario 2: 1993 with strong westerly wind forcing). By day 25, all particles, initially 

started as eggs, will have reached the stage of young larvae. In scenario 1 (1988), only low transport rates 

towards the Arkona- and Bornholm Basin were recognized (Fig. 4.8a). As a consequence, this resulted in a 

relatively high fraction of larvae remaining in the area where they were spawned. Individuals spawned in the 

Øresund, as well as in Kiel Bay and in Mecklenburg Bay, clustered as well near their spawning grounds. 

Individuals spawned in the area of the Little and Great Belt have completely disappeared from their area of 

origin and were transported mainly towards Kiel and Mecklenburg Bay. Conversely, in scenario 2, most of 

the individuals were advected towards the east (Fig. 4.8b). After 25 days of integration, the absolute 

maximum abundance of particles was found within the area of the Bornholm Deep (55°30' N, 15°30' E). 

Furthermore, from the numerical experiment, two intermediate maxima within the Arkona Basin were 
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observed. The high particle transport in scenario 2 (1993) orientated from west to east was due to extremely 

high wind speeds from westerly directions (see Fig. 4.1). In contrast, wind forcing in scenario 1 was 

considerably lower and more variable in direction. 

A more detailed comparison of the particle transport for the two considered scenarios is given in Fig. 4.9. For 

scenario 1, at the beginning of the spawning period (Julian day 7), the flow fields showed only weak 

northward transport, whereas a stronger transport from Kiel Bay and Mecklenburg Bay towards the Øresund 

region occurred after the onset of a longer period of wind forcing from northeastern direction (Julian day 15). 

However, in general, particle transport towards the Arkona Basin was of minor importance only. 

In contrast, scenario 2 depicted a typical inflow situation often accompanied by high wind speeds (>15 m/s) 

mainly from a westerly direction. The particle transport throughout the entire simulation period was 

dominated by advection of water masses from the Skagerrak/Kattegat region and the western Baltic towards 

the central Baltic. Correspondingly, after the 25 day simulation period, almost 70% of the particles 

representing eggs and/or young larvae left the spawning grounds of the western Baltic and were quickly 

advected into the Arkona Basin and, partly, further eastward into the Bornholm Basin. Compared to scenario 

1, transport of particles from the Danish Straits further northward towards the Skagerrak/Kattegat region was 

not detectable. 

Further support for the results on annual variability of the circulation due to meteorological forcing, can be 

derived from the temporal development of the final destinations of Lagrangian drifters representing older 

(feeding) larvae as well as pelagic juveniles. Such investigations were performed for both scenarios over the 

entire duration of the major spawning period of the western Baltic as well as for the Kattegat cod stock (Fig. 

4.10). The number of drifters advected into a specific region at a given time after release varies with wind 

forcing conditions, and thus can be used as a tool for understanding variability of particle drift induced by 

variability of the wind driven flow component. It should be noted that feeding larvae were initially inserted into 

the simulated flow fields higher (0 - 20 m) in the water column and thus, were more directly associated with 

the direct wind-driven component of the flow fields. 

For scenario 1, Lagrangian drifters released either at the beginning of the spawning season or later than 

Julian day 40, primarily experienced moderate wind forcing from a southerly to an easterly direction during 

their 45 day drift periods. This resulted in a relatively high occurrence of particle transport towards the 

southern Kattegat. Drifters inserted between Julian day 20 and 40 were influenced mainly by winds of a 

westerly direction, thus, generally, particle transport towards the north decreased rapidly. Instead, an 

increase of particle drift towards the east (Arkona Basin) was observed. During the simulation period of 

scenario 1, no substantial transports towards the east of larvae originally spawned in the western Baltic or in 

the Kattegat can be derived from the model results. In contrast, during the major Baltic inflow (scenario 2), 

more than 30% of the larvae were advected through the Arkona Basin into the Bornholm Basin, caused by 

extremely high wind forcing from a westerly direction. As soon as the influence of these winds diminished, 

the number of particles showing transport towards the east decreased, whereas the number of larvae with 

final destinations in the Kattegat and the Danish Straits became more numerous. Drift towards the Bornholm 

Basin was not evident (Julian day 35) but occurred again afterwards, primarily due to the influence of single 

wind events mainly from a western direction at the end of March (Julian day 75 to 85). 

In order to identify differences in the eastwards transport of particles, the final destinations of drifters initially 

released in the western Baltic spawning grounds are presented in Fig. 4.11. This analysis indicates that 
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areas II and III can be identified as the main contributors of the western Baltic spawning stock to the juvenile 

population of the Arkona Basin and partly also of the Bornholm Basin. Enhanced transport from area I and IV 

towards the Arkona Basin was obtained only in cases of extremely strong wind forcing from a westerly 

direction. 

 

Bio-physical modelling of larval cod growth and survival  

All simulations performed revealed optimal feeding conditions for cod larvae >6 mm. These larvae feed on 

copepod nauplii, copepodite stages, at larval length >9 mm also on adult copepods and cladocerans. The 

specified distribution and abundance of prey turned out to be sufficient for survival and optimal growth of 

these larvae. On the contrary, for larvae of length between 4.5 and 6 mm, exclusively feeding on copepod 

nauplii, pronounced differences in growth and survival were encountered and described in the following.  

 

Idealized seasonal nauplii prey fields 

The two-dimensional (depth and date dependent) distribution of copepod nauplii including P. elongatus 

showed a pronounced seasonal signature (Fig. 4.12). Peak nauplii abundance of about 3000 n*m-3 were 

observed in the upper layer (0-25m). Highest concentrations are found mainly in the deeper part of the basin 

with mean peak nauplii abundances between Julian day 100 and 150. In shallower coastal areas peak 

abundance lagged 50 days behind. The lower layer (25-50m) reflects similar conditions as for the near 

surface layer with the same time period of peak nauplii abundance but lower concentrations (~1100 n*m-3).  

Mean prey fields including Acartia spp., T. longicornis and C. hamatus only, showed for both depth layers 

maximum abundance within coastal regions (Fig. 4.12). Compared to prey fields including P. elongatus, the 

concentrations were approximately 2 times lower with maximum abundances occurring later in the year 

(around Julian day 300). During the period of peak abundance of nauplii coastal areas revealed twice the 

concentration as observed for the deep part of the basin.  

 

Intra-annual variability in growth and survival of cod larvae 

Firstly, we simulated the intra-annual variability in survival and growth of larvae between 4.5 and 6mm 

experiencing above described prey fields with and without P. elongatus. Model output parameters as well as 

ambient environmental variables of surviving larvae during the spawning period of Baltic cod were averaged 

over the whole observational period of years 1986-1999 (see Fig. 4.13a and b). Note, that the whole set of 

parameters exclusively describes the state of the surviving proportion of the initially simulated population.  

The survival rate of larvae experiencing prey fields without P. elongatus seldom exceeded 15% except 

during periods in early spring and at the end of the spawning season when environmental conditions enabled 

between 15 and 20% of the initially hatched larvae to survive. Consequently the same trend in starvation 

periods was observed within a range of 0.5 to 2 days. Higher survival in spring was a result of lower ambient 

temperatures yielding in lower specific larval growth rates. Thus a lower amount of food is required to satisfy 

metabolic demands, allowing relatively high survival concurrent to low nauplii abundance. Contrary, in 

summer, although the available amount of food was higher, survival was lower. This was due to higher 

ambient temperatures encountered by the larvae resulting in shorter development times and high amounts of 

food needed daily for this rapid development. Consequently, the number of starvation periods was high in 
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early summer when drift into coastal areas with a high food abundance was also less frequent (not shown), 

compared to the beginning of the spawning period when temperature was lower. The mean larval condition 

expressed as the weight at 6mm length was also high in spring reflecting favourable environmental 

conditions. Finally, larval growth expressed as length-at-age at day 70 was found to be mainly driven by 

ambient temperatures. At the beginning of the spawning period, low growth rates resulted in smaller 

individuals at age, but nevertheless the larvae reached their length of metamorphosis (12 mm). Due to the 

seasonal warming growth accelerated towards summer months and early juvenile length after 70 days 

reached maximum values (18-20 mm) between Julian day 200 and 260. Consequently the average duration 

of the larval stage decreased throughout the season. 

To evaluate the importance of P. elongatus for growth and survival of Baltic cod larvae, nauplii of this 

copepod species have been added to the mean prey fields. No starvation occurred in this scenario, with the 

exception of the final end of the main spawning time, i.e. releases at Julian days 231-261. This decrease in 

survival at the end of the season was accompanied by an increase in the number of starvation periods and 

resulted in worse larval conditions expressed by their low weights at 6mm. This bad condition was due to the 

high ambient temperature encountered by the larvae leading to a shortage in food supply although 

abundance of food at the end of the spawning season was relatively high. The simulations revealed, that 

maximum survival of first feeding cod larvae at high specific daily growth rates (due to high temperature) 

requires a food density of 1200-1500 nauplii* m-3. The encountered food resembles the spatial and 

horizontal distribution of the implemented input prey fields: at the beginning of the spawning period relatively 

high amount of food is available if P. elongatus is considered, whereas maximum nauplii abundance 

occurred during autumn without P. elongatus. The latter was due to potential drift routes within on average 

shallower water. The drift within deeper waters as well as on average lower ambient temperature if P. 

elongatus was considered as prey is due to the higher number of surviving larvae dwelling in larger depth. 

 

Inter-annual variability in growth and survival of cod larvae 

We next simulated the inter-annual variability in survival and growth of larvae between 4.5 and 6mm 

originating from peak spawning times of years 1986-1999 (Wieland et al. 2000b). During the late 1980s, 

peak spawning took place between the beginning of May and mid-June. A remarkable shift in the timing of 

spawning to the end of July occurred in the 1990s. Model simulations were initialized by ignoring turbulence 

and using prey fields without P. elongatus (Fig. 4.14 a and b). The specified distribution and abundance of 

prey was mainly unfavorable for larval cod. This is reflected in low survival rates between 1 and 30% and a 

high number of starvation periods. Although the effect of the shift in spawning time is clearly visible in the 

ambient temperature, development time, nauplii abundance and an increasing length at age, survival and 

starvation as well as weight is highly variable. It becomes obvious that the strong year-to-year variations do 

not depend on a single process, but are influenced by a combination of different factors operating on 

different temporal and spatial scales (e.g. seasonality in temperature compared to transport into optimal 

feeding environment).  

In the following we successively modified the simulations by taking into account  

(i) the vertical distribution of the zooplankton prey, and  

(ii) (ii) the effect of turbulence on contact rates between predator and prey. 
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Survival derived from the first analysis was generally higher and increased from on average 9% to 17%. In 

simulations with the two modifications larval survival increased further to approximately 20 % while the 

number of starvation periods decreased. The unusually strong increase in survival in 1999 can be explained 

by the fact that larvae dwelled in for this period of the spawning season unexpected low temperature. Thus, 

only low food supply was needed to enhance larval survival. In turn, larval weight at the end of the 

development was lower.  

MacKenzie et al. (1994) demonstrated that encounter, expressed relative to the non-turbulent condition, 

linearly increases as the turbulent velocity or the windspeed increases. Assuming higher encounter rates to 

be related to higher survival success, from our model results no such linear relationship between wind speed 

and survival success could be derived. Enhanced larval survival success may either occur during periods of 

peak prey abundance or is related to the occurrence of processes optimizing the physical environment 

(transport into optimal feeding environments, optimal turbulent conditions, low ambient temperatures).  

Finally, we incorporated the inter-annual trend in prey availability in the simulations. As no highly temporally 

and spatially resolving zooplankton abundance data were available, a time series (1986-1997) of prey 

availability to larval cod was constructed by multiplying mean nauplii abundance by year specific weights 

(Table 4.2) derived from annual nauplii biomass estimates (Möllmann et al. 2000).  

 

These simulations, utilizing deviations from mean prey fields, have been performed for prey fields including 

P. elongatus. Additionally, the above mentioned simplified vertical distribution of nauplii as well as turbulence 

enhancing encounter rates between prey and predator have been included. These model runs illustrate 

optimal survival success until the beginning of the 1990s, while simulations for the most recent period 

resulted in relatively low survival rates (Fig. 4.15). The high survival success in the late 1980s/beginning of 

the 1990s was mainly due to low temperatures (low food requirement) and a high nauplii abundance at the 

beginning of the spawning season. These simulations show clearly the effect of the long-term as well as the 

seasonal dynamics of P. elongatus on larval cod survival and growth. The decreasing stock of this copepod 

since the late 1980s/beginning of the 1990s partly compensated by the delay in cod peak spawning resulted 

obviously in a restricted food availability for first-feeding larvae. Relatively high survival success in 1996 was 

caused by highest wind speeds (Fig. 4.14 b) registered during peak spawning periods from 1986 to 1999 as 

well as by low temperatures and relatively high food availability (Tab. 4.2). 

Although the surviving larvae seldom experienced starvation, their condition expressed by their weights at 

6mm decreased. Obviously the minimum requirements for preventing starvation was met, but resulting in 

bad condition. Again the increasing length after 70 days due to higher temperature reflects the shift in peak 

spawning. 

 

Spatial variability 

The success of cod reproduction is dependent on certain minimum levels of salinity for egg fertilization 

(>11psu) and oxygen concentration for successful egg development (>2ml/l) (Nissling et al., 1994; Wieland 

et al., 1994). These conditions are normally met only within the area enclosed by the 60m isobath 

(MacKenzie et al., 2000). Retention and dispersion from the main spawning ground (Bornholm Basin) has 

been identified to be one of the key processes influencing recruitment success of the eastern Baltic cod 

stock (Voss et al., 1999; Hinrichsen et al., 2001a). Thus, we analysed the average spatial distribution of 
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survival of first-feeding larvae in years 1986-1999 (Fig. 4.16). If prey fields without the copepod P. elongatus 

were considered, larvae initially released as Lagrangian drifters at the outer edge of the deep Bornholm 

Basin area had considerably higher survival rates (20%), probably because of their lower drift distances 

towards the optimal feeding environments in more shallow coastal areas. In contrast, larvae hatching within 

the deep area of the Bornholm Basin during their first-feeding stage required too much prey for survival along 

their onshore oriented drift trajectories in less favourable feeding conditions. A similar analysis performed for 

prey fields including P. elongatus revealed no areas within the deeper part of the Bornholm Basin leading to 

significant starvation mortalities (not shown). Only a small area within the Bornholm Deep shows slightly less 

than 100% survival probability. 

 

Intra-annual variability in growth and survival of cod larvae in 1999 

The results of the coupled model run using prey fields directly obtained by field sampling confirmed the 

seasonal development of cod larval survival (Fig. 4.13). No starvation mortality occurred for the early 

spawned individuals (April and May), whereas survival of larvae hatched in June and August 1999 

decreased to about 60%. Furthermore, this decrease in survival was accompanied by an increase in the 

number of starvation periods and resulted in worse larval conditions. The simulation revealed that food 

supply for larval cod stages was sufficient for early hatched individuals (high fraction of P. elongatus in the 

prey), whereas the late hatched survivors had to be transported to coastal areas. 

 

Validation of the bio-physical model 

Physical properties simulated by the hydrodynamic model agree well with known circulation features and 

observed physical conditions in the Baltic (Lehmann and Hinrichsen 2000a). Similarly simulated meso-scale 

distribution patterns of larval cod were validated by field-based data (Voss et al. 1999). In contrast, due to the 

lack of suitable field-based larval data during the last decades (MacKenzie et al. 1996, STORE 2001), 

validating the biological component of the coupled model seems to be more critical. Thus, in order to assess 

the quantitative validity of the results, we tested their sensitivity to perturbations of the model input 

parameters. Table 4.3 gives the results of such a test corresponding to variations of the whole set of the sub-

model parameters for two time periods characterising different survival rates of larval Baltic cod (September 

1988 and July 1993).  

Larval survival deviations derived by the performed sensitivity analyses (Table 4.3) indicate that linear 

relations between parameter perturbations and model predictions can be assigned to the foraging, growth 

and starvation models, whereas encounter reacts non-linearly to parameter variations. Here, search volume 

(or reactive distance) is an extremely important parameter, since it is squared in the expression of the 

reactive area. Deviations due to variation of parameters in the growth and foraging model are insignificantly 

small. Larval survival was mainly altered by the variance of temperature and encounter, reflecting the strong 

influence of seasonal variations of atmospheric warming, prey availability as well as the fraction of daylight 

hours. Similar effects were obtained due to variations in the larval search volume as well as due to 

modification of the threshold value in the starvation model. Unfortunately, both parameters are difficult to 

observe in the field. At present, values have to be taken either from literature or from laboratory experiments, 

which necessarily might not resemble realistic conditions. 

 



Final Consolidated Report  Task 4 
 

 338 

Identification of hatch and spawning locations and juvenile distribution of sprat 

The spatial distribution patterns of hatching and spawning sites for larval sprat caught during a survey 

in May 1999 are represented in Figs. 4.17-4.19. Hatch of the larvae was identified to mainly occur in the 

deep part of the Bornholm Basin with highest abundances east of Bornholm. In contrast, the spawning areas 

of sprat were more widely dispersed over the Bornholm Basin indicating highest spawning activity in the 

northwest of the basin. In general, spawning was limited more to the northern part which is in good 

agreement with the maximum distribution of adult sprat within in the same area obtained from hydroacoustic 

measurements (see Task 2.1). 

After a drift period of approximately 4 months, simulated larval drifters started in May 1999 in the Bornholm 

Basin were widely dispersed over the whole Central Baltic Sea (Fig.4.20). The simulation for 1999 indicates 

that high numbers of juveniles potentially ended up in the southern (Bornholm Basin and Gdansk Deep) and 

eastern (Gotland Basin) coastal environments. High abundances were also found in the whole Bornholm 

Basin, whereas only a low fraction of juvenile sprat originating from the Bornholm Basin were finally drifted 

towards the central deep and western part of the Gotland Basin. Small numbers of juveniles also were 

observed to the west of the Bornholm Basin. A similar spatial distribution pattern of juvenile sprat in autumn 

1999 was observed by direct abundance estimates obtained from hydroacoustic surveys (Fig.4.21), although 

it has to be taken in account that these juveniles might have originated also from other spawning areas 

(Gdansk Deep and Gotland Basin).   

 

Discussion 

The complexity of the flow dynamics in the Baltic is well known and is mainly determined by the ephemeral 

character of wind stress, the baroclinic mass field and the complicated bottom topography (e.g. Lehmann, 

1995). However, has the 3-D eddy resolving baroclinic model of the Baltic Sea successfully been utilized to 

simulate the drift of larval cod in the Bornholm Basin, a topographically complex area subject to seasonal 

variability of hydrographic and meteorological forcing. 

Recruitment of cod critically depends on egg survival (Köster et al., 2001b), with oxygen concentration in 

dwelling depths and predation by clupeids being major processes affecting egg mortality rates. Surviving egg 

production and larva 

abundance are hardly correlated in cod, however, larval abundance is significantly related to year class 

strength. This indicates either hatching and/or the early larval stage to be a critical period for cod recruitment.  

The transport of Baltic cod larvae spawned within the presently only important spawning ground in the 

Bornholm Basin was investigated by detailed drift model simulations for the years 1986 to 1999. In order to 

analyse in which habitats larvae and juvenile cod potentially dwell and where larvae and juvenile preferably 

might change from pelagic to demersal habitat, a coefficient of overlap (Horn, 1966) was utilized instead of 

simply counting the number of larval destinations within the different subareas of the Bornholm Basin. The 

relative spatial distributions of larval cod drift endpoints only provide snapshots for single days. In contrast, 

the utilization of an overlap coefficient revealed an integrative view indicating the probability of occurrence 

within the different subareas.  

The results of these exercises on particles initially released within this spawning ground yielded a clear 

dependency on wind-induced drift of larval cod, which is mainly controlled by the local atmospheric 
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conditions over the Baltic Sea. Averaged seasonal simulated distributions were verified by field observations, 

suggesting that juveniles caught during autumn trawl surveys during the in different areas of the Bornholm 

Basin, can be assigned to different times of the spawning season. These observed patterns are very similar 

compared to our simulations, suggesting that numerical experiments on cod larval drift could explain broad 

trends in 0-group distributions of cod in and around the Bornholm Basin. Because of seasonal differences in 

the circulations patterns, the southern coastal environment on average became most important for early and 

late spawners, whereas larvae hatched in mid-summer on average were transported towards the north or to 

a higher degree remained in the spawning ground. Less observed abundance of settled juveniles within the 

deep basin area might be explained by non-optimal feeding conditions due to anoxic conditions. Thus, 

juveniles might occur only in the pelagic zone, where they could not be caught by bottom trawls. 

The suitability of our hydrodynamic model of the Baltic Sea for predicting the circulation and correspondingly 

the transport of larval cod in the Bornholm Basin is clearly identified in this coupled field and modeling 

exercise. Occurrence of larvae within the different subareas of the Central Baltic can be explained by mainly 

strong correlations with local atmospheric forcing conditions. When subdivided into more specific regions, 

these relationships partly became relatively weak, especially if considering the more western subareas of the 

Bornholm Basin. Here, larval transport might be influenced significantly by other processes (e.g. inflows from 

the west, complex bottom topography). In general, the predictive power of larval drift patterns can be 

regarded as relatively high, because areas of the Bornholm Basin for which intense spawning activity has 

been observed (see Table 4.4; area II, III and V) are highly correlated with atmospheric forcing (BSI_u). 

Cod reproduction is dependent on certain minimum levels of salinity and oxygen concentration for egg 

fertilization and survival success (Nissling and Westin, 1991). These conditions are met exclusively within the 

60m isobath (Wieland et al., 1994). Retention and dispersion from the main spawning area has been 

identified to be one of the key processes influencing recruitment success of the eastern Baltic cod stock 

(Voss et al., 1999; Hinrichsen et al., 2001a). Hinrichsen et al. (2002b) utilized a spatially-explicit coupled 

biophysical model to analyse the influence of abiotic and biotic environmental variability on the larval and 

juvenile survival success of Baltic cod. It turned out, that variations of the feeding conditions (temporal and 

spatial variations of food availability) had a strong impact on survival of first-feeding larval stages. Their study 

suggests, that food limitation for first-feeding larvae was caused by a pronounced decline of its main feeding 

component (copepod P. elongatus) during the last two decades. By the absence of this copepod, only larvae 

hatched at the outer edges of the Bornholm Basin at the end of the spawning period had chances to survive, 

because of their low drift distances towards the optimal feeding environments in more shallow coastal areas. 

In contrast, larvae hatched within the deep basin area of the Bornholm Basin required too much prey for 

survival along their drift trajectories in less favourable feeding conditions. Thus, enhanced larval survival 

success may either occur during periods of peak prey abundance or must be related to the occurrence of 

favourable environmental processes such as transport into optimal feeding environments (Hinrichsen et al., 

2002a,b), optimal turbulent conditions (MacKenzie et al., 1994), or low ambient temperatures (Otterlei et al., 

1999) reducing the daily rations necessary for covering the standard metabolism.  

Larval transport is dependent on the temporal and spatial distributions of late egg or early larval stages in 

conjunction with the timing of spawning activity. At present, although dependend on actual food availability, 

only those larvae might survive which initially hatched in areas from where rapid drift into optimal feeding 

environments is possible (Hinrichsen et al., 2002b). The mean distribution of egg stage Ia during mean 



Final Consolidated Report  Task 4 
 

 340 

spawning periods 1994 to 1996 is presented in Fig. 4.22. Main spawning effort has been observed within the 

centre of the Bornholm Basin suggesting a subsequent mismatch between larval appearence and food 

availability for first-feeding larvae. 

 

The analysis of the temporal gonad development of cod (Bleil and Oeberst, 1997) suggested that for 

juveniles caught during trawl surveys in the autumn in the Arkona as well as in the Bornholm Basin, a 

separation into origins from the western and eastern stock dependent on their different total length 

characteristics, was reasonable. However, several reasons existed why relatively high numbers of juveniles 

of the western as well as of the Kattegat stock could be observed within nursery areas of the eastern stock. 

The first, but non-verified alternative, was that for spawning purposes, cod of the western and the Kattegat 

stock migrate actively eastwards and afterwards remain in these nursery areas for longer. However, this 

seemed to be unlikely, as trawl surveys carried out during previous cruises from February to April have never 

revealed spawning cod in the eastern Baltic; spawning cod (maturity stage > 5) first occurred in this area in 

May. 

In contrast, another study (Hinrichsen et al., 2001b) suggested the probability of an advective exchange 

between the western and the eastern Baltic cod stocks during their early life stages. Depending on its 

strength and intensity, after an inflow of haline waters over the various sills (Drodgen and Darss), it can move 

as a dense bottom current through the Arkona Basin, the Bornholm Basin and through the Stolpe Channel 

into the eastern Gotland Basin (Matthäus and Franck, 1992). Following the phase of passive drift, associated 

with an eastward orientated water mass transport, it is also likely that early life stages of Baltic cod can be 

advected from the Kattegat and the western Baltic into the central Baltic. This was clearly demonstrated by 

the numerical experiments simulating the flow patterns in January 1993 by simply considering cod eggs and 

young larvae as passively drifting tracers. Field samplings from April 1993, yielding feeding cod larvae in the 

Bornholm Basin (Voss, unpublished), support these modelling results, as spawning had not yet started in this 

region. Moreover, the results of the drift studies on particles initially released within the spawning grounds of 

the western Baltic, yielded a clear tendency of direct wind-induced drift of cod early life stages towards the 

east. Although transport from the Øresund as well as from the Great Belt can be assumed as being possible 

only during periods of strong westerly winds, significant eastwards orientated drift of eggs, larvae and pelagic 

juveniles from Kiel and Mecklenburg Bay was also evident during periods of minor westerly wind influence. 

In summary, the potential of cod early life stages from the western Baltic cod stock to drift into the Arkona 

and the Bornholm Basin and to contribute there to the juvenile populations was shown to be affected mainly 

by strong westerly winds. Thus, during mild winters, when usually a high number of low air pressure systems 

with westerly winds pass across the Baltic, the contribution of the western to eastern cod stock may be at its 

highest level. In contrast, during cold winters with high air pressure over eastern Europe and mainly easterly 

winds, retention of eggs, larvae and juveniles within their original spawning grounds may predominate. 

Furthermore, the circulation of the Baltic Sea and water mass exchange with the Kattegat, and hence 

exchange of the eggs and larvae of cod, are influenced by ice coverage during the winter season, when 

wind-induced currents and associated sea level variations may decrease drastically.  

Although, the interrelationships between both stocks are at present only poorly understood, the utilization of 

circulation models for elucidating transport of early life stages of fish together with extensive field 

programmes on the temporal and spatial distribution of 0-group cod may be helpful for quantifying the 
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importance of eastwards orientated drift and the corresponding contribution of juveniles to the eastern Baltic 

cod stock. Oeberst (2000a,b) estimated that 20-50% of cod aged 2-3 caught in the Bornholm Basin were 

spawned in the Belt Sea. For 1 year-olds he calculated proportions of up to 90%. However, the importance of 

juveniles originating from the western spawning stock being caught in the Bornholm Basin might be 

overestimated, as a corresponding transport from juvenile stages originating from the Bornholm Basin to 

further eastern areas is not considered. Improved management advice for both stock components may be 

possible by additional incorporation of physical parameters (wind energy, inflow intensity etc.) in a modeling 

scheme, especially during periods for which the ratio between the spawning stock biomass of the western 

and the eastern stock is relatively high (as it is at present) compared to the long-term mean.  

 

A spatially-explicit coupled biophysical model of larval survival and growth for Baltic cod was developed. The 

model allows to consider the relative effects of advective and trophodynamic processes on growth and 

survival. It combines a three-dimensional circulation model, and a bioenergetically-based individual model 

which tracks larval stages of Baltic cod, their growth and survival, through space and time. For the 

trophodynamics, with two exceptions (assimilation efficiency and starvation threshold taken from more 

generalized models; Letcher et al., 1996), only submodels and parameters that have been developed or 

measured for cod larvae have been used, although mainly derived in other areas. The model is also able to 

assess the overall influence of small-scale turbulence on encounter rates, but does not consider that 

turbulence can have an overall detrimental effect on larval fish ingestion rate if exceeding a certain level 

depending also on larval behaviour (MacKenzie et al., 1994).  

The primary aim of the study was to examine the influence of abiotic and biotic environmental variability on 

the potential larval survival success of Baltic cod. Although transport patterns of intermediate water layers, 

where post yolk-sac cod larvae mainly occur (Grønkjær and Wieland, 1997), are relatively well known (Krauß 

and Brügge, 1991; Voss et al., 1999; Hinrichsen et al., 2001a), validation of the results of our coupled 

physical/biological modelling approaches seems to be difficult. Several processes and factors are only partly 

resolved and thus parameterized in the model simulations. First, transport patterns of larvae are influenced 

by the initial spawning location assumed to be an even distribution, their initial vertical position in the water 

column and their behaviour, especially their diurnal vertical migration within the intermediate water layer, 

which may vary with stage and size (Grønkjær and Wieland, 1997) not being incorporated here. 

Furthermore, transport rates of larvae are dependent on the timing of peak spawning. Secondly, 

trophodynamics are the most difficult processes to implement in models of larval growth, because of the 

difficulties in validating such models experimentally or by data obtained during field campaigns. Besides the 

strong non-linearity of trophodynamic relationships utilized, these relationships are often simplified to be 

computationally feasible. Finally, tests and validation of the IBM model results can only be performed for 

specific time periods and areas, for which sufficient information on spatially resolved egg and/or larval 

abundance, its prey and physical forcing data are available, an exercise presently conducted for 1999 

(STORE, 2001).   

A process not incorporated in the model is predation on larval Baltic cod. Results from extensive field 

investigations revealed only clupeid fish, i.e. herring and sprat, to be important predators of cod early life 

history stages (Köster and Schnack, 1994; Köster and Möllmann, 2000a). In contrary to cod eggs, cod larvae 
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are only marginally affected by clupeid predation due to a spatial mismatch between predator and prey 

(Köster and Möllmann, 1997).  

We computed idealized prey fields by using a multiple regression technique on existing zooplankton 

abundance data. This procedure yielded seasonal trends in abundance of copepod nauplii which resemble 

the life-cycle patterns of the different species. The univoltine P. elongatus has an abundance maximum in 

April and May (Line, 1979 and 1984). Contrary T. longicornis, Acartia spp. and C. hamatus having multiple 

generations (Line, 1979 and 1984) accumulate in June to produce next summer generations. Also horizontal 

distribution patterns are found to be realistic. P. elongatus nauplii in the central Baltic are associated with the 

vertical distribution of adults, preferring higher salinities (Dippner et al., 2000; Möllmann et al., 2000) 

encountered in deeper parts of the water column. This explains higher nauplii concentrations in the centre of 

the basin. T. longicornis and Acartia spp., not confined to high salinities but to warmer waters (Dippner et al., 

2000; Möllmann et al., 2000), were generally found in the upper 50 m of the water column and are distributed 

in more shallower regions. Nauplii of C. hamatus were observed mainly in the centre of the basin which 

suggests a spawning in deeper layers similar to P. elongatus. However, the overall abundance of C. 

hamatus is low compared to other species. Although the constructed prey fields are considered to be 

realistic, simulating the decline in P. elongatus by excluding the abundance of this copepod in the low food 

environment scenario, underestimated the food abundance and thus probably also larval survival success.  

The model results suggest the necessity of the co-occurrence of peak prey and larval abundances and 

favourable oceanographic conditions for high survival rates. Besides, inclusion of a more realistic description 

of the temporal and spatial distribution of the prey fields as well as prey aggregation influencing e.g. the 

vertical distribution of larval fish, future modelling activities have to consider larval survival success with 

respect to meso-scale horizontal patchiness of prey. Additionally, the intra-annual evolution of zooplankton 

prey fields has to be validated by data obtained from specifically designed field campaigns (STORE, 2001). 

Our modeling results indicate central Baltic cod larvae > 6mm, feeding on all juvenile stages of copepods 

and later on adults and cladocerans (Zuzarte et al., 1996) to be not food limited. Contrary, first feeding larvae 

(4.5 - 6 mm length), preying mainly on copepod nauplii are found to have changed from a non food-limited to 

a food limited state thus representing a critical early life history stage. This food limitation was caused by the 

decline in abundance of the copepod P. elongatus within the last two decades (Möllmann et al., 2000). 

Zooplankton distributions suggest prey concentrations to strongly vary in time and space independent 

whether P. elongatus is considered or not. Including the abundance of this copepod, highest survival rates 

occurred during spring and early summer, whereas when neglecting P. elongatus, only late hatched larvae, 

although less in magnitude, had higher chances to survive due to increasing abundances of other copepod 

nauplii. The shift in peak spawning time of Baltic cod (Wieland et al., 2000b) obviously accounts for the 

decline in P. elongatus. Larvae are now born later in the season, thus profiting from the increasing 

abundances of juvenile stages of the remaining copepod species T. longicornis, Acartia spp. and C. hamatus 

accumulating at this time of the year. It is not clear yet, whether spawning in general is delayed or late 

spawners are the only surviving part of the eastern Baltic cod stock, caused by a combination of high fishing 

pressure on early spawning cohorts (ICES, 1999 ACFM:15) or high mortalities of early life stages of early 

spawners. The spatial analysis of the model output, however, revealed that larvae in recent years had only a 

high survival probability when advected relatively fast to the margins of the Basin. This is due to the 

concentration of these copepods in more shallow areas. 
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In conclusion, our results show the dependence of Baltic cod larvae to climatic forcing conditions both 

directly in terms of transport and temperature and indirectly due to the impact on prey population 

development. In a recent study on the link between the North Atlantic Oscillation (NAO) and the Arctic sea 

ice export, Hilmer and Jung (2000) found that the NAO underwent a secular change in the longitudinal 

position of the two pressure centers during the last two decades. The eastward movement of the centers of 

inter-annual NAO variability resulted in an increasing influence of the NAO on the Baltic Sea area, which was 

accompanied by a reduced flux of saline water masses into the deep basins of the Baltic Sea and an 

increased river runoff. A result of the decreasing salinity is the decay of the calanoid copepod P. elongatus 

during the last two decades (Möllmann et al., 2000). Our results showed that sufficient food to ensure high 

survival of Baltic cod larvae is strongly depended on the occurrence of P. elongatus in the prey field. Thus, 

from this study it can be concluded that variations of prey availability on a climatic time scale might be 

considered as input parameters for recruitment predictions of fish stocks. 

 

Results presented in this work have been implemented in a number of other studies: After identifying variable 

transport and its coupling to the prevailing wind forcing as a potentially important factor in cod recruitment 

(e.g. Voss et al., 1999; Hinrichsen et al., 2001a), attempts have been made to include this factor in stock-

recruitment relationships. Jarre-Teichmann et al. (2000) demonstrated that the cumulative wind energy at 

peak spawning time significantly affects cod recruitment, by incorporating a ‘wind energy index’ in the 

calculations. Köster et al. (2001b) incorporated these transport processes in their exploratory analysis on cod 

recruitment processes by modifying the ‘wind energy index’ to consider explicitly the direction of transport 

(larval transport index). Further, this ‘larval transport index’ was modified for sprat larvae (Köster et al., 

2002b) by adjusting to the different vertical distributions (chapter 4.6) and main spawning season of the two 

species. In this work Köster et al. (2002b) showed that wind stress as well as temperature might be critical 

for sprat recruitment by affecting survival in the period between the late larval and early juvenile stage.  

Horizontal distributions from area-disaggregated multispecies virtual population analysis (MSVPA; Köster et 

al., 2001a) and research surveys indicate that sprat and cod undergo migrations between the basins: e.g. 

cod recruits of age-group 1 concentrate in Sub-division 26 although main spawning takes place in Sub-

division 25, a fact, which could be explained to a large degree by larval transport (Köster et al., 2001a). 

However, the identified transport of cod early life stages from the western Baltic spawning sites to the 

eastern Baltic basins (Hinrichsen et al., 2001b) and their potential impact on eastern Baltic cod recruitment is 

so far not accounted for in stock assessment. 

The evaluation of cod and sprat larval abundance data, being a prerequisite for many tasks addressed in this 

work, has also contributed to the identification of ‘critical life stages’ of cod and sprat as performed by Köster 

et al. (2002b) by relating observed abundance data between successive stages. For cod recruitment the 

phase between late egg and early larval stage was identified to be critical. The application of larval stomach 

content data (Voss et al., 2002.) within an IBM for cod larvae (Hinrichsen et al., 2002b) revealed a possible 

biological explanation. Nevertheless, cod larval abundance was found to be significantly related to year-class 

strength while sprat recruitment was largely independent from larval abundance.  

For cod it will be a future task to further elaborate, how accurate the larval abundance/ recruitment 

relationship is, to possibly enhance short-term predictions. A goal, which would be of considerable value for 

fisheries management. Especially the coupling of larval survival to zooplankton dynamics, transport in 
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relation to horizontal hatching distribution and the influence of so far not sufficiently investigated patterns like 

plankton patchiness, up-welling and hydrographic fronts will have to be covered. Additionally, the impact of 

varying transport on the utilization of young fish nursery areas will have to be a focus of future work. 

As cod and sprat are closely linked via trophodynamic relationships, it will be the overall goal for future work 

to better understand the implications of a varying and possibly changing environment on both species and 

their interactions, not at least concerning their reproductive success. 

The major aim of the present study was to investigate the influence of varying transport regimes on larval 

survival and subsequent recruitment of two major Baltic fish species, cod and sprat. A three-dimensional 

eddy resolving baroclinic model of the Baltic Sea in combination with a Lagrangian particle tracking 

technique has been used to model larval drift. The ability of the ‘Baltic Sea Model’ to simulate larval drift in 

the Bornholm Basin as well as different possible applications were tested for cod larvae: 

The existence of two cod stocks in the Baltic led to the question, to which extend their early life history 

stages might mix due to advection processes out of the spawning areas. Otolith investigations by colleagues 

within the STORE project revealed that a high percentage of juvenile cod caught in the Bornholm Basin 

originated from the western Baltic cod stock. Thus transport simulations were performed, confirming the 

potential of western Baltic cod early life history stages to be advected to the Bornholm Basin, especially 

under strong westerly wind forcing conditions.  

To improve the understanding of key-processes affecting growth and survival of Baltic fish larvae in the 

context of their transports, the Baltic Sea Model was coupled to trophodynamic relationships, yielding an 

individual based model (IBM) of larval drift and feeding. As a pre-requisite the feeding habits of the target 

species cod  was investigated. Cod larvae fed mainly on developmental stages of copepods. With growing 

length, larvae included successively larger prey organisms in their diets.   

To be able to adequately model larval transport, the vertical distribution and potential diurnal migration 

patterns have to be known. These question had already been investigated for cod larvae, but corresponding 

information for sprat larvae was not available.  

Finally, the first set-up and utilization of a hydrodynamic/ trophodynamic IBM for cod larvae resulted in new 

insights in the cod recruitment process: Starvation mortality was found to be important, but exclusively for 

first feeding larvae, being restricted in their prey field to copepod nauplii. Caused by the strong decay of P. 

elongatus during the last two decades, larval cod in the eastern Baltic Sea has changed from a non-limited to 

a food-limited stage. The shift in peak spawning time of Baltic cod was found to account for the decline in 

standing stock of P. elongatus: Larvae had higher survival probabilities later in the year and if transported 

into shallower coastal regions, which depends on the prevailing forcing conditions and the horizontal 

distribution of the spawning effort (with hatching at the edges of the basin being obviously of advantage). 

For larval sprat, a preliminary IBM on temperature dependent early life stage development and drift has been 

established. In contrast to cod, this modelling approach was not able to resolve growth and survival of larval 

sprat in dependency on food availability and physical parameters (.eg. ambient temperature and transport). 

Instead it  allows the back- and forward tracking of individual larvae to their initial spawning ground as well as 

to their potential nursery areas. Both the identification of spawning grounds and nursery areas was in 

relatively good agreement with observations. 
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5 Prey/predator interactions and their impact on the dynamics of 
cod and sprat populations 

Predation induced mortality of early life history stages has been identified as a potential major factor 

influencing recruitment success of marine fish species. However, field studies designed for estimating 

predation mortalities are scarce thereby limiting the elucidation of the importance of predation on recruitment 

success. Methodological constrains responsible for the limited success of existing studies are: problems in 

the identification of early life stages in predators´ guts, quantifying prey consumed by each predator and 

estimating predator as well as prey abundance, all factors considered in the present approach. 

In general, a wide spectrum of organisms may be considered as potential predators of early life history and 

juvenile stages of fish. Based on a literature review, evaluation of available data and results from diet 

analyses, however, a restricted number of predators on juvenile and early life history stages of fish has been 

identified for the central Baltic in the Baltic CORE project. For the central Baltic cod stock, bottom up control 

of the stock occurs through predation on eggs by herring and especially sprat in the Bornholm Basin and has 

been identified to have the potential to influence the recruitment success. For sprat, a substantial 

cannibalism on eggs has been reported, but up to now not quantified. Consequently, consumption rates of 

early life stages of cod and sprat by clupeid populations have been estimated and utilized in modelling 

approaches under Tasks 4 and 6. 

Adult cod as the top predator in the Baltic exerts top-down control on sprat and herring populations in the 

Baltic through predation on adults and juveniles of these stocks. This predation pressure has been attributed 

to control the population abundance of these species. Cod and sprat through cannibalistic nature of both of 

these species, have been suggested to impose a rather strong self-regulatory mechanism on the recruitment 

success of these stocks. In particular, the cod stock exerts a considerable influence on recruitment success 

through cannibalism on 0- and 1-group cod. 

In order to quantify top-down interactions (predation by cod on clupeids and cannibalism) Multispecies 

Virtual Population Analysis (MSVPA) is presently utilized by ICES Working Groups to estimate predation and 

fishing mortalities, recruitment and spawning stock sizes/structures of cod and sprat. The time series of stock 

sizes of sprat and cod derived by the MSVPA at present covers the time period 1977-96. This limited the 

examination of variations of stock and recruitment relationships due to environmental and species interaction 

processes as well as fisheries actions in Task 6. 

The abundance and biological characteristics of cod and sprat are rather different between geographical 

areas within the present assessment units and are also rather variable in time. As presently no migration 

rates are available for both species and data bases for an implementation of modern spatial multispecies 

models, e.g. Boreal Migration and Consumption model (BORMICON), are incomplete, the presently most 

feasible procedure for estimating area specific recruitment and spawning stocks are separate MSVPA runs 

for the different areas to be considered. Evaluation of the spatially dis-aggregated MSVPA output is possible 

by comparison with independent information on abundance, biomass and stock distribution. From this 

comparison, first indications on migrations between different areas will be obtained.  

Independent of these modelling approaches, extensive cod stomach content data available also outside of 

the international data base allowed an analysis of the relationship between feeding intensity and nutritional 

condition and growth considering also prey availability and hydrography in connection to Subtask 1.4. 
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Consequently, the present section covered the following work tasks: 

 

- Determine the impact of predation by herring and sprat on the mortality rates of early life stages of cod 

and sprat in relation to hydrographic factors (influencing the predator/prey overlap) and availability of 

zooplankton (influencing the food selectivity). 

- Quantify the consumption of sprat, herring and cod (cannibalism) by adult cod in years presently not 

assessed in a multispecies context, (i.e. before 1977 and after 1996). Thereby derive an extended time 

series of cod, sprat and herring predation mortalities, recruitment estimates and spawning stock sizes and 

structures as well as fishing mortalities. 

- Identify through the dis-aggregation of existing data sets the dynamics of the different sub-components of 

the cod and sprat stocks in the central Baltic. The various sub-components will be defined based on 

spawning regions having different hydrodynamic characteristics. This will enable the testing of the 

hypothesis, that a considerable part of the variability in stock-recruitment relationships are introduced by 

area dependent mortality rates of early and juvenile life stages. 

 

5.1 Estimation of predation on early life stages of cod and sprat by planktivorous 
fish 

Introduction 

The upper trophic levels of the open sea ecosystem of the Central Baltic are characterized by cod as the 

major piscivore and the clupeids sprat and herring as abundant planktivores. Biological interactions within 

the system have been supposed to establish either a cod-dominated or a sprat-dominated system (Rudstam 

et al., 1994), whereas the population development of herring appears to be relatively independent. The first 

system state is maintained by an intensive cod predation on sprat (e.g. Sparholt, 1994), whereas high stock 

levels of sprat may be able to control the cod stock via predation on eggs (Köster and Möllmann, 2000a). 

Consequently further prerequisites for sustaining the system in the sprat dominated state, are unfavourable 

reproductive conditions for cod in the Gdansk Deep and the Gotland Basin. Destabilization of the system is 

caused either by unfavourable hydrographic conditions for reproduction and subsequent recruitment failure 

of one of the species, or high mortalities caused by the fishery (Schnack, 1997). 

A corresponding shift in the state of the system was observed in the Central Baltic within the period of 1977 

to 1996. Due to a combination of high fishing pressure and lacking inflows from the North Sea, the cod stock 

was reduced from high levels in 1979-1984 to its lowest stock size on record in 1992 (e.g. Bagge et al., 

1994). The preferred prey species sprat showed a significant increase in population size from 1988 to 

highest levels on record in 1995 (ICES, 1999a), caused by a combination of high reproductive success, 

reduced predation pressure and relatively low fishing mortalities. 

Within the CORE-project a substantial predation on cod eggs by both clupeid species was described. 

Especially at the beginning of the cod spawning season, sprat consumed a considerable portion of the eggs 

produced (Köster and Möllmann, 1997). At this time of the year spring spawning herring concentrate in their 

coastal spawning areas. Hence they do not significantly contribute to the predation-induced egg mortality at 

this time of the year. Sprat spawn in the Bornholm Basin from April to July, thus concentrating in cod 

spawning areas in times of high cod egg abundance. After ceased spawning activity a part of the sprat 
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population leaves the area and remaining individuals switch from copepods and fish eggs to cladocerans as 

main prey organisms. With the return of the herring from the coastal areas to their feeding grounds in the 

Bornholm Basin, the predation on cod eggs by herring increases to considerable levels, especially after the 

peak spawning time of cod shifted to summer month (Wieland et al., 2000b). A decline in sprat predation on 

cod eggs was observed in early summer 1993-1996 despite of relatively high cod egg abundances. 

Problems were encountered in explaining this trend. An investigation of a possible vertical mismatch of cod 

eggs and the predator due to the changed physical environment after the major inflow in 1993, resulting in a 

shallower distribution of the cod eggs caused by increased salinity as well as a deeper distribution of the 

clupeids due to enhanced oxygen concentrations, exhibited no final explanation (Köster and Möllmann, 

2000a). Other fish eggs occurring at times in much higher abundances than cod eggs may act as a trigger 

factor for fish egg consumption. Considering eggs from other fish species revealed reduced fish egg 

abundances for the period after the inflow, at least for early summer dates, accompanied with a change in 

vertical distribution of the eggs. In combination, this resulted in a lower abundance of ichthyoplankton in the 

feeding depth of sprat, being one explanation of the observed change in feeding behaviour (Köster and 

Möllmann, 2000b). Considerable changes in zooplankton abundance and biomass before and after the 

inflow in 1993, hypothesized to lead sprat to change their food selection, could not be confirmed. 

Investigation of causes for the observed shift in the diet of sprat within the present project were based on: 

 

a) a stomach content analysis programme for early summer 1997-1999 as a pronounced 

stagnation period comparable to the early 1990’s, 

b) performing a comparative analysis of prey selection by herring and sprat in contrasting 

hydrographic regimes and food availability. 

 

Activities during the project period concentrated on the continuation of the diet composition analysis of 

clupeids directed to the occurrence of ichthyoplankton in the diet as well as a detailed diet composition 

analysis of a sample subset to describe the food selection process. Based on stomach contents, individual 

daily predation rates on cod and sprat eggs and larvae were updated for years 1997 to 1999 and added to 

the available time-series. Further the determination of sprat and herring abundances has been performed 

and used for an estimation of predation pressure on cod and sprat ichthyoplankton in comparison to egg and 

larvae availability. A discrepancy between sprat predator stock sizes derived by spatially disaggregated 

MSVPA runs and hydroacoustic surveys was observed during the project, hampering the estimation of the 

population consumption. Thus an additionaly exercise was conducted to estimate the sprat population size in 

the Bornholm Basin by using the daily egg production method. 



Final Consolidated Report  Task 5 
 

 348 

Impact of predation by herring and sprat on mortality of sprat and cod early life stages 

Material and Methods 

Diet composition 

Sprat and herring stomach contents were analysed on 25 cruises in the Bornholm Basin between March 

1988 to May 1999 (Tab. 5.1.1). During day-time, fish were caught either by bottom trawls or by pelagic trawls 

in different water layers, depending on the oxygen conditions in the bottom water. The sampling covered 

mainly areas with waters deeper than 60 m. Trawling depths varied between 50 and 80m, depending on the 

echo-traces encountered. According to the daily vertical migration of sprat, nocturnal pelagic trawling was 

carried out in the upper water column at depths between 5 and 30 m, and trawling at dawn in intermediate 

depths of 20 to 60 m. On several surveys, notably in 1988, 1991 and 1992, hauls were made at a fixed 

position at different times of the day, to describe the diurnal feeding cycle of sprat in relation to their vertical 

migration and to estimate stomach evacuation rates (see below). On cruises conducted since 1990, a larger 

part of the sprat spawning area was regularly covered in order to describe the spatial variability of predation. 

In view of an expected fast digestion of ichthyoplankton (Hunter and Kimbrell, 1980), the duration of trawling 

and the handling time on deck was reduced as far as possible, to an average of 45 to 75 min from catching 

to conservation. Stomachs were collected according to a length-stratified sampling scheme. The conserve 

was a 4 to 8% formaldehyde/seawater solution buffered with borax. 

The amount of food per stomach was determined from in total 9031 herring and 10944 sprat stomachs 

sampled on 290 and 295 stations respectively (Tab. 5.1.1) as the difference in weight between the full and 

emptied stomach. The number of eggs was determined from 6-10 stomachs per length-class, with class 

widths of 1 cm. Eggs were identified down to species and developmental stage as far as possible by visual 

inspection of morphological criteria and measurement of egg size (e.g. Heinen, 1912; Mielck and Künne, 

1935). The remaining stomach content was classified in major taxonomic groups, which were quantified as 

wet weight by estimating the proportion they contributed to the total volume of the stomach content. 

Arithmetic mean numbers of eggs and wet weights of all major prey groups were derived for each cruise by 

computing total averages over all length-classes, weighted by the proportion each length class contributed to 

the overall length distribution during the cruise. The mean number of unidentified eggs was allocated to 

species according to the species composition of identified eggs. Only stomachs sampled between sunrise 

and sunset, corresponding to the daily feeding period of sprat in the Baltic (Köster and Schnack, 1994) were 

taken into consideration for the determination of the diet composition. 

 

Consumption rates 

To estimate the amount of the daily food intake by individual herring and sprat an exponential form of the 

general model of gastric evacuation (Tyler, 1970; Jones, 1974) was applied which incorporates the actual 

ambient temperature as a variable (Temming, 1996): 

 

St = S0 * e-R´ * e A * C * t 
 

with:  S: stomach content in terms of wet weight (g) 

  R´: food type constant 
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A: temperature coefficient 

  C: ambient temperature (°C) 

  t: time interval 

 

The function was fitted to median stomach contents as well as to corresponding 25th and 75th percentiles 

derived from 24-h fisheries and deck tank experiments performed in the Bornholm Basin (CORE, 1998). The 

determined values for the food type constant and the temperature coefficient were 0.129 and 0.084 for 

herring and 0.108 and 0.073 for sprat, respectively. Following a procedure suggested by Pennington (1985), 

the average individual daily ration was estimated by: 

 

FT = R´ * S * e A * C * T + St - S0 
 

with:  T: duration of the feeding period 

  St: average stomach content at the end of the feeding period (g) 

  S0: average stomach content at the beginning of the feeding period (g) 

 

Average temperatures per quarter and year in the 60 to 80 m depth-layer of the Bornholm Basin, the main 

water body where clupeids concentrate during day-time, were derived from the ICES hydrographic database. 

On basis of the conducted 24-h fisheries, the daily feeding period of herring and sprat were determined as 

the hours of daylight (Köster and Schnack, 1994). Values for St and S0 were also estimated from 24-hour 

fisheries by calculating mean relative deviations from the average stomach content within the daily feeding 

period two hours before and after the food ingestion stopped and commenced, i.e. sunset and sunrise 

(Köster, 1994). 

The daily ration of fish eggs was derived by assuming the same ratio between daily food intake and average 

stomach content for eggs in numbers as for total food in weight. As a final step, the daily rations of eggs 

ingested were calculated by distributing the daily rations of all fish eggs according to the encountered 

species composition of identifiable fish eggs. This procedure has already been implemented within the Baltic 

CORE project (Köster and Möllmann, 1997), being utilized now for the estimation of sprat egg consumption 

rates. 

To estimate the daily rations of fish larvae ingested by individual herring and sprat an average digestion time 

of 2 hours was applied in a simple Bajkov (1935) approach. This average digestion time was estimated from 

2 digestion experiments conducted with herring, which had ingested relatively high amounts of fish larvae 

(Köster, 1994). 

 

Predator population sizes 

Population sizes of herring and sprat in Sub-divisions 25 containing the Bornholm Basin, were updated by 

area dis-aggregated Multispecies Virtual Population Analysis (MSVPA). In order to estimate the proportion of 

the stock inhabiting the spawning area of the Bornholm Basin in Sub-division 25, hydroacoustic surveys 

conducted in May/June 1979-1988 were utilized to estimate the average proportions of the total populations 

aggregating in the entire and inner part of the Bornholm Basin (areas enclosed by the 60 and 75 m depth 

contours, respectively), by this considering the different horizontal distributions of cod eggs compared to 
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sprat eggs as well as cod and sprat larvae. Due to a lack of hydroacoustic data in March/April, the spawning 

time of spring-spawning herring, population sizes of herring at this time of year were derived using historic 

May/June values corrected for the difference in average CPUE from pelagic trawl hauls in April compared to 

May/June 1990-1993 (Köster, 1994). Sprat concentrate in the Bornholm Basin during the spawning season 

from March to July. Therefore, the mean percentage obtained for May/June was also applied to March/April. 

In order to check whether the applied average distribution pattern obtained in the 1980’s hold also during the 

second half of the 1990’s at substantially increased sprat population sizes, hydroacoustic transects from 

deep basin parts into shallow areas conducted in May/June 1999 were inspected. This inspection gives also 

a clear indication about the vertical distribution of sprat in relation to water depths and hydrographic features 

needed for prey selection studies. Based on the entire survey result, the proportion of the sprat population 

size concentrating in- and outside of the Bornholm Basin was estimated additionally for May/June 1999, the 

only hydroacoustic survey within the 1990’s which covered the entire Sub-division 25. Population sizes (ages 

1+) referring to specific stomach sampling dates were then derived by interpolation between different 

quarters (herring) and years (sprat), assuming an equal distribution of fishing and natural mortality within 

each time period. These estimates were than compared to results from hydroacoustic surveys conducted in 

May/June 1995 and 1999 as well as June/July 1996 and August 1994. 

 

Prey abundance and production 

Information on the standing stock of cod and sprat ichthyoplankton in the Bornholm Basin for the period of 1988 

to 1999 has been obtained by standard ichthyoplankton surveys (Wieland, 1988) conducted concurrently to the 

stomach sampling programme. A simple comparison of egg abundance values and consumption rates, 

however, does not allow a reliable evaluation of the impact of herring and sprat predation on egg developmental 

success. Thus, for cod seasonal egg productions were estimated for each sampling year and compared to 

consumption rates. As the amount of fish larvae in the diet of herring and sprat sampled in the Bornholm 

Basin was generally low (see Results), a comparison between consumption and abundance/production was 

not performed. 

 

Results 

Diet composition 

As described earlier by several authors, the diet composition of herring and sprat during spring and summer 

was dominated by mesozooplankton, independent of the area of investigation (Fetter and Davidyuka, 1993; 

Möllmann and Köster, 1999 and 2002; Patokina and Kalinina, 1997; Sparholt, 1993). Copepods were the 

most important prey taxa for herring in spring and summer (Fig. 5.1.1). The combined group of 

macrozooplankton and small fish comprised up to 10% of the average stomach content in weight. Only in 

April 1995 and August 1994 significantly higher proportions of polychaetes and mysids were encountered. 

Cladocerans were ingested in increasing amounts in summer, however showing a pronounced annual 

variability with high values in 1991 and low contributions to the diet in 1988 and 1995/96. Fish eggs 

contributed up to 24 % to the stomach content in weight, but in general this percentage was well below 5%. 

In terms of numbers, this corresponds to maximum values of on average 43-85 eggs per stomach in April 

1993, July 1995 and 1996 as well as August 1994. Intermediate numbers (12-32 eggs per stomach) were 
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observed for May/June dates (with the exception of May 1995 and 1996), while remaining April and 

July/August dates revealed on average lower figures (Tab. 5.1.2). 

Copepods were also the main prey item of sprat in the Bornholm Basin, with the exception of August dates, 

when an intensive feeding on cladocerans regularly occurred (Fig. 5.1.2). In spring, ichthyoplankton was in 

general the second most important prey group, contributing 13-34% to the diet in terms of weight, with the 

exception of 1994. The corresponding average numbers of fish eggs encountered in the stomachs ranged 

between 28 to 33 per stomach from 1988 to 1993, while in most recent years on average only 5 to 17 eggs 

were found (Tab. 5.1.3). From the fish eggs identified to species, a considerable fraction were sprat. An 

exception was April 1988, when almost all identifiable fish eggs were determined as cod, as sampling was 

performed in a restricted area of extremely high cod egg and unusually low sprat egg abundance (Köster, 

1994). In early summer, cladocerans replaced fish as the second most important prey group. This is 

apparent especially since 1993, when the amount of fish eggs in the stomachs was considerably lower (2 to 

27 eggs per stomach) compared to preceding years (31 to 55 eggs per stomach). Again a high proportion of 

the eggs identified to species level were sprat. In summer, fish contributed only marginally to the diet of 

sprat. 

The average amount of fish larvae in the diet of herring and sprat sampled in the Bornholm Basin was low, 

independent of the month and year of sampling (Tab. 5.1.2 and 5.1.3). Maximum numbers were identified in 

August 1991 and April 1993 (0.3 and 2.0 larvae per stomach respectively). The relatively high standard 

errors calculated, indicate occasionally high consumption of larvae by single predators. From a total of 371 

and 797 fish larvae found in herring and sprat diets respectively, 40 and 56% were identified to species level. 

Most were identified as sprat larvae and those found in sprat stomachs were in general small (< 10 mm), 

while herring had mostly larger specimen ingested (> 10 mm). Small fish were found in limited numbers in 

herring stomachs only (on average 0.01 fish per stomach), being mostly gobiids, seldom sprat and rarely 

cod. 

 

Consumption rates 

The individual daily food intake of herring in the Bornholm Basin during spring and summer was calculated to 

be 0.14 to 2.21 g wet weight per day (Tab. 5.1.2), showing a clear seasonal trend of increasing rations from 

April (on average 0.5 g per day) to May/June (1.4 g per day), similar levels in July and a slight reduction in 

August (on average 1.1 g per day). The individual ration of fish eggs showed considerable deviations 

between years within a season, i.e. the daily intake varied between 10 and 147 fish eggs per day in spring, 9 

and 126 eggs per day in early summer and 6 and 250 eggs per day in summer. Highest rations were 

calculated especially in most recent summer months, consistent mainly of cod eggs, while relatively high 

consumption rates on sprat eggs were determined in spring and early summer 1990-1992 only (22-73 sprat 

eggs per day). 

The individual daily food intake of sprat comprised between 0.08 to 0.58 g wet weight per day (Tab. 5.1.3), 

showing also a clear seasonal trend of increasing rations from spring (on average 0.16 g per day) to early 

(0.33 g per day) and late summer (0.40 g per day). The daily consumption of fish eggs by sprat was on a 

relatively high level in April 1988 to 1993 (89 to 102 eggs per day). In March 1988, i.e. the months in which 

spawning of most fish species in the Bornholm Basin commences, the daily ration of fish eggs was 

significantly lower. In early summer 1990 to 1992, the individual egg consumption rates were even higher 
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then in spring (110 to 211 eggs per day). However, a considerable reduction is obvious for later years (7 to 

98 eggs per day), a tendency which is also apparent for spring dates 1994 and 1995 (16 to 53 eggs per day). 

In summer, the daily rations were usually low, with the exception of July 1991 and 1997, being on an 

intermediate level. Daily individual consumption on cod eggs was highest in spring and early summer 1988 

to 1993 with a maximum consumption rate of 83 eggs per day. Later in the 1990s cod eggs were only 

occasionally preyed upon by sprat, with a single high value of 61 eggs per day observed in July 1997. The 

daily intake rates of sprat eggs were closely following the described seasonal and interannual trends for all 

fish eggs, with highest consumption rates in spring and early summer 1990 to 1992 (55 to 189 eggs per 

day), while especially since May/June 1993 the corresponding values were considerably lower (2 to 37 eggs 

per day). 

The daily rations of fish larvae ingested by herring (Tab. 5.1.2) were in general low (< 2.5 larva per day), with 

maximum consumption of sprat larvae in May 1999 and August 1991. The average amount of fish larvae 

ingested by individual sprat per day were more variable, i.e. no larvae detected in 12 of 25 sampling dates, 

but also occasionally relatively high consumption rates, i.e. 6 and 15 larva per day in May/June 1990 and 

April 1993 (Tab. 5.1.3). In early summer 1990 most larvae identified to species were sprat, while their 

contribution at the second date was lower, resulting in daily rations of 6 and 2 larva per day respectively. 

 

Predator population sizes 

The sprat and herring population size in Sub-division 25, estimated by MSVPA show rather distinct time 

trends with a pronounced increase in sprat abundance since the end of the 1980’s and a decrease in herring 

abundance (Fig. 5.1.3). In principal similar stock trends were encountered also in Sub-division 26, while in 

Sub-division 28 also the herring stock increased in most recent years (Fig. 5.1.3). Comparing these time 

trends with international hydroacoustic survey results of age-group 1+ revealed high correlations for sprat 

(Sub-division 25: r2 = 0.62, 26: r2 0.74, 28: r2 = 86), but insignificant relationships for herring, although the 

international hydroacoustic survey is used for tuning of the MSVPA’s. This indicates that the obtained time 

trends are reliable for sprat, but not for herring. However, also for sprat the absolute magnitude of the 

estimates showed large deviations between the different methods, i.e. the absolute abundance estimate for 

sprat in Sub-division 25 is about 4 times higher in the MSVPA than in the hydroacoustic survey, while in Sub-

division 26 both estimates agree well and in Sub-division 28, the hydroacoustic estimate is on average 3 

times higher than the MSVPA estimate. These deviations have already been identified when evaluating area 

dis-aggregated MSVPA runs during the first phase of the project (Köster et al., 2001a) and have been 

interpreted as a redistribution of the stock between the time of the year when the fishery operates most 

intensively (1st and 2nd quarter, see below) and the hydroacoustic survey takes place. This is partly 

confirmed by the comparison of relative distributions between different Sub-divisions as derived by 

hydroacoustic surveys in May/June 1979-1986 compared to the international autumn hydroacoustic survey. 

On average Sub-division 25 contained 38% of the sprat stock during spawning time compared to 28% in 

autumn (Tab. 5.1.4). Obviously the proportion of sprat concentrating in Sub-division 25 in spring/early 

summer was higher than in autumn, at least during the 1980’s, which is also mirrored by the catch being in 

general highest in Sub-division 25 in the 1st and 2nd quarter (exceptions are the years 1983-1985), see Fig. 

5.1.4. A vice versa tendency is obvious from the hydroacoustic surveys for Sub-division 26 with 33% of the 

stock inhabiting this area in May/June and 52% in autumn, while the corresponding figures in Sub-division 28 
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were 29% and 20% respectively (Tab. 5.1.4). This does not confirm a seasonal shift of sprat from Sub-

division 25 into Sub-division 28, which would explain the encountered deviations between the area dis-

aggregated MSVPA and the autumn hydroacoustic surveys. The only indication for a concentration in Sub-

division 28 in autumn is the relatively high proportion of the catch obtained in this area in quarter 4 (Fig. 

5.1.4).  

Inspecting the corresponding relative stock distribution in autumn during the 1990’s, as revealed by the 

hydroacoustic survey showed a substantial increase in the share of Sub-division 28, being on average 44% 

compared to 14% in Sub-division 25 (Fig. 5.1.5). This actually indicates a shift in distribution or a different 

stock development in Sub-division 25 and 28 over time. In contrast the catch has increased during the 

second half of the 1990’s to considerably higher levels in Sub-division 25 than in Sub-division 28 (Fig. 5.1.6). 

Actually the fishery removed in the second half of the 1990’s more fish (18-25 * 109) than the hydroacoustic 

survey in autumn estimated as stock size. Adding these survivors in autumn and the catch obtained during 

the first three quarters results in a minimum stock sizes of 24-41 * 109. Adding additionally the number of 

sprat estimated by MSVPA to be eaten by cod during the first three quarters increases the number further to 

33-51 * 109 compared to a stock estimate of 74-120 * 109 fish estimated by MSVPA for the beginning of the 

year. For Sub-division 28 a similar calculation leads to a minimum stock size of 40-124 * 109 sprat compared 

to the MSVPA estimate of 35- 63 * 109 individuals. In conclusion it can be stated, that the hydroacoustic 

survey in autumn underestimates the population size in Sub-division 25 being present during spawning time, 

simply as a considerable fraction has been caught before by the fishery or consumed by cod. The 

hydroacoustic estimate for Sub-division 28 in autumn appears to be better in line with the MSVPA estimate 

at spawning time, due to the lower fishing and predation pressure as well as a potential concentration in the 

deep Gotland Basin for overwintering within and below the halocline sustaining temperatures of 5-7°C. 

Application of historical distribution pattern as obtained from hydroacoustic surveys in May/June and 

July/August enabled the estimation of predator stock sizes concentrating in the Bornholm Basin at stomach 

sampling dates (areas enclosed by the 60 m and 75 m depths contours) based on MSVPA derived 

population sizes within Sub-division 25 (Tab. 5.1.5). Comparing these estimates with hydroacoustic 

estimates derived by late spring/summer surveys in 1994-1999 revealed a relatively good agreement for 

herring (with the exception of the May/June 1999 survey estimating a very low herring population), but large 

deviations for sprat (Tab. 5.1.5). The downscaled MSVPA based estimate was 7 to 9 times higher than the 

hydroacoustic estimates in 1994 and 1995 and 2 to 3 times higher in 1996 and 1999. This again indicates a 

considerable overestimation of sprat abundance in the Bornholm Basin by the MSVPA and/or an 

underestimation by the hydroacoustic survey. Apart from the problems encountered in estimating the sprat 

population size in Sub-division 25, the application of constant distribution patterns within the Sub-division 

derived in times of low stock size is problematic. The hydroacoustic survey conducted in May/June 1999 

covered, in contrast to former surveys conducted during the CORE project, large parts of Sub-division 25, 

enabling a check of the historical distribution pattern applied for sprat. Inspecting the distribution of sprat on 

south to north transects through the Bornholm Basin during hours with day-light shows sprat to be to quite 

some extend concentrating outside of the central basin distributed with highest densities between 15-25m 

depths, i.e. above and within the developing thermocline, while in the basin sprat concentrated within or 

below the halocline (Fig. 5.1.7). Obviously the temperature preference resulted in an avoidance of the 

intermediate water with temperatures around 4°C. The estimated sprat stock size (age 1+) inhabiting the 
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entire Sub-division was 40.8 * 109 individuals (corresponding to 355.6 * 103 t) compared to 10.5 *109 

individuals (95.8 * 103 t) concentrating in the Bornholm Basin (> 60 m). This corresponds to 26-27% of the 

sprat population concentrating in the central spawning area, compared to 37-81% encountered during the 

five May/June surveys in the 1980’s. 

 

Clupeid consumption in relation to cod and sprat ichthyoplankton abundance and production 

The total daily consumption of cod eggs by herring and sprat populations in the central Bornholm Basin, 

calculated on basis of individual daily rations and population sizes of predators from the area dis-aggregated 

MSVPA, are presented in Tab. 5.1.6 Comparing the daily consumption rates by herring with the standing 

stock and daily production of cod eggs in the area revealed a low predation pressure in April (< 7 and < 12% 

respectively). In May/June 1990-1994 the consumption increased to 2-37% of the standing stock, which 

corresponds to 5-76% of the daily production. In May 1995 to 1999, outstandingly low consumption values (< 

10% of the production) were computed with the exception of 1997. In the summer months daily consumption 

rates of cod eggs by herring were more variable: 7-63% of the standing stock and 17->100% of the 

production, with highest predation rates in July 1996 and August 1994. 

For sprat the ingestion rates determined for the spring dates were considerably higher, being in general well 

above the corresponding standing stock and daily production estimates. The only sampling date without 

extraordinary, or better unrealistic, high predation pressure was April/May 1994 (50 and 73% of the 

abundance and production). In late spring/early summer, the calculated consumption rates were reduced, 

although still being above the standing stock and production until 1992. In May/June 1993, the consumption 

declined to 83% of the standing stock and in the following years the consumption rates dropped further to 

17-28% of the available prey abundance, but increased again to a maximum in 1998 (> 100% of cod egg 

abundance and production). In summer, when sprat switch to cladocerans as most important prey 

organisms, the daily consumption of cod eggs was, independent of the sampling year, in general low (<20% 

of the standing stock) with the exception of July 1997.. 

Applying the predator population sizes derived from the hydroacoustic survey conducted in autumn, revealed 

in the first part of the time series from 1988-1992 population consumption rates by herring being on average 

only half of those obtained on basis of the MSVPA, while since 1993 both estimates are more similar (Tab. 

5.1.7). For sprat deviations are more pronounced, with MSVPA based cod egg consumption rates being on 

average 4 times higher. Thus, even when applying the conservative population estimate, the consumption in 

early spring was higher than the production in 5 out of 6 dates and in 3 cases also as the standing stock. In 

late spring/early summer consumption rates above the production were encountered only in 3 out of 10 

dates, being only twice higher than the abundance. In summary, the daily consumption of cod eggs by both 

predators was estimated to be higher than the corresponding daily egg production in all April dates (except 

April/May 1994) as well as late spring/early summer dates 1990-92, exceeding in several cases also the 

estimated standing stocks of cod eggs, independent which population estimate is applied. Since 1994, 

however, the predation rates in May/June were below the production rates and standing stocks. In summer 

the consumption rates varied more, ranging between 9 and >100% of the production and 4 to 78% of the 

standing stock. 

The total daily consumption of sprat eggs by herring and sprat populations in the Bornholm Basin, calculated 

on the basis of individual daily rations and population sizes of predators, are presented in Tab. 5.1.8. 



Final Consolidated Report  Task 5 
 

 355 

Comparing the daily consumption rates by herring with the standing stock of sprat eggs in the area revealed 

an in general low predation pressure in spring and early summer (normally < 1% and in maximum < 3% and 

< 4% respectively). In summer months, daily consumption rates of herring were higher: 12 to >100% of the 

abundance, however, having probably only very limited impact on the seasonal production as the main 

spawning time of sprat was already finalized. 

The egg cannibalism by the sprat in the Bornholm Basin is characterized by a decline in individual predation 

pressure and an increase in predator population size since 1993 (Tab. 5.1.8). The latter increase does, 

however, not entirely compensate for the changes in individual daily rations. Consequently highest 

consumption values were determined for spring and early summer dates at the beginning of the time series, 

with maximum values in 1992. From a comparison of the daily consumption with the standing stocks of sprat 

eggs, the intensity of cannibalism appears to be rather substantial in early summer 1990 and 1992, when up 

to 91 and 56% of the abundance was consumed per day. As an exception, in early summer 1991, the daily 

consumption was only 15% of the abundance, however, the abundance being by far the highest on record. 

Egg consumption rates exceeded abundance also in summer 1988. In general, cannibalism on sprat eggs 

was low after 1993. 

The predation by clupeids on fish larvae appears to be unimportant as source of larval mortality in the 

Bornholm Basin, e.g. in maximum 2% of the abundance were consumed per day at two occasions, while at 

other sampling dates either no or a rather limited predation intensity was determined.  

 

Discussion 

Accuracy of estimates 

A problem within the present study is the low fraction of eggs identifiable to species level in sprat (in general 

0.5 - 4.4%), while the proportion identified in herring stomachs is considerably higher (on average 18%). In 

sprat, this low proportion may introduce a significant systematic bias in the determined egg species 

composition if the digestion times are different for different egg species. However, from diurnal sampling and 

performed digestion experiments, no significant differences for the egg species dominating in the plankton 

and in the diet were detectable (Köster, 1994). Thus, it appears to be unlikely that the described temporal 

trends are caused by major shortcomings in the diet composition analysis. 

The estimated consumption rates of cod eggs by herring and sprat populations in the Bornholm Basin 

exceeded corresponding egg production rates in all spring and early summer dates 1990-92, even when 

applying a rather conservative predator population, i.e. the estimate derived by the international 

hydroacoustic survey in autumn. The deviations between predation and production rates were quite 

considerable in some months, clearly demonstrating either an overestimation of the consumption or less 

likely an underestimation of the production values. 

Consumption rates by the predator population as well as egg abundance and production estimates are 

based on a variety of assumptions in the estimation procedures. Implementing an exponential evacuation 

model appears to be well in agreement with findings of Jobling (1986), who suggested exponential 

evacuation for fish feeding on small particles, e.g. zooplankton. Nevertheless, the assumed similar 

evacuation rate of fish eggs and other prey organisms according to weight, might not be valid. The low 

proportion of fish eggs identifiable to species level indicates a rapid digestion beyond identification in sprat, 

but the remains of eggs can be identified after several hours of digestion, thus being in the order of 
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magnitude determined for mesozooplankton prey (Köster, 1994). Therefore, the applied procedure appears 

to be more reasonable, than to model the evacuation of fish eggs on a number basis separately (for further 

discussion see Köster and Schnack, 1994). 

The evaluation of the hydroacoustic survey conducted in May/June 1999, revealed the distribution pattern 

within Sub-division 25 as derived from historical surveys to be probably not valid at high population sizes 

encountered since the mid 1990’s. Another potential explanation for the deviating distribution pattern is, that 

sprat outside the Bornholm Basin had not yet started spawning and were not concentrating within the 

spawning area. However, this is not confirmed by the analysis of the gonadal maturation stages, see 

Subtask 1.2, showing that intensive spawning took also place in these more shallow areas, described in the 

literature as a typical summer situation (e.g. Müller, 1988; Wieland and Zuzarte, 1991). Assuming the 1999 

hydroacoustic survey distribution to be representative for the entire time series, would in fact result in 50% 

lower population cod egg consumption rates. The exercise of estimating the sprat population size in the 

Bornholm Basin with the daily egg production method, as described above, confirmed the population 

estimate from the hydroacoustic survey and contrasted spatially down-scaled results from area dis-

aggregated MSVPA runs. 

With respect to an underestimation of the daily cod egg production, it should be noted, that the present 

estimates are based on updated stage specific abundance estimates and average egg stage specific 

mortality rates. However, as the mortality estimates are rather variable within and between experiments 

(Wieland and Grønkjær, 1997; Wieland and Voss, 1997) and only a limited amount of adequate experiments 

has as yet been carried out, the daily production values presented should be taken witch caution. 

Independent egg production rates by the female population in spawning condition obtained from 

hydroacoustic and trawl surveys conducted at the same time as the ichthyoplankton surveys coupled to 

fecundity length relationships have been estimated within the CORE-project (CORE, 1998). Comparing 

these results with the egg production values derived from ichthyoplankton surveys revealed in all cases 

significantly higher production values, indicating an underestimation of the egg production derived by 

ichthyoplankton surveys. However, the independent egg production represent the potential egg production 

by the female population, which is possibly overestimated, i.e. due to atresia (see Subtask 1.4). Another 

factor explaining the discrepancy between both production estimates may be a limited fertilization success. 

Even if not fertilized, eggs are probably preyed upon. How fast non fertilized eggs are sinking to the bottom 

is still unclear, but the limited abundance values determined in ichthyoplankton surveys may indicate a rather 

fast drop out of the plankton. A further potential problem is an insufficient coverage of the spawning area by 

the ichthyoplankton survey, which appears to be unlikely, as cod eggs need salinities > 11 PSU to be 

neutrally buoyant, with conditions being only available in the covered central basin. 

 

Variability in predation pressure on sprat and cod ichthyoplankton 

The diet composition analysis revealed a clear seasonal pattern in the abundance of fish eggs in the food of 

sprat, contrary to herring. A replacement of fish eggs by cladocerans as the second most important prey 

taxon of sprat takes regularly place in summer, when cladocerans are abundant in open sea areas of the 

Baltic (Dahmen, 1995; Möllmann et al., 2000). This shift in the diet composition is coupled to a change in the 

vertical distribution of the predator to shallower water layers after spawning (e.g. Hoziosky et al., 1989), 

where high concentrations of cladocerans occur (Müller and Zuzarte, 1996; Wolska-Pys and Ciszewska, 
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1991), while fish eggs are less abundant (Wieland and Zuzarte, 1991). Exceptions from this pattern were 

found in early summer 1991 (high quantities of cladocerans and fish eggs in the diet) as well as early 

summer 1995 and 1996 (neither cladocerans, nor fish eggs in remarkable quantities in the diet). These 

situations can be explained by an extraordinary high (first date) and low abundance (last dates) of sprat eggs 

in the plankton in combination with early survey dates (mid of May) in most recent years, when cladoceran 

abundance is usually still low (Dahmen, 1995; Wolska-Pys and Cizewska, 1991). 

Clear interannual differences were encountered in the amount of sprat eggs in sprat stomachs, with a 

reduction by one order of magnitude from 1990 to 1992 to subsequent years. In 1993 to 1999 sprat preyed 

less intensively upon their own eggs, although considerable quantities were available in the plankton. For 

herring, a similar tendency of decreasing amounts of fish eggs in the diet is obvious for spring and early 

summer dates, however, far less pronounced especially for sprat eggs as prey. An explanation for the 

different feeding behaviour in the beginning of the 1990’s is a changed vertical overlap between predator and 

prey, due to significant alterations in the hydrographic regime of the Bornholm Basin after the major inflow in 

early 1993 (Matthäus and Lass, 1995). For cod eggs a shift in the vertical distribution to shallower water 

layers as a consequence of the inflow has been described before (Wieland and Jarre-Teichmann, 1997), 

reducing the vertical overlap with clupeid predators during their daily feeding period (Köster and Möllmann, 

2000b). A corresponding change in the vertical distribution of sprat eggs is indicated (STORE, 2000), but 

appears to be not sufficient to explain the deviating feeding behaviour alone. Changes in the vertical 

distribution of the combined group of fish eggs (Köster and Möllmann, 2000b) may have caused the 

reduction of sprat egg predation in post inflow periods as the availability of fish eggs in general may act as a 

trigger to switch from zooplankton to eggs as prey (Köster, 1994). Changes in hydrographic conditions do 

not only influence the vertical distribution of the prey, but also the dwelling depth of clupeids (e.g. Orlowski, 

1991). Favourable oxygen conditions during or after inflow periods allow herring and sprat to stay closer to 

the bottom, resulting in a further reduction of the predator/prey overlap. The comparison of estimated sprat 

egg consumption rates by the sprat population with standing stocks and production rates of sprat eggs 

revealed also a decrease in predation pressure since 1993, although the sprat predator population increased 

substantially throughout the covered time period.  

The results suggest cannibalism to be an important source of sprat egg mortality in the Bornholm Basin, 

while consumption by herring is of minor importance, as: 

a) herring predator population sizes are low in the sprat spawning area during main sprat spawning time as 

the dominating spring spawning herring concentrate in own coastal spawning areas, 

b) the proportion of sprat eggs in the diet of herring is relatively low, i.e. cod eggs dominate the diet, which 

may be coupled to a deeper distribution of herring and cod eggs compared to sprat and their eggs. 

A significant impact of egg cannibalism can be expected especially during periods of low salinity and oxygen 

concentration in the bottom water resulting in a pronounced vertical overlap of predator and prey. The 

importance of egg predation for the reproductive success of sprat, however, depends also on other causes 

of egg mortality. Especially the temperature in the intermediate water, but also within and below the halocline 

appears to be of importance as a factor determining the distribution of the spawning stock (Hoziosky et al., 

1989), the timing of spawning activity (Grimm and Herra, 1984) and egg mortality (Krenkel, 1981). Also low 

oxygen concentration in the bottom water affects the distribution of the spawning stock (Hoziosky et al., 

1989) and its egg production as well as egg survival (Grauman and Yula, 1989). This is especially of 
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importance in spring and early summer, when sprat eggs concentrate mainly within and below the halocline 

(Wieland and Zuzarte, 1991). 

The observed decline in predation on cod eggs by sprat in spring and early summer during most recent 

years is difficult to explain. Even when cod eggs were available in the plankton in higher quantities compared 

to earlier years, sprat were preying less intensively upon them. Despite the differences in the amount of fish 

eggs in the stomachs, the general diet compositions, the average stomach contents and the daily rations in 

terms of total food intake were similar in both time periods. Only in May/June 1995 a reduction in the total 

stomach content and corresponding daily ration was apparent, coupled to a low amount of copepods in the 

diet. Comparing the vertical distribution of cod eggs in May/June 1990-92 and May/June 1993/94 (CORE, 

1998) revealed a significant difference between these periods. Increased salinities in and below the 

halocline, caused by the major Baltic inflow at the beginning of 1993 (Matthäus and Lass, 1995), resulted in 

maximum cod egg concentrations at depths of approximately 60 m. In the years before, cod egg densities 

were highest in deeper layers, i.e. just below 70 m (Köster and Möllmann, 2000a). Changes in hydrographic 

conditions do not only influence the vertical distribution of the prey but also of the predators (e.g. Orlowski, 

1989). After a small inflow at the beginning of 1991 (Matthäus and Lass, 1995) there was a clear increase in 

the average catching depth compared to the preceding year, as a result of enhanced oxygen conditions in 

the bottom water. To account for this shift in the vertical distribution of prey and predator, adjusted average 

food availabilities of cod eggs in the average catching depths were calculated for each May/June date 

covered, using the relative vertical distributions of eggs and their corresponding standing stocks in the 

Bornholm Basin. Relating them to the daily rations of cod eggs consumed by individual sprat revealed a 

considerable decline in predation from May/June 1990-92 to corresponding dates in 1993/94 (factor 5) and 

further to May/June 1999 (nearly factor 50). This clearly demonstrates that the changed vertical distribution 

of predator and prey alone does not explain the decline in cod egg consumption by sprat. 

Variations in the abundance of other fish eggs could also contribute to the reduction in cod egg predation by 

sprat. Especially sprat eggs are known to occur in late spring/early summer in higher concentrations than 

cod eggs (e.g. Grauman, 1975; Krenkel, 1981). These may act as a trigger for switching from zooplankton to 

fish eggs as prey. The data set on the abundance of sprat eggs enabled a comparison of the pre- and post-

inflow situation for spring (April 1988 to April/May 1993/94) and early summer dates (May/June 1990-92 to 

May/June 1993-99). This comparison revealed for spring dates a 3 times higher abundance of sprat eggs 

after the inflow, thus indicating rather a negative than a positive switching. In contrast for May/June dates a 

decline of fish egg abundances could be observed after the 1993 inflow situation, supporting the theory of 

lower cod egg predation by sprat due to a reduced triggering effect by eggs of other fish species. As shown 

for cod eggs, the vertical distribution of the different egg species might be affected by the specific 

hydrographic conditions (for sprat shown by Wieland and Zuzarte, 1991). A comparison of the vertical 

distribution of all occurring egg species before the change in the physical environment (May/June 1990) with 

that after the inflow event (April/May 1994 and May/June 1996) revealed a significantly broader distribution in 

1990 with considerably higher egg concentrations in average trawling depths (Köster and Möllmann, 2000b). 

Comparing the food availability of fish eggs in the average catching depths to corresponding daily rations 

revealed an egg consumption 3 times higher in 1990 than in 1994 and 1996. Thus feeding on fish eggs in 

general is in better accordance with the abundance of the food supply than described for cod eggs, although 

a considerable deviation between the periods is still encountered. 
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Clear interannual trends in the predation pressure on cod eggs were obvious. Whereas in early summer 

(May/June) decreasing consumption rates were computed from 1993 to 1996, cod predation in summer 

(July/August) increased considerably to a maximum in 1996. This is explainable by high cod egg 

abundances in summer 1994 to 1996 due to the delayed peak spawning time of cod (Wieland et al., 2000b). 

Investigating the vertical distribution of cod eggs in July 1996, where highest cod egg consumption by 

herring was observed, revealed also a high cod egg abundance in the mean catching depth of clupeids 

(65m). In contrast to herring, sprat were preying less intensively on cod eggs, because they were gathering 

in shallower water layers and switched from feeding of fish eggs to cladocerans. Additionally sprat are 

leaving the central Bornholm Basin at this time of the year due to their ceased spawning time (Aro, 1989), 

thus constituting also less competition for herring feeding on cod eggs. 

Cod and sprat larvae were obviously not substantially affected by herring and sprat predation, independent 

of the area and date of investigation. This can be explained by a limited vertical overlap of prey and predator. 

Only newly hatched larvae concentrate in relatively high quantities within or below the halocline, where they 

are available as prey to herring and sprat aggregating in these water layers while feeding. Occasionally, a 

more substantial predation on sprat larvae by sprat was observed, i.e. in April 1993 and May/June 1990 in 

the Bornholm Basin, when sprat larvae occurred in considerable quantities in the plankton. Herring did not 

feed on these larvae in spring and early summer, which can be explained, according to the observed larvae 

size preference of herring, by the small average size of the young larvae available in the food supply. In 

general, the number of fish larvae in the stomachs may have been underestimated, due to continued 

digestion during catching and handling of the fish until preservation. Although the duration of trawling and the 

handling time on deck was reduced as far as possible, the time lag was long compared to digestion times of 

less than 60 min reported for small larvae as prey of planktivorous fish (Hunter and Kimbrell, 1980). 

However, this possible bias may be of minor importance for two reasons: a) the digestion time of larvae is 

reported to be prolonged significantly if less quickly digestible prey organisms (e.g. copepods) are also 

ingested (Christensen, 1983; Balfoort, 1984), b) stomach evacuation seems to be retarded as a reaction to 

stress during the catching and handling process (Lockwood, 1980; Köster et al., 1990). These hypotheses 

should be tested by introducing new immunochemical techniques to assay predation on larvae (Brodeur and 

Bailey, 1996). Despite this uncertainty, the estimated consumption rates of larvae by clupeid fish are 

sensitive to the assumed average digestion time of a fish larvae. Furthermore, data on larval abundance my 

be biased by a drift of older larvae out of the study area (Hinrichsen et al., 1997; Voss and Hinrichsen, 2002). 

 

Prey selection of herring and sprat 

Material and Methods 

Stomach contents of herring and sprat were sampled in May/June 1999 in the Bornholm Basin. From the 

available material a subset of clupeid stomachs were selected, fished on stations of a north-south transect 

as well as a west-east transect. In total 75 and 77 stomachs of herring and sprat were analysed respectively, 

thereby covering the whole length range of both species. After measuring the stomach content in weight, the 

following prey groups/species/stages were identified: 

• Copepods (Pseudocalanus elongatus, Temora longicornis, Acartia spp., Centropages hamatus, 

Eurytemora affinis, Oithona similis) with copepodite stages CI-III, CIV-V as well as adult males (CVI-m) 

and females (CVI-f). 
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• Cladocerans (Evadne nordmanni, Podon. spp., Bosmina coregoni maritima) 

• mysids 

• polychaets 

• ichthyoplankton  

Unidentified fractions were distributed over the categories according to their relative proportions. 

Availability of prey organisms for herring and sprat was recorded by Bongo-sampling (150µm mesh-size) on 

the stations prior or after trawling (for details of zooplankton sampling see Task 3.1). Organisms were 

identified according to the groups/species/stages described above. 

To describe the prey selection of herring and sprat the logarithmic Shorigin-Index S was used (Berg, 1979): 
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)(%
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LogS
i

i=  

 

with Ni the percentage of category i in the stomachs or the plankton. 

Positive indices show a preference of the fish for a specific prey organism while negative ones indicate 

avoidance. 0-values indicate randomly selected prey organisms. 

 

Results 

Copepods were the main food organisms for both herring and sprat with maximum contributions to the 

stomach content of 99 and 79% respectively (Fig. 5.1.8). The second important prey group were cladocerans 

with in maximum 25% of the diet in numbers for herring and 21% for sprat. Within the copepod fraction P. 

elongatus dominated the diet of both predator species, however this dominance was more pronounced in 

herring. In general the food spectrum of sprat was broader with higher proportions of especially T. 

longicornis and Acartia spp. in the stomach. These copepods were mainly eaten by sprat on stations at the 

edge of the basin. The cladoceran fraction in the stomachs of both clupeids was dominated by E. nordmanni 

and Podon spp. while B. coregoni maritima was seldom recorded. 

The stage composition of the main copepod food species P. elongatus showed for herring a dominance of 

CIV-CV, especially on shallower stations (Fig. 5.1.9). Adult P. elongatus, mainly females, were preyed upon 

especially in the center of the basin. All stages of T. longicornis were consumed by herring with a tendency 

to prefer adult females, which is also visible for Acartia spp. Sprat fed generally on CIV-V and adults of P. 

elongatus, with the latter encountered mainly on the deeper stations (Fig. 5.1.10). The same was true for T. 

longicornis and Acartia spp., with a more clear preference for Acartia spp. females. 

Ichthyoplankton, i.e. fish eggs, were found in low proportions (in maximum 7.7 and 3.2% of the number of 

prey items for herring and sprat respectively). Considerable amounts of fish eggs in herring stomachs were 

identified on stations 23 and 30 (on average 14 and 17 eggs per stomach respectively), while sprat preyed 

on fish eggs on stations 16, 28, and 31 (on average 12, 9 and 8 eggs respectively). 

Selection indices were calculated for 5 stations, i.e. the most northern, southern, western, eastern ones and 

the central station (Fig. 5.1.11 Calculations were made for the main food organisms, the copepods P. 

elongatus, T. longicornis and Acartia spp. (in stage-groups), the cladocerans E. nordmanni and Podon spp. 

and fish eggs. Selection indices for herring preying on different groups of copepod of life-stages showed a 
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positive selection mainly for P. elongatus (Fig. 5.1.12). Herring selected CIV-V and adults, with adult males 

being more selected in the western, eastern and central part of the basin. For T. longicornis and Acartia spp. 

mainly negative indices were calculated, being on a moderate level for T. longicornis, while Acartia spp. was 

obviously fully avoided by herring. Also sprat showed in general a positive selection of P. elongatus CIV-V 

and adults (Fig. 5.1.13). Contrary to herring, sprat showed mainly positive indices for adult T. longicornis. 

Acartia spp. were neutrally selected and CIV-V and CVI-m negatively, however, the avoidance was less 

pronounced than for herring. Selection indices calculated for cladocerans were similar for both predator 

species, preferring obviously Podon spp. and not E. nordmanni (Fig. 5.1.14). Fish eggs were positively 

selected by sprat on all stations, while herring showed a more variable selection pattern with neither clear 

selection nor avoidance (Fig. 5.1.14). 

 

Discussion 

The general food composition found during this case study, i.e. a dominance of copepods and cladocerans 

in the diets of both predator species, is well in agreement with earlier studies (e.g. Hinrichs, 1985; Arrhenius 

und Hansson, 1993; Köster and Schnack, 1994; Szypula et al., 1997; Patokina und Feldman, 1998; 

Möllmann und Köster, 1999). The dominance of P. elongatus in the diets is explainable by the main 

reproduction season of this copepod during the investigation which assures a good supply for the predators 

(Möllmann et al., 2000). Additionally P. elongatus is larger compared to the other species and females carry 

egg-sacs increasing their visibility (Sandström, 1980; Flinkman et al., 1992). Especially adults of this 

copepod species prefer higher salinity and lower temperatures (Möllmann et al., 2000), which they find within 

and below the halocline in the deeper part of the basin. This results in a generally more centered distribution 

(see Task 3.1) and is reflected in the horizontal variability of the clupeid diet compositions.  

Contrary to P. elongatus, T. longicornis and Acartia spp. do not need higher salinities and prefer warmer 

temperatures (Möllmann et al., 2000). This results in a more shallower distribution and due to surface 

currents in a wider distribution in the basin (see Task 3.1). Due to this distributional pattern these copepods 

are on one hand more selected by sprat which are also shallower distributed compared to herring (Köster 

and Möllmann, 2000a) and on the other hand explain the higher amount of these species in stomachs 

sampled on the edges of the basin, where the fish dwell more shallow, see Subtask 1.1. The in general low 

contribution of T. longicornis and Acartia spp. to the diet composition of both clupeids can be explained by 

the low abundance of this species in May, being considerably more abundant in summer (Möllmann et al., 

2000). Cladocerans are distributed in upper water layers and were consequently fed mainly during early 

morning hours (Schaber, 2001), when clupeids conduct their diurnal migration to deeper layers (Köster and 

Schnack, 1994). Fish eggs were positively selected by sprat, which correspond to results obtained by Köster 

(1994), while herring did not show a specific preference for fish eggs as prey. 

The results of this case study clearly characterize a spring situation in the Central Baltic when P. elongatus is 

dominant in the plankton. The situation will probably change later in the season when T. longicornis, Acartia 

spp. and also cladocerans (especially B. coregoni maritima) are more abundant (Möllmann et al., 2000). A 

further drawback of this preliminary investigation is that the food availability was determined only by vertically 

integrating sampling, potentially flawing the calculation of selection indices.  

General low amounts of fish eggs were found in clupeid stomachs of the Bornholm Basin in May/June 1999, 

compared to studies conducted during the early 1990’s (Köster and Schnack, 1994) despite a considerable 
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availability of sprat eggs in the water column, see Subtask 2.1, and a positive selection of fish eggs by sprat 

if considering the prey availability in the entire water column, see above. This is in accordance with findings 

by Köster and Möllmann (2000b) who reported a decline in predation on ichthyoplankton by sprat from early 

to mid 1990’s. The authors discuss this interannual difference in sprat egg cannibalism to be potentially a 

result of a changed vertical overlap between predator and prey due to the 1993 inflow of highly saline and 

oxygenated water form the North Sea along with a variability in the food environment (Köster and Möllmann, 

2000b). To investigate the vertical overlap between clupeids and fish eggs, vertically stratified sampling was 

performed, but samples have not been completely analysed yet, due to problems with sample conservation, 

see Subtask 2.1. The hydrographic situation encountered in May/June 1999 closely resembled the situation 

found in the same months in 1989, when the vertical distribution of fish eggs is available (Köster, 1994). The 

hydrographic situation in 1989 and 1990 were characterized by temperatures of 4-5°C in water masses 

between the mixed surface layer and the halocline as well as salinity increases from 7 to 11 psu in 50 to 60m 

depth, which corresponds to a relatively shallow halocline. The oxygen depleted bottom water (< 2ml/l) 

started already in ca. 70m depth. Assuming this situation to result in a similar vertical distribution as in 1989, 

in 1999 sprat eggs should have concentrated between 50 and 60m depths. A hydroacoustic survey directed 

to the distribution of clupeids in the Bornholm Basin in May/June 1999, see Subtask 1.1, showed the fish to 

concentrate in the center of the basin in 60-70m depths thereby avoiding low temperatures in the 

intermediate water and low oxygen concentrations in the bottom water. This would evidence a vertical 

mismatch between clupeids and sprat eggs resulting in a low predation. On the stations were eggs were 

consumed in relatively higher numbers, vertical profiles of oxygen indicate an upwards shift in the depth of 

2ml/l oxygen concentration, potentially forcing the clupeids to shallower depths were fish eggs were dwelling. 

The further processing of the samples of the 1999 vertical distribution will elucidate this situation. 

 

Estimating Baltic sprat population sizes from egg production 

Introduction 

The daily egg production method (Parker, 1980; Lasker, 1985) has frequently been applied to estimate the 

spawning biomass of short lived, pelagic fish species, such as anchovy and sprat. In contrast to catch based 

assessment methods, the advantage of this method is that all parameters needed to estimate population 

sizes could be obtained from one resource survey and no parameter values need to be assumed (Lasker, 

1985). However, the accuracy of the method strongly depends on the survey coverage of the spawning area. 

During the last two decades, in the upper trophic level of the Central Baltic Sea ecosystem a shift from a 

cod-dominated to a sprat-dominated system was observed (Köster et al., 2002c). The cod spawning stock 

declined to a historically low level of ~75 000t in 1999, due to recruitment failure and high fishing intensity 

(Bagge et al., 1994). The corresponding decrease in predation pressure on sprat, combined with low fishing 

mortality and high reproduction success of this species, resulted in a pronounced increase of the sprat stock 

(Parmanne et al., 1994). The increase in stock size of sprat is evidenced by the regular stock assessment of 

ICES (2001) applying Extended Survivor Analysis (XSA), area dis-aggregated Multispecies Virtual 

Population Analysis (MSVPA) performed for various sub-areas of the Baltic (Köster et al., 2001a) and 

hydroacoustic surveys carried out regularly in autumn (ICES, 2001). Stock estimates from the XSA and the 

MSVPA are not independent from hydroacoustic survey estimates, as the latter data is used for tuning both 
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the MSVPA as well as the standard assessment. Though not being independent, the stock distribution 

obtained from area dis-aggregated MSVPA runs and the hydroacoustic surveys are considerably different. 

The MSVPA estimates the largest fraction of the stock to inhabit Sub-division 25, encompassing the major 

spawning area of the Bornholm Basin (Fig. 5.1.15), while the autumn hydroacoustic survey revealed a 

relatively low proportion dwelling in this area only (Köster et al., 2001a). The authors explain this 

inconsistency by a potential re-distribution of the stock from spawning areas in spring/early summer (when 

the major part of the catches is obtained forcing the MSVPA estimate) to feeding grounds in 

summer/autumn. These type of shifts in distribution have been described earlier (Aro, 1989) and also 

became obvious from a comparison of hydroacoustic surveys conducted occasionally in late spring/early 

summer with the regular autumn surveys (ICES, 1999; MSVPA-group). However, these investigations took 

place during a period of relatively low sprat stock size, and at that time even the hydroacoustic survey in 

autumn revealed a higher proportion of sprat in Sub-division 25 than today (STORE, 2001). 

Knowledge on the distribution of the sprat stock is important to i) identify processes affecting the 

reproduction success of sprat in the Baltic, as the major spawning sites in the Bornholm Basin, the Gdansk 

Deep and the Gotland Basin (Fig. 5.1.15) are characterized by different abiotic and biotic environmental 

conditions (e.g. Ojaveer and Elken, 1995; MacKenzie et al., 2000), ii) to quantify the impact of predation by 

sprat on cod eggs in cod spawning areas as a process affecting cod recruitment (Köster and Schnack, 1994; 

Köster and Möllmann, 2000a) and iii) to resolve a potential top-down control of meso-zooplankton by sprat 

being the major planktivorous fish species in the Baltic (Möllmann and Köster, 2002). 

The present study investigates the possibilities for application of the daily egg production method to estimate 

sprat population sizes from regularly performed egg surveys covering all major spawning areas of sprat in 

the Central Baltic (STORE, 2001). As egg abundance data, at least in the eastern spawning areas, are 

available back to the late 1940’s (e.g. Karasiova and Zezera, 2000), a successful application of the method 

has not only the potential to verify the present distribution pattern of sprat in connection to above stated 

processes, but also to prolong the data series of sprat stock sizes by approximately 25 years. The present 

contribution does not intent to construct such a long-term data series, but reports on an extensive case study 

conducted in spring/summer 1999 in the Bornholm Basin to test the validity of the approach. Prerequisites to 

establish an extended time series of sprat stock sizes from egg production are presently compiled within  

large international initiatives and include the time series on egg abundance (STORE, 2001) as well as sex 

specific stock structure data (ICES, 2002; ACFM:21). Thus, the present study fills a gap in the knowledge 

about reproduction biology of Baltic sprat essential for a regular application of the daily egg production 

method. 

The daily egg production method developed by Parker (1980) and Lasker (1985) and reviewed by Alheit 

(1989), uses the daily egg production obtained from egg surveys, data on the stock structure, i.e. sex ratios, 

proportion of females in spawning condition, and information on spawning activity and efficiency, i.e. fraction 

of females spawning per day and batch fecundity to estimate the spawning stock biomass. In our study we 

have added additional information on the sexual maturity of females to estimate the total population size 

rather than the spawning stock size. Information on egg production, stock structure and spawning activity 

have been gathered on combined ichthyoplankton and pelagic trawl surveys conducted monthly from April to 

July 1999, accompanied by a hydroacoustic survey at peak spawning activity in early June. As growth rates, 

sexual and gonadal maturation, egg production and spawning frequency are potentially interlinked (Alheit, 
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1989), we collected additional information potentially useful to evaluate the reliability of the method during 

the 1999 spawning season used as test phase. Data on the reproduction biology of sprat from earlier studies 

in the Baltic, e.g. on batch fecundity and gonadal maturation (e.g. Alekseeva et al., 1997; Müller et al., 1990), 

we did not integrate as these investigations covered mostly single aspects and processes or were conducted 

at a time when the environment in the Central Baltic was  characterized by a different hydrography and 

productivity (e.g. Petrova, 1960; Elwertowski, 1960). However, all these studies are extremely valuable to 

compare the stability of reproductive characteristics over time. 

 

Material and Methods 

Egg production from ichthyoplankton surveys 

The abundance of the youngest sprat egg stage IA (Thompson et al., 1981) was determined on 7 

ichthyoplankton cruises from April to August 1999 covering the Bornholm Basin (area enclosed by the 60 m 

isobath) on a regularly spaced 45 station grid with approximately 10 nm miles grid-point distance (Fig. 

5.1.15). The ichthyoplankton gear in use was a Bongo-net (60 cm diameter) equipped with 335 and 500µm 

mesh sizes towed in a double oblique haul integrating the entire water column down to 2 m above the bottom 

(Wieland, 1988). The egg counts were standardised to 1m2 surface area by the volume of water filtered and 

the maximum depth of the tow. The abundance of sprat eggs within the Bornholm Basin was determined by 

objective analysis (Bretherton et al., 1976) based on a standard statistical approach, the Gauss-Markov 

theorem, which yields an expression for the linear least-square error estimate of the variables. The objective 

analysis makes use of statistical results (spatial covariance function of measurements) and assumptions 

concerning measurement noise and small-scale errors inferred from the observed data. Thus, at every single 

point an estimate of abundance can be given that depends linearly on the total number of measurements, 

i.e. a weighted sum of all observations. Two ichthyoplankton surveys in May were performed in 4 days 

intervals to allowing tofollow egg cohort development. The abundance values from these two surveys were 

averaged before calculating daily egg production rates, which was done by dividing the abundance values by 

their temperature dependent stage duration time (Thompson et al., 1981). To estimate the duration of egg 

stage IA, the ambient temperature was determined as date specific average over the water layer 

characterised by 8 to 12 PSU obtained from CTD casts performed on each ichthyoplankton station. That the 

vertical distribution of sprat eggs is confined to this water layer was revealed from concurrent experiments 

with sprat eggs caught alive in density columns (STORE, 2001). As stage duration at prevailing ambient 

temperatures was approximately only one day, no correction for mortality within the egg stage IA was 

applied. In addition to daily egg production estimates, the total seasonal egg production was determined by 

numerical integration of the  the seasonal production curve of egg stage IA, i.e. the area under the curve. 

The sprat spawning season was assumed to start on the 1st of March (Ojaveer and Bagge, 1981), while the 

endpoint of the spawning season was well covered by the ichthyoplankton surveys. 

 

Stock structure and information on the state of spawning 

Sampling of sprat in Sub-division 25 was carried out on pelagic trawl surveys after or in parallel to the 

ichthyoplankton surveys from April to August (Tab. 5.1.9). A length stratified sampling scheme (10 individuals 

per 1 cm length class per station) was chosen to estimate the sex ratio and maturity stage using a modified 

version of the macroscopic visual maturity scale introduced by Alekseejev and Alekseejeva (1996) (Tab. 
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5.1.11). Length frequency distributions were established for each station measuring approx. 200 randomly 

chosen individuals. An average length frequency distribution was compiled for each cruise by weighting the 

haul specific length frequency distributions for catch rates. Cruise specific average sex ratios, proportions of 

sexually mature females and females having reached gonadal maturity, i.e. being in spawning condition (pfs; 

maturity stages 4-5; 5; 6-3; 6-4; 6-4h), were established as arithmetic means weighted for  cruise specific 

female length frequency distributions. To estimate the duration and peak of the spawning season, the pfs 

were related to the sampling time and a Gauss curve was fitted. To estimate the average spawning 

frequency, i.e. fraction of gonadally mature females spawning per day, the above calculation scheme was 

applied again with pfs being substituted by the portion of pfs containing hydrated eggs (pfh; maturity stages 

4-5; 5; 6-4h), assuming that these individuals would have spawned within the next 12hours (Hunter et al., 

1985). 

 

Batch fecundity 

The number of eggs released by a female during a single spawning event was determined by counting 

hydrated oocytes in a subset of females classified as going to spawn within the next 12 hours (pfh) at peak 

spawning time in June 1999, i.e. applying the hydrated oocyte method (Hunter et al., 1985). In total 78 

ovaries sampled in Sub-division 25 to 28 were analysed by weighing the entire ovary, subsampling 5-10% of 

the ovary, counting the hydrated oocytes with a binocular and raising by the subsample weight to the total 

ovary weight. In order to test for potential area differences in batch fecundity, we firstly tested for length 

dependence within areas, and than combined length-classes being not statistically significantly different to 

test for area dependence using a non-parametric variance analysis (Kruskal-Wallis test with subsequent 

post-hoc test according to Nemenyi), as a lack of normal distribution was indicated in some of the samples. 

To test the sensitivity of the daily egg production method for deviations in batch fecundity, data sets on batch 

fecundity derived in March and May 1999 in Sub-division 26 according to Alekseeva et al. (1997) were used 

as alternatives. 

 

Daily egg production method 

The population size of sprat (Nt) was estimated applying a modified version of the daily egg production 

method (e.g. Lasker, 1985): 

 

    16 cm 
Nt = Et  /  ∑  l t,l  *  s t,l  *  m t,l  *  g t,l  *  s t  *  F t       Eq. 1) 

    l=8 cm 

Et  = Daily production of egg stage IA from egg survey at sampling date t 

lt,l = Relative frequency of length class l 

st,l  = Sex ratio, i.e. proportion of females 

mt,l  = Proportion of sexually mature females  

g t,l = Proportion of gonadally mature females  

s t  = Spawning frequency 

Ft  = Batch fecundity, i.e. average number of eggs per female per spawning event 
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For verification, the total seasonal egg production obtained by ichthyoplankton surveys was used to estimate 

the total number of egg batches produced by the sprat population in the Bornholm Basin. Dividing the 

seasonal production by an assumed average number of 9 batches per individual spawning season (Petrowa, 

1960) and applying average sex ratios and proportions of sexually mature females yielded an alternative 

estimate of the total population size in Sub-division 25. This additional analysis was conducted, as the 

population spawning season appeared to be considerably longer than the individual spawning season (e.g. 

Heidrich, 1925), i.e. violating the assumption inherent with the daily egg production method that at peak 

spawning time all fish participating in spawning would be present in the area. This assumption is not 

necessary for the applied alternative procedure, but average stock structure data sampled in the Bornholm 

Basin over the spawning period should reflect the average stock structure in the Sub-division and the 

spawning area should be well covered by the egg surveys, assumptions tested below. 

 

Validation of the population estimate 

Estimates of the sprat population size in the Bornholm Basin at peak spawning time were compared to 

population estimates derived by an hydroacoustic survey conducted in early June 1999 (Gröhsler et al., 

2000) as well as results from MSVPA runs (ICES, 2001), down-scaled to the Bornholm Basin by distribution 

patterns obtained from historic hydroacoustic surveys (Köster, 1994). To get an indication of the sensitivity of 

the population estimate, first the proportions of females and sexually mature females were varied 

simultaneously up to +/- 20%. Secondly, we applied different batch fecundity estimates available for 1999 as 

alternative input, especially as our effort to determine the batch fecundity accurately was limited. Finally, we 

investigated whether stock structure parameters, including the proportions of females having reached 

gonadal maturation and the spawning frequency, are affected by the area coverage of the sampling, 

specifically whether there are considerable differences in these parameters in and outside of the main basin 

at peak spawning time. This comparison is based on 7 trawl stations performed in relatively shallow water 

areas (30-60 m) and 19 sets in the deeper part of the basin (>60 m). This exercise gives also an indication 

whether the spawning area was adequately covered by the ichthyoplankton surveys more or less confined to 

the deeper area (Fig. 5.1.15). The latter is a pre-requisite for estimating the total stock size of sprat in Sub-

division 25. To get also for this method an indication of the sensitivity of the estimate to variation in input 

parameters, we simultaneously varied the batch number and the average batch fecundity by up to +/- 40%. 

 

Results 

Timing of spawning activity 

From the classification of females having completed their gonadal maturation, i.e. had started spawning, a 

peak spawning activity is obvious in early June, which corresponds very well to the peak in egg stage IA 

abundance (Fig. 5.1.16). The start of spawning activity appears to be neither covered by the trawl nor by the 

ichthyoplankton survey in April, though the fraction of sexually mature females in spawning condition was 

only 21%. In contrast, the end of the spawning season is covered quite well by surveys, with no sprat eggs in 

the plankton encountered in the 2nd half of July. In general the egg abundance showed a steeper increase 

from May to June and a steeper decline from peak spawning activity in early June until the beginning of July 

compared to the maturity data.  
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Stock structure and size dependence of maturation 

Determined sex ratios showed an increasing proportion of females with length in all four month of the 

spawning season (Fig. 5.1.17). An equal sex ratio was reached at 12-13 cm length, while more than 75% of 

sprat ³14 cm were females. Smallest females in the population (<10 cm) were in general not sexually mature, 

with the exception of July, when 63% of these small sprat were classified as adult (Fig. 5.1.17). Females ³10 

cm were in contrast to at least 68% sexually mature, and females ³12 cm to almost 100%, with the exception 

of April, when a trend of declining proportions being sexually mature with length was encountered. The 

proportion of females which had reached gonadal maturation was relatively low in April (<25%), largely 

independent of their length (Fig. 5.1.17). In other months there appears to be a tendency that larger females 

were more progressed in their gonadal maturation, with almost all females classified as sexually mature 

being in the spawning cycle in early June, clearly identifying this as peak spawning time.  

 

Spawning frequency 

The fraction of females spawning at day of sampling from those being in the spawning cycle is a measure of 

the spawning frequency. This fraction is considerably different in April compared to the other dates, with 63-

93% of the females classified as having reached gonadal maturation approaching also egg release (Fig. 

5.1.18). This may be interpreted as an early phase of spawning activity, with a regular spawning pattern not 

yet established. For the other dates, the corresponding fractions are remarkably similar, i.e. between 0.23-

0.38 in fish ³12cm. For smaller females it is somewhat lower, i.e. 0.10-0.28. The overall average spawning 

frequency during May-July comprises 27%, which corresponds to a spawning interval of approximately four 

days. 

 

Batch fecundity 

The test for differences in batch fecundity of different size groups revealed that in Sub-division 26 length-

class 11 cm showed a significantly lower batch fecundity compared to all remaining size categories 

(p=0.006). Similarly, length-class 14 cm in Sub-division 25 was significantly higher (p=0.049) than all oterh 

length classes. Thus, only length classes 12 and 13 cm were pooled for the area comparison. The area test 

revealed significantly lower individual batch fecundity in Sub-division 28 compared to both other areas 

(p=0.039). As a consequence average length specific batch fecundity values were determined for a 

combined data set derived comprising data from Sub-division 25 and 26. For length-classes not covered in 

the analysis, i.e. 10 and 15 cm, a linear trend of increasing batch fecundity with length was assumed and 

thus estimated by linear regression.  

The average number of eggs per female released per spawning event at peak spawning time almost 

doubled from 920 to 1800 eggs with increasing length from 11.5 to 14.5 cm (Fig. 5.1.19). Comparing these 

results with concurrent investigations conducted in Sub-division 26 in March and May 1999, showed overall 

a relatively good agreement, with a similar increasing trend in batch fecundity with female size. Our batch 

fecundity values were, however, consistently lower by 20-30%, especially in length-class 13 cm (Fig. 5.1.19). 

The average batch fecundity in the population at peak spawning time, i.e. raised via the length frequency, 

amounted to 1159 eggs spawned per single spawning event. 

 

Population size in the Bornholm Basin 
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Estimated population sizes for the Bornholm Basin increased by a factor of four from April to early June, 

decreasing until early July by approximately the same magnitude (Tab. 5.1.10). The concurrent 

hydroacoustic estimate revealed a slightly lower sprat population size in the Bornholm Basin at peak 

spawning time, i.e. 10.5 * 109 compared to 12.1 *109. In comparison to the area dis-aggregated MSVPA 

based population estimate of 28.8 * 109 (beginning of June), however, the agreement between the 

hydroacoustic and the egg production method is remarkable. 

In our present analysis, the batch fecundity can be considered as parameter devoted least effort to. 

Fortunately, project related information on batch fecundity is available for the southern Baltic from the same 

period, i.e. determined in March and May 1999. Utilizing these batch fecundity estimates, assuming a linear 

increase with size (Fig. 5.1.19), revealed a reduction in population size at peak spawning time to 9.5 * 109 

sprat (Tab. 5.1.10). Applying the slightly lower batch fecundity values from March 1999 revealed 6-7% higher 

population sizes, i.e. 10.0 * 109 sprat at peak spawning time. 

Application of the average spawning frequency of 0.27 instead of applied monthly averages, but keeping the 

original fecundity data set, revealed substantial changes only for April, increasing the population size by a 

factor of three, while changes for other dates were minor (<8%). In any case, no combination of the different 

input data sets mentioned here, revealed substantial deviations in population estimates at peak spawning 

time approaching the MSVPA derived order of magnitude. 

Fig. 5.1.20 shows contour plots for population estimates at peak spawning time with +/- 20% varied 

proportions of females and sexually mature females. As obvious from equation 1, opposite errors in sex 

ratios and maturity ogives will to a certain extend cancel each other, thus stabilizing estimates in the upper 

left and lower right quadrant of Fig. 5.1.20. Likewise an underestimation of female proportions in the stock 

and being sexually mature do not affect the population estimate heavily. This can be explained by the fact, 

that in larger length classes after a limited increase maximum values of 1 are reached, i.e. all individuals are 

females and all are sexually mature. The population estimate is more sensitive to overestimation of the input 

parameters. However, even a reduction in both parameters in all length classes by 20% revealed a 

population size being considerably lower than the MSVPA estimate, i.e. 19.1 *109 individuals. 

An overestimation of the proportion being sexually mature may be coupled to an overestimation of the 

proportion having reached gonadal maturity due to a higher catchability of ripening mature females, as 

described by Alheit (1989), or concentration of the sampling effort on main spawning sites. As a first test we 

applied an additional 20% reduction in the proportion of females in spawning condition to a 20% reduction in 

the proportion of sexually mature females. This resulted in an population estimate of 18.8 * 109, also being 

far lower than the estimate from the MSVPA. Secondly, we investigated the proportion of females in 

spawning cycle and classified as spawning at day of sampling during peak spawning time in and outside the 

main Bornholm Basin, defined by the 60 m depth contour. The results were somewhat unexpected: 75% of 

the females caught outside of the basin had reached gonadal maturation in comparison to 88% inside the 

basin. The fraction of females expected to spawn within the next 24 hours, was however different. While in 

shallower waters only 15% were classified to be in actual spawning condition, 31% were in the main basin. 

These comparisons indicate spawning activity outside the central basin considered as main spawning area 

and covered by the ichthyoplankton survey. Applying the stock structure and spawning activity patterns 

derived for the main basin to estimate the population size located at peak spawning time within the Bornholm 

Basin, did only affect the estimate to a limited extend, i.e. reduced the estimate by 5%. However, spawning 
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activity outside the area covered by the egg survey has sever implications on the possibility to estimate the 

total population size of sprat in Sub-division 25  

 

Population size in Sub-division 25 

The total population size of sprat in Sub-division 25 as estimated from the seasonal egg production curve, 

yielded 14.7 * 109 individuals, which is considerably lower than the corresponding hydroacoustic estimate of 

40.8 * 109 individuals as well as 50.3 * 109 derived from the area dis-aggregated MSVPA. The applied 

estimation procedure is sensitive to the assumed number of batches spawned per individual sprat as well as 

the average batch fecundity applied. Thus, a sensitivity analysis was conducted varying both input 

parameters simultaneously (Fig. 5.1.21). The main result is that only if the batch number is reduced to 5.0-

5.5 and the batch fecundity is reduced by<35-40% stock sizes in the order of magnitude as derived by the 

hydroacoustic survey are reached. This indicates that altering these input values in a realistic direction - our 

batch number and batch fecundity can be considered rather too low than too high - will not result in stock 

sizes being comparable to those determined by the hydroacoustic survey or the MSVPA. 

 

Discussion 

The present study successfully determined the input parameters for an application of the daily egg 

production method for Baltic sprat in one of the major spawning areas of the Baltic, i.e. the Bornholm Basin. 

This is a considerable achievement, as sprat are extremely difficult to sustain in laboratory experiments, 

limiting our knowledge on some of the input parameters required. Especially the determination of the 

spawning frequency has caused sever problems. The only available estimates were derived from the ratio of 

the total number of developing oocytes and the batch fecundity determined from the number of hydrated 

oocytes at the beginning of the spawning season together with a rough estimate of the individual spawning 

duration (Heidrich, 1925; Petrowa, 1960; Polivaiko, 1980). However, as sprat are indeterminate spawners 

recruiting oocytes throughout their spawning season from the pool of reserve oocytes (Alheit, 1989), this 

method cannot considered to be adequate, but rather gives a minimum value (Alekseeva et al., 1997). In 

contrast, existing information on the batch fecundity of sprat is more extensive, also for the Baltic (Alekseeva 

et al., 2000; Heidrich, 1925; Müller et al., 1990; Petrowa, 1960; Polivaiko, 1980). However, a parallel 

estimation of the batch fecundity and the spawning frequency, a prerequisite for a reliable application of the 

daily egg production method (Alheit, 1989), has not been performed yet. Similarly, attempts to resolve the 

stock structure with respect to size dependent sex ratios and proportion of mature females covering the 

entire spawning season were lacking. 

In our study we did not estimate the variance associated with the various input parameters and thus are 

unable to give uncertainty estimates for the population size determined. However, we applied different data 

sets on key input variables available from other investigations or varied input parameters in realistic 

magnitudes to obtain an indication of the sensitivity of the estimates. The population size determined for the 

Bornholm Basin at peak spawning time is well in line with the hydroacoustic survey conducted concurrently. 

The population estimate appears to be rather insensitive to variation in batch fecundity, applying alternative 

data sets. According to Alheit (1988) batch fecundity of sprat may vary considerably during a spawning 

season, with an increasing trend to peak spawning and declining afterwards. Data presented by Alekseeva 

et al. (1997) for April and May/June 1992 and 1994 appear to confirm this pattern also for Central Baltic 
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sprat, although not very pronounced. In contrast, available data for 1999 did not indicate substantial changes 

in batch fecundity from March to June. In fact the June values derived in our study were lower than the 

values from March and May, which may be related to methodological differences in the analysis procedure. 

Consequently, we did not apply date specific batch fecundity values to estimate the stock size within the 

Bornholm Basin in different month of the spawning season 1999, but applied the different sets to estimate 

the population size at peak spawning time. 

An increase of the batch fecundity with body size is well documented in sprat (Alekseeva et al., 1997; Alheit, 

1988; Petrowa, 1960) justifying the applied procedure to estimate the batch fecundity of length-classes not 

covered in the analysis by linear regression. In general the batch fecundity in 1999 was low compared to 

earlier investigations in the Central Baltic (Alekseeva et al., 1997; Müller et al., 1990). In our study, this may 

be explained by the fact that we did not perform a histological analysis to identify post-ovulatory follicles 

allowing to omit individuals which already had started spawning from the analysis (Hunter and Goldberg, 

1980). However, samples from March and May were analysed histologically. Furthermore spawning in Baltic 

sprat is supposed to take place during the 2nd half of the night in uppermost water layers (Müller et al., 1990; 

but for a different view see Alekseeva et al., 1997), while sampling was performed during day-time only, 

which makes it unlikely to have sampled sprat in spawning progress. Thus, the overall low level in batch 

fecundity during 1999 cannot be explained by simple methodological shortcomings. Overall the batch 

fecundity of sprat is relatively low in the Baltic, which has been explained by the on average larger size of 

eggs spawned by sprat in the Baltic (Müller et al., 1999). 

The determined spawning interval of approximately 4 days is considerably shorter than previously 

determined from rough estimates of the average number of batches spawned and the duration of the 

individual spawning season (Heidrich, 1925; Petrowa, 1960; Polivaiko, 1980). Immigration of females into the 

Bornholm Basin, just prior to spawning as indicated by the difference in the proportion of females having 

reached gonadal maturity and those expected to spawn within the next 24 hours inside and outside of the 

basin may bias the spawning frequency estimate. 

The sensitivity of population estimates to variation in sex ratios and proportion of mature females is 

considerable, however, even extreme combinations of overestimations of all three parameters in all length-

classes did not match the population size in the Bornholm Basin derived by an area dis-aggregated MSVPA 

run down-scaled by historic hydroacoustic surveys conducted during the 1980’s (for explanation of the 

method see Köster and Schnack, 1994). This may be coupled to a general change in distribution patterns of 

sprat in the 1990’s compared to the 1980’s, which is obvious from the shift in relative proportions of sprat 

stock sizes encountered in the different Sub-divisions of the Central Baltic during the autumn hydroacoustic 

survey (STORE, 2001). Especially, the importance of Sub-division 25 and 26, i.e. the southern Central 

areas, have decreased considerably over time, although hydroacoustic surveys conducted in spring/early 

summer always revealed a higher proportion located in the southern areas compared to autumn (ICES, 

1999). Apart from potential explanations, the present exercise clearly confirmed, that MSVPA derived 

abundance estimates of sprat in the Bornholm Basin used to quantify the predation pressure on cod eggs 

were considerably overestimated, explaining the inconsistency between cod egg consumption and 

production rates (Köster and Möllmann, 1997; Köster and Möllmann, 2000a). 

In contrast to the area of the Bornholm Basin, the egg production method did not reveal a realistic population 

estimate for the entire Sub-division 25, with the hydroacoustic and the MSVPA based estimate being 2.8 and 
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3.4 times higher. The applied methodology to determine the seasonal egg production, including the 

somewhat arbitrarily chosen start of spawning activity on 1. March, cannot explain these deviations. The 

production curve has a clearly defined maximum, which is confirmed by maturity stages derived from the 

pelagic trawl surveys. For multiple batch spawners the duration of the individual spawning period increases 

with fish size (Hunter and Macewicz, 1985) due to, inter alia, an increase in the number of batches and time 

interval between batches (Trippel et al., 1997). Larger sprat tend to spawn earlier (Torstensen, 1998) and, 

furthermore, the time between batches as well as the onset of spawning (Elwertowski, 1964; Johnson, 1970; 

Wahl and Alheit, 1988) are positively correlated with water temperature. This implies that stock structure and 

environmental conditions have a severe impact on spawning activity and efficiency in terms of batch number 

and sizes. Thus application of average values in the estimation procedure as conducted here have to be 

considered as a short-cut. The rough sensitivity analysis, however, showed that only a concurrent reduction 

of the batch fecundity by 30-40% and of the batch number spawned per individual female to 5-5.5 results in 

the magnitude of stock sizes determined by the hydroacoustic survey. This scenario appears to be highly 

unlikely, as our batch fecundity values are already in the lower range of available estimates (compared to 

Alekseeva et al., 1990; Müller et al., 1990) and the number of batches assumed are based on a conservative 

estimate derived by Petrowa (1960) based on the ratio of the total number of developing oocytes and batch 

fecundity at the beginning of the spawning season. 

The occurrence of sprat having reached gonadal maturation and expected to spawn at day of sampling 

outside of the main Bornholm Basin defined by the 60 m isobath, indicates that the egg survey did not cover 

the spawning area sufficiently, which is one of the most fundamental pre-requisites for the application of the 

daily egg production method (Alheit, 1989). From the meso-scale distribution of sprat eggs in the basin at 

peak spawning time (Fig. 5.1.22), a dramatic undersampling of the spawning area is not readily obvious. 

Only on the southern and north-western stations high sprat egg abundances were encountered in relatively 

shallow slope areas, while in north-eastern and eastern areas as well as close to Bornholm mostly very low 

abundance values were encountered. The vertical distribution of sprat eggs shows a typical deep distribution 

in spring and early summer and a more surface oriented distribution in summer (Herra and Grimm, 1983; 

Herra, 1988), if the temperatures in the intermediate water above the permanent halocline is sufficient for 

egg development (Wieland and Zuzarte, 1991). Thus, it was expected that later in the spawning season, the 

assumption of zero egg abundance at 60 m depths underestimates the egg production and hence the total 

stock size. Specific gravity measurements in density columns and vertical resolving sampling conducted in 

the 2nd half of May did not confirm that sprat eggs were floating in salinities <8 PSU, i.e. shallower than 

50m, but an examination of vertically resolving ichthyoplankton sampling in May 1999 is still pending. More 

important, however, the hydroacoutic survey conducted in early June 1999 revealed high concentrations of 

sprat in relatively shallow water areas north and east of the Bornholm Basin (Gröshler et al., 2000; 

Stepputtis, 2001), demonstrating that a large part of the stock was dwelling outside of the main spawning 

area at peak spawning time. 

In conclusion the historic egg abundance data from the Bornholm Basin may be utilized to estimate the local 

population size or density, but a reliable reconstruction of the stock size inhabiting Sub-division 25 will be 

difficult. Most likely this applies also for the more eastern spawning areas of the Gdansk Deep and the 

Gotland Basin, though a first application of the egg production method in 1999 and 2000 based on 3-4 egg 

surveys each year and literature based stock structure and spawning activity data revealed a good 
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agreement with autumn hydroacoustic survey derived biomass values (Makarchouk and Yula, 2001). In 

general, realized egg production from ichthyoplankton surveys in these eastern areas are significantly 

related to spawning stock biomass (Köster et al., 2002b), though considering SSB as the independent 

variable did not explain very much of the variability in egg production (47% and 39% in Sub-division 26 and 

28 respectively). Incorporating growth anomaly and ambient temperature in the intermediate water during 

spawning time, being also a proxy for the severity of the winter, into a multiple linear regression together with 

the SSB, improved the relationship significantly (Köster et al., 2002b). This suggests that relationships 

between sexual maturation as well as individual egg production success and the nutritional status of the 

females as well as ambient hydroagraphic conditions need to be established before the egg production 

method can be applied in the Baltic without monitoring all necessary input parameters concurrently. 
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5.2 Extend the time series of predation mortalities and recruitment of cod and sprat 
as well as estimates of spawning stock sizes, structures and fishing mortalities 

Introduction 

Revised and corrected quarterly catch at age and weight at age in the catch data per Sub-division for all 

major fish stocks in the Central Baltic were compiled within the Baltic CORE project, by this enabling 

multispecies assessments to be carried out for stock units defined as appropriate (CORE, 1998). However, 

the data coverage allowed MSVPA runs only for the period 1977 to 1996. To enable extended MSVPA runs, 

multispecies input data were compiled for the period 1974-1996 and 1997-2000. Data series for 1977-1996 

were checked for erroneous data entries and compilation errors. As this required close international 

collaboration, the ICES Study Group on “Multispecies Model Implementation in the Baltic” was utilized as a 

platform for coordination of effort outside of the project (ICES, 1999b). The standard multispecies 

programme in the Baltic, i.e. the 4M programme package (Vinther et al., 1998) was in parallel considerably 

improved, e.g. with respect to user-friendly features and compilation of a user manual giving detailed 

specification and documentation as well as implementation of a practicable tuning procedure. After the 

completed update of the cod stomach content data base and the revision of the weighting procedure for the 

calculation of relative diet compositions and total stomach contents CORE (1998), the quarterly consumption 

rates were re-calculated accordingly. These estimates were introduced in the standard MSVPA and 

evaluated in comparison to earlier estimates utilizing different modelling approaches. Further, the 

multispecies database was extended by the years 1999 and 2000 and again checked and corrected for 

compilation errors. Based on this extended data set, updated MSVPA runs have been performed in the final 

model set-up established within the project. The derived spawning stock and recruitment data as well as 

determined fishing and predation mortality rates formed a major basis for modelling approaches in Task 6.  

Additionally, an investigation on the variability in feeding intensity and diet composition of cod has been 

performed. 

 

Multispecies Virtual Population Analyses 

Material and Methods 

Stock structure 

The stock units utilized in the present MSVPA set-up for the Central Baltic are as follows: 

 

• cod in Subdivision 25-29+32 

• sprat in Subdivision 25-32 

• herring in Subdivision 25-29, 32 (Gulf of Riga included). 

 

In the case of herring, the assessment unit is directly comparable to the one used by the Baltic Fisheries 

Assessment Working Group (ICES, 1998/ACFM:16). As the sprat population in Subdivision 30 and 31 is 

rather low (landings are about 2000 t in most recent years), the stock estimate is basically also referring to 

Subdivision 25-29+32. To estimate the predation mortality on these stocks, the cod assessment unit was 

adjusted accordingly, thus not considering the part of the stock in Subdivision 30 and 31. Landings reported 
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in these Subdivisions are in general less than 1% and in maximum 3.5% of the total catch from the Central 

Baltic. Consequently the effect of ignoring the two Subdivisions should not hamper a direct comparison 

between singlespecies and multispecies assessment output. For sprat, the multi- and singlespecies 

assessment units are not directly comparable, as in the latter the sprat stock in entire Baltic is treated as a 

single stock unit. 

 

Basic multispecies assessment input data 

The basic catch at age and weight at age in the catch data according to Subdivision and quarter have been 

updated to include 1974 to 1976 as well as 1997 to 2000. Data on cod in 1993 to 1996 have been corrected 

in several respects, e.g. re-scaling them to the level given by ICES, 1997/ACFM:12 after the decision of 

ICES, 1999/ACFM:15 to omit the changes introduced by ICES, 1998/ACFM:16. Furthermore, the revision of 

the catch at age and weight at age in the catch data base for the period 1977-92 has been continued for all 

three species by: 

 

a)  a review of the compilation scheme used to establish quarterly values per Subdivision, 

b)  identification of major data problems by comparison of calculated SOP-values and reported landings on 

smallest time and area units available, 

c)  collection of a considerable amount of data not included in the data-bases so far, 

d)  introduction of information on the spatial distribution of Danish catches in the Central Baltic in 1985-1990, 

e)  correcting a number of input and computation errors. 

 

For detailed information on the conducted procedures, see ICES, 1999/H:5. During its 1998 meeting the 

Baltic Fisheries Assessment Working Group (ICES, 1998/ACFM:16) has started a compilation of available 

weight at age in the stock data for cod, based on 1st quarter bottom trawl surveys. A comparison of weight at 

age in the catch from the compiled data base and these stock specific data revealed significant differences 

for juvenile cod (age-groups 0-2). Thus, average weight at age in the stock have been established for the 

period 1990-97 by using bottom trawl survey data from the 1st quarter and interpolating to other quarters, 

while before old MSVPA weight at age data in the stock (set constant over years) were used. 

 

Updated quarter, year and age specific consumption rates 

Based on the updated cod stomach content data base (ICES, 1997/J:2), quarterly consumption rates were 

calculated for the Central Baltic cod using recently developed gastric evacuation models, applied already in 

the North Sea (ICES, 1997/Assess:16). The model in use is based on the general model of gastric 

evacuation, considering actual environmental temperatures and predator weights as additional variables 

(Temming, 1996). Extensive data obtained from stomach evacuation experiments conducted in most recent 

years were utilized to estimate the model parameters adequately (Temming, 1996; ICES, 1997/Assess:16), 

allowing to compute age-specific quarterly consumption rates in dependence of stomach content, predator 

weight and ambient temperature. From feeding experiments performed for cod a general temperature 

coefficient of 0.13 was determined (ICES, 1997/Assess:16). Utilizing herring as prey, following prey specific 

coefficients were obtained by non-linear fitting of the model: B: 0.511, R´: 0.00504 and C: 0.295 (Temming, 

in prep.). Coefficients determined for herring as prey were chosen due to two reasons: 
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a) herring form a considerable part of the diet especially of cod >35 cm in all quarters (ICES, 1997/J:2), 

b) herring are evacuated at an intermediate rate, i.e. with a lower rate than sprat (non 0-group) being an 

important part of the diet of cod especially in the 1st and 2nd quarter and a higher rate than invertebrates 

being an important food in younger age-groups throughout the year and also in adult cod in the 3rd and 

4th quarter. 

 

Due to the choice of these herring specific coefficients, the total food consumption will be overestimated in 

the 1st half of the year and underestimated in the 2nd as well as in general for sprat as prey. In comparison, 

the corresponding coefficients of the model used in CORE (1998) were: B: 0.0.591, R´: 0.0105, A: 0.1 and C: 

0.208, i.e. the weight and the temperature dependence were both lower. The further set-up of the 

consumption rate compilation procedure, however, corresponds to the description given in CORE (1998).  

As stomach content data are available for most of the quarters and years covered by the present MSVPA, in 

general also for different areas of the Central Baltic, consumption rates were computed for every predator 

age-group, quarter, year and Subdivision. However, single quarters between 1977 and 1993 as well as the 

whole time series from 1994 to 2000 were not covered with stomach sampling. To derive quarterly estimates 

for the entire time series considered in the MSVPA, lacking stomach contents (S) were estimated by the 

following model fitted to the available data set (r2 = 0.92, however artificially inflated as no intercept 

incorporated): 

 

Log(S) = 0.0994 * SD - 0.002722 * Y + 0.8341 * Log (W) 

 

 with 

 SD:  

 Y: year 

 W: predator weight 

 

The procedure of calculating quarterly consumption rates includes a correction for empty stomachs by 

utilizing only average stomach contents of non-empty stomachs and afterwards adjusted for the percentage 

of empty stomachs. Similarly to the average stomach content the percentage of empty stomachs had to be 

substituted for not covered quarters. As no time trend was encountered, average proportions calculated 

according to age, Subdivision and quarter were utilized for filling missing information. 

Average ambient temperatures in a given Subdivision were derived from the ICES hydrographic data base, 

by calculating a weighted average taking into account the distribution pattern of cod in different depths strata 

obtained from the BITS-data base for the 1st quarter, as described in CORE (1998). 

Weight at age in the stock as described above were applied in the estimation procedure. However, large 

positive outliers in age-groups 8 and 9 were replaced by corresponding mean weight at age calculated as 

averages over the period 1977-89 and 1990-97 respectively (without considering the respective outliers in 

the averaging procedure). 

To derive consumption rates for the Central Baltic, average values were calculated by weighting with the 

relative distribution of cod utilized also to determine average stomach contents.  
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The new evacuation model still does not take into account the influence of low oxygen concentrations and 

also not the effect of low salinity on gastric evacuation. Cod is exposed to low oxygen conditions in the 

deeper basins of the Central Baltic and occasionally also in shallow areas of the Western Baltic. First studies 

related to the digestion process and metabolism of cod under different oxygen and temperature conditions 

are presently conducted and preliminary results are presented (Brach, 1999). 

 

a) MSVPA test runs 

Several MSVPA test runs were performed to investigate the effect of: 

i. the revised catch at age and weight at age data in comparison to the singlespecies assessment using 

similar XSA tuning settings and identical tuning data, 

ii. utilizing the two available suitability sub-models, i.e. the old model according to Gislason and Sparre 

(1987) and the new model according to Sparholt and Gislason (1990) used regularly in MSVPA runs 

before, 

iii. the introduction of new quarterly consumption rates, considering inter-annual variability in stomach 

contents, weight at age and ambient temperature, in comparison to old estimates being constant over 

time. 

 

Following basic input data have been used for the conducted MSVPA runs: 

- catch at age and weight at age in the catch and in the stock as outlined above, 

- quarterly cod stomach content data (1977-91) by Subdivision as revised previously (ICES, 1997/J:2) 

were used as input, intra-cohort cannibalism of cod was excluded by changing prey age to predator 

age minus 1 and omitting cod in 0-group cod stomachs, 

- maturity ogives for cod in different Subdivisions represent averages over the periods 1980-84 (applied 

also prior 1980), 1985-89, 1990-94 and annual data for 1995-97 for combined sexes as presented in 

singlespecies assessment (ICES, 1998/ACFM:16), for sprat and herring maturity ogives were used as 

given in ICES, 1998/ACFM:16 being constant over the entire period, 

- suitability sub-model as introduced in ICES, 1992/Assess:7 (final run) and alternatively the standard 

suitability sub-model suggested by Gislason and Sparre (1987) (base run), 

- new revised quarterly consumption rates for cod and alternatively old rations used in previous MSVPA 

runs (ICES, 1992/Assess:7), based on an earlier version of the new gastric evacuation model with 

preliminary model coefficients and utilizing constant average weight at age, stomach contents and 

temperatures over the entire time period, 

- residual mortalities of 0.2 per year, equally distributed over quarters, 

- a constant biomass of other food equal to 1 mill. tonnes, 

- oldest age-groups in the analyses were: 8+ for cod , 9+ for herring and 7 for sprat. 

 

The tuning of the MSVPA runs was performed according to the new routine suggested by CORE (1998) : 

 

- XSA for cod, sprat and herring were run with same settings and tuning fleets used in Baltic Fisheries 

Assessment Working Group (ICES, 1998/ACFM:16), 
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- due to different age ranges used in singlespecies and multispecies assessments, fishing mortality for 

age-group 0 in 1996 for cod and in 1997 for all three species were adjusted to geometric mean 

recruitment from following periods, for cod: 1990-1995, herring: 1990-1996 and for sprat: 1977-1996. 

 

b) MSVPA key-runs 

Based on the corrected and most complete multispecies assessment data series (i.e. including 1998 to 2000 

data, but otherwise as described above for test runs, updated MSVPA key runs for the Central Baltic have 

been performed, from which recruitment of cod and sprat at age 0 and 1, spawning stock biomass and stock 

structure as well as predation mortalities have been used for preliminary recruitment modelling approaches 

under Task 6. 

Following basic input data have been used for the MSVPA key-runs: 

 

- catch at age and weight at age in the catch and in the stock as outlined in ICES (2001/H:4), 

- quarterly cod stomach content data (1977–93) by Sub-division as revised previously (ICES 1997/J:2), 

intra-cohort cannibalism of cod was excluded by changing prey age to predator age minus 1 and 

omitting cod in 0-group cod stomachs, 

- maturity ogives for cod in different Sub-divisions represent averages over the periods 1980–84 

(applied also prior 1980), 1985–89, 1990–94 and annual data for 1995–99 for combined sexes as 

presented in single species assessment (ICES 1998/ACFM:16; ICES 2000/ACFM:14), and for 2000 

an average over the years 1997–1999 as utilized by the Assessment WG; for sprat and herring 

maturity ogives were used as given in ICES (1998/ACFM:16) being constant over the entire period, 

- suitability sub-model as introduced in ICES (1992/Assess:7), 

- quarterly consumption rates for cod as revised in ICES (2001/H:4), 

- residual mortalities of 0.2 per year, equally distributed over quarters, 

- a constant biomass of other food, 

- oldest age-groups in the analyses were: 8+ for cod, 8+ for herring and 7 for sprat. 

 

The terminal F-tuning of MSVPA was performed with the new 4M-programme routine developed and 

implemented iteratively running XSAs and MSVPAs (Vinther, 2001). XSA settings were identical to the ones 

used in assessment runs by Baltic Fisheries Assessment Working Group (ICES 2001/ACFM:18). Fishing 

mortalities in the terminal year for the 0-groups (and the 1-group for cod) are not estimated in the XSA tuning 

and values were given such that the final estimated MSVPA stock numbers of cod and herring were close 

the average values estimated in period 1995–1999. For sprat the terminal F was given such that the 

estimated stock numbers of 0-group follows a similar pattern as estimated by the single species RCT3 

analysis done by the assessment WG (ICES 2001/ACFM:8).  

 

Results 

a) MSVPA test runs 

Catch at age and weight at age data in 1977-1992 
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Following corrections have been introduced in the multispecies catch at age and weight at age data base 

compared to the status derived in the CORE project: 

 

Eastern Baltic cod: 

• for the years 1982, 1983 and 1992 a scaling factor has bee applied to the catch at age data taking into 

account unallocated catches estimated by ACFM 1996; this scaling factor was removed, in accordance to 

the action of ICES, 1999/ACFM:15, 

• for the years 1985-1990 Danish cod catches taken in the “white zone” and originally reported in 

Subdivision 25 were split to Subdivision 25, 26 and 28 according to newly available log-book data, 

• various input and compilation errors, especially in age-group 1 and Subdivision 27 catch in numbers were 

corrected. 

 

For herring only catch numbers in Subdivision 26 in the year 1985 were corrected, as a large error was 

introduced during the data compilation. For sprat no major errors were detected and thus the input data was 

kept as in ICES, 1997/J:2. 

 

Catch at age and weight at age data in 1993-1998 

For cod, landing data for the period 1993-1996 were corrected by several steps: 

Firstly landings were scaled back to the level given by ICES, 1997/Assess:12, as approved by ACFM (see 

above). Secondly, the quarterly data were dis-aggregated by Subdivision according to the following 

procedure: 

 

- newly available national data from Finland in 1993, Sweden in 1995 as well as Denmark and 

Latvia in 1993-1995 were used to replace so far unknown values: 

- if the catch at age data were not available by Subdivisions and quarters: 

- landings were dis-aggregated applying the same age structure and mean weights at age within 

the given country i.e. assuming equal fishery structure for given country in all Subdivisions or 

quarters; 

- if the landings were available by quarters and Subdivisions only: landings were dis-aggregated 

according to the total quarter catch at age and mean weight at age in given Subdivision and 

quarter; 

- if the unallocated or misreported landing is known by country: landings were reallocated proportionally 

to the official landings of a given country by quarter and Subdivision; 

- if the unallocated or misreported landings are not known by country or if the national landings 

are reported as total annual landings: landings were distributed proportionally to the reported 

information and distributed according to the combined age composition and mean weight at age 

by Subdivision and quarter.  

 

The performed revision resulted in annual catch at age data in numbers being slightly different (deviation: 0.2 

to 0.8%) from the data set used in the XSA analyses in 1994 and 1995. The difference can be explained by 

the weighting of unallocated catches by quarter and Subdivision, updated with the new information. The 
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observed deviation in single- and multispecies assessments in 1993 is higher (approximately 15%), which 

obviously was caused by an inappropriate re-scaling procedure used to correct the landings in the 1997 

singlespecies assessment. Discard estimates were not included in the data. 

Herring catches in 1996 were updated according to ICES, 1998/ACFM:16, while the adjustments of Finnish 

and Estonian sprat catches in 1996 (~1700 tons), as applied by the Baltic Fisheries Assessment Working 

Group in 1998, were not implemented. 

 

Weight at age in the stock 

Weight at age in the catch is usually assumed to reflect the weight at age in the stock in MSVPA runs. Only 

for cod age-groups 0 and 1 specific mean weights at age in the stock were utilized, set constant for the entire 

time period covered. To test the validity of this approach, the weight at age in the catch data base was 

inspected for time trends in all three species, by performing a multiple regression analysis with age, quarter, 

year and Subdivision as independent variables. For cod all variables contributed significantly to the model, 

with the exception of the variable quarter. As expected, the residuals showed a significant increasing trend 

with age implying that a linear model is inadequate to describe growth in weight. Performing the exercise for 

each age-group separately, revealed no significant effect for age-group 1, but for all others. The variable 

year contributed significantly to the model indicating increased weight at age over the time period covered. 

Subdivision was always not significant, but the variable quarter was, up to age-group 4. 

For herring and sprat all variables age, quarter, year and Subdivision were significant and also the residuals 

plotted against age behaved considerably better than for cod, however, being always negative for age-group 

0 and mostly positive for age-groups 2 and 3. Repeating the exercise with age-specific data confirmed the 

results, with an always negative year and Subdivision effect, indicating reduction in weight at age over time 

and from west to east and north in the central Baltic. Unexpectedly quarter showed a positive effect for 

herring only until age 3, at higher age-groups being significantly negative. 

Closer inspection of the time series of weight at age in the catch of juvenile cod (age-groups 0-2) revealed a 

tendency of increasing weight at age already since the mid 1980´s, however, with a pronounced step in 

1990, which can be explained by an increase in effort of the gillnet fishery and a corresponding decrease in 

the trawl fishery (ICES, 1998/ACFM:16). Average weight at age in the catch of age-group 1 to 3 for the 

periods 1977-89 and 1990-96 are presented in Tab. 5.2.1 in comparison with data used as weight at age in 

the stock in former MSVPA runs for periods 1977-90 (ICES, 1994/Asses:1) as well as weight at age in the 

stock derived from bottom trawl surveys conducted in the 1st quarter 1995-97 (ICES, 1998/ACFM:16). With 

the exception of age-group 1 in the 1st and 2nd quarter, weight at age in the catch were considerably higher in 

the 1990´s compared to the preceding period. Comparison of average weight at age in the catch 1977-89 to 

the weight at age in the stock used in former MSVPA runs, revealed substantial deviations for age-group 1 

and partly also for age-group 2 (quarter 1-3), while the stock specific values in age-group 3 were mostly 

higher than the catch specific. Thus, it was decided to utilize the old MSVPA input data (set constant over 

time) as weight at age in the stock for the period 1977-89 for age-groups 0 to 2 and to set the weight at age 

in the catch of older age-groups to be equal to the weight at age in the stock. Comparison of average weight 

at age in the catch in 1990-96 with average weight at age in the stock as derived from 1st quarter bottom 

trawl surveys (ICES, 1998/ACFM:16) revealed even more deviations than for the former period. Thus data 

on average weight at age in the stock for year-classes 1992-1997 from the bottom trawl survey (see above) 
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were used to perform a multiplicative regression (Y = a * Xb) of weight over age (in quarters). This analysis 

(r2 = 0.98) yielded in an estimation of mean weights at age-groups 0 to 2 in the stock for all quarters in years 

1990-1997, to be used as input data for the MSVPA. 

Inspection of the time series of weight at age in the catch of juvenile herring and sprat (age-groups 0 and 1) 

revealed in general a decrease in weight at age in the catch in the beginning of the time period and again in 

1993. Weight at age-groups 0, 1 and 2 in the stock are available for both species from the annual 

hydroacoustic survey in September/October carried out since 1982. Corresponding average age-specific 

values for the periods 1982-92 and 1993-1997 are compared to average weight at age in the catch as 

derived from the revised data base for similar time periods (Tab. 5.2.1). As contrary to cod, Subdivision was 

always a significant variable in above multiple regressions, the comparison was done on Subdivision level, 

but only for the 4th quarter to match the time of the hydroacoustic survey. For herring the weight at age in 

catch was significantly higher than the corresponding values in the stock in Subdivision 25 in both periods (9-

58% compared to the stock specific values). In Subdivision 26, catch specific values were higher in age-

group 0 and 2 only (11-32%), while in Subdivision 28 this was the case in the latter age-group for the most 

recent period only (23%). In the other age-groups, values were either rather similar or the catch specific 

values were lower, being the case especially in Subdivision 28 (by 29-61%). Due to this inconclusive picture, 

showing reverse trends in different Subdivisions, confirming an earlier analysis based on a subset of now 

available data (ICES, 1990/Assess:1), it was decided to use the weight at age in the catch as stock specific 

values as done in previous MSVPA runs. 

For sprat a similar analysis (Tab. 5.2.1) revealed slightly higher weight at age-groups 0, 1 and 2 in the catch 

compared to the stock (2-6%) in Subdivision 25 in the period 1982-1992. However in 1993-1997, a reverse 

picture was encountered for the age-groups 0 and 1. For Subdivision 26, the deviations in the 1st period were 

somewhat larger, with the catch specific values being higher (10-23%), however, with partly contradicting 

trend in the most recent years. In Subdivision 28, the weight at age in the catch were, as for herring, lower 

than the weight at age in the stock (1-18%) in the 1st period and higher in the 2nd (6-18%). Based on these 

inconclusive comparisons, a similar approach as for herring was adopted. 

 

Revised consumption rates 

The time series of average stomach contents per predator age-group in different Subdivisions and quarters 

are given in Figs. 5.2.1-5.2.3. Quite some inter-annual variability is encountered in each of the Subdivisions, 

with e.g. outstanding high average stomach contents in Subdivision 25 in 1984 (1st and 2nd quarter), 1987 

(2nd quarter), 1982 and in the beginning of the 1990’s (3rd and 4th quarter) as well as extremely low values in 

1984 (1st quarter), 1988 (2nd quarter) and 1986-88 and 1992 (3rd quarter). These large fluctuations are partly 

explainable by low number of stomachs sampled, however, in the other Subdivisions the coverage was in 

most years rather good and thus not explaining deviations in average stomach contents. In most cases the 

various age-groups are closely following the same trend, which might indicate common environmental 

factors influencing the stomach content of different age-groups. However, the procedure of utilizing age-

length keys to distribute stomach contents available for length-groups to age-groups will also contribute to 

uniform patterns in different age-groups. Comparing the average stomach content in the different 

Subdivisions revealed on average highest values in Subdivision 28 and lowest in Subdivision 25, with the 

latter having, however, the lowest proportion of empty stomachs. This corresponds to the significant positive 
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effect in above model, also when considering the weight at age, which are in fact on average lower in 

Subdivision 28 compared to the other two areas. 

In comparison to the old MSVPA input data (ICES, 1992/Assess:7), similar consumption rates were 

estimated by the new model for age-groups 1 to 4 for all quarters, being in general slightly higher in age-

groups 1-3 (Fig. 5.2.4). From age 5 onwards, however, significantly lower individual food intakes were 

estimated independently of the quarter and sub-area considered. These deviations are mainly caused by the 

decreased weight coefficient and to a lesser extend by the increased temperature coefficient in the new 

model in combination with adult fish inhabiting colder water layers than juveniles. 

Lowest values were derived by the new model in quarter 2 to 4 in Subdivision 26, whereas in the beginning 

of the year the highest consumption rates were estimated for this area, with the exception of the youngest 

age-groups. In quarters 2 to 4 highest individual consumption rates were in general determined for 

Subdivision 25, caused by relatively high temperatures as well as high weight at age. On average, the food 

intake was lowest in the 1st quarter and highest in the 4th quarter, with highest standard errors in the 2nd half 

of the year especially in age-groups 6+ (Fig. 5.2.5). 

The time series of mean individual quarterly consumption rates (simple averages over all age-groups) 

determined for combined Subdivision 25, 26 and 28 are presented in Fig. 5.2.6. The consumption rates in 

the 1st quarter were estimated to be rather constant throughout time, with the exception of 1986/87, showing 

below average values. In the following quarters, consumption rates showed higher inter-annual variability 

with lower than average values for the 2nd quarter in 1980 and also in 1986/87, as well as relatively high 

consumption rates in 1978, 1981 and 1984. In the 3rd quarter, low quarterly rations were estimated for 

1979/80 and 1984-87, with the latter period being also below average in the 4th quarter of 1984-88.  

Preliminary experiments on the impact of lowered oxygen concentration on the gastric evacuation of 

Western Baltic cod are available from experiments conducted at 90, 65 and 40% oxygen saturation, constant 

temperature (7°C) and feeding single similar sized sprat (Brach, 1999). These experiments revealed 

significant differences in the decline in stomach content (in g wet weight) over time between the lowest 

oxygen concentration and both other saturation levels (ANOVA with digestion time and oxygen concentration 

as independent variables and weight as co-variable, p< 0.001, mutiple range test using LSD). However, as 

the present experiment was based on a limited number of cod (n=8 in each trial), the results have to be 

taken as a first indication on the impact of low oxygen concentrations only. An oxygen saturation of 40% and 

less is very often found in the Baltic at depths below 60-70 m in summer and autumn and may thus have a 

not negligible impact on the consumption by cod. Loss of appetite in relation to oxygen saturation, reported 

by Bagge et al. (1995) for dab and also from above experiments for cod, may explain the on average low 

stomach contents encountered in Baltic cod compared to other cod stocks (Sparholt, 1993). 

 

MSVPA test runs with different suitability submodels in comparison to singlespecies assessments 

The stock biomass and spawning stock biomass of Eastern Baltic cod obtained from both MSVPA runs 

(base run with old suitability sub-model, final run with new suitability sub-model) are nearly identical and in 

general also well in agreement with the respective estimates from singlespecies VPA (Fig. 5.2.7). The 

differences in estimates from MSVPA and singlespecies VPA (ICES, 1998/ACFM:16) are mainly caused by 

the revised mean weight at age data, especially for the period prior to 1993. Although the MSVPA total 

biomass include also age-groups 0 and 1, the estimates are lower, especially in 1980 and 1982. Higher 
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deviations are observed for SSB estimates in the beginning of the 1980’s. They are obviously caused by 

lower mean weight at age in the stock applied in the MSVPA runs, as derived stock numbers are rather 

similar for age-groups 2+. Furthermore, it should be mentioned that in the MSVPA runs catch at age from 

Subdivisions 30 and 31 were not included, which were substantially higher in the 1980´s compared to later 

years. After 1993, when the input data sets deviate only to a minor extend, the estimated biomass values are 

very close. Recruitment estimates at age 2 in all three alternatives are also in good agreement (Fig. 5.2.8).  

The trend in fishing mortality rates over the entire time period reveals the same pattern in both MSVPA runs 

and the singlespecies assessment (Fig. 5.2.9). Exceptionally high fishing mortality in both MSVPA outputs in 

1989 are probably due to missing records in catch data set for age-group 7 in the 3rd and 4th quarter of 1990, 

although in the same cohort in previous and following years catches were recorded. As a result fishing 

mortality in age-group 6 in 4th quarter 1989 exceeded 1. Correspondingly the mean fishing mortality in 1990 

from MSVPA is somewhat lower then in singlespecies VPA. Deviations in fishing mortalities in both years 

were created by the substitution scheme used in the data compilation procedure. Only single country age 

composition and weight at age data were applied to the landings in the second half of this specific year.  

As demonstrated in Fig. 5.2.10 the biomass of cod consumed by cod estimated by the final MSVPA run with 

the new suitability sub-model is considerably higher than the corresponding estimates derived from the base 

run conducted with the old suitability sub-model, both being again considerably lower than estimates derived 

by the key run conducted during the last Study Group meeting (ICES, 1997/J:2). These high deviations 

between old and new MSVPA runs can at least partly be explained by the revision of the weight at age in the 

stock data, before assumed to be identical to the weight at age in the catch also in youngest age-groups. 

Predation mortalities of 0-group cod estimated by the final run (Fig. 5.2.11) were in the same order of 

magnitude than those derived by a run conducted during the meeting of the Baltic Fisheries Assessment 

Working Group in 1997 (ICES, 1997/Assess:12). However, the latter produced in general higher cannibalism 

rates, with pronounced deviations especially in 1979-81 and 1984-84. On the contrary, predation mortalities 

on 1-group cod were estimated to be consistently lower compared to the final run for the years 1977-1984, 

being rather similar afterwards. The base run revealed in both age-groups and all years the lowest predation 

mortality rates being sometimes only half of the final run estimates. 

Biomass estimates of Central Baltic herring derived by both MSVPA runs were rather similar showing slight 

deviations only in the beginning of the time series (Fig. 5.2.12). However, the MSVPA results were in general 

lower than the respective values of the  singlespecies VPA for almost the entire period of observation 

(except for biomass in 1987 and 1996). The possible reasons for the large deviations in total biomass 

estimates are probably related to: 

 

a)  different mean weight at age-group 1: the MSVPA uses the mean weight in the 1st quarter, whereas the 

annual mean weight was applied in the singlespecies VPA; as the latter is 30-50% higher than the mean 

weights in the 1st quarter (ICES 1998/ACFM:16), the overall biomass estimate derived by MSVPA is 

lower; 

b)  higher predation mortalities utilized in the singlespecies assessment based on the previous MSVPA 

output, derived by higher quarterly consumption rates; 

c)  above described deviations in catch at age data in the early periods of the covered time series, i.e. partly 

missing USSR landings in the catch at age data base. 
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The SSB estimates obtained from both MSVPA runs (2nd quarter) follow the general biomass trend of the 

singlespecies VPA (at spawning time) rather well. Still, the variability as well as the differences in annual 

estimates derived from MSVPA are somewhat higher, particularly in the first part of the observation period. 

The decline in SSB throughout the time period is less pronounced than for the biomass, which can be 

explained by the high impact of young age-groups on the biomass values being considerably more eaten 

and thus estimated to be more abundant in years of high predator stock size. 

The recruitment at age 1 obtained by the MSVPAs, being very similar (Fig. 5.2.13), follows closely the 

corresponding values from the singlespecies VPA. The increased deviations between single- and 

multispecies assessment in 1981-1984 are caused by lower predation mortalities derived by the new 

MSVPA runs and may additionally indicate differences in the catch at age data, i.e. the missing USSR 

landings in late 1970’s contribute to the difference in recruitment estimates for the earliest years. 

Again the estimated fishing mortality rates obtained from both MSVPAs are nearly identical and also in 

relatively good agreement with the singlespecies assessment, except those for 1978-1979 and for 1990 (Fig. 

5.2.14). An exceptionally high value (0.35) was observed in 1990 in the MSVPA outputs, being caused 

mainly by high F-values of age-groups 5 and 6 (0.43 and 0.49). These high values can be regarded as a 

data compilation effect in Subdivision 26 where only one data set (USSR) was available for establishing the 

catch at age structure. The lower average F-values derived by both MSVPA runs in 1978/79 compared to the 

singlespecies assessment can be explained again by missing USSR landings in the catch at age data. 

The biomass of herring consumed by cod and of course corresponding predation mortalities are lower in the 

base run conducted with the old suitability sub-model compared to the final run, however, deviations are in 

general less than 20% (Fig. 5.2.15). 

The estimates of sprat biomass obtained from both runs MSVPA are continuously below the respective 

values of singlespecies VPA (Fig. 5.2.16). This difference can partly be explained by the effect of the missing 

stock component of Western Baltic (sprat in the s 22-24), being included in the singlespecies VPA, but not in 

the MSVPA. However, catches of this stock component make up 2-5% of the total sprat catches in the Baltic, 

only. The significantly different biomass estimates in 1983, 1993 and 1995, i.e. in the years of strong 

recruitment are probably weight at age data induced (effect of higher mean weights of age-group 1 in the 

singlespecies assessment similar to herring described above). On the background of a good accordance of 

total biomass estimates derived by the singlespecies VPA and both MSVPA runs, it is not surprising that the 

SSB values of MSVPA and the singlespecies VPA agree also relatively well, with the exception of minor 

deviations in 1984-1986 and 1993. The predation mortalities applied in the singlespecies assessment based 

on a previous MSVPA output are rather similar to the ones determined by both new MSVPA runs. 

Consequently, the recruitment estimates from all three runs agree relatively well with each other (Fig. 

5.2.17). 

The MSVPA derived fishing mortality rates follow rather well the general trend in the F estimates from the 

singlespecies VPA (Fig. 5.2.18), with some higher deviations in the period 1987-91 and 1997. The difference 

in the 1997 estimates is caused by an unrealistically high average F for the age-groups 3-5 obtained by the 

singlespecies VPA. This high F was heavily influenced by a mortality estimate of only one age-group (F4 = 

0.8). This estimate was considered by the Assessment Working Group as a highly biased one. Therefore, 
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the XSA estimate of F at age 4 was replaced by 0.4 (mean of F estimates of ages 3 and 5), obtaining an 

FBAR3-5 of 0.42, almost corresponding to the MSVPA tuning output. 

Similar to herring, the base run revealed slightly reduced estimates of sprat biomass consumed by cod and 

correspondingly on average lower predation mortalities compared to the final run (Fig. 5.2.19). 

 

MSVPA test runs with old and updated consumption rates of cod 

Comparative MSVPA runs with different consumption rates derived on basis of the new and the old gastric 

evacuation model were performed with the standard MSVPA input, but the old suitability sub-model 

(Gislason and Sparre, 1987). When comparing the cod biomass and spawning stock biomass estimates, 

rather similar trends are displayed (Fig. 5.2.20). Recruitment estimated on basis of the new consumption 

rates was in general slightly lower than estimates obtained with old consumption rates. Considerable 

deviations were, however, restricted to 1979 and 1980 (Fig. 5.2.21). The predation mortalities of cod 

obtained on basis of the new consumption rates (base run) are generally lower, especially for age-group 0 

and also for age-group 1, when compared with the results of the previously used model (Fig. 5.2.22), 

explaining above described deviations in recruitment. However, the differences in recent years (1988-1997) 

and in the beginning of present assessment period (1977-78) are small. Increased deviations were observed 

in specific years, when the cod stock was on a high level. Furthermore, in periods of relatively high ambient 

temperature (e.g. in 1977-78, 1983 and 1988-96), the differences in estimated predation mortalities between 

the two consumption models are in general small, demonstrating the impact of the exponential temperature 

coefficient in the new evacuation model. In 1983 relatively high temperatures were encountered in all Sub-

divisons and quarters for age-group 3+ cod, being the main predator of young ones. In combination with high 

predator stock size and a below average 1983 year-class strength, this resulted in the highest predation 

mortality on 0-group cod in the entire time series estimated by the base run. The two MSVPA runs 

performed, revealed nearly identical average fishing mortality rates for age-groups 4-7. 

The biomass and SSB values of herring derived by the MSVPA runs were rather similar over the entire time 

period covered (Fig. 5.2.23). Recruitment derived on basis of the old consumption rates was especially in the 

beginning of the 1980’s slightly higher, explainable by higher predation mortalities expressed in Fig. 5.2.24) 

in larger herring biomass consumed by cod. Similar to cod, the two MSVPA runs performed, revealed nearly 

identical average fishing mortality rates for age-groups 3-6. 

Deviations in sprat biomass, SSB and recruitment as well as consumed biomass of sprat derived by both 

MSVPA runs were rather limited (Fig. 5.2.25-5.2.27). 

 

b) MSVPA key-runs 

The main results of the MSVPA key-run for the Central Baltic are given in Figs. 5.2.28-5.2.30. The spawning 

stock biomass of Eastern Baltic cod derived by the MSVPA run shows a pronounced increase from 1977 to 

1980, remaining on a high level during the first half of the 1980s, afterwards declining to lowest level on 

record in 1992, showing a restricted intermediate increase in the mid 1990s being presently close to the 

historic minimum. This is well in agreement with the respective estimates from single species VPA (ICES 

2001/ACFM:18), see Fig. 5.2.31. Higher deviations between standard and multispecies SSB estimates are 

obvious for the beginning of the 1980s. These differences are caused by lower mean weight at age in the 

stock applied in the MSVPA runs, as derived stock numbers are rather similar for age-groups 2+. 



Final Consolidated Report  Task 5 
 

 385 

Furthermore, it should be mentioned that in the MSVPA runs catch at age from Sub-divisions 30 and 31 

were not included, which were higher in the 1980´s compared to later years. After 1993, when the input data 

sets deviate only to a minor extent, the estimated biomass values are very well in agreement. To get a 

further indication of the reliability of the MSVPA, abundance indices of age-group 2+ from the international 

bottom trawl surveys were correlated to corresponding MSVPA estimates. These estimates are not 

independent, as survey results were utilized for tuning, however, a comparison throughout the 1980s should 

be possible, as the impact of the tuning survey on the stock estimate reduces when going back in time. In 

fact both abundance time series are highly correlated (Fig. 5.2.32). Repeating the exercise for recruitment 

estimates at age 2 showed a good agreement between MSVPA and single species output (Fig. 5.2.33). 

Fishing mortality rates determined by MSVPA and the standard assessment show similar time pattern, with 

the single species assessment estimating in general slightly higher values (Fig. 5.2.34). An exceptional high 

fishing mortality in the MSVPA output in 1989 is probably caused by missing records in the catch data set for 

age-group 7 in the 3rd and 4th quarter of 1990, although in the same cohort in previous and following years 

catches were recorded. As a result fishing mortality in age-group 6 in the 4th quarter 1989 exceeded 1.5. 

Correspondingly the mean fishing mortality in 1990 from MSVPA is somewhat lower than in the single 

species VPA. Predation mortalities of 0-, 1- and 2-group cod (Fig. 5.2.35) are in the same order of magnitude 

than derived by earlier MSVPA runs. The intensity of cannibalism on 0-group cod in 1974–1976, is 

somewhat astonishing, as the predator abundance is considerably lower than in early 1980s. Estimated 

predation mortalities of 1- and 2-group cod follow more closely the development of the predator stock size. 

The estimated spawning stock biomass of sprat shows a pronounced decline from the mid 1970s to the early 

1980s, a trend that is slightly less pronounced in the standard assessment (Fig. 5.2.31). In fact the mid 

1970s exhibit largest deviations between both assessments, i.e., in 1974 and 1975 the MSVPA based 

estimates are considerably higher than the standard XSA output. The subsequent increase of the spawning 

stock from the late 1980s to historically high levels of around 1.9 million t. in 1997 is shown by both 

assessments, with the MSVPA estimating slightly higher SSB values. The described deviations between 

spawning stock biomass values are caused to some degree by different weight at age, as determined stock 

numbers are rather similar from 1977–1999. Deviations in 1974–1976 are in contrast not entirely explained 

by deviations in weight at age, but by differences in catch at age, being higher in the multispecies database 

in 1974 and 1975. Correspondingly deviations in sprat recruitment estimates are apparent especially for 

these early years of the time series (Fig. 5.2.33) Correlating the MSVPA derived sprat stock size (age-group 

1+) with the abundance estimate from the tuning fleet covering the longest time span, i.e., the 

Latvian/Russian hydroacoustic survey in Subdivisions 26 and 28, revealed a very close agreement, with the 

exception of an outlying hydroacoustic survey estimate in 2000, see Fig. 5.2.32. Especially the extraordinary 

high hydroacoustic abundance estimate in Sub-division 29 and 32 caused this deviation. The MSVPA 

derived fishing mortality rates follow rather well the general trend in F estimates from the standard XSA (Fig. 

5.2.34), with some higher deviations in the periods 1976–1980 and 1989–1992. Predation mortalities of sprat 

showed a continuous decline from mid 1970s to early 1990s being rather constant afterwards (Fig. 5.2.35). 

Spawning stock biomass estimates of Central Baltic herring derived by the MSVPA run show a continuous 

decline (Fig. 5.2.31), which is however to a large extend caused by reduction in weight at age. A high 

variability is indicated by the hydroacoustic estimate of age group 1+ (Fig. 5.2.32). In contrast to cod and 

sprat the comparison of stock size estimates from MSVPA and hydroacoustic surveys shows more variability 
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with the hydroacoustic survey indicating a more pronounced intermediate peak of herring abundance in early 

1990s. This period is, however, characterized by technical and area coverage problems, which is also the 

reason for omitting 1992 and 1993 survey results. Similar to sprat the most recent hydroacoustic survey 

revealed an outstanding high stock size in 2000, with again a very high population size in northern Sub-

divisions. Recruitment at age 1 derived by the MSVPA does not show a pronounced peak in the early 1990s, 

but rather a declining trend since the early 1980s, with outlying low recruitment of the 1985 and 1987 year-

class (Fig. 5.2.33). In contrast to the good agreement in abundance estimates, the SSB shows larger 

deviations between the multispecies and the standard assessment (Fig. 5.2.31). The reason is a difference 

in mean weight at age, i.e., the MSVPA uses the mean weight in the 1st quarter, whereas the annual mean 

weight was applied in the standard assessment. As the latter is 30–50% higher than the mean weights in the 

1st quarter (ICES 2001/ACFM:18), the overall biomass estimate derived by MSVPA is correspondingly 

lower. The estimated fishing mortality rates obtained from MSVPA and standard assessment are rather 

similar, with largest deviations in 1978 and 1979, both indicating a doubling of fishing mortality from early to 

late 1990s (Fig. 5.2.34). Predation mortality follows closely the time trend described for sprat. However, a 

substantial difference between the species is, that predation mortalities of adult herring is very low, reaching 

seldom 0.1 per year (Fig. 5.2.35).  

 

Discussion 

Possible improvements of catch at age and weight at age input data 

A comparison of the SOP-figures, as derived from the data base for the Central Baltic stocks, to the official 

landings given in the Report of the Baltic Fisheries Assessment Working Group (ICES, 1998/ACFM:16) 

showed a reasonable close relationship for cod and sprat. For herring, however, this comparison revealed 

major deviations for the years 1977-1980, where the catches of the former USSR are not fully included in the 

data base. 

The review of the national data sets incorporated in the data base showed that a considerable amount of 

information for the period 1977-1992 exist, which up to now are not incorporated and thus filled by 

substitution. A substantial part of the missing data was compiled, but other data is available in the national 

institutes and can be collected, which is, however, beyond the scope of the present project. It is therefor 

suggested to set-up a specific project dealing with the final compilation and validation of basic multispecies 

assessment data to replace the presently available standard singlespecies data bases and to develop 

procedures for routine up-date and maintenance of the data bases (ICES, 1999/ACFM:15, ICES, 

1999/ACFM:15). This should encompass also the set-up of a data base on weight at age in the stock derived 

from historical and ongoing research surveys, as substantial deviations in juvenile weight at age in the catch 

and in the stock were apparent for cod. 

 

Revised consumption rates 

The inclusion of inter- and intra-annual temperature variability, considering also shifts in the distribution of 

cod, as well as the incorporation of the predator weight as a variable in the evacuation model, thus also 

reflecting changes in growth rates via the weight-at-age, can be regarded as a substantial improvement of 
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the MSVPA input data. The consumption rates are on average lower than the old estimates, especially in the 

older age-groups resulting in rather high growth efficiencies of older age-groups. 

An evaluation of the derived new consumption estimates was performed by ICES (1999/H:5) using a 

bioenergetics modelling approach. Input parameters for the model were taken from a corresponding model 

applied for the North Sea cod stock, however, using quarterly and yearly weight at age and temperature data 

as observed in the Baltic. Comparing the approaches, the bioenergetics model estimated substantially higher 

consumption rates. To evaluate this result, food conversion efficiencies were calculated for both models and 

also compared to former consumption calculations. The comparison showed the efficiencies derived by the 

new model to be significantly higher than the estimates of the bioenergetics model and also to be in the 

upper range of other models of gastric evacuation applied to North Sea cod, which might be explained 

mainly by the low stomach contents of Baltic compared to North Sea cod. 

 

MSVPA test runs 

Cod biomass, spawning stock biomass and fishing mortality rates of fully exploited age-groups derived by 

the various MSVPA runs performed were in general rather similar. Deviations between single- and 

multispecies assessments in the first half of the time series were caused by differences in weight at age, 

assumed to be constant over time in the singlespecies assessment up to the beginning of the 1980’s. 

Predation mortalities on 0- and 1-group cod derived by both suitability sub-models were quite different, with 

considerably higher estimates obtained when using the new model. The introduction of new consumption 

rates resulted in lower predation mortalities compared to earlier runs (ICES, 1997/Assess:12) in age-group 0, 

but in higher values for age-group 1 before 1985. Correspondingly, recruitment at age 0 and 1 estimates 

were different in all three runs, however, the relative variability throughout the covered time period derived by 

both suitability sub-models using otherwise the same input data was identical. Thus, the choice of the 

suitability sub-model influences the absolute recruitment values, but not the corresponding inter-annual 

pattern. Introduction of the new consumption rates reduced cannibalism on juvenile cod in general, and 

considering inter-annual variability in consumption changes slightly also the time trend, with a reduction in 

predation mortalities of 0-group cod in 1979-81 and an increase in 1982/83. 

For herring, MSVPA runs conducted with both suitability sub-models resulted in nearly identical biomass, 

spawning stock biomass, average fishing mortalities in fully exploited age-groups as well as recruitment at 

age 1 and thus also predation mortalities. Larger deviations occurred in comparison to the singlespecies 

assessment, especially in the total stock biomass, being in general higher in the latter assessment. These 

deviations are mainly explained by a) the applied weight at age in age-group 1, being in the MSVPA output 

an average for the 1st quarter, while in the singlespecies VPA average yearly values, being considerably 

higher, were used, b) the predation mortalities used in the singlespecies assessment are somewhat higher, 

due to the lower newly introduced consumption rates and c) in early years of the time series a part of the 

USSR catch at age is missing in the MSVPA data base. Due to these reasons, also recruitment at age 1 

derived by the singlespecies assessment is in general slightly higher, especially in early 1980’s. The 

spawning stock biomass and the average fishing mortalities of exploited age-groups are largely unaffected 

by theses deviations in the input data. Considering the different consumption estimates available, the old and 

new data sets resulted in rather similar stock biomass, spawning stock biomass, fishing mortalities and also 

predation mortalities. 
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For sprat, multispecies and singlespecies assessments are in better agreement than for herring, with only 

relatively low deviations between stock biomass, spawning stock biomass, recruitment and fishing mortalities 

on fully exploited age-groups. Larger deviations, e.g. in stock biomass in 1983-85 were caused mainly by 

deviations in the weight at age data. Predation mortalities were slightly higher in the run based on the new 

suitability sub-model and the old consumption rates. 

 

MSVPA key runs 

Cod biomass, spawning stock biomass and fishing mortality rates of fully exploited age-groups derived by 

the final MSVPA run and the standard assessment were in general rather similar. Deviations between 

spawning stock biomass estimates in the first half of the time series were caused by differences in weight at 

age, assumed to be constant over time in the singlespecies assessment up to the beginning of the 1980’s. 

Comparison with abundance indices from the international bottom trawl survey indicates a less steep decline 

in stock size throughout the 1980’s. The recruitment at age 1 derived from the survey did not indicate a 

substantial difference in reproductive success from 1983-onwards. However, due to trawl selectivity and 

insufficient area coverage of shallow nursery areas, the survey abundance indices have to be taken with 

caution. Predation mortalities on 0- and 1-group cod were quite similar to previous MSVPA runs covering 

1977-1998, but unexpected high at age 0 in 1974-1996, i.e. reaching the same level as 1979-1982. The 

choice of the suitability sub-model influences the absolute recruitment values, but not the corresponding 

inter-annual pattern. Introduction of the new consumption rates reduced cannibalism on juvenile cod in 

general, and considering inter-annual variability in consumption changed slightly the time trend, with a 

reduction in predation mortalities of 0-group cod in 1979-81 and an increase especially in 1983. 

For sprat, multispecies and singlespecies assessments are in good agreement, except for the early years 

1974-1976. Especially in 1974 and 1975 newly compiled catch at age are substantially higher than in the 

standard assessment data base. Sprat recruitment is characterized by outstanding high year-classes 1975, 

1982, 1994 and 1997 originating from intermediate and low spawning stock biomass in both early years 

respectively. Especially high recruitment in both later years is apparent from the international hydroacoustic 

survey and well above average recruitment also for year-class 1982. 

Herring showed least contrast in stock sizes and population dynamic parameters. This corresponds to the 

standard assessment in the Baltic, which integrates a number of herring stocks into one assessment unit. 

The MSVPA, the standard assessment and an additional assessment run without the Gulf of Riga (ICES 

2000, ACFM:14) show all a more or less continuos decline in spawning stock biomass during the past 25 

years, while the stock abundance was relatively stable until the mid 1990’s, declining in most recent years 

only. This deviation is caused by a substantial reduction in weight at age (e.g. Flinkman et al., 1998; 

Cardinale and Arrhenius, 2000), being visible since the late 1980’s also for sprat (ICES, 2000/ACFM:14), see 

Subtask 1.4. In contrast the Gulf of Riga component showed a pronounced increase in stock size since the 

mid 1980’s and despite a reduction in weight at age also in spawning stock biomass (ICES 2000, ACFM:14). 

Due to this development approximately 30% of the Central Baltic herring stock concentrates presently in the 

Gulf of Riga. As this herring stock has lower growth rates, the increase in stock size will also result in a more 

pronounced reduction in weight at age within the combined Central Baltic stock. 

The presented results on cod and sprat spawning stock structure and biomass, recruitment as well as 

predation and fishing mortality rates can be utilized for recruitment modelling approaches in Task 6. The 
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various test runs performed and comparisons with standard assessment outputs clearly demonstrated that 

the time trends generated are reliable and not heavily dependent on choices of optional sub-models, i.e. 

applied suitability or consumption models. In fact the MSVPA output for the prey species herring and 

especially sprat is expected to be considerably more stable than ordinary assessment results, which is 

however not obvious from the comparisons made, as regularly updated predation mortality rates are used in 

the assessment (ICES, 1999a). Furthermore, the MSVPA is presently the only possibility for estimating 

recruitment prior to recruiting ages to the fishery (see further tests on the reliability of recruitment estimates 

in Subtask 6.1) and resolving the impact of predation by cod on these pre-recruits as a source of juvenile 

mortality. 

 

Variability in feeding intensity and diet composition of cod 

During cod feeding season in the 2nd half of the year, food availability and temperature conditions at 40-70m 

depths in the Gotland Basin influenced somatic growth and the rate of gonadal maturation (Uzars et.al., 

2000). In 1967-1980 moderate somatic growth and successful gonad maturation was observed, while in 

1980-1990 high average weight-at-age and slow gonadal growth was found. 

During winter and spring adult, ripening cod migrates deeper to the Gotland Basin spawning grounds. During 

the spawning season the fish continue feeding and building reserves to meet the requirements of the 

gonadal development (Uzars, 1980). For the periods 1967-1977 and 1978-1990 different living and feeding 

conditions at the near bottom layers of the Gotland Deep were defined. In 1967-1977, characterized by 

relatively regular inflows from the North Sea, an increase of the deep water salinity and temperature and 

improved oxygen conditions in the Baltic Sea have been observed (Fonselius, 1977; Matthäus and Franck, 

1992). The diet composition of cod during 1960s and 1970s indicated an dominating benthic feeding mode of 

cod. The absence of strong inflows of highly saline waters after 1977 has lead to the development of anoxic 

conditions in the deep waters during the 1980s. The temperature of the waters at 100–150m depth declined 

from a maximum measured in 1977 to low levels in 1988-1989 (HELCOM, 1996). The extreme changes in 

the environment had dramatic effects for the living conditions of cod. Due to thed stagnation in the Gotland 

Deep mature cod shifted to a pelagic behavior and migrated southwards, where the hydrographic conditions 

were favourable and where they preyed mainly on sprat..  

The spawning stock size of cod in1967- 1977 was evaluated as average, whereas in 1980-1985 biomass of 

cod reached maximum values, afterwards decreasing to the low levels in 1986-1990 (Thurow, 1999; ICES, 

2000). Due to the regular relatively good recruitment nearly all age groups were widely represented in the 

spawning stock in 1967-1977. The increase of relative abundance of older fish took place during the peak 

biomass of cod and the abundance of older ages continued to increase (Baranova and Herbste, 1982; 1983; 

Plikshs, 1996). The quality of the spawning stock was determined by length at age of fish entering the stock 

and by energy reserves stored to supply the ovarian growth and maturation processes (Vallin and Nissling, 

2000). The major energy accumulation in the liver of the Baltic cod occurs from late autumn to January 

(Krivobok and Tokareva, 1973; Ipatov, 1974).  

The objective of this study was to investigate the  sex and size specific gonadal maturation of cod during the 

prespawning and spawning season in relation to the condition of the spawners (including inter-annual 

variation in liver weight). The relationship between the liver condition index (LCI) and diet of cod was 
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examined. The study considered the role of hydrographic conditions (temperature, oxygen saturation) and 

food supply on maturation of cod. 

Material and Methods 

Monthly data from January and March to June on cod length, weight, liver weight, sexual maturity and 

stomach content were analyzed for the period 1967-1990. Cod with a body length above 30cm was assumed 

as a potential spawner (Shirokova, 1969). The maturity stages of cod were determined visually using the 6-

stages scale: immature (stage 1), ripening (stages 2 and 3), ripen (stage 4), spawning (stage 5) and nearly 

spent or spent (stage 6). Individual data on the total body weight and liver weight were used to calculate a 

liver condition index (LCI) : 

 

          LCI= 100
t wet weightotal

weightliver wet × (%) 

 

Throughout the time series LCI values and the proportion of cod in different maturation stages were 

aggregated into four cod size categories: small 30-40cm; medium 41-50cm; large 51-60 and  60cm.  

Stomachs have been analyzed individually for cod of length between 30 to 70cm. Prey was identified to 

species. Weight of total stomach, length and weight of relatively intact prey fish and large invertebrates were 

recorded. To derive diets that reflect the food consumption, we used the % prey weight and stomach fullness 

index: 

% prey weight = 
 weightcod

tprey weigh100×
 

 

Stomach fullness index was calculated individually and pooled for groups of small cod 30-40cm and medium 

and large cod  41cm as: 

fullness index = 
∑

∑
− included)t fish weigh feeding(non weight cod

(g)content stomach  of weight total
 

 

For the 1961-1990 the mean water temperature of 80-100 and 100-120m water layers in Southern Gotland 

Station BY 9A in February was used (Fig. 5.2.36). The temperature was averaged by 20m layers and by  the 

whole range of 80-120m for each year and for periods of 1961-1970, 1971-1980 and 1981-1990.  

 

Results 

Prespawning period  

Temperature 

Between 1961 and 1990 two warm periods - 1961-1970 and 1971-1980 - with mean water temperatures in 

the deep water layer of 5.38 and 5.55ºC respectively were observed (Fig. 5.2.37).Temperatures in the 

intermediate 80-100m layer remained also high in winter within 4.87 to 5.05ºC. In winters of 1981-1990 the 
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mean temperatures in the intermediate water layer (4.31ºC) and in the deep-water layer (4.67ºC) were below 

average.  

 

Spawning stock structure and feeding 

Adult cod in the Central Baltic migrate seasonally between the autumn habitat in the shallow waters and 

winter habitat in the deeper layers and slopes of Gotland Deep. The length composition of the spawning 

stock varied in January dependent of the magnitude of the recruiting year class (Fig. 5.2.38). In 1967-1977 

the small and medium size 30-50cm cod dominated (80%) in the spawning stock. In the mid of 1980s the 

relative abundance of small cod decreased due to recruitment failure. In 1986-1990 the abundance of 

younger spawners (30-40cm) continued to decrease. Spawners of medium (40-50cm) and large ( 50cm)  

size classes dominated and constituted about 70% of the stock. 

During winter (January-February) cod continued to feed actively, particularly in years of poor feeding in the 

autumn (Uzars,1980). No significant differences in diet between autumn and winter feeding seasons could 

be identified. Cod was consuming a mixed diet, which included prey fish and invertebrates. Higher 

percentages of fish food was found in the diet of larger cod, whereas invertebrates were mainly consumed 

by smaller cod. 

In sub-division 26 a marked increase of fish in the diet of cod occurred during the 1980s: the occurrence of 

sprat in cod stomachs constituted on average 27% and of herring 20% of the total weight. In sub-division 28 

the relative abundance of herring in the stomachs was stable during the periods of 1967-1975 and 1986-

1990 contributing on average 23% and 28% to the diet respectively. The main other food item were 

invertebrates. During 1976-1985 the total consumption of herring declined to a minimum and invertebrates 

were the dominant prey, constituting more than 60% of food.  

 

Liver condition index (LCI) 

Values of the LCI for all length classes of cod in January fluctuated between 5 and 9% (Fig. 5.2.39). In 1967-

1977 LCI values for females were relatively stable at about 6%. The lowest (5-6%) and highest (7-9%) mean 

LCI in January occurred in 1978-1985 and 1986-1990 respectively. The links between the diet and LCI in 

January are shown in Fig. 5.2.40. The relationship between proportion of clupeids (% by weight) in cod 

stomachs in autumn/winter and LCI for females of length above 40cm was statistically significant (r =0.46, 

p>0.05). High occurrence of fish in cod stomachs resulted in high values of liver index of large cod. The LCI 

for small females of length 30-40cm ranged between 3 and 8% and was positively correlated with proportion 

of mysids in diet (r=0.49, p<0.05). The lowest LCI for cod was observed when mysids constituted less than 

20% of diet. There was no relationship between LCI and occurrence  of fish in stomachs of small cod. 

 

Gonadal maturation 

Maturation of cod began in late autumn when cod was migrating to deeper waters. An analysis of maturity 

ogives revealed the sex specific gonadal maturation during the over-wintering period. In January a large 

proportion of males of about 46% had entered maturing stages 3 and 4. At the same time gonadal 

development of females was slower. Females had attained maturing stage on average by 30%.  

A size specific gonadal maturation was observed for the periods of different hydrographic regimes and 

biomass of cod (Fig. 5.2.41). The proportion of females at maturation stages 3 and 4 were highest during 
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1967-1977. The amount of ripening females increased with length from 18% for length class 30-40cm to 

70% for cod of about 60cm. During 1978-1990 the gonadal development of females was slower particularly 

for the sizes of 30-50cm. Proportion of ripening females in winter during the 1980s was nearly 2 times lower 

than in 1967-1977. Variability by years in gonadal maturation of females at length above 50cm was relatively 

low. 

 

Spawning season 

Feeding and distribution 

During the spawning season cod which had reached maturation migrated to the Gotland Deep. In March-

June mainly the adult fish of length 30-70cm aggregated on the main spawning grounds in the Gotland 

Deep, constituting 60-70% of the stock. In shallower waters (depths less than 80m) mainly cod in early 

maturing stages 2 and 3 and immature non-spawning cod were observed. 

The feeding behaviour and diet of cod during the spawning season differed between areas and years. In 

subdivision 26 sprat dominated (50-60%) the diet. In several years of the period 1967-1977 and during  

1986-1990 the share of sprat in stomachs reached 80%, while the occurrence of herring was low of about 

15-20%. The number of non-feeding cod fluctuated between years from 50 to 70% and was highest in the 

Gotland Deep spawning grounds.  

In sub-division 28 at the edges of the spawning area invertebrates were important in diet in 1967-1977 and 

1978-1985 reaching approximately 60% of the stomach content in weight. The number of non-feeding fish 

was lower as compared to sub-division 26 particularly in years when invertebrates were abundant in the diet. 

In 1967-1977 herring constituted 20-30% to the diet of cod. Prior to 1980s sprat was rarely consumed, but 

since 1980 occurrence of sprat in stomachs increased and at the end of the decade the proportion reached 

46%. 

The feeding activity during the spawning period was low in ripening males at stages 3 and 4 (Uzars, 1980). 

Females at maturing stages from 2 to 4 and males at stage 2 were intensively feeding on the spawning 

grounds and in coastal areas during the first half of the year. The average stomach fullness index in March - 

April was about 100-120%oo. Besides, the amount of fish eaten by females was about 1.5 times higher than 

by males. Stomach fullness index of both sexes in spawning condition was low - about 50%oo 

 

Liver condition index (LCI) 

There occurred a gradual increase in LCI for females from maturity stages 2 to 3 and a slight decrease at 

stage 4 in March over the whole period (Fig. 5.2.42). LCI for females at stages 3 and 4 was higher than at 

stages 2 and 5, constituting 6.9% (s.d.±0.9) and 5.7% (s.d.±1.1) respectively. These groups show statistically 

significant differences. For the spawning females (stage 5) a 15% decline of LCI was found as compared to 

average values for ripening females.  

At the start of the spawning season LCI for males at different stages of maturation was lower than for 

females. The decline in LCI started from the early maturation stage 3. The variation of LCI between maturity 

stages was significant (Fig. 5.2.42, p=0.02). The two homogenous groups of significant difference were 

determined: the males at final ripening stage 4 and spawning stage 5 (mean LCI= 4.9-4.6%) and males at 

early maturing stages 2 and 3 (mean LCI= 5.4%). 



Final Consolidated Report  Task 5 
 

 393 

The relationship between LCI of females at stage 4 in March-April and proportion of clupeids in cod diet in 

subdivision 26 and subdivision 28 was examined (Fig. 5.2.43). For subdivisions 28 and 26 a positive 

relationships was observed  (r = 0.66, p<0.03 and r = 0.55, p<0.01) respectively. There was a relatively weak 

relationship between LCI of males and occurrence of clupeids in stomachs. 

 

Gonadal maturation 

Maturity–size relationships for both sexes within the adult population of cod in different year periods were 

examined. In March, at the beginning of the spawning season 20% of females and 50% of males in length 

class 30-40cm had entered the final ripening and spawning stages (Fig. 5.2.44). Cod above 60cm was 

nearly completely ripen. The highest maturation of females in March occurred in the years 1967-1977 and 

1986-1990: about 40% of females were in maturing stage 4 and 10% were spawning condition. In 1978-1985 

the maturation of females was nearly 2 times slower as compared to 1967-1977 and 1986-1990. For males 

the highest proportion (about 70%) of fish at stages 4 and 5 were recorded in March 1967-1977. About 40% 

of males reached the final maturation stage 4 and 30% the spawning stage 5. The biggest change in the rate 

of gonadal development took place during the 1980s: lowest percentage of males at spawning stage 5 in 

1978-1985 followed by an increase to 20% in 1986-1990.  

The period 1986-1990 was characterized by high intra-annual fluctuations in maturation pattern for both 

sexes of cod. Thus, the year of high percentage of maturing fish was followed by the year of delay in gonad 

maturation and in the next year it was increasing again. Intra-annual fluctuations of proportion of mature cod 

in 1986-1990 were much higher than those in previous periods.  

In April, at the peak of the spawning season the majority of fish in the Gotland Basin had attained the 

spawning stage 5. The highest proportion (56%) of males in the spawning stage occurred in 1967-1977. In 

1980s the proportion of males in spawning condition decreased and the abundance of immature males 

increased to nearly 2 times the 1967-1977 level. Hence, the abundance of males declined to 50% in the 

spawning stock of cod during 1980s. The proportion of maturing males in March–April of 1967-1980 

constituted about 70% of the spawning stock.  

In contrast to males the majority of females distributed on the spawning grounds in April were at maturing 

stage 4 and spawning, constituting 40 and 35% of the spawning stock. The development of gonads in 

females during the different periods followed a nearly similar pattern to that of the males except 1986-1990, 

when on the spawning grounds mainly females at maturity stage 4 (about 50%) aggregated, heavily preying 

on pelagic sprat. During the1967-1990 in May and June mainly the spawning and spent males and females  

occurred on the spawning grounds. 

 

Discussion 

Analysis of the long-term biological data sets on diet, liver weight and maturation of cod revealed general 

trends in food supply, accumulation of energy in the liver and in gonadal maturation dynamics. The variation 

in stock size and structure, and in environmental conditions (temperature, salinity and oxygen content) on 

the spawning grounds as well as prey availability during autumn/winter and spring feeding seasons were 

considered. 



Final Consolidated Report  Task 5 
 

 394 

The resources used to support the gonadal maturation of cod in January came from food intake during the 

autumn feeding season and stored as body energy reserves. In January at the end of the feeding season the 

highest LCI was observed in 1986-1990 and was related to increased relative proportion of sprat in the diet. 

The lowest LCI was in 1978-1985 at the period of the highest biomass of cod and increased intra-specific 

competition for food. The food availability affected the LCI and the condition of prespawning cod. A 

decreased of clupeids occurrence in cod stomachs below 50% influenced the LCI of the large females. For 

smaller females the decrease of mysids in the food to 20% resulted in decline of LCI. Thus, the condition of 

females depended on the size-related diet.  

In 1967-1977 the maturation of cod in winter took place after the previous autumn feeding season with 

considerable variability in the ratio of fish to invertebrates in diet. In autumn during the 1980s, in contrast to 

1967-1977, cod was heavily feeding on clupeids (Uzars, et. al., 2000). The enhanced proportion of herring in 

the diet and high water temperature in autumn at 40-70m depths, seemed to stimulate the somatic growth of 

cod during the autumns of 1980s. Yet, the recorded increase in the weight in autumn was accompanied by 

parallel rise in liver condition index of cod in January, particularly at the late 1980s. However, the high 

metabolic reserves were not utilized and directed towards a continuation of gonadal growth. As a result, a 

lower proportion of females at maturing stages 3 and 4 was observed in January of 1986-1990 compared to 

1967-1977. Though the spawning stock of cod in 1986-1990 was dominated by the larger cod (40cm) in 

good physiological condition, the gonadal growth of cod in the first half of the year might be influenced by 

oxygen deficiency and low temperature.  

In March - April sex specific differences in feeding, liver growth and utilization of energy for gonadal growth 

and spawning were observed. There was a significant difference in stomach fullness index and diet between  

females and males at different stages of gonadal maturation. The feeding intensity of ripening females in the 

winter/spring period was higher. Clupeids dominated the diet. In contrast, the stomach fullness of males 

decreased at maturity stages 3 and 4 in winter early prior to the spawning. As a result at the beginning of 

spawning season the LCI of males was lower than the LCI for females. The greatest decline in LCI of males 

occurred at final maturing stage 4. The LCI of males both at final ripening and spawning stages was the 

lowest. This indicated that the reduction of feeding intensity and gonadal growth of males lead to the loss of 

the liver weight at the final stage of maturation.  

The feeding of ripening females on fish during the spawning season in contrast to males resulted in the high 

lipid accumulation in liver and led to high values of LCI. The major increase of the liver weight of females 

took place from maturity stages 2 to 4. The losses in LCI of female were observed at spawning stage 5.  

Cod on the spawning grounds was confronted with a set of environmental conditions greatly depending on 

the occasional inflows of saline waters from the North Sea. Because of improved conditions in the 1967-

1977 period, adult cod were distributed near the bottom in the Gotland Deep. As a result of relatively strong 

inflows of saline and warm waters in 1960s and 1970s temperature of the deep and intermediate layers 

during the rather prolonged period of 1961-1980 was high, ranging to 5-5.5ºC. At the beginning of the 

spawning season cod had reached the final ripening and spawning stages. In March-April the abundance of 

males prevailed (about 70% of catch) on the spawning grounds. In 1967-1977 the proportion of ripening and 

spawning cod was the highest during the March - April. 

The absence of inflows of saline and warm waters after 1977 diminished the “spawning layer” with suitable 

salinity and oxygen conditions for survival of cod eggs (Mackenzie et. al., 2000). The prolonged stagnation 
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affected the habitat of adult, ripening cod distributed in the Gotland Deep. The 1980-1990 period was 

characterized by the cooling of both deep and intermediate water layers. Particularly low temperatures 

(mean 4.31°C) were observed at the intermediate water layer in the late 1980s. Due to the unfavourable 

conditions the importance of the spawning grounds of the Central and Southern Gotland Deep was reduced 

(Plikshs, et.al., 1993). The spawning biomass of cod in the Gotland area was high in the early and mid 

1980s, but in 1986-1990 declined due to the low recruitment.  

The competition for food caused by the extremely high biomass of cod concentrated on the spawning 

grounds in 1980-1985 decreased the cod food intake in spring. The main food was Mesidotea entomon in 

subdivision 28 and Harmothoe sarsi  in subdivision 26. 

The maturation of females as well as males was unsuccessful in 1978-1985 and was influenced by density-

dependent poor feeding conditions, low temperature and oxygen saturation at the bottom layers during the 

spawning season. 

The stock size of sprat in subdivisions 28 and 26 increased from low in the early 1980s, to high in mid and 

late 1980s (ICES, 1997). In the late of 1980s the scattered aggregations of  maturing and spawning cod 

occurred mainly at the intermediate water layer on the Gotland Deep (Plikshs, 1996). Both high biomass of 

sprat and pelagic distribution of cod on the spawning grounds promoted predation mainly on sprat during the 

first half of the year in 1986-1990. The increased feeding on sprat resulted in proportionally larger cod liver. 

The proportion of maturing males on spawning grounds was low whereas the abundance of immature 

(maturing stage 2) males increased in contrast to the previous periods. An increase of CPUE in the shallow 

waters during the first half of the year at the end of 1980s, was related to the enhanced numbers of non-

ripening adult cod in these areas which dominated in catches and expected to omit the spawning. 

The present study confirmed relationships between food supply and energetic condition of cod. A reduced 

feeding level and slower liver growth rates of cod was in years of poor feeding on clupeids were found. The 

values of LCI in accordance to the maturity stages showed a well-defined relationship with high means of 

LCI for females and low for males. Besides, the homogenous groups of high LCI for females at maturing 

stages 3 and 4 and males at stages 2 and 3 were identified.  

Analysing the cod gonadal maturation from the commencement in January to the peak during the spawning 

season in March-April a significant relationship between proportion of ripening fish of both sexes in January 

and those which were entering the final maturing and spawning stages in March was observed (r = 0.85 and 

r = 0.51 for males and females respectively) for the period 1967-1977. The correlation suggests that during 

the period of favourable hydrographic conditions the gonadal development prior to the spawning were in 

agreement with gonadal growth rates during the main spawning season.  

There was a negative correlation in 1978-1985 (r=-0.68) between the proportion of males in January and 

March and no relationship between both sexes in prespawning and spawning seasons in 1986-1990. The 

relative increase of the percentage of males in spawning condition on spawning grounds at the period of low 

gonad growth in 1978-1985 might be related to the distribution of males at early maturation stages at the 

shallow waters and areas where habitat was favourable. Moreover, during the 1980s the number of males in 

the spawning stock as compared with females continued to decrease. Another cause for the decline of the 

relative number of males was a shift of spawning population to older ages. 
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The diverging courses of proportion of maturing cod in prespawning and spawning seasons during the 

stagnation period and low temperature at the bottom layers in late 1980s indicated that hydrographic 

conditions likely had caused  the gonadal development delay and spawning disturbance. 
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5.3 Develop area dis-aggregated estimates of recruitment, related juvenile predation 
mortalities as well as spawning stock sizes and structures 

Introduction 

As a first step in the analysis we investigated the reliability of spatially dis-aggregated MSVPA runs 

performed by the Baltic CORE project for single Subdivisions of the Central Baltic, which contain major cod 

and sprat spawning locations, i.e. the Bornholm, Gdansk and Gotland Basin (e.g. Bagge and Thurow, 1994; 

Grauman and Krenkel, 1986). The major objective of this exercise was to establish specific cod and sprat 

spawning population sizes for different spawning regions characterised by distinct hydrographic conditions (e.g. 

MacKenzie et al., in press; Plikshs et al., 1993), and by this defining regional reproductive success in relation to 

size and structure of the originating spawning population (Köster et al., 1999). The set-up of the spatially dis-

aggregated MSVPAs and major results have been described in detail in CORE (1998). Thus, we present 

only a short summary of the output (introducing corrections for herring) and concentrated on the evaluation 

of results to be utilized in stock-recruitment modelling approaches. In order to validate the performed 

spatially dis-aggregated MSVPA runs, temporal trends in abundance and biomass of cod, herring and sprat 

obtained from trawl and hydroacoustic surveys were compared to the MSVPA output. Determined fishing 

mortality rates have been investigated with respect to variability within and between Subdivisions potentially 

indicating problems in the catch at age data and tuning of terminal-F values. With respect to migration 

relative horizontal distribution patterns between Subdivisions determined by MSVPA were compared to 

corresponding distributions from research surveys. Finally, estimated stock sizes and mortality rates derived 

by the area dis-aggregated MSVPA runs integrated over Subdivisions 25, 26 and 28 have been compared to 

corresponding estimates for the Central Baltic derived by the standard singlespecies assessment (ICES, 

1998). 

Based on the experiences gained, we conducted updated spatially dis-aggregated MSVPA runs in a similar 

area set-up within the present project. These MSVPA runs now cover 26 years from 1974 to 1999, and have 

been utilized in spatially explicit recruitment modelling approaches conducted within Task 6. An 

implementation of a statistically based spatial multispecies framework in the Baltic, has been discussed 

within the project and on international working group meetings (ICES, 1999b; ICES 1999c; ICES, 2001c). 

However, as the development of a new generation of multispecies assessment models is in progress under 

the EU project “Development of structurally detailed statistically testable models of marine populations”, 

which is linked directly to the BORMICON model (ICES, 1999c), it appeared still to be pre-mature to consider 

implementation. Instead we concentrated on i) the further enhancement of the MSVPA approach to include 

the linkage between prey availability, consumption growth and maturation of cod and ii) on the development 

of a more simple statistically based multispecies model, the multispecies stock production model (see Task 6 

for further discussion). 

 

Reliability of spatially dis-aggregated MSVPA runs performed within the Baltic CORE project 

Material and methods 

A first evaluation step, already started within the CORE project, is a comparison of temporal trends in 

abundance generated by the MSVPA runs and results obtained by trawl and hydroacoustic surveys. The 
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Baltic International Trawl Survey and the International Hydroacoustic Surveys (ICES, 1997a) utilised for 

tuning of the MSVPAs are not strictly independent, however, the impact on the MSVPA output is expected to 

decrease backwards in time and consequently a comparison of trends is valid for the major part of the time 

series. Additionally independent population size indices are available from other research surveys, e.g. 

directed to spawning concentrations and young fish abundance (Plikshs, 1996; Tomkiewicz et al., 1998; 

Uzars et al., 1991). In a second validation step temporal and spatial variability in fishing mortality rates are 

investigated for problems in catch at age data and the applied tuning of terminal-F values. A third validation 

step concentrates on the identification and the potential impact of migration by the three fish species 

between the different areas by comparison of relative horizontal distribution patterns determined by the 

MSVPA runs to corresponding information from international research surveys, an idea put forward also 

during the CORE project. Finally estimated spawning stocks, recruitment and fishing mortality rates derived 

by the MSVPAs are integrated over Subdivisions 25, 26 and 28 and compared to corresponding estimates 

from the regular stock assessment for the Central Baltic (ICES, 1998c). The latter exercise gives an 

indication whether problems encountered before, change the overall perception of the stock developments 

and whether the applied methodology of running a suite of independent MSVPAs generates robust results. 

 

Results 

Summary of spatially dis-aggregated MSVPA results 

The derived spawning stock biomass values (SSB) for cod, herring and sprat in the different Subdivisions 

determined by the final MSVPA runs are displayed in Fig. 5.3.1. For cod a substantial decrease in the SSB is 

obvious in all three areas from 1983 onwards. After enhanced reproductive success and a reduction in 

fishing mortality in the early 1990s (see below) the SSB increased again in Subdivisions 25 and 26, with a 

three years delay in the latter area. On the contrary, in Subdivision 28 no recovery was detected. The herring 

SSB in Subdivisions 25 and 26 showed a more or less continuous decline from the beginning of the time 

series until the early 1990s to less than half of the original level. Afterwards the SSB values stabilised on a 

relatively low level, being substantially lower in Subdivision 26 than in the more western area. The SSB in 

Subdivision 28 appears to be the only one with a positive stock development, reaching in the most recent 

year similar spawning stock sizes as in Subdivision 25. The SSB of sprat in Subdivisions 25 and 26 showed 

a rather similar time trend, with an increase from very low levels in the beginning of the 1980s to stable 

intermediate values in the second half of the decade. In the beginning of the 1990s a further substantial 

increase in the spawning stock is estimated for both areas. In Subdivision 28, fluctuations in the SSB were 

much less pronounced, however, the general trend was rather similar. 

Recruitment of cod, herring and sprat at age 1 estimated for the different Subdivisions are displayed in Fig. 

5.3.2. A declining trend for cod from the early 1980s throughout the decade is obvious for all areas. The 

abundance of 1-group cod was estimated to be lowest in Subdivision 28 throughout the time series, with 

extremely low values calculated since 1990. In the second half of the time series, juvenile cod were 

computed to be most abundant in Subdivision 25 (with the exception of the 1994-year class). An increase in 

recruitment from 1990 to 1994 is visible for Subdivision 26, however, followed by a decline in most recent 

years. Time trends of herring recruitment at age 1 are in general rather similar in all subareas, showing a 

decline from maximum values in the beginning of the 1980s throughout the decade (Fig. 5.3.2). Afterwards, 

recruitment stabilised in all areas, being highest in Subdivision 25 and lowest in 26. Sprat recruitment values 
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in Subdivisions 25 and 26 were closely following each other since 1990, with first intermediate and in latest 

years high levels. In years before, recruitment in both areas was variable, with an outstanding 1982 year 

class. In early years of the time series, recruitment in Subdivision 26 was in general highest, being in both 

other areas rather similar. Since 1982, recruitment in Subdivision 28 was estimated to be always lowest, 

showing also a less steep increase since the late 1980s. 

A substantial difference in the cannibalism level of cod between the areas is apparent (Tab. 5.3.1), with 

lowest predation mortalities from 1978-1985 in Subdivision 25. Also age-specific differences are pronounced, 

with predation mortalities on 0-group being considerably higher than on 1-group cod, independent of the 

area. Predation mortalities of 2-group cod were in general low, i.e. less than 50% of the assumed residual 

mortality. Since the mid 1980s predation mortalities of 0- and 1-group cod were similar in Subdivisions 25 

and 26, with a tendency of increasing cannibalism in most recent years especially in the eastern area. In 

Subdivision 28, the predation mortality declined from maximum values in 1983 to virtual 0-values in the 

1990s. Predation mortalities of herring (Tab. 5.3.1b) were highest in Subdivision 26 in the beginning as well 

as at the end of the time series, independent of prey age. Similar to other areas, predation mortalities 

declined throughout the 1980s to lowest levels in 1991/1992, with a subsequent increase in most recent 

years. This increase in herring predation mortalities is also obvious for Subdivision 25, however, reaching 

only 50% of the level in Subdivision 26. On the contrary, predation pressure in Subdivision 28 remained on a 

rather low level, which is related to the low predator population size in this area. Contrary to cod, predation 

mortalities were in general highest for 1-group herring, intermediate for 0-group and comparatively low for 

older herring. The determined predation mortalities of sprat were rather similar in all three areas up to 1987, 

with slightly lower values in Subdivision 25 (Tab. 5.3.1c). Maximum predation pressure on 0-group sprat 

occurred in 1983 and on older age-groups in 1979/1980. Independent of the prey age-group, a decrease in 

predation until 1991 is obvious in all areas with a subsequent increase in most recent years in Subdivisions 

25 and 26. Predation mortalities for juvenile sprat were in the order of magnitude as estimated for herring, 

however, considerably higher for adult fish. 

Fishing mortality rates of cod in Subdivision 25 fluctuated on a relatively high level (0.5-1.6 per year) without 

any clear time trend, but in most recent years being below the long-term average (Tab. 5.3.2). For both other 

Subdivisions, a trend of increasing fishing mortalities from 1978/1979 to 1989 is indicated, reaching similar 

levels as in Subdivision 25 in the middle of the 1980s. Within the 1990s, especially in Subdivision 26, a 

substantial decrease in mortality rates is obvious. Increasing fishing mortalities of herring from the beginning 

of the time series (ranging between 0.06-0.14 per year) until the mid 1980s (0.36-0.46 in maximum) were 

estimated for all areas (Tab. 5.3.2). In Subdivision 25, this level was kept throughout the remaining time 

period, with an outlying high value in 1990. In Subdivision 26 a decline until 1992 was followed by an 

increase to relatively high levels in most recent years, while the fishing mortalities in Subdivision 28 declined 

to relatively low values. The fishing mortality rates determined for sprat were much more variable, than 

determined for both other species (Tab. 5.3.2). Although the variability makes it difficult to detect any 

consistent time trend, an increase in fishing mortality during most recent years from 1993 to 1996 is obvious 

for all areas. 
 

Comparison to abundance and biomass indices from international research surveys 
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Significant correlations between MSVPA estimates of cod population size (age-group 1+) and corresponding 

abundance indices utilised as tuning data are obvious for all three subareas (Fig. 5.3.3), with lowest r2-values 

in Subdivision 25 (r2=0.60) and highest in Subdivision 28 (r2=0.81). Large inter-annual variability encountered 

in the international bottom trawl survey in Subdivision 25 in 1980-1982 and 1985-1987 caused highest 

deviations between observed and modelled population abundance. Similarly in Subdivision 26, substantial 

deviations occurred in the beginning of the time series with an outstanding high trawl survey abundance 

index in 1981 and a relatively low one in 1983. On the contrary, the 1983 survey revealed highest 

abundance indices on record in Subdivision 28, which might indicate a shift in distribution compared to 1982 

and subsequent years. Apart from this, indications of interannual shifts in distribution between different 

subareas are not apparent. Correlating the age-specific abundance values obtained from the MSVPA runs 

against corresponding indices from the trawl survey revealed a dome-shaped pattern of r2-values with age, 

being lowest in oldest age-groups. This might indicate tuning problems encountered for these age-groups, 

while the decreasing fit in younger age-groups can be explained mainly by trawl selectivity. 

For sprat the comparison between hydroacoustic survey results and MSVPA output revealed similar close 

correlations as obtained for cod (Fig. 5.3.3), with lowest r2-values also in Subdivision 25 (r2=0.59) and 

highest in 28 (r2=0.80). Nevertheless, the increase in population size in the 1990s visible for Subdivision 25 

is less pronounced in the hydroacoustic survey. Especially the estimate obtained in 1992 appears to be 

rather low. According to ICES (1993 and 1994), due to technical and area coverage problems, the 

hydroacoustic survey in 1992 is one of the most unreliable in the present time series, indicating rather a 

problem in the survey than in the MSVPA. Contrary to Subdivision 25, the increase in population size in 

Subdivision 28 in most recent years is more pronounced in the hydroacoustic survey than in the MSVPA. 

In contrast to both other species, correlations between hydroacoustic survey derived abundance indices of 

herring in October and MSVPA output for the beginning of 4th quarter revealed no significant relationship in 

any of the Subdivisions (Fig. 5.3.3). 

 

Comparison to population size indices from independent trawl and hydroacoustic surveys 

According to a hydroacoustic survey directed to cod, carried out in Subdivision 25 in May/June 1995 

(Tomkiewicz et al., 1998) the population size of cod (age-group 2+) was 116 * 106 individuals compared to 

192 * 106 individuals estimated by the MSVPA. CPUE-values from pelagic trawl surveys covering the 

spawning ground of the Bornholm Basin (CORE, 1998) revealed a reduction in abundance and biomass by 

44-64% from April, May and July 1995 to the same months in 1996, a trend which is not obvious from the 

MSVPA. Polish hydroacoustic surveys conducted in Subdivision 25 in October 1994-96 (Grzebielec et al., 

1995; Orlowski et al., 1996 and 1997), revealed a similar reduction in cod biomass as indicated by the trawl 

surveys, i.e. by 50-60% annually from 1994 to 1996. Thus, the different data series indicate an 

overestimation of most recent cod population sizes by the area dis-aggregated MSVPA for Subdivision 25 

especially in 1996, most probably caused by inadequate tuning. 

Data from Latvian demersal trawl surveys directed to cod spawning concentrations in the Gotland Basin 

(Uzars et al., 1991) show a decline in biomass indices of 84% from 1980 to 1989. This corresponds to the 

decline of the SSB derived by the MSVPA within the same period. Correlating abundance indices of adult 

cod (age-group 3+) obtained by Latvian bottom trawl surveys in Subdivision 26 and 28 in January and 

November/December 1976-1991 (Plikshs, 1996) with corresponding MSVPA estimates revealed in general 



Final Consolidated Report  Task 5 
 

 401 

rather high correlation coefficients (Fig. 5.3.4). Outstanding high abundances in Subdivision 28 were 

encountered in the trawl surveys in January 1983, while the MSVPA revealed highest population sizes in 

1979, a year with intermediate catch rates in the trawl surveys only. In Subdivision 26, a reverse situation 

was encountered, with comparatively low catch rates in January and November/October 1983. This may 

indicate an unusual distribution of the stock in 1983, described already for the international bottom trawl 

survey conducted in February/March 1983. 

MSVPA derived biomass values of sprat (age 1+) in Subdivision 25 show a close agreement with indices 

obtained by hydroacoustic surveys in May 1979-1986 by the former GDR/USSR (compiled in Köster 1994), 

with lowest values in 1981 and an increasing trend afterwards. On the contrary, Polish hydroacoustic 

surveys carried out in May to August 1981-1988 (Orlowski, 1985 as well as 1989a and b) showed highest 

biomass indices in 1983 and lowest values in 1988. However, these surveys covered in general the polish 

economic zone only and thus, the results might not be representative for the entire Subdivision. USSR/GDR 

hydroacoustic surveys conducted in Subdivision 26 and 28 in May 1983-86 revealed an increase in sprat 

stock biomass until 1985 by a factor of 3 and a slight decrease in the following years (Sjöstrand, 1989), a 

trend which is matching very well the development obtained by the MSVPAs. 

For herring, the hydroacoustic surveys conducted in May are not representative, as the majority of spring 

spawning herring concentrate outside of the survey area on their spawning grounds (e.g. Aro, 1989; 

Parmanne et al., 1994). Other independent survey information, e.g. the polish young fish survey, showed 

either high inter-annual variability (ICES, 1998/ACFM:16) or did not cover comparable areas or sufficient 

time periods (Sjöstrand, 1989). Thus the available independent data material on herring abundance appears 

to be insufficient for a conclusive validation of obtained MSVPA results. 

 

Spatial and temporal variability in determined fishing mortality rates  

Fishing mortality rates of fully exploited cod age-groups were in general highest in the 1st and 2nd quarter, 

with the exception of most recent years in which closed seasons were enforced (ICES, 1999a). Rather high 

intra- and interannual fluctuations occurred in Subdivision 25 in the end of the 1980s and beginning of the 

1990s. However, they do not appear to be related to inverse changes in Subdivision 26, which could indicate 

migration between the areas, but are caused by substantial fluctuations of the catch at age data (see 

subtask 5.2). The fishing mortalities in Subdivision 28 showed high fluctuations in the 3rd and 4th quarter 

1989 to 1992 caused by tuning problems in the oldest age-groups due to extremely fluctuating catches in the 

4th quarter. Tuning problems were encountered also for sprat in Subdivision 25 and 26. The XSAs were run 

without shrinking the terminal population to the mean F over a range of years. This resulted in relatively high 

terminal-F values for the last year and nevertheless high stock sizes in most recent years. Fishing mortalities 

of sprat in the 1st quarter showed high variability in Subdivisions 26 and 28 and in a single case also in 

Subdivision 25. These fluctuations show no consistent pattern between the areas and are caused by large 

fluctuations in catch at age data (ICES, 1997b). Outstanding high fishing mortality rates of herring were 

encountered only in Subdivision 25 in the 4th quarter 1990, generated also by outstanding high age-specific 

catches (ICES, 1999b). 

 

Spatial distribution of the populations between different Subdivisions 
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The relative distribution of cod abundance indices (age-group 3+) in the different Subdivisions obtained by 

the bottom trawl survey in February/March, scaled to the area inhabited by cod in each area (Sparholt and 

Tomkiewicz, 2000) is plotted against corresponding proportions estimated by MSVPA (Fig. 5.3.5). The 

proportions are similar for Subdivision 26, however outstanding values were observed in the trawl survey in 

1995 and 1996. In Subdivision 25, the proportions estimated by the MSVPA were in general higher, whereas 

in Subdivision 28 the relative abundance values were in general lower than in the trawl survey. Cod recruits 

(age-group 1) showed a different distribution pattern than adult cod. Highest proportions were encountered 

by the trawl survey in Subdivision 26, while the MSVPA estimated intermediate proportions (Fig. 5.3.5). On 

the contrary, in Subdivision 25, the MSVPA derived recruitment is in general high and the corresponding 

fractions in the trawl surveys are comparatively low. For Subdivision 28, independent of the method, rather 

similar low proportions were calculated. The distribution pattern of age-group 2 by the MSVPA changed only 

slightly. However, in the trawl survey considerable changes with increasing proportions in Subdivision 28 and 

25 and decreasing in Subdivision 26 were encountered. The higher fraction of the cod stock derived by the 

trawl surveys in Subdivision 28 and a lower in Subdivision 25 may be interpreted as a spawning migration 

from the Gotland to the Bornholm Basin taking place after the bottom trawl survey performed in the 1st 

quarter. These migrations have been described earlier, especially when unfavourable hydrographic 

conditions were encountered in the Gotland Basin (Kondratovich, 1980; Lablaika and Lishev, 1961). The 

distribution pattern from the trawl survey changes with age, i.e. recruits of age-group 1 concentrate in 

Subdivision 26. A biological explanation for this dislocation in comparison to the MSVPA results, may be a 

drift of larvae and pelagic juveniles out of the Bornholm Basin into the neighbouring Subdivision, which is 

indicated also by results of hydrodynamic modelling approaches (see Task 1.1; Aro, 2001). The relative 

distribution of age-group 2 changes according to the trawl survey to an increase in Subdivision 28 and 25. 

This indicates either a higher mortality of juveniles in Subdivision 26, not accounted for in the MSVPA, or a 

movement out of the area. In fact, an analysis of catch rates obtained from trawl surveys conducted at 

different times of the year in the Gotland Basin revealed indications of an expansion of juvenile cod into the 

Gotland Basin from southern areas (Plikshs, 1996). 

When repeating the exercise for sprat on basis of the international hydroacoustic survey in October, a rather 

similar picture as for cod is obtained with higher proportions estimated for Subdivision 25 by the MSVPA, an 

opposite picture in Subdivision 28 and on average similar fractions in Subdivision 26 (Fig. 5.3.6). A 

comparison of the average distribution patterns obtained from both data series with corresponding values 

derived by hydroacoustic surveys in May/June (ICES, 1999/H:5), shows that the similarity to the MSVPA 

output is considerably higher than to the hydroacoustic survey in October. The MSVPA output represents an 

intermediate situation between the hydroacoustic surveys in May/June, showing on average highest stock 

components in Subdivision 25 and similar population levels in both eastern areas, and the hydroacoustic 

surveys in October indicating highest proportions in Subdivision 26 and lowest in 28. This could be 

interpreted as spawning migrations from Subdivision 26 into the Bornholm and the central Gotland Basin as 

well as vice versa feeding migrations. The MSVPA is obviously not able to resolve this pattern and 

consequently estimated intermediate distributions. However, when interpreting the encountered deviations in 

relative distributions, an exchange between not covered Subdivisions 27 and 29 and the study area must be 

considered. Additionally sprat from the western Baltic migrate to some extend to the Bornholm Basin for 

spawning (Aro, 1989; Parmanne et al., 1994). 
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The relative distribution of herring obtained by hydroacoustic surveys in October and the MSVPA match on 

average for Subdivision 28, whereas the fraction inhabiting Subdivision 25 estimated by the MSVPA was 

slightly higher (Fig. 5.3.6). Pronounced long-term changes in the relative distribution of the herring 

populations were not obvious in any of the time series. However, there exist three distinct herring groups in 

the Baltic, the open sea and the coastal spring spawning herring as well as the autumn-spawning herring, all 

represented by various independent stocks (Ojaveer, 1989), showing different migration patterns, depending 

also on the environmental conditions and the food supply (Parmanne et al., 1994). During summer and 

autumn the dominating spring spawning components are mixing in open sea areas. Only during spawning 

time, separation of different stocks along the coast is possible. Due to this extremely complex stock structure 

and due to the migratory behaviour of herring within and between Subdivisions (e.g. Aro, 1989; Ojaveer, 

1989), an evaluation of the obtained relative distribution patterns from the area-disaggregated MSVPA is 

extremely difficult. 

 
Comparison between Single- and multispecies assessment 

Singlespecies assessment results for the Eastern Baltic cod stock (Subdivisions 25-32), the Central Baltic 

herring stock (Subdivisions 25-29 + 32, including Gulf of Riga) and the Baltic sprat stock (Subdivisions 22-

32) are available (ICES, 1998/ACFM:16) for comparison with the output of the area dis-aggregated MSVPA 

runs summed over Subdivisions 25, 26 and 28. The single- and multispecies assessment units for all three 

species are, however, not directly comparable, as the singlespecies assessment comprises additionally at 

least Subdivision 27, 29 and 32. The major part of the cod catch (90-98%) is nevertheless taken in the areas 

covered by the MSVPAs (Sparholt and Tomkiewicz, 2000). To account for the western Baltic sprat not 

included in the present analyses, population estimates derived by an earlier MSVPA for the western Baltic 

(ICES, 1997/J:2) were subtracted from the estimates for the entire Baltic provided by the singlespecies 

assessment (ICES, 1998/ACFM:16). Areas covered in the present study sustain the major part of the sprat 

catch in the Baltic (79-83% in most recent years), nevertheless the MSVPA population sizes should to a 

certain degree underestimate the Central Baltic sprat stock compared to the singlespecies assessment, as 

Subdivisions 27, 29 and 32 are not included. Herring population estimates for Subdivision 29 and 32 (ICES, 

1998/ACFM:16) can be used to determine the population size in the Baltic Proper (i.e. Subdivisions 25-28). 

However, Subdivision 27 is still included as an area which sustains a substantial herring fishery and for 

which the international hydroacoustic survey on average estimates 21% of the entire population in the Baltic 

Proper. 

Single- and multispecies derived estimates of cod SSB show a rather close development from 1986 to 1995 

(Fig. 5.3.7). The singlespecies estimates are in general slightly higher, due to the incomplete area coverage 

by the multispecies assessment. A relatively large deviation occurred in 1996 with the singlespecies estimate 

being substantially lower. This result confirms the tuning problem in Subdivision 25 described above. In the 

first part of the time series, considerably higher SSB values were estimated by the singlespecies 

assessment. This can hardly be explained by ignoring Subdivisions 27, 29 and 32 in the present MSVPA. 

Other factors, e.g. differences in the recompiled catch and especially weight at age data (see below) 

obviously contribute to the deviation. Single- and multispecies SSB estimates for sprat are rather similar 

throughout the entire time series (Fig. 5.3.7). Until 1983, the singlespecies SSBs are higher than the 

corresponding multispecies estimates, which could be expected due to the differences in area coverage. 
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However, since 1984 the MSVPA derived spawning stocks were in general slightly higher. For herring the 

trends in both SSB estimates are rather similar, with a less steep decline determined by the area dis-

aggregated MSVPA (Fig. 5.3.7). The deviations between the estimates referring to Subdivisions 25-28 

compared to the MSVPA based output are higher than expected from the lack of area coverage, which is 

partly caused by the deviations in the revised and the singlespecies catch at age database (see subtask 

5.2). 

Cod recruitment estimates (age-group 2) were rather similar throughout the time series (Fig. 5.3.8), clearly 

demonstrating that the large deviations encountered in the SSB in early years are generated to a large 

extend by deviations in weight at age in the stock, set constant over times in the singlespecies assessment 

before 1983. Especially in Subdivisions 26 and 28, the weight at age applied in the present analysis (ICES, 

1997/J:2) were considerably lower than the values used by ICES (1998/ACFM:16). Sprat recruitment 

determined by both assessments were rather similar in all years considered. The area dis-aggregated 

MSVPA revealed in general higher values, with the exception of most recent years (Fig. 5.3.8). For herring 

single- and multispecies assessments give a similar impression on the stock size development until the mid 

1980s, but show increasing differences in stock trends afterwards (Fig. 5.3.8). Recruitment values generated 

by the MSVPA runs were lower, however, especially in the beginning of the time series the deviations were 

less than expected. This indicates, that the encountered major deviations in SSB in these years are also 

caused to a considerable extend by deviations in weight at age. 

Fishing mortalities of cod determined by the singlespecies assessment follows the same annual pattern as 

the average estimates derived by the MSVPA runs (Fig. 5.3.9). Relatively high inter-annual variations were 

encountered for sprat in both estimates, with similar trends since 1985 (Fig. 5.3.9) and larger deviations 

before. For herring a corresponding comparison revealed more pronounced differences between both time-

series (Fig. 5.3.9). The MSVPA runs revealed a considerable increase from 1978 to 1985 and rather 

constant values afterwards, while the singlespecies assessment showed a more moderate increase 

throughout the 1970s and 1980s. Apart from this, the overall magnitudes of fishing mortalities obtained by 

both methods are rather similar. 

 

Discussion 

The performed area dis-aggregated MSVPA runs revealed distinct trends in population abundance, 

spawning biomass, recruitment, predation mortalities and partly also fishing mortalities of cod, herring and 

sprat in different areas of the Central Baltic. The time trends in population sizes from various research 

surveys showed an in general good agreement with MSVPA derived estimates for cod and sprat, but not for 

herring. A number of data related and methodological problems are involved in the present approach. The 

catch at age data for cod and sprat (see subtask 5.2) showed in some age-groups, quarters and years 

considerable fluctuations. High variability in the catch in numbers of the last age-group caused problems in 

tuning the terminal-F values for cod, while for sprat tuning of the last year was problematic in Subdivisions 25 

and 26. The latter was not caused by undersampling or mis-reporting of catch at age, but by a developing 

large-scale fishery for reduction purposes, resulting in trends in F at age as well as changes in the 

exploitation pattern (ICES, 1999/ACFM:15). For herring similar problems were not encountered, thus, the 

deviations between the hydroacoustic survey and MSVPA results cannot simply be explained by 
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uncertainties in the MSVPA data input. Due to the limited amount of other suitable data series on herring 

abundance, a conclusive validation of obtained MSVPA stock trends appears presently to be impossible. 

Beside catch at age and tuning problems, migration between different areas of the Central Baltic is expected 

to have an impact on the MSVPA results. As stated by ICES, 1996/Assess:2 explicit inclusion of the 

migration process into the MSVPA-context is difficult and at present no adequate methodology is available 

(ICES, 1999/H:5). Apart from this, reliable migration rates are missing for all stocks under consideration and 

databases required for an implementation of statistically based spatial multispecies models, e.g. BORMICON 

(ICES, 1995/Assess:10) are not readily available. Thus, presently the only feasible way of spatial dis-

aggregation is to run a suite of independent MSVPAs for the different subareas, as performed in this study. 

By doing this, migration is accounted for by fluctuations in the catch at age data only.  

The validation of the area-disaggregated MSVPA results elaborated several indications for a migratory 

behaviour of the considered fish species. The permanent recruitment of cod determined in Subdivisions 26 

and 28, also in absence of any reproductive volume indicates an introduction of recruits from the 

neighbouring Subdivision 25, obvious also from the comparison of relative distribution pattern of age-groups 

1 and 2 derived by MSVPA runs and trawl surveys. Thus, it is likely that most of the recruitment determined 

for the eastern spawning areas in the last 10 years has been originated in Subdivision 25, transported to 

south-eastern areas of the Central Baltic as juvenile pelagic stages and expanded northwards into the 

Gotland Basin during their 2nd and 3rd year of life. As obvious from the comparison of MSVPA derived relative 

distributions of adult cod with trawl survey results, a part of the adult stock returns for spawning into the 

Bornholm Basin, a process which is confirmed by historical tagging data (e.g. Bagge and Steffensen, 1989) 

and CPUE data from commercial fisheries (Lablaika and Lishev, 1961). Consequently recruitment in 

Subdivision 25 is always overestimated by the MSVPA when compared with distributions from trawl surveys. 

Overestimated recruitment and below average proportions of juvenile cod found in cod stomachs in 

Subdivision 25 explains also the determined lower suitability coefficients and correspondingly lower 

predation mortalities of cod compared to the other areas. This is a problem in modelling cannibalism, as 

recruits originated from Subdivision 25 growing up in Subdivision 26 are preyed upon in the model by the wrong 

stock component. However, the adult cod population size was calculated to be in the same order of magnitude in 

Subdivisions 25 and 26 and thus it is not expected that predation mortalities are seriously biased. 

As a consequence of the observed migration patterns of cod, the application of the derived area specific 

results in stock recruitment models depends critically on the behaviour of recruits growing up in Subdivisions 26 

and 28 after reaching sexual maturity. If they return to their original spawning ground, independent of the 

hydrographic situation, no significant influence on area-specific stock-recruitment relationships is to be expected. 

If, however, favourable hydrographic conditions in eastern basins result in a spawning behaviour close to their 

nursery areas and unfavourable spawning conditions force the mature stock components originated from 

Subdivisions 26 and 28 to migrate to the Bornholm Basin, biased relationships are likely. The first behaviour will 

result in a gain of recruits in Subdivisions 26 and 28 under favourable oxygen conditions, whereas the latter will 

lead to a corresponding gain of adults in Subdivision 25 during stagnation periods. In the MSVPA model these 

gains entering the fishery will increase not only the adult stock size but also the recruitment originating some 

years back in time. According to Aro (1989) the homing behaviour of cod is not clearly described and thus, it 

appears to be likely, that both described scenarios occur. Consequently, a certain impact of variable spawning 

migrations on the population estimates derived by the MSVPA runs has to be expected. Additionally, separation 
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into Subdivisions is not the most appropriate way to distinguish between different spawning populations of cod 

as Subdivision 26 contains besides the Gdansk Deep also the southern tip of the Gotland Basin, and thus 

represents to a certain extend a mixture of two spawning stock components. 

For sprat the contribution of Subdivision 25 to the combined stock in the Central Baltic was found to be 

considerably higher in the MSVPA output than in the October hydroacoustic surveys. However, hydroacoustic 

surveys in May/June (ICES, 1999/H:5) showed highest sprat concentrations in the Bornholm Basin, thus 

confirming the distribution pattern obtained by the MSVPA runs. This indicates a different distribution of sprat 

during spawning and feeding periods, potentially caused by migrations between Subdivisions, a process, that in 

this intensity has not been described yet. A potential re-distribution of the sprat spawning stock during feeding 

time will have an effect on the SSB and recruitment estimated by the MSVPA runs for the different 

Subdivisions. However, the major part of the catch is obtained during the 1st half of the year in a fishery 

directed to pre- and spawning concentrations (ICES, 1997a), explaining why the relative distributions derived 

by the MSVPA runs and hydroacoustic surveys at spawning time are well in line. Consequently, the effect of 

migratory behaviour on SSB estimates should be of limited importance only. Similar to cod, sprat early life 

stages will drift out of their spawning areas (Grauman, 1976). However, as spawning grounds of sprat cover 

more shallow water areas and the vertical distribution of early life stages is considerably different from cod 

(Wieland and Zuzarte, 1991), drift patterns may be largely deviating between both species. 

A comparison of cod spawning stock sizes and recruitment derived from MSVPA results integrated over the 

covered Subdivisions with corresponding estimates from the singlespecies assessment revealed rather 

similar results in absolute estimates as well as time trends. Larger deviations encountered between 

spawning stock biomass values are caused by deviating weight at age data only. For sprat the comparison 

with singlespecies assessment results revealed also very similar stock developments. Assessing the cod and 

sprat stock components separately does obviously not change the perception derived by the standard stock 

assessments for the entire Central Baltic. Migration might influence the estimates derived for the different 

components to some extend, but impact obviously not the overall results. 

On the contrary for herring deviating population trends were encountered between single- and multispecies 

assessments as well as in different areas of the Central Baltic, which cannot be resolved by the present 

singlespecies assessment. Also the present approach of separation into Subdivisions is not able to solve this 

problem, as different stocks inhabit same areas, and the borders of Subdivisions are not equivalent with 

borders of stock distributions. In view of the complex herring stock structure and the intensive migratory 

behaviour within and between Subdivisions area-specific stock-recruitment modelling using the spatially dis-

aggregated MSVPA is presently not possible. 

 

Updated spatially dis-aggregated MSVPA runs 

Material and Methods 

Stock structure 

Cod, sprat and herring in Sub-division 25, 26 and 28 were assumed to be unit stocks. Age-groups 0-9 were 

considered for cod and herring and 0-7 for sprat (oldest age-groups: no plus-groups). 

 

Catch at age and weight at age 
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Quarterly catch at age in numbers and weight at age in the catch according to Sub-divisions were revised 

and updated for years 1974-1992 following the compilation scheme presented in ICES (1997a). 

Corresponding input for 1993-1999 are based on data reported by the national laboratories to the Baltic 

Fisheries Assessment Working Group (ICES, 1997a; ICES, 1998; ICES, 2000/ACFM:14) with following 

changes: 

 

- Catch and weight at age of cod by the Danish fleet was separated from 1985 onwards to Sub-

divisions according to log-book data, splitting also the catches in the former “white zone“ 

(assuming 25% to belong to Sub-division 26 and the remaining part to Sub-division 28). 

- To avoid tuning problems in cases when catch at age data in the 4th quarter of the final year or 

for the oldest age-groups were absent, the annual catch was splitted to quarters according to the 

average seasonal distribution encountered in that age-group and area over the covered time 

period. This assumes, that catches were obtained in each quarter, but not reported. 

- Cod weight at age-group 0 to 2 in the stock and in the stomach were reset to values used by 

ICES (1999b), due to size selection of the commercial gears and the limited sample sizes being 

basis of the calculation of weight at age in the catch. 

- Maturity ogives 

 

Maturity ogives for cod in different Sub-divisions represent averages over the periods 1980-84 (applied also 

before 1980), 1985-89, 1990-94 and 1995-97 for combined sexes as presented in ICES (1998), updated with 

data for 1998 and 1999 presented in ICES (1999a) and ICES 2000/ACFM:14. For sprat and herring maturity 

ogives were used as given in ICES (1996a), being constant over time. 

 

Stomach content data 

Quarterly cod stomach content data according to Sub-division as revised in ICES (1997b) were utilized as 

input. Intra-cohort cannibalism in cod was excluded by changing prey age to predator age minus 1 and 

omitting 0-group cod in 0-group cod stomachs. 

 

Quarterly food intake by cod 

Re-calculated consumption rates (ICES, 2001c) according to quarter year and Sub-division were applied. 

 

Tuning 

The tuning of the MSVPA’s was performed for each Sub-division utilizing the procedure developed during 

CORE (Vinther, 2001), iteratively running MSVPA’s and XSA’s with automatic recursive data exchange. The 

XSA settings were as follows: 

 

Cod 

- including age-groups 2-7 abundance indices from international bottom trawl surveys 1994-1999 

compiled in Subtask 1.1, 

- catchability was set to be dependent of stock size for ages < 3 and independent of age > 5, 
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- shrinkage of the terminal population towards a mean F over last 5 years and 3 oldest ages was 

applied with a standard error of 0.5-0.8, 

- otherwise default settings of the Lowestoft assessment programme package were used. 

 

Sprat 

- using international hydroacoustic survey results as tuning fleets; depending on the performance 

covering 1987 or 1992 to 1999 with year 1993 excluded, as insufficient area coverage and 

problems in the intercalibration of the equipment occurred (ICES, 1997a), 

- catchability was set to be dependent of stock size for ages < 3 and independent of age > 4, 

- shrinkage of the terminal population towards a mean F over last 3-5 years and 3-5 oldest ages 

was applied with a standard error of 0.5-0.8, 

- otherwise default settings of the Lowestoft assessment programme package were used. 

 

Herring 

- using international hydroacoustic survey results as tuning fleets; depending on the performance 

covering 1982 or 1986 to 1999 with 1992/1993 excluded in Sub-division 25, 1993 in Sub-division 

26, 1993 and 1997 in Sub-division 28 as insufficient area coverage and problems in the 

intercalibration of the equipment occurred (ICES, 1997a; ICES 2000/ACFM:14), 

- catchability was set to be dependent of stock size for ages < 3 and independent of age > 5, 

- shrinkage of the terminal population towards a mean F over the last 5-6 years and 6-7 oldest 

ages was applied with a standard error of 0.8-1.0, 

- otherwise default settings of the Lowestoft assessment programme package were used. 

 

Residual natural mortality 

The residual natural mortality was assumed to be 0.2 per year, equally distributed over quarters. 

Other input data and setting 

The constant biomass of other food was assumed to be 1 mill. tonnes, similar to ICES (1996a). 

 

Results 

Area dis-aggregated MSVPA output 

The derived spawning stock biomass values (SSB) for cod, herring and sprat in the different Sub-divisions 

determined by the final MSVPA runs are displayed in Fig. 5.3.10. For cod a substantial decrease in the SSB 

is obvious in all three areas from 1983 onwards. After enhanced reproductive success and a reduction in 

fishing mortality in the early 1990s (see below) the SSB showed an intermediate increase in Sub-divisions 25 

and 26. On the contrary, in Sub-division 28 no recovery was detected. 

The SSB of sprat in Sub-divisions 25 and 26 showed a rather similar time trend (Fig. 5.3.10), with a 

decrease from relatively high levels in the mid 1970’s to very low SSB values in the beginning of the 1980s, 

followed by stable intermediate values in the second half of the decade. In the beginning of the 1990s a 

further substantial increase in the spawning stock is estimated for both areas, however, considerably more 

pronounced in Sub-division 25. Sprat SSB in Sub-division 28 was in general lower than in the other areas 
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until the late 1980’s, when the spawning stock level developed parallel to the component in Sub-division 26. 

In most recent years, a decline in SSB is obvious for all areas.  

The herring SSB in Sub-divisions 25 and 26 showed a more or less continuous decline from the beginning of 

the time series (Fig. 5.3.10). The decline is most pronounced in Sub-division 25 reaching similar spawning 

stock sizes as estimated for Sub-division 26 in most recent years. In contrast, the SSB in Sub-division 28 

was rather stable throughout the 1970’s and 1980’s, showing a positive development in most recent years. 

Recruitment of cod, herring and sprat at age 1 estimated for the different Sub-divisions are displayed in Fig. 

5.3.11. For cod an increasing trend throughout the second half of the 1970’s and a decline from the early 

1980s throughout the decade is obvious for all areas. The abundance of 1-group cod was estimated to be 

lowest in Sub-division 28 throughout the time series, with extremely low values calculated since 1990. In the 

second half of the time series, juvenile cod were computed to be most abundant in Sub-division 25. 

Sprat recruitment values in the different Sub-divisions followed a similar time pattern since 1990 (Fig. 

5.3.11), with increasing intermediate recruitment in early 1990’s, high recruitment of year-classes 1994, 1995 

and 1998 and low recruitment of the year-classes 1993, 1996 and 1998, with the latter being, however, 

rather uncertain due to its direct dependence on terminal F-values for the last year. In years before, 

recruitment was variable, with outstanding year-classes 1973, 1975 and 1982, especially in Sub-division 26. 

Recruitment in Sub-division 26 was in general highest until the mid 1980’s and lowest in Sub-division 28. 

Time trends of herring recruitment at age 1 are in general rather similar in all subareas until the mid 1980’s 

(Fig. 5.3.10). Afterwards, recruitment in Sub-division 25 and 26 continued to decline, while herring 

recruitment in Sub-division 28 increased since 1988, being since the mid 1990’s considerably higher than in 

both other areas.  

A substantial difference in the cannibalism level of cod between the areas is apparent (Fig. 5.3.12), with 

highest predation mortalities on 0-group cod from 1974-1982 in Sub-division 25. From then onwards 0-group 

cannibalism declined in all areas, being however always considerably higher in Sub-division 25, intermediate 

in Sub-division 26 and since the early 1990’s very low in Sub-division 28. Also age-specific differences are 

pronounced, with predation mortalities on 0-group being considerably higher than on 1-group cod, with the 

exception of the early 1980’s in Sub-division 26 and 28. Here high predation mortalities were estimated also 

for 1-group cod, while cannibalism in Sub-division 25 was considerably lower. Since 1987, predation 

mortalities on 1-group cod are rather similar in Sub-division 25 and 26, while corresponding values in Sub-

division 28 decreased to very low levels. Predation mortalities of 2-group cod were in general low, i.e. less 

than the assumed residual mortality rates, with highest values estimated for Sub-division 28.  

The determined predation mortalities of juvenile sprat showed a more or less continuous decline until mid of 

the 1980’s (Fig. 5.3.13), with M2-values of adults being more stable until 1983. Throughout the 1990’s, 

predation mortalities were relatively low, i.e. in most years below 0.3. However, the predation pressure is 

different in the three Sub-divisions, being highest for 0-group in Sub-division 26 and for adult sprat in Sub-

division 25, while values for Sub-division 28 were close to zero for all prey age-groups, which is related to 

the low predator population size in this area. 

Predation mortalities of herring (Fig. 5.3.14) were highest in Sub-division 26 in the beginning as well as at 

the end of the time series, independent of prey age. Similar to other areas, predation mortalities declined 

throughout the 1980s to lowest levels in 1991/1992, with a subsequent increase in most recent years, with 

the exception of Sub-division 28. 
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Fishing mortality rates of cod fluctuated in all Sub-divisions on a relatively high level from 0.4 to around 2.0 

without any clear time trend (Fig. 5.3.15). Highest fishing mortality rates occurred at low stock levels in the 

end of the 1980’s and beginning of the 1990’s, before restrictive fisheries management actions were 

enforced, resulting in relatively low fishing mortalities in 1993-1995.  

The fishing mortality rates determined for sprat were highly variable in Sub-divisions 25 and 28, ranging from 

0.05 to 0.9 (Fig. 5.3.15). In Sub-division 26, catches and correspondingly F-values showed somewhat less 

variation. In all three areas, fishing mortality rates increased since 1993, caused by a developing industrial 

fishery, being most effective in Sub-division 25 and 26.  

Increasing fishing mortalities of herring from late 1970’s (ranging between 0.08-0.14 per year) until the mid 

1980s (0.24-0.45 in maximum) were estimated for all areas (Fig. 5.3.15). In Sub-division 25 and 26, the trend 

of increasing fishing pressure continued, while in Sub-division 28, pronounced fluctuations are encountered 

throughout the 1990’s. 

 

Comparison to abundance indices from international research surveys 

Significant correlations between MSVPA estimates of cod population size (age-group 2+) and corresponding 

abundance indices utilised as tuning data are obvious for all three subareas (Figs. 5.3.16-18), with lowest r2-

values in Sub-division 25 (r2=0.28) and highest in Sub-division 28 (r2=0.80). Large inter-annual variability 

encountered in the international bottom trawl survey in Sub-division 25 in 1982-1987 caused highest 

deviations between observed and modelled population abundance. Similarly in Sub-division 26, substantial 

deviations occurred in the beginning of the time series with an outstanding high trawl survey abundance 

index in 1982 and a relatively low one in 1983. On the contrary, the 1983 survey revealed highest 

abundance indices on record in Sub-division 28, which might indicate a shift in distribution compared to 1982 

and subsequent years. Apart from this, indications of interannual shifts in distribution between different 

subareas are not apparent. 

For sprat the comparison between hydroacoustic survey results and MSVPA output revealed similar close 

correlations as obtained for cod (Figs. 5.3.16-18), with lowest r2-values also in Sub-division 25 (r2=0.62) and 

highest in 28 (r2=0.86). The relatively low r2-value in Sub-division 25 is mainly caused by an outlying high 

hydroacoustic population estimate in 1991 being a high positive residual also in Sub-division 26 and a 

negative one in Sub-division 28. In the latter area, also the 1992 survey estimate is an outlying low 

population estimate. According to ICES (1993), due to technical and area coverage problems, the 

hydroacoustic survey in 1992 is one of the most unreliable in the present time series, indicating rather a 

problem in the survey than in the MSVPA. Contrary to Sub-division 25, the increase in population size in 

Sub-division 28 in most recent years is more pronounced in the hydroacoustic survey than in the MSVPA. 

In contrast to both other species, correlations between hydroacoustic survey derived abundance indices of 

herring in October and MSVPA output for the beginning of 4th quarter revealed no significant relationship in 

any of the Sub-divisions (Figs. 5.3.16-18). 

 

Comparison to area aggregated MSVPA results 

The Central Baltic MSVPA covers the Eastern Baltic cod stock (Sub-divisions 25-32), the Central Baltic 

herring stock (Sub-divisions 25-29 + 32, including Gulf of Riga) and the Central Baltic sprat stock (Sub-

divisions 25-32). These values can used for comparison with the output of the area dis-aggregated MSVPA 
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runs integrated over Sub-divisions 25, 26 and 28. The assessment units for all three species are not directly 

comparable, as the area aggregated assessment comprises additionally at least Sub-division 27, 29 and 32. 

However, the major part of the cod catch (90-98%) is taken in the areas covered by the dis-aggregated 

MSVPA’s (Sparholt and Tomkiewicz, 2000). For sprat areas covered in the present study sustain the major 

part of the sprat catch in the Baltic (around 80% in most recent years), nevertheless the dis-aggregated 

MSVPA based population size should to a certain degree underestimate the Central Baltic sprat stock. 

Both estimates of cod SSB show a rather close development throughout time (Fig. 5.3.19). The area 

aggregated estimates are in general slightly higher, as to be expected from the incomplete area coverage by 

the dis-aggregated assessment. Exceptions are the most recent years, when the dis-aggregated 

assessment revealed slightly higher SSB values. Spawning stock estimates for sprat are as well following 

similar time trends (Fig. 5.3.19). During the 1970’s and especially the 1990’s the dis-aggregated estimate is, 

however, considerably lower than the aggregated estimate. The order of the deviation in the beginning of the 

time series is to be expected from the difference in area coverage, but deviations in most recent years are 

most likely originating from the tuning process. For herring the trends in both SSB estimates are as well in 

line, with a steeper decline determined by the area dis-aggregated MSVPA in early years and a less 

pronounced decrease throughout the 1980’s (Fig. 5.3.19). 

Cod recruitment estimates (age-group 2) were even better in agreement than spawning stock estimates, with 

a deviation in 1999, due to problems in tuning the youngest age-group within the last year of the assessment 

(Fig. 5.3.20). Sprat recruitment determined by both assessments were following the same time pattern, 

however, the area dis-aggregated estimate being considerably lower in outlying high year-classes. For 

herring the absolute deviations between both assessments are larger than expected from the difference in 

area coverage. 

Fishing mortalities for all three species are well in line between both assessments (Fig. 5.3.21). Larger 

deviations were encountered in sprat at the beginning and the end of the time series, with the former 

indicating problems in tuning oldest ages-groups and the latter caused by deviations in tuning of the last 

years terminal-F values, explaining also above described differences in spawning stock biomass. Similarly, 

deviations in reference F were encountered for herring in most recent years, with the dis-aggregated 

estimate being, in contrast to sprat, lower than the aggregated.  

Predation mortalities estimated for cod age-group 0, 1 and 2 (Fig. 5.3.22) show only slight deviations 

between both assessments, which might be explained simply by the way averages have been calculated for 

the dis-aggregated runs, i.e. using plain arithmetic means, without weighting for differences in stock levels. 

This is in fact also true for the fishing mortalities presented above. Predation mortalities of sprat estimated by 

the area dis-aggregated assessment were slightly higher in the beginning of the time series (Fig. 5.3.23), 

and for adult sprat also throughout late 1980’s and 1990’s. These deviations can be explained by the fact, 

that predation pressure on sprat in Sub-division 29 and 32, incorporated into the area aggregated 

assessment, is extremely low due to the low abundance of the predator cod. A similar effect might explain 

the higher predation mortalities estimated by the dis-aggregated run for herring in all age-groups in all years 

covered (Fig. 5.3.24). 
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Discussion 

The performed area dis-aggregated MSVPA runs confirmed distinct trends in population abundance, 

spawning biomass, recruitment, predation mortalities and partly also fishing mortalities of cod, herring and 

sprat in different areas of the Central Baltic. A number of data related and methodological problems are 

involved in the present approach. The catch at age data for cod and sprat (see subtask 5.2) showed in some 

age-groups, quarters and years considerable fluctuations. High variability in the catch in numbers of the last 

age-group caused problems in tuning the terminal-F values for cod and sprat. For herring similar problems 

were not encountered. Beside catch at age and tuning problems, migration between different areas of the 

Central Baltic is expected to have an impact on the MSVPA results. Explicit inclusion of the migration 

process into the MSVPA-context is difficult and at present no adequate methodology is available (ICES, 

1999b). Apart from this, reliable migration rates are missing for all stocks under consideration and databases 

required for an implementation of statistically based spatial multispecies models, e.g. BORMICON (ICES, 

1995) are not readily available. Thus, presently the only feasible way of spatial dis-aggregation is to run a 

suite of independent MSVPAs for the different subareas, as performed in this study. By doing this, migration 

is accounted for by fluctuations in the catch at age data only. A comparison of cod, sprat and herring 

spawning stock sizes and recruitment derived from area aggregated, dis-aggregated MSVPA and standard 

assessment runs revealed rather similar results in absolute estimates as well as time trends, considering still 

existing deviations in stock units. Assessing the cod and sprat stock components separately does obviously 

not change the perception derived by the standard stock assessments for the entire Central Baltic, 

independent whether migration between different Sub-divisions occurs.  

A comparison of direct stock abundance information from surveys to multispecies results revealed a good 

coherence in time trends for cod and sprat, but not for herring. For cod the relationships between both 

population estimates are highly significant in Sub-division 26 and 28, but in Sub-division 25 it explains only 

28% of the variance. Furthermore a pronounced time trend in residuals was encountered with the MSVPA 

indicating substantially higher values than observed in the surveys and a vice versa situation in most recent 

years. Basically the survey revealed since 1993 abundance indices on the level encountered during early 

1980’s, with a decreasing trend up to 1992 only. A high spawning stock size in mid 1990’s is suggested also 

by the egg production estimates derived by ichthyoplankton surveys conducted at peak spawning time (see 

Subtask 2.1), showing highest egg productions in the entire time period in 1994-1996. However, an increase 

in relative fecundity (see Subtask 1.4) has contributed to the increase in egg production as well. In the 

eastern areas of the Central Baltic, the contrast in the data is considerably more pronounced than in Sub-

division 25, explaining also the better correlation. Corresponding correlations between recruitment at age 1 

derived by the international bottom trawl survey, being completely independent as not utilized for tuning, and 

the MSVPA revealed highly significant relationships for Sub-division 26 and 28, but not for 25 (Figs. 5.3.25-

27). This may be interpreted as further evidence, that recruits originating from Sub-division 25 are growing 

up to a variable proportion in Sub-division 26, explaining also that in 13 out of 18 years recruitment indices 

were higher in the latter area, although the spawning stock was in general lower and environmental 

conditions for cod egg survival were worth, see Subtask 2.3. For a more comprehensive evaluation of the 

area dis-aggregated MSVPA output conducted during the first phase of the project, see Köster et al. (2001a) 

and Subtask 6.1. In summary, derived spawning stock and recruitment data were assessed to be suitable for 

spatially explicit recruitment modelling approaches of Central Baltic cod. 
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For sprat the contribution of Sub-division 25 to the combined stock in the Central Baltic was found to be 

considerably higher in the MSVPA output than in the October hydroacoustic surveys, i.e. the absolute 

abundance estimates deviate by a factor of 4. In contrast, the absolute estimate for Sub-division 28 is 

substantially higher in the hydroacoustic surveys by nearly a factor of 3. Hydroacoustic surveys in May/June 

(see Subtask 1.1 and 5.1) showed highest sprat concentrations in the Bornholm Basin as well, thus 

confirming the distribution pattern obtained by the MSVPA runs in principal, however significantly less 

pronounced. This may indicate a different distribution of sprat during spawning and feeding periods, 

potentially caused by migrations between Sub-divisions. A potential re-distribution of the sprat spawning 

stock during feeding time will have an effect on the SSB and recruitment estimated by the MSVPA runs for 

the different Sub-divisions. However, the major part of the catch is obtained during the 1st half of the year in 

a fishery directed to pre- and spawning concentrations (see Subtask 5.1), explaining why the relative 

distributions derived by the MSVPA runs and hydroacoustic surveys at spawning time are better in line. 

Consequently, the effect of migratory behaviour on SSB estimates should be of limited importance only 

(Köster et al., 2001a). Similar to cod, sprat early life stages will drift out of their spawning areas (Grauman, 

1976). As spawning grounds of sprat cover more shallow water areas and the vertical distribution of early life 

stages is considerably different from cod (Wieland and Zuzarte, 1991), drift patterns may be largely deviating 

between both species. The conducted comparison between spring and autumn hydroacoustic surveys is 

based on material compiled in the 1980’s, a period of low sprat stock size. As indicated by the relative 

distribution between Sub-divisions over time as derived from autumn hydroacoustic surveys (see Subtask 

5.1), the proportion Sub-division 25 is constituting to the stock has changed over time, being considerably 

lower now than in the 1980’s. Thus also the seasonal distribution pattern may have changed with increasing 

sprat stock sizes, for further discussion see Subtask 1.1 and 5.1. Comparing recruitment estimates of age-

group 0 determined by area dis-aggregated MSVPA runs and hydroacoustic surveys revealed significant 

relationships in Sub-division 25 and 28, but not in Sub-division 26 (Figs. 5.3.25-27). Here an extremely high 

recruitment in 1982 as determined by the MSVPA runs was not reflected in the hydroacoustic surveys. 

Excluding this year-class resulted also in this area in a significant relationship. In all Sub-divisions, a 

considerable variability was encountered and the linear relationship explained 25-60% of the variance, which 

may first of all be explained by the high variability of age-group 0 in the hydroacoustic surveys. A drift of 

pelagic juvenile stages from Sub-division 25 to 26, similar to cod, may additionally impact on the recruitment 

estimates. However, as sprat spawn during the calmest period of the year the impact may be limited (Figs. 

5.3.25-27). Corresponding correlations for age-group 1 were highly significant, explaining 58-91% of the 

variance, but these estimates are not completely independent as age-group 1 hydroacoustic estimates were 

used in the tuning process. In summary, the derived data-sets are considered to be suited for utilization in 

area based recruitment modelling approaches in Task 6. 

In contrast to cod and sprat hydroacoustic survey estimates were not correlated to MSVPA results in herring, 

independent of the area considered. While the MSVPA runs showed declining abundances in Sub-division 

25 and 26, herring population sizes in Sub-division 28 increased. The hydroacoustic surveys revealed rather 

variable population sizes with an increasing tendency until early 1990’s, at least in the eastern subareas, 

while throughout the 1990’s a decline is indicated for all areas. While the deviations in early time periods are 

difficult to explain, the opposite trend in Sub-division 28 in most recent years is caused by an increasing 

population size of the Gulf of Riga herring (ICES, 2000/ACFM:14) included in the MSVPA, but not in the 
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hydroacoustic survey. Also in general, the difficulties encountered to validate the herring stock developments 

are caused by the heterogeneity of the stock structure as well as problems to assess the different 

components by research surveys utilized for tuning of the age-structured population model. Also the present 

approach of separation into Sub-divisions does not solve this problem, as different stocks inhabit same 

areas, and the borders of Sub-divisions are not equivalent with borders of stock distributions. In view of the 

complex herring stock structure and the intensive migratory behaviour within and between Sub-divisions 

area-specific stock-recruitment modelling using the spatially dis-aggregated MSVPA is presently not 

possible. 
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6 Model the combined effects of environmental variability and 
fishery on cod and sprat recruitment and evaluate the sensitivity 
and applicability of critical stock limits and biological reference 
points for fisheries management 

A prerequisite of accepted fisheries management strategies is that there is a quantifiable relationship between 

spawning stock (or some more precise measure of viable egg production) and recruitment. Such a relationship is 

in general very difficult to derive from given time series of stock and recruitment observations due to the large 

environmentally-induced variation in recruitment success. In practice, target values identifying recruitment-

limiting stock sizes are generally poorly defined and are often taken simply as the lowest value of spawning 

stock size recorded for a specific stock. Depending on the available time series and observed range of variation 

in stock size, the perceived limit value can be very different, giving different implications for the long-term 

exploitation levels and sustainable yield. 

In the case of cod in the Baltic, conducted process studies revealed a relationship between the reproductive 

potential (in terms of female biomass or egg production) and recruitment. However, this relationship is sensitive 

to environmental conditions and trophic interactions. For example, low oxygen concentrations at cod spawning 

sites is an important determinant of recruitment. The close coupling between cod and sprat, where sprat, the 

principal prey of adult cod influence the predators reproductive success via consumption of cod eggs at high 

sprat stock levels and via reduced egg production at low sprat availability, necessitates the inclusion of this 

species in management initiatives on cod. Sprat and cod spawn in the same areas in the Baltic, with overlapping 

spawning periods, however, the spawning strategy and recruitment success of sprat is very different from cod. 

The limiting environmental factor for reproductive success of sprat appears to be temperature in the intermediate 

water layer which influences the timing of spawning, egg mortality and larval prey availability. These processes 

are currently not considered in the management of Baltic cod and sprat, but working hypotheses in this task 

were that: 

 

a)  different environmental regimes are identifiable, 

b)  their effects on recruitment are quantifiable and as a result, 

c)  different fishing strategies based on these regimes may be justifiable. 

 

Following this strategy and integrating the findings of the previous tasks, environmentally sensitive stock-

recruitment relationships for Baltic cod and sprat are established. Standard short-term predictions of stock 

development are improved by integrating recruitment estimates based on the present status of the stock and its 

biotic and abiotic environment. Furthermore, predictive recruitment models for medium- to long-term forecasts of 

stock development are developed considering different environmental and fishery scenarios. The final working 

step was to estimate biological management reference points, critical stock limits and target spawning stock 

sizes based on stock-recruitment relationships and stock development simulation models, considering the 

precautionary approach for fisheries management. 
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6.1 Identify and describe causal relationships influencing recruitment and develop 
simulation models 

Reproductive effort and reproductive success 

Area aggregated MSVPA 

Introduction 

The first work within the present task was to review and validate data received from Task 1 to 5 for modeling 

purpose. To determine the reproductive effort of the cod and sprat stock either as SSB, female SSB or 

potential egg production by the SSB two major data sources were made available: i) output of analytical age-

structured models and ii) international survey results. Due to the relatively short time series of bottom trawl 

and hydroacoustic surveys, especially not covering periods of maximum reproductive success of cod in the 

late 1970s and early 1980s, analytical stock assessment outputs were used as the major data source, while 

survey results were used for validation purposes. Analytical stock assessment output is available from the 

Baltic Fisheries Assessment WG for the period 1966-2001 from an XSA and from MSVPA runs covering 

1974-2000 and area dis-aggregated for 1974-1999 conducted within the project. The reproductive success in 

terms of recruitment relies essentially on the same data bases, with the MSVPA having the advantage to 

quantify pre-recruit abundance considering predation mortality by cod.  

MSVPA has been applied earlier addressing the biological interactions between fish stocks in the North Sea 

(Pope 1991; Stokes 1992) and the Baltic (Sparholt 1991 and 1994), the latter enhanced within the CORE project 

(CORE 1998). Sparre (1991) and Magnusson (1995) present the theory and methods employed in the MSVPA 

as well as underlying assumptions, but see CORE (1998), Neuenfeldt and Köster (2000) and Köster et al. 

(2001a) for validation tests. At present MSVPAs are run for two areas in the Baltic, a Western and Central Baltic 

component to match the stock units used in the regular stock assessments (Neuenfeldt and Köster 2000), with 

the Central Baltic component dominating in terms of biomass and abundance (ICES 1999b). 

 

Results and Discussion 

Stock and mortality trends 

The stock abundance of cod in the Central Baltic is characterized by a pronounced increase from 1976 to 1980, 

remaining high until 1983, afterwards steadily declining to its lowest level on record in 1991, and since then has 

been close to the historic minimum (Fig. 5.2.32). The estimated stock size of sprat shows a reverse trend, with a 

decline from 1975 to 1980, low levels until 1988, followed by a pronounced increase to the highest stock size on 

record in 1996 and a decline in most recent years. 

Spawning stock biomass (SSB) of cod and sprat follow similar time trends as the abundance, however, some 

deviations are apparent (Fig. 5.2.31). Cod SSB remained longer on a high level until 1985 and recovered to a 

certain degree after the minimum in early 1990s, which is barely noticeable from abundance estimates. Sprat 

SSB declined by 26% from 1997 to 1999, while the abundance showed a more pronounced decline by nearly 

40%. 

Examining the effect of the spawning stock on recruitment, revealed a high reproductive success in cod at 

intermediate SSB values in the 1970’s and declining reproductive success at historically high spawning stocks 
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from 1981 to 1985 (compare Fig. 5.2.31 and 5.2.33). Sprat recruitment showed a positive development from the 

mid-1980s to the mid-1990s, with high fluctuations in most recent years, virtually independent of the SSB. 

Concurrent with the decline in stock size of cod, there was an increase in weight-at-age 3 and older (see Task 

1.2). Average weight-at-age of sprat showed a substantial decline from 1990 to 1997 and a reverse trend in 

most recent years also concurrent with the opposite trend in stock abundance. 

A pronounced time trend in the estimated mortality of cod through cannibalism is apparent (Fig. 5.2.35), with 

increasing predation mortalities until 1983 and a decline until 1991, being stable and low afterwards. Age-

specific differences in predation mortality are obvious, with cannibalism rates on 0-group being considerably 

higher than on 1-group cod. Predation on 2-group cod was in general low, i.e. less than 50% of the applied 

residual mortality of 0.2. Sprat 0-group do not suffer from high predation pressure, while age-group 1 and also to 

a lesser degree adult sprat do (Fig. 5.2.35). Intense predation pressure on sprat occurred in 1979-1983, with a 

subsequent decrease until 1991 driven by the decline in predator population size.  

The average fishing mortality of cod age-groups 4-7 increased from 0.4 in 1979 to 1.4 in 1991 and decreased 

sharply to the lowest level on record in the following two years (Fig. 5.2.34). This reduction is caused by rigid 

enforcement of management measures, i.e. a TAC reduction for the entire Baltic from 171 *103 t in 1991 to 100 * 

103 t in 1992 and 40 * 103 t in 1993. Afterwards a pronounced increase in fishing mortalities to original high level 

is indicated due to increasing fishing effort at declining stock size (ICES, 2001a). The fishing mortality of sprat 

was substantially lower throughout the entire time period, with an increasing trend since the early 1990s. 

The corresponding yield to biomass ratios followed in general the development of the fishing mortality, with a 

less steep decline for cod in the beginning of the 1990s. On average 41% of the cod biomass available in the 

beginning of the year was removed by the fishery, ranging between 22% in 1978 and 64% in 1991. In sprat and 

the corresponding removals are on average 11%. 

 

Validation of stock trends 

Stock development trends derived by the multispecies and the standard stock assessment are rather similar, 

with the MSVPA additionally covering younger age-groups (i.e. age-group 0 and for cod also age-group 1). The 

reconstructed stock abundance are furthermore in accordance with trawl and hydroacoustic surveys utilized for 

tuning of the MSVPA (Vinther, 2001). Deviations between time trends in stock abundance and spawning stock 

biomass compared to the standard stock assessment can be explained in all three species by changes in 

weight-at-age, and in cod additionally by an earlier maturation in the 1990’s compared to 1980's. 

 

Area dis-aggregated MSVPA approach 

Introduction 

In the Baltic Sea the spatial and temporal suitability of the spawning habitats of cod vary dramatically with the 

oxygen conditions at the depth of incubation of the eggs (MacKenzie et al., 2000; Köster et al., 2001b). As a 

consequence, the population dynamics of cod exhibit distinct trends in different areas of the Central Baltic with a 

corresponding variation in predation pressure on its major prey species, sprat and herring (Köster et al., 2001b). 

In turn the population development of these planktivores determines the predation intensity on early life stages of 

cod (Köster and Möllmann, 2000a). 

Within the two areas for which MSVPAs are presently set-up (see above), the abundance and biological 

characteristics of the three species are heterogeneous both spatially (between Sub-divisions) and temporally 
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(inter and intra annually). For example, population sizes of Central Baltic cod, as resolved by international bottom 

trawl and ichthyoplankton surveys, have revealed distinct distributional trends (Sparholt and Tomkiewicz, 2000; 

Aro, 2000). Furthermore, for cod substantial differences in weight at age and maturity ogives have been reported 

for different Sub-divisions (ICES, 1999b). The abundance and characteristics of sprat have also been observed 

to vary spatially and temporally in the different Sub-divisions of the Central Baltic (e.g . Ojaveer, 1989; Köster et 

al., 2001b). Hence, Task 5.3 investigated the feasibility of conducting area dis-aggregated MSVPA runs to 

resolve the dynamics of cod and sprat sub-populations in the different Sub-divisions, corresponding roughly to 

their different spawning regions, i.e. the Bornholm Basin located in Sub-division 25, the Gdansk Deep in Sub-

division 26 and the Gotland Basin in Sub-division 28. The parameterisation of the area dis-aggregated MSVPA 

as well as data series on weight at age and maturity ogives utilised to identify the spawning component of the 

stocks in the different basins have been described before (Task 5.3). The tuning of the MSVPAs was performed 

by iteratively running Extended Survivor Analyses (Shepherd, 1999) and MSVPAs exchanging updated terminal 

F and predation mortalities until convergence was achieved (Vinther, 2001). Abundance indices utilized for 

tuning originated from the international bottom trawl survey directed to cod, performed annually in 

February/March and the international hydroacoustic survey directed to herring and sprat, conducted annually in 

September/October (ICES, 2001d). 

While, standard XSA and area aggregated MSVPA produce very similar results, the are dis-aggregated 

MSVPA needed validation. This has been done through comparison with various existing and compiled data 

sets. This allowed the application of the area dis-aggregated MSVPA to spatially resolve the SSB of the 

different spawning basins thereby allowing the utilisation of area specific reproductive success in recruitment 

modelling of these stocks. However, utilisation of basin specific spawning stock sizes and structures as a 

measure of the stock’s reproductive effort and recruitment success in different spawning areas is to a certain 

degree affected by migration. Thus area aggregated approaches were conducted in parallel, partly resolving 

spatial variability in reproductive effort, environmental conditions and reproductive success by ancillary data, 

e.g. research survey results. 

 

Results and Discussion 

Spawning stock size and recruitment 

The Central Baltic cod stock displayed a substantial decrease in SSB in all three areas from 1983 onwards (Fig. 

6.1.1). The SSB increased again in the early 1990s in Sub-divisions 25 and 26, due to enhanced reproductive 

success and a reduction in fishing mortality, however no recovery was evident in Sub-division 28. The SSB of 

sprat in Sub-divisions 25 and 26 showed a rather similar time trend until early 1990’s, with an increase from very 

low levels in the beginning of the 1980s to stable intermediate values in the second half of the decade. In the 

beginning of the 1990s a substantial increase in the spawning stock is estimated for both areas continuing in 

Sub-division 25 until 1997, while the SSB in Sub-division 26 stabilized at a similar level than in Sub-division 28. 

A declining trend in cod recruitment is evident in the 1980s for all areas (Fig. 6.1.2). The abundance of 1-group 

cod was estimated to be lowest in Sub-division 28 throughout the time series, with extremely low estimates of 

recruitment in this Sub-division since 1990. During the second half of the time series, cod recruitment was 

estimated to be highest in Sub-division 25. Sprat recruitment was variable during the early part of the time series, 

with an outstanding year-class evidenced in 1982. During this period, recruitment in Sub-division 26 was in 
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general highest. Since 1982, recruitment in Sub-division 28 was estimated to be the lowest with a less 

pronounced increase in reproductive success than in the other basins after late 1980s. Apart from absolute 

deviations, pronounced recruitment fluctuations followed the same pattern in all areas in the 2nd half of the 

1990’s. 

 

Validation of spatial and temporal stock dynamics 

Resolution of a number of issues is necessary before determining the applicability of the area dis-aggregated 

MSVPA output in recruitment modelling approaches for cod and sprat. First is the validation of the results with 

respect to temporal trends in abundance and biomass. In order to address this issue, results from trawl and 

hydroacoustic surveys have been compared to the MSVPA output up to 1996 (Köster et al., 2001a). Data 

sources fall into two categories, those being data used to tune the area dis-aggregated MSVPA thus non-

independent, and data not employed for tuning purposes. The international surveys utilised for tuning, although 

having an impact on the MSVPA results during the later part of the time series, have a reduced effect on the 

outputs back in time. This feature makes these data valid for a comparison of trends for a major part of the time 

series. 

Significant linear relationships were obtained between area dis-aggregated MSVPA estimates of cod population 

size (age-group 2+) and abundance indices based on bottom trawl surveys in all three sub-areas (first progress 

report), with the lowest explained variance in Sub-division 25, intermediate in 26 and highest in 28. Large inter-

annual variability was observed in the international trawl survey in Sub-division 25 in 1980-1982 and 1985-1987 

causing large deviations between observed and modelled population abundance. Similarly in Sub-division 26, 

considerable deviations occurred in the beginning of the time series. Interestingly, in Sub-division 28 the 1983 

survey revealed highest abundance indices on record, potentially indicating a shift in distribution compared to 

1982 and subsequent years. Apart from this observation, evidence of interannual shifts in distribution between 

different sub-areas is not apparent. 

For sprat, the comparison between international hydroacoustic survey results and area dis-aggregated MSVPA 

output revealed similar trends to those observed for cod (first progress report), with lowest explained variability in 

Sub-division 25 and highest in 28, though highly significant in all cases. The increase in population size in the 

1990s observed in the MSVPA estimates for Sub-division 25 is less pronounced in the hydroacoustic surveys. In 

particular, the survey estimate obtained in 1992 appears to be rather low. Due to technical and area coverage 

problems, the hydroacoustic surveys in 1992 and 1993 (the latter omitted here) are the most unreliable in the 

time series and are in fact excluded from regular stock assessment runs (ICES, 1997a). In Sub-division 28 

contrary to Sub-division 25, the increase in population size in early 1990’s is more pronounced in the 

hydroacoustic survey than in the area dis-aggregated MSVPA.. 

Cod abundance at age 1 and 2, as calculated by MSVPA, is in all areas significantly related to abundance 

indices from the international bottom trawl survey, with highest variability in Sub-division 25. In Sub-division 25 

especially a low abundance index of the year-class 1979 in the survey 1980 does not coincide with high 

recruitment estimated by the area dis-aggregated MSVPA. For Sub-divisions 26 and 28 survey data were 

available only from 1981 and 1982 onwards. Thus, a validation of the MSVPA derived 1979 year-class strength 

was not possible for age-group 1. However, as two year old, the year-class was covered by the 1981 survey in 

Sub-division 26, again indicating that the MSVPA resulted in a substantial overestimation of the 1979 year class 

size. For sprat, MSVPA derived recruitment estimates at age 0 were highly correlated to abundance estimates 
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from international autumn hydroacoustic surveys in Sub-division 25, but not in the two other Sub-divisions (first 

progress report). Here outstanding high recruitment values were determined by MSVPA for the 1982 year class, 

while hydroacoustic survey estimates indicate a low year-class strength. Omitting this one year-class from the 

analysis, resulted in significant relationships for both areas as well. For recruitment at age 1, all regressions with 

survey indices were statistically significant, however, again the year-class 1982 introduced significant deviations. 

Thus, recruitment of the 1982 year-class appears to be severely overestimated by the area dis-aggregated 

MSVPA. While cod age-group 2 and sprat age-group 1 abundance indices from research surveys are utilised in 

the tuning procedure, the recruitment of younger age-groups are largely independent estimates, giving 

confidence in the adopted validation also for youngest ages-groups and most recent years. 

As a second mode of validation, independent population size indices are available from other research surveys, 

e.g. directed to spawning concentrations and young fish abundance. These indices although independent are 

typically not focused on monitoring population sizes and hence are of a lower quality than the non-independent 

data designed for this task. For the purposes of validation however these sources are applicable for examining 

trends in abundance (Köster et al., 2001a). Comparison of the area dis-aggregated MSVPA abundance 

estimates (age-group 3+) for cod against Latvian bottom trawl surveys conducted in Sub-division 26 and 28 in 

January and November/December 1976 to 1991 revealed a significant relationships (first progress report). 

Deviation are especially introduced by data from 1983 indicating an anomalous distribution of the stock in this 

year as identified also by the international bottom trawl survey. Further corroborative results come from Latvian 

demersal trawl surveys on cod spawning concentrations in the Gotland Basin (Uzars et al., 1991). These show a 

decline in biomass indices of 84% in the period 1980 to 1989, a result corresponding to a similar decline of the 

SSB derived by the area dis-aggregated MSVPA for the same period. Validation of area dis-aggregated MSVPA 

derived biomass values of sprat were performed using hydroacoustic surveys performed by the former 

GDR/USSR conducted in May/June 1979-1986 (Sjöstrand, 1989) as well as Danish and Russian hydroacoustic 

surveys conducted in May/June 1995 (CORE, 1998). The relationship between area dis-aggregated MSVPA 

output and hydroacoustic survey results was highly significant in all Sub-divisions, driven mainly by the increase 

in stock biomass from the mid 1980s to 1995. 

The impact of migration may invalidate the approach of performing independent MSVPA runs for different sub-

areas of the Baltic. This issue has been addressed by examining the temporal coherence of population 

abundance and structure in the various basins as obtained from area dis-aggregated MSVPA runs and 

corresponding research surveys (first progress report). In Sub-division 25, the proportions estimated by the 

MSVPA were in general higher than that observed in the trawl surveys, whereas in Sub-division 28 the MSVPA 

estimates were in general lower. Within the latter area a clear time trend of decreasing importance of the stock 

component is indicated by both data sources, with recent years being similarly low in the area dis-aggregated 

MSVPA and trawl survey results. Cod recruits showed a different distribution pattern than adult cod. Highest 

proportions were encountered by the trawl survey in Sub-division 26, while the MSVPA estimated intermediate 

proportions. On the contrary, in Sub-division 25 the MSVPA derived recruitment is in general high and the 

corresponding fractions in the trawl surveys are comparatively low, with a time trend of increasing importance of 

the area determined by the former but not by the latter. For Sub-division 28, independent of the method, rather 

similar low proportions were calculated, especially in recent years. The distribution pattern of age-group 2 by the 

area dis-aggregated MSVPA changed only slightly from that of the 1-group. However, in the trawl survey 

considerable changes with age were observed with increased proportions in Sub-division 25 and 28 and 
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decreased in Sub-division 26. The higher fraction of the cod stock derived by the trawl surveys in Sub-division 28 

and a lower in Sub-division 25 may be interpreted as a spawning migration from the Gotland to the Bornholm 

Basin taking place after the bottom trawl survey is performed in the 1st quarter. These migrations have been 

described earlier (Lablaika and Lishev, 1961) and are also indicated for most recent years by the decrease in 

relative catch rates of cod in pre-spawning condition in eastern spawning areas on several surveys from early 

spring to summer 1996, with a concurrent increase in the Bornholm Basin (second progress report). The 

distribution pattern from the trawl survey changes with age, i.e. recruits of age-group 1 concentrate in Sub-

division 26. A biological explanation for this dislocation relative to the area dis-aggregated MSVPA results, may 

be a drift of larvae and pelagic juveniles out of the Bornholm Basin into the neighbouring Sub-division, which has 

been identified through the application of hydrodynamic models (Voss et al., 1999). The change in relative 

distribution of age-group 2 indicates either a higher mortality of juveniles in Sub-division 26, not accounted for in 

the MSVPA, or a movement out of the area. In fact, an analysis of catch rates obtained from Latvian trawl 

surveys conducted at different times of the year in the Gotland Basin revealed indications of an expansion of 

juvenile cod into the Gotland Basin from southern areas. 

When comparing the relative distribution of sprat obtained by hydroacoustic surveys in September/October and 

the area dis-aggregated MSVPA, a similar picture to cod is obtained. Higher proportions are estimated for Sub-

division 25 by the MSVPA, and lower abundance in Sub-division 28, with increasing deviations with time, and on 

average similar fractions in Sub-division 26 (first progress report). A comparison of the average distribution 

patterns obtained from both data series with corresponding values derived by hydroacoustic surveys in 

May/June 1979-1986 (second progress report), shows that the similarity to the area dis-aggregated MSVPA 

output is considerably higher than to the hydroacoustic survey in autumn. The survey in May/June revealed a 

corresponding fraction of the stock inhabiting Sub-division 25 than the MSVPA and on average similar 

population levels in both eastern areas. This could be interpreted as spawning migrations from Sub-division 26 

into the Bornholm and the central Gotland Basin. However, an exchange between not covered Sub-divisions 27 

and 29 and the study area must be considered. Additionally sprat from the western Baltic migrate to some 

extend to the Bornholm Basin for spawning (Aro 1989; Parmanne et al. 1994). 

Finally, in order to assess the estimates relative to existing information of stock fluctuations, population sizes 

derived by the MSVPA runs were integrated over Sub-divisions 25, 26 and 28 and compared to standard ICES 

stock assessments (ICES, 2001a). This exercise resolves whether the approach of running a suite of 

independent MSVPAs generates robust results when compared to the best available information on stock 

development. The standard assessment for sprat utilises area aggregated MSVPA derived predation mortalities 

as input and is thus comparable to the integrated results obtained by the area dis-aggregated MSVPAs. 

However, stock units for bot cod and sprat are not the same, as the regular assessment includes at least 

additionally Sub-divisions 27, 29 and 32. The major part of the catch of cod (>90%) and sprat (>80%) is 

nevertheless taken in the areas covered by the present study enabling the comparison. Standard assessment 

and area dis-aggregated MSVPA derived estimates of cod SSB are rather similar from 1987 to 1996 (Fig. 6.1.2). 

Time trends are also in good agreement throughout the remaining time series, but encountered deviations 

before 1986 can not be explained by the lack of inclusion of Sub-divisions 27, 29 and 32 in the present area dis-

aggregated MSVPA runs. Other factors, e.g. differences in the recompiled catch and especially weight at age 

data contribute to this deviation. Cod recruitment estimates derived by both assessments (age-group 2) were 

similar throughout the time series. This clearly demonstrates that the large deviations encountered in the SSB 
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early in the time series are generated by deviations in weight at age in the stock. These are set as constant in 

the regular assessment before 1983. 

Standard assessment and area dis-aggregated MSVPA estimates for sprat SSB and recruitment (age-group 1) 

are relatively similar throughout the entire time series (first progress report). In most years, the standard 

assessment estimates are higher than the corresponding multispecies values; this could be expected due to the 

differences in area coverage.  

 

Reliability of the approach and applicability in stock recruitment modelling 

The results of the area dis-aggregated MSVPA runs revealed distinct trends in population abundance, spawning 

biomass, recruitment and predation mortalities of cod and sprat in different areas of the Central Baltic. These 

results were in general similar to time trends in population sizes of cod and sprat as estimated by standard 

assessments, research surveys utilised for tuning of the MSVPA runs as well as independent estimates of stock 

abundance. 

A number of data related and methodological problems impact upon the utility of the present approach for cod 

and sprat. The VPA-technique assumes that catch at age are exact input data, which due to several reasons is 

seldom the case. The present analysis covers a time period with well established reporting systems in the Baltic 

introduced in the mid 1970s. However, discarding and mis-reporting takes place in Baltic cod. Preliminary data 

on discarding rates indicate considerable inter-annual variability (ICES, 1997a) and a potential bias of 

recruitment estimates may take place in years of intensive discarding. Mis-reporting in the cod fishery has been 

identified by ICES (1997a) especially for the period 1992-1994 with restrictive fisheries management measures 

enforced. Mis-reporting is partly accounted for by national catch estimates treated in the assessment as 

unallocated catches according to Sub-division. However, for the above period, nevertheless a considerable 

underestimation of the catch may have occurred, affecting the spawning stock size estimation in 1991-1994 and 

recruitment of the year-classes 1990-1992. Another source of bias is errors in age reading of Baltic cod otoliths 

(Bagge et al., 1994), with deviations in estimated age of 1-2 years between different countries commonly 

occurring (ICES, 1999d). This affects especially the estimation of year-class strength and its inter-annual 

variability. 

Migration between different areas of the Central Baltic is expected to have an impact on the area dis-aggregated 

MSVPA results for all stocks. As stated by ICES (1999b) explicit inclusion of the migration process into the 

MSVPA-context is difficult and at present no adequate methodology is available. At present the only feasible way 

of resolving spatial distribution in the Baltic is to run a suite of independent MSVPAs for the different sub-areas. 

Following this approach, migration is accounted for by fluctuations in the catch at age data only.  

The validation of the area-disaggregated MSVPA results provided several indications of migratory behaviour by 

cod. The recruitment of cod determined in Sub-divisions 26 and 28, in absence of any reproductive volume 

indicates an introduction of recruits from the neighbouring Sub-division 25, the only spawning area at present 

with hydrographic conditions conducive for egg survival (MacKenzie et al., 2000, Köster et al., 2001b). Migration 

between basins was also evidenced from the comparison of relative distribution pattern of age-groups 1 and 2 

derived by area dis-aggregated MSVPA runs and trawl surveys. The results suggest that most of the recruitment 

to the eastern spawning areas in the last 10 years have originated in Sub-division 25 as concluded by Bagge 

and Thurow (1993). Juvenile pelagic stages originating in Sub-division 25 are being transported to south-eastern 

areas of the Central Baltic and expanding northwards into the Gotland Basin during their 2nd and 3rd year of life. 
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Furthermore, from the comparison of area dis-aggregated MSVPA derived relative distributions of adult cod and 

trawl survey results it is clear that a substantial part of the adult stock returns to spawn in the Bornholm Basin. As 

a consequence of the observed migration patterns of cod, the application of area specific results in stock 

recruitment models depends critically on the behaviour of recruits growing up in Sub-divisions 26 and 28 after 

reaching sexual maturity. If they return to their original spawning ground, independent of the hydrographic 

situation, no significant influence on area-specific stock-recruitment relationships is to be expected. If, however, 

favourable hydrographic conditions in eastern basins result in a spawning behaviour close to their nursery areas 

or unfavourable spawning conditions force the mature stock components originated from Sub-divisions 26 and 

28 to migrate to the Bornholm Basin, biased relationships are likely. The first behaviour will result in a gain of 

recruits in Sub-divisions 26 and 28 under favourable oxygen conditions, whereas the latter will lead to a 

corresponding gain of adults in Sub-division 25 during stagnation periods. In the area dis-aggregated MSVPA 

model these cod entering the fishery will increase not only the estimated adult stock size in the Sub-division, but 

also the estimates of recruitment some years back in time. Although spawning migrations into the Bornholm 

Basin occur regularly, also in years of favourable environmental spawning conditions in eastern spawning areas 

(Netzel 1974), the intensity of the spawning migration has been related to environmental conditions (Lablaika 

and Lishev, 1961). Thus, it is likely, that both described scenarios occur. Consequently, a certain impact of 

variable spawning migrations on the population estimates derived by the area dis-aggregated MSVPA runs has 

to be expected. Additionally, separation into Sub-divisions is not the most appropriate way to distinguish 

between different spawning populations of cod, as Sub-division 26 contains besides the Gdansk Deep also the 

southern tip of the Gotland Basin, and thus represents to a certain extend a mixture of two spawning stock 

components. 

For sprat the contribution of Sub-division 25 to the combined stock in the Central Baltic was found to be 

considerably higher in the MSVPA output than in the autumn hydroacoustic surveys. However, hydroacoustic 

surveys in May/June showed highest sprat concentrations in the Bornholm Basin, thus confirming the distribution 

pattern obtained by the area dis-aggregated MSVPA runs. This indicates a different distribution of sprat during 

spawning and feeding periods, potentially caused by migrations between Sub-divisions, a process, which is at 

present not sufficiently resolved (Aro, 1989; Parmanne et al., 1994). A potential re-distribution of the sprat 

spawning stock during feeding time will have an effect on the SSB and recruitment estimated by the area dis-

aggregated MSVPA runs for the different Sub-divisions. However, a major part of the catch is obtained during 

the 1st half of the year in a fishery directed to pre- and spawning concentrations (ICES, 1999a). Hence, 

explaining the relative distributions derived by the area dis-aggregated MSVPA runs and hydroacoustic surveys 

at spawning time are well in line. Consequently, the effect of migratory behaviour on SSB estimates should be of 

limited importance.  

In summary, the area dis-aggregated MSVPA approach has through comparison with existing data sets, 

successfully resolved the basin specific stock dynamics of cod and sprat in the Central Baltic Sea. This result 

allows the application of the area dis-aggregated MSVPA to spatially resolve the SSB of the different spawning 

basins thereby allowing the utilisation of area specific reproductive success in recruitment modelling of these 

stocks. Utilisation of basin specific spawning stock sizes and structures as a measure of the stock’s reproductive 

effort in different spawning areas is to a certain degree affected by migration. However, as the fishery on cod 

and sprat traditionally concentrated on pre- and spawning concentrations, the area dis-aggregated MSVPA 
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derived results give an improved and extended estimate of the time series of stock size, structure and 

distribution when compared to available trawl and hydroacoustic survey estimates. 

 
Expansion of the MSVPA to account for changes in food intake and growth 

Introduction 

In the present set-up of the MSVPA changes in biomass of prey will not affect the growth of their predators. 

A first step to include bottom up effects has been achieved by integrating growth of cod as a function of the 

amount of available food. Gislason (1999) has defined and implemented a spreadsheet version of the 

MSVPA and MSFOR programs for the Central Baltic stocks. The concepts has been implemented in the 4M 

programme package with a few modifications, using quarterly data instead of annual data. 

 
Modelling 

Weight at age is defined as the weight at age in the preceding year plus a growth term. Growth depends on 

average growth observed and the amount of available food in the current period relative to the average 

amount of available food: 

 

W a y W a y AVAIL a y Growth a
AVAIL a

( , ) ( , ) ( , ) * ( )
( )

= − − + − − −
−

1 1 1 1 1
1

 

 

Where W is the estimated weight in the sea, AVAIL is the amount of available food for the predator and 

Growth is the average growth observed. 

The food intake is defined as a bioenergetics model taking standard metabolism, somatic growth and 

spawning into account: 
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where  

R(a)  food intake 

CE(a)   food conversion efficiency, somatic growth  

PM(a)  proportion mature 

SPAWN(a) factor of initial body weight lost due to spawning 

SCE(a)  food conversion efficiency for spawning products 

 

Estimated weight, food intake and available food are mutual dependent and are estimated by iteration until 

convergence of the values of estimated weight.  

The biomass of other food or total biomass is assumed to be constant in the MSVPA, which seems 

inconsistent to the assumption of food intake as a function of available food. Average biomass of other food 

is therefore assumed to be defined by: 
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nconsumptiopLpKeypB *)(*)(),( =  

 

where 

B(p,y)  average biomass of other food, p, in year y 

K(p)  constant expressing the log of the biomass of other food when predation is zero 

L(p)  constant expressing the amount of change in biomass of other food per unit of consumption 

 

The “other food” component can be divided into “other prey” species or taxonomic groups and the 

parameters K and L must then be given separately for each “other prey” species. For the Baltic Sea area, 

other prey species might be Saduria entemon, mysis and “other, other food items”. 

The concept mentioned above might even be used to model variable (density dependent) mean weight at 

age of sprat. The two species will then act as predators on a number of preys groups, which mean biomass 

declines as a function of amount eaten leading to variable mean weight. 

The extensions to MSVPA work in both the VPA and the prediction mode. 

Two approaches could be considered for modelling the maturity at age. One is to write an equation that is an 

analogous to the weight at age one above. The other is to assume that the weight at age is an integral of diet 

throughout the age of the fish and model maturity as a function of the weight. In practice these two 

approaches should behave similarly.  

 
Age at maturity modelled in an analogous fashion to weight at age: 
 
              ___________ 
         AVAIL (a-1, y-1) * DelMat (a-1) 
Mat (a,y) = Mat (a-1, y-1) + b * —————————————— 
          _______ 
            AVAIL (a-1) 
 

 

where DelMat is the analogous of growth rate and is the average over a period of time of the change in 

maturity from one age to the next. This moves the ogive’s position but still 100% maturity is reached at some 

age. b is a scaling parameter. 

 

Discussion 

The other approach is to mediate the maturity at age by the weight at age, which already has the effects of 

prey availability incorporated. Gislason (1999) used this type of formulation based on a logarithmic 

regression of proportion mature and weight at age. Similarly, one could reduce the fecundity, instead of the 

maturity as a function of ration. That is a fully mature fish that was below weight would produce fewer than 

average recruits. A lower weight limit could be imposed that at which reproduction ceases. As well as 

reduced reproduction, survivorship could be made dependent upon the weight at age. The problem with 

these models is because the weight at age is an accumulation of affects over the life of the fish too much 

emphasis may be given to previous history instead of events occurring within the last few months. More 
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complex models could be formulated which differential weights are given to recent versus long term affects 

of availability and hence ration, but there is always the problem of defining parameters for them. 

The described approach allows modelling of weight and maturity at age in dependence of prey availability. 

Missing this feature has been seen as a disadvantage of the MSVPA approach compared with modern 

multispecies models, e.g. the Boreal Migration and Consumption model (BORMICON). With respect to the 

second disadvantage, spatial dis-aggregation has been achieved without explicitly modelling migration or 

parametresizing migration rates, by running a suite of independent MSVPA’s. Evaluation of the spatially dis-

aggregated MSVPA output was possible by comparison with extensive independent information on 

abundance, biomass and stock distribution. From this comparison, indications on migrations between 

different areas were obtained, but did not confound utilization of results in spatially explicit recruitment 

modelling approaches (Köster et al., 2001b). Consequently, implementation of a statistically based more 

complex multispecies model was considered to be unnecessary. Instead we concentrated on the 

development of a more simple statistically based multispecies model, the multispecies stock production 

model. This decision appears to be especially sensible in view of the efforts directed to the EU project 

“Development of structurally detailed statistically testable models of marine populations”, which aims at the 

development of a new generation of multispecies assessment models, being still in progress. In connection 

to this, the MSVPA concept is presently modified. The stochastic Multispecies model is a maximum 

likelihood model including likelihood functions for commercial catch-at-age observations, CPUE 

observations, stomach contents observations and a stock-recruitment model. Population and catch models 

are age structured but the stomach contents model is length based. The model operates on historical data 

for estimation of parameters and their variance. A predictive stochastic model uses these values and input 

fishing mortalities to estimate effects of various management measures. 

 

Multispecies stock production model 

Introduction 

In the late 1960s the increasing intensity of fishery lead to the overexploitation of many fish stocks and the 

ecological balance of the exploited ecosystems has been violated. In such a situation the multispecies 

interactions may be more pronounced and need to be implemented into the assessment approach. The attempts 

to incorporate these interactions into stock assessment models originated in the 1970s, leading to development 

of the multispecies stock assessment models. In these models two types of multispecies effects were taken into 

account: the impact of predator stock on survival of prey and the influence of prey biomass on predator growth 

rate. The biggest progress was made in development of the age-structured multispecies models.  

The most comprehensive in that group became the model of Andersen and Ursin (1977) in which both types of   

multispecies effects were simulated. Another model – MSVPA (Multispecies Virtual Population Analysis) – was 

the multispecies extension of the standard VPA, in which the impact of predator stock on prey survival is 

accounted for while the prey effects on growth rate were not simulated. Several authors contributed to 

development of the MSVPA, which gained most popularity and was frequently used (Helgason and Gislason, 

1979; Pope, 1979; Sparre, 1980). 

Smaller progress was made in development of multispecies production models: the example of such a model is 

the multispecies model of Schaefer (Larkin, 1966; Pope, 1976; Sullivan, 1991). Such models, although not so 
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realistic as age-structured models, are generally less data demanding, and may be especially useful when the 

age structure of the stocks is unknown. Horbowy (1996) developed new multispecies stock-production model, 

deriving it from the age-structured multispecies model of Andersen and Ursin (1977). The model is an 

multispecies extension of the Horbowy’s (1992) single species production model. The multispecies interactions 

in the model are constrained to the impact of predator stock on survival of prey components – the growth rate of 

predator is not affected by prey biomass, similar as in MSVPA. The advantage of Horbowy’s approach is that 

some of the model parameters, having specific biological meaning, can be estimated outside the model. The 

model allows for the estimation of the dynamics of stock biomass and multispecies interactions given catches, 

predator stomach contents, and indices of recruitment and fishing effort. The model was applied for simulation of 

the dynamics of the Baltic fish stocks, producing results comparable with those obtained from age-structured 

assessment models. The basic shortcoming of the model was its applicability to fully exploited part of the stocks 

only, while multispecies effects for young fish (usually less exploited or unexploited) may be important and 

usually are more pronounced. Therefore, the aim of the new formulation and application of multispecies 

production model was to: 

 

- develop and incorporate additional component to the Horbowy (1996) model, covering the dynamics of 

young fish,  

- test the model, applying it for the simulation of the dynamics of main species exploited in the Baltic.  

 

Description of the model and its application to the Baltic Sea 

The basic equation of the multispecies stock-production model of Horbowy (1996) is 
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where 

v, h, k =  parameters of  the von Bertalanffy`s growth equation generalized by Andersen and Ursin (1977), v is 

the fraction of eaten food assimilated for growth,  

 

E = fishing effort, 

q = catchability coefficient,  

M1 =  coefficient of natural mortality caused by other reasons than  predation, 

w = mean weight of fish in the population, 

Gr
s = suitability of prey s to predator r,  

OT = "other food" 

s, r = populations, 

n = number of populations. 

 

Assuming the term in the brackets as constant or having small variability in a time interval (t, t + dt), model [1] 

can be approximated by 
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If recruitment takes place at time t+dt, equation [2] will assume the following form  

 

 ssss RdttatBdttB +=+ ])(exp[)()(         [3] 

 

where R  is the biomass of the year class recruited to the population.  

 

This model has been applied for fully exploited part of the populations because fishing mortality in the model is 

age independent. To cover non-exploited (young) ages in the modelled populations additional equations were 

developed and employed in the model. It was assumed that younger ages are not exploited or the exploitation is 

so low that it can be neglected. The dynamics of the not exploited part of the population is presented by 
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where 

Nsi – number at age i in population s, 

wsi – mean weight at age i in population s . 

In equation [4] the Σ term expresses the predation mortality. The part of the oldest non-exploited (young) age 

which survived to the exploited (adult) age quits the non-exploited component and enters the exploited 

component of the population as recruitment denoted by Rs in equation [3]. 

Recruitment to the non-exploited component of the population is modelled as indexuRR =0  

where u is parameter, and Rindeks – is an index of recruitment to non-exploited component. 

The Baltic Sea has a relatively simple system of trophic levels, which facilitates the modelling of the multispecies 

interactions. The main predator is cod which feeds mainly on herring, sprat and invertebrates. Thus, in the model 

we will estimate interactions between man (catches), cod, herring, sprat and a component called "other food". 

The stocks of cod, herring and sprat consist of two components in the model: young fish and adult fish. Adult 

components consist of cod at age 3 and older, and herring and sprat at age 2 and older, while young 

components are represented by age groups 1-2 for cod and age groups 0-1 for herring and sprat. The fishery in 

the model operates on adult components only. The following species interactions are modelled (Fig. 6.1.3): 
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- ·predation of adult cod  on herring, sprat, young cod, and  "other food", 

- ·predation of young cod on sprat (both young and adult), young herring, and “other food”. 

 

The "other food" is composed of invertebrates and fish of minor importance. 

 

The model has been applied to eastern Baltic cod stock (Sub-divisions 25-32), central Baltic herring (Sub-

divisions 25-29+32) and sprat (Sub-divisions 22-32). In simulations the years 1982-2001 were covered, as data 

from the international acoustic surveys on herring and sprat have been available since 1982. 

In decades of the 1980s and 1990s it was observed marked decline in growth rate of Baltic herring. This 

phenomenon was simulated in the model by presenting anabolism coefficient h as linear function of time. 

The parameters v, h, k, M1, w, OT were estimated from the available data (outside the model) or assumed 

basing on literature.  The parameters G, q, u, and B0 (B0 is initial biomass needed to solve equation [3]) 

were found by minimizing the sum of squares of differences of logged observed and estimated in the model: 

catches, food composition, and initial biomasses 
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where Y and Y,  SC and SC denote model and observed catches and stomach content, respectively. The 

index i refers to species (cod, herring, sprat) and t is year (1982-2001). The parameters λ represent 

statistical weights being inverse of variance associated with successive terms. The λ were estimated in 

iterative way assuming initial values (usually 1), and using in subsequent models runs the estimates of λ 

from preceding run. Parameters G are determined relative to a constant multiplier, so the highest was 

allotted 1, and other G values were estimated relative to that. The model was developed as a spreadsheet in 

EXCEL and SOLVER module was used for the minimisation of the sum of squared residuals [5]. 

The values of some parameters estimated outside the model are presented in Table 6.1.1. The parameters 

of the von Bertalanffy equation for cod, herring and sprat were calculated basing on average (1982-2001) 

weight at age data taken from ICES (2001a). The h value adopted for cod is  the average of ratios at age of 

food ration to weight2/3 (in Andersen and Ursin (1977) theory, used to develop the production model, 

ration=h* weight2/3). Following the same theory the asymptotic weight  Winf=(vh/k)3 and this equation was 

used to derive an estimate of v for cod. The cod food ration was taken from ICES (2001c). The level of the 

coefficient of residual natural mortality was assumed 0.2 (ICES, 2001a). The mean weights, w, were 

obtained as the averages of weight at age weighted by catch in numbers at age. The biomass of other food 

was assumed 1000000 t as in ICES (2001c). 

To run the model we need the values of two external variables (recruitment and fishing effort) and the 

estimates of parameters. As the values of the external variables were approached in two ways, two models 

are presented in the paper. In the first one (model 1), the fishing effort data and recruitment indices are taken 

as fishing mortality and recruitment estimates from XSA (ICES, 2001a). The natural mortalities used to run 

XSA for herring and sprat base on MSVPA results, so the multispecies interactions are taken into account 

when assessing these stocks by single species model. This approach tests the model performance when 

good estimates of fishing effort and recruitment are available. However, the model shall be mainly used in 
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cases   when the analytical estimates of these values are not available. So, the second model using survey 

based estimates of fishing effort and recruitment was fitted.  

In the second model (model 2) fishing effort was approximated as the ratio of catches to survey estimate of 

stock abundance. For that purpose bottom trawl survey data were taken for cod while acoustic estimates of 

stock size were adopted for herring and sprat. Assuming that survey estimates of biomass are not very 

different from mean yearly values, the catch to stock size ratio should provide an approximate index of 

fishing effort. The biomass of recruiting year-class was taken from the survey. For cod the average 

geometrical index of a year-class at age 1 and 2 was used as recruitment index at age 1. For herring and 

sprat acoustic estimates at age 1 were used as recruitment index at age 0. 

 

Results  

The estimated parameters q, u, B0, and G for both models are presented in Table 6.1.2 and 6.1.3. According 

to the model the most suitable food components of adult cod is adult sprat, young herring, and other food. 

The suitabilities of young sprat, young cod and adult herring are much lower but quite similar to each other. 

The young cod prefers feeding on other food. The suitability for young cod of young and adult sprat, and 

young herring is much lower.  

The catch residuals for cod, herring and sprat are presented in Fig. 6.1.4. In the XSA-based model most of 

them are in the range of +/-0.5. The average relative error (absolute values) of cod and herring modelled 

catches is 19% and 18%, respectively. The average relative error of sprat catches is much higher (38%) but 

when 3 extreme values are excluded it decreases to 30%. The catch residuals show some pattern, the 

curves are dome-shaped, especially for sprat. The food consumption residuals are generally more randomly 

distributed along zero, but they are relatively high. The average relative difference (absolute values) of 

observed and modelled share of consumed food items (stomach contents) is within 15-40%, when a few 

extreme residuals are excluded. 

In the case of survey-based model the catch residuals are higher than for XSA-based approach, but still 

most of them is comprised within +/- 0.5. The average relative error of herring and sprat catches is 27% and 

23%, respectively, while this error for cod is much higher reaching 45%. Exclusion of 3 extreme residuals 

reduces this error to 37%, which is still quite high. The average relative difference of observed and modelled 

share of consumed food items is within 15-45%, when a few extreme residuals are excluded. The higher 

residuals in the survey-based model could be expected as usually survey estimates of recruitment and 

fishing mortality, being input values to the models, have much bigger variance than smoothed (XSA-based) 

estimates. This points out at the importance of good quality of recruitment and effort data for the successful 

application of the model.  

The estimated biomass of adult cod (Fig. 6.1.5) in the XSA-based model shows generally decreasing trend 

from 620 thousand t in 1982 to about 70 – 90 thousand t in 1998 -2000. The estimates of survey-based 

model show similar trend but are lower in the 1980s and early 1990s and higher in rest of the period than the 

model 1 values. Presented for comparison the MSVPA estimates (see Task 5.2) of cod biomass have similar 

trend but are higher than the estimates of models 1 and 2.    

The estimates of adult herring biomass from XSA-based model (Fig. 6.1.6) are lower than the MSVPA values 

but show similar trend, while the biomass of herring derived from survey-based model is quite different from 

the MSVPA values – it shows huge increase in stock size at the beginning of 1990s, not confirmed by 
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MSVPA. However, the estimates from MSVPA and both models are similar for recent years. According to 

XSA-based model the herring biomass decreased from a level of 1 200 thousand t in 1982 to values of 400 - 

500 thousand t in 1999-2001.  

The estimated in XSA-based model biomass of adult sprat was increasing from over 200 thousand t in 1982 

to 1700-1900 thousand t in 1997-1999, and next markedly decreased. Similar dynamics shows the biomass 

estimated by survey-based model and by MSVPA. The both models estimates are much lower than MSVPA 

values in the 1st half of the 1990s, but they are quite similar to those values in recent years (Fig. 6.1.6). 

The estimates of predation mortalities of young cod, herring and sprat are presented in Fig. 6.1.7. For 

comparison the M2 estimates arrived at using MSVPA are also provided. Both models show huge decline in 

predation mortality in the 1980s, and some fluctuation in the 1990s with peak in the middle of decade. The 

present M2 is 15-20% of what was observed in the early 1980s. The changes in M2 are consistent with 

dynamics of cod biomass, which after marked decline in the 1980s, slightly increased in the 1st half of 1990s, 

and then declined again. The models estimates of average (1982-2001) predation mortality for herring are 

similar to the MSVPA values. For sprat and young cod the models and MSVPA estimates differ markedly, 

especially for young cod which M2 from the models is only 20% of the MSVPA value (Fig. 6.1.7). The 

heaviest predation mortality (from the models) is exerted on adult sprat (ca. 0.25 on average) and young 

herring (0.15 on average) – the average M2 for young sprat and adult herring is lower (0.10 and 0.06, 

respectively).  

The estimates of biomass consumption determined from both models are presented in Fig. 6.1.8. They are 

quite similar to the MSVPA estimates for both herring stock components and adult sprat. They differ much 

from the MSVPA values, however, for young sprat. The relative differences between models and MSVPA 

estimates are of the same order as in case of predation mortalities. In the models the average (1982-2001) 

consumption of young herring, young sprat, and adult herring is in the range of 40-60 thousand t., while the 

consumption of adult sprat is almost twice as high (Fig. 6.1.8). The average consumption of young cod was 

small equaling over 3 thousand t. The consumed biomass of herring and young cod generally decreased in 

the analyzed period following both decrease in herring and predator biomass. The consumption of sprat, 

however, after decline in the 1980s, showed marked increase in the 1990s, especially for adult component. 

This reflects highly increasing biomass of sprat in the 1990s. 

 
Discussion 

The availability of reliable recruitment and fishing effort (fishing mortality) indices are crucial for the 

successful application of the model. The model 1, using both recruitment and fishing effort indices derived 

from XSA, produced better fit to the observed data than the model 2, basing on survey derived indices of 

recruitment and fishing effort. It was especially visible in case of herring, for which model 2 produced for the 

early 1990s the biomass trend different from the one estimated by age-structured method (XSA) and model 

1 (Fig. 6.1.6). 

The quality of recruitment and fishing effort indices derived from survey is not very good for Baltic stocks and 

varies between species. It is best for sprat where the R2 between XSA-based and survey based estimates of 

recruitment and fishing effort are at the level of 0.8, most likely due to the high contrast in the data series. In 

case of cod and herring the R2 between XSA and survey based estimates of recruitment and fishing effort is 

lower, ranging from 0.3 to 0.6. The impact of the data quality on model performance can be seen to some 
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extent from models fits and retrospective analyses. The survey-based model produced estimates of cod and 

herring biomass much more divergent from XSA values than the XSA-based model. 

The present model could be further developed by incorporating stock-recruitment relationship instead of 

using recruitment indices. For many stocks the parent biomass is not good indicator of recruitment and 

environmental variables may be included to model the recruitment..  

When comparing the production models and MSVPA results it should be noted that the MSVPA applied to 

the Baltic operates on quarterly basis as Baltic cod changes its feeding behaviour throughout the year. The 

consumption of clupeids is the highest in winter and the lowest in summer and autumn, when the 

invertebrates gain more importance in cod food. This phenomenon is not accounted for in the present 

production model but could be incorporated by solving model equations 1 and 4 with quarterly steps instead 

of yearly steps.  

The production models presented here are developed in such a way that the demand for age based data is 

constrained to minimum. The age data are needed mainly for the estimation of growth parameters. The 

length data may be used for estimation the asymptotic length, but the catabolism coefficient k must be 

estimated from the age data in most cases. Horbowy and Podolska (2001) successfully applied a method 

basing on parasitic load for estimation of growth parameters (both in terms of length and weight) of Baltic 

herring, but such possibility will rarely be available for other species. Recruitment indices in both models 

were taken at given age. With no aging the strength of a year class would have to be estimated basing on 

number of fish at given size range, where this size range would approximately represent the recruiting age 

group. This may work well for populations with distinct size separation of young fish but for other stocks such 

an approach may be imprecise.   

 

Ecopath and ecosim 

Introduction 

The Ecopath system is built on an approach initially presented by Polovina (1985) for estimating biomass 

and food consumption of the elements (species or groups of species) of an aquatic ecosystem. 

Subsequently it was combined with various approaches from theoretical ecology, notably those proposed by 

Ulanowicz (1995), for the analysis of flows between the elements of ecosystems. In addition bridges to 

fisheries assessment are being built into the system (in more detail see Christensen and Pauly. (1998) and 

Christensen and Pauly (1999)). 

 

Material and Methods 

Ecopath with Ecosim software is designed for straightforward construction, parameterization and analysis of 

mass-balance trophic models of aquatic and terrestrial ecosystems. In the Baltic Sea ecosystem analysis we 

have used Ecopath and Ecosim in order to estimate indices for carrying capacity and multi-decadal 

fluctuations in cod, herring and sprat biomass and simulations were then used to rerun and validate the 

analysis (see Task 6.3). It has become possible, through a semi-Bayesian resampling routine, to explicitly 

consider the numerical uncertainty associated with assumptions and input parameters. 

However, real ecosystems are more complicated than the mass-balance fluxes of biomass implemented in 

Ecopath. Thus a large the number of functional groups have been included in our Baltic Sea model and 
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analysis. Real ecosystems also have dynamics far more complex than represented in Ecosim. The issue to 

consider, when evaluating the realism of a simulation software is, however, not how complex the software 

and the processes are that are represented therein. Rather, the question is which structure allows a 

representation of the basic features of an ecosystem, given a limited amount of inputs. On such criterion, it 

was obvious that the major deficiency of the Ecopath/Ecosim approach was its assumption of homogenous 

spatial behavior. 

In Ecopath the system balances inputs and outputs for each box included into the Baltic Sea food web 

shown in Fig. 6.1.9. Our analysis focused on ecosystem models of food web and fisheries interactions in the 

Baltic Sea, past, present, and future. The main questions were: 

 

- What are the major structuring forces in the Baltic Sea food web? 

- What happens when biomass of one or more groups in the food web changes? 

- What are the different scenarios in medium and long term? 

- What are the potential outcomes in the management actions? 

 

Question 2) –4) address specifically Task 6.3 and results are described in the corresponding section. 

The core equations for Ecopath were as follows: 

 

1) Bi·(P/B)i =  Yi + SBj·(Q/B)j·Dji + (P/B)i·Bi·(1-EEi) + BAi 

 

where; 

for each species i: Production = Yield + Predation + M0 (natural mortality) + Biomass Accumulation 

 

Results 

Our model period was from 1974 to 2000 and we included estimated biomass dynamics. When comparing 

the results to those obtained from MSVPA (Multispecies Virtual Population Analysis) the results show rather 

good fit as shown in Fig. 6.1.10, except that Ecopath and Ecosim mass-balance approach tends to smooth 

biomass changes more than MSVPA. 

 

Discussion 

As a summary Ecosim seems to produce a rather good fits relative to MSVPA data and other stock 

assessment data. However to improve the fitting it requires adjustments to fishing activities, cod egg 

production and prey vulnerabilities to predator. In general the Baltic Sea food web has a trophic cascade-like 

behavior and the main driving forces are cod-herring-sprat interaction in this system. 

Some of the problems in this analysis are that herring and sprat weight-at-ages are kept constant and cod 

assimilation efficiency is as high as > 0.5, which is unrealistic high. These outcomes should be explored in 

more detail. 

 

Conceptual models of the combined effects of environmental variability and fishery on recruitment 

Review of processes affecting recruitment and explaining the regime shift in upper trophic levels 
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As basis of constructing environmentally sensitive short-term prediction and medium- to long-term projection 

models a review of information on environmental processes affecting the population dynamics of cod and sprat 

as compiled by Task 1 – 5 is conducted. The Baltic Sea is considered a rather simple ecosystem, and due to 

restricted species diversity and trophic structure it may be easier to understand and model than other systems. 

Hydrographically the Baltic Sea is rather unique and resembles an estuary. Vertically, it represents intensively 

stratified estuarine system resulting due to the interaction of river runoff and the inflow of saline water from the 

North Sea and Kattegat. In the Baltic a seasonal thermocline develops in spring due to surface heating and is 

maintained due to solar inputs until the autumn. Between the summer thermocline and the halocline exists a cold 

intermediate layer termed the winter water. The summer thermocline deepens in the autumn due to the 

combined effects of heat loss due to surface cooling and wind induced entrainment eventually coalescing with 

the remnants of the previous winters cold intermediate water. This results in a relatively homogenous surface 

mixed layer down to the permanent halocline, which has developed as a result of intrusions of saline North Sea 

water into the basins. Horizontally circulation patterns are determined by wind stress with no persistent 

hydrographic mixing features occurring during the summer months. 

In principle, in the Baltic Sea the hydrographic complexity is low to medium depending on the area, mixing 

processes coincidental and regular autumn and spring mixing, degree of trophic coupling high because of short 

distance between trophic levels, zooplankton community complex where both marine and freshwater organisms 

live side by side, fish community in the open sea simple and the exploitation rate of main fish species moderate 

to high depending on area of observation. The Baltic Sea is dominated in upper trophic levels by three major fish 

species (cod, herring and sprat). In this system coupling of recruitment success to hydrographic processes and 

ephemeral inflow events has been described relatively successful and for example a clear relationship between 

the recruitment success of cod and the oxygen levels in the deep basins has been demonstrated, see second 

progress report.   

Typically, there are two different strategies to model the structure and function of marine ecosystems. The first 

approach is based on the assumption that resource limitation or “bottom-up” factors are the dominant variables 

structuring ecosystems. The second strategy is based on the effect of predation or “top-down” processes within 

adjacent trophic levels. In the Baltic both strategies seem to be relevant. The dominant mechanism controlling 

the ecosystem structure varies and is dependent upon the scales and time of observations. On large spatio-

temporal scales, such as seasonal phytoplankton cycles, for example, bottom-up processes dominate, while on 

smaller scales, e.g. fish and zooplankton population dynamics may be dominated by predation. The main 

questions considered in this section are: 

 

- What are the main environmental and biological processes influencing population parameters to 

fluctuate 

- What are the possibilities to incorporate various processes into the short term (2-3 years), medium term 

(5-10 years and long term (10-30 years) forecasts 

 

After answering these questions the corollary simply is that what are the likely gains of incorporating 

environmental factors and biological processes into the models and under which circumstances are the gains 

likely to be highest. 
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Identification of critical early life history stages 

Following Paulik's (1973) approach, we during the second reporting period (Task 6) examined the life history 

process for critical periods and relationships between successive life stages (Köster et al., 2002a). Only few 

attempts have been made to follow this approach (walleye pollock in Shelikof Strait, see e.g. Kendall et al. 

1996, North Sea plaice, see e.g. Beverton and Iles, 1992). A large amount of multi-disciplinary information is 

required and in all cases, including the Baltic, the major problems are lack of time series data of key 

processes and the variety and complexity of processes involved. 

From regression analyses of daily production rates of early egg developmental stages on later development 

stages up to recruitment at age 1, critical periods for cod recruitment appear to be the late egg to the larval 

stage and also the correlation between production rates of young and old egg stages (Tab. 6.1.4). Lowest 

egg survival rates were estimated for early to mid 1980’s, a period for which the number of missing data is 

largest. Larval abundance per advanced egg stage production was lowest in the period 1992 to 1996, 

indicating extremely low viable hatch or larval survival in these years. Highest survival on the other hand is 

indicated for 1985, a year with low egg survival Cod larval abundance derived by ichthyoplankton surveys is 

highly correlated to MSVPA derived 0-group recruitment. For sprat, in contrast to cod, the relations between 

production estimates of early and late egg stages as well as between late egg stage production and larval 

abundance are highly significant for both Sub-divisions 26 and 28, This indicates that mortality during the 

egg and early larval stage is less critical for the reproductive success of sprat compared to cod. Larval 

abundance of sprat is, again in contrast to cod, hardly related to 0-group abundance. As explained above, 

the maturation process related to the structure and condition of the adult stock is a first critical part in Baltic 

cod recruitment. The poor correlation between late egg stage production and larval abundance in cod has 

been identified only recently (Köster et al., 2001b). However, already Plikshs et al. (1993) pointed out, that 

egg survival is highly correlated to the reproductive volume, but year-class strength is not, indicating that 

other processes affect recruitment as well. The close correlation between larval abundance and 0-group 

recruitment suggests, however, that a major part of the variability in recruitment is introduced already in the 

late egg and early larval stage. 

 

Egg production 

Timing and duration of spawning is potentially an important source of variability in the reproductive success of 

Baltic fish stocks due to: i) seasonal changes in environmental parameters (e.g. MacKenzie et al., 1996b), ii) 

changes in temporal overlap of early life stages with predators (Köster and Möllmann, 2000a) and iii) transport 

into areas with sufficient food supply for larvae (Hinrichsen et al., 2001 and 2002a). The duration of the spawning 

activity of the cod stock depends on its size structure and sex composition, however the timing of peak spawning 

is hardly affected by these factors (Tomkiewicz and Köster, 1999). Consequently, the observed shift in the main 

spawning time of cod from May/June to July/August in the beginning of the 1990s is likely to be caused by other 

processes as well (Wieland et al., 2000). Potential candidates include removal of early spawners by the fishery, 

which is mainly directed to pre-spawning and early spawning concentrations (ICES, 1999b) and a coupling to 

ambient temperature (Wieland et al., 2000). 

Age-specific sex ratios and maturity ogives of cod derived from the International Baltic Trawl Survey showed: i) a 

dominance of females with increasing age, ii) that males generally mature at a younger age than females, iii) that 

the age at which sexual maturation occurs, increases with distance from the Kattegat and the Danish Straits as 
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the transition area between the North Sea and the Baltic and iv) that maturity at age shows significant variability 

between different time periods (Tomkiewicz et al., 1997). Thus, the quantity of the egg production of Baltic cod 

depends on the age structure of the stock, as well as the location and the time period. Variability in maturation 

appears to be coupled to growth rates, reflected in decreasing age at sexual maturity concurrent with increasing 

weight-at-age. 

An analysis of individual Baltic cod fecundity revealed that the relative fecundity, i.e. the total number of 

developing oocytes per unit of body weight, is independent of body size (Kraus et al., 2000). Relative fecundity 

varied significantly between years, but neither between spawning areas nor between different months within one 

spawning season. On an individual level, a weak impact of the nutritional status of the female on the relative 

fecundity was detected, while on a population level a clear dependence on food availability has been shown 

(Kraus et al., 2002). Inclusion of temperature improved the relationship further, but overall had a limited influence 

on relative fecundity. In conclusion, an increase in weight at age, a decline in size/age of attaining maturity and 

an increasing individual fecundity with decreasing stock size and increasing prey availability has had a 

compensating effect on the total egg production by the stock. 

In Baltic cod a significant relationship exists between the potential egg production by the spawning stock and the 

realized egg production as determined from egg surveys (Köster et al., 2002b; Kraus et al., 2002). Apart from 

problems in parametrization of each of the input data series, remaining variability may be related to i) atresia, i.e. 

resorption of oocytes before spawning, due to unfavourable environmental conditions during spawning, as 

demonstrated for Atlantic cod, ii) variable fertilization success in relation to salinity changes and iii) differences in 

egg mortality already in the first developmental stage (Kraus et al. 2002). 

A number of investigations on different species, including cod, suggest that egg and larval viability is positively 

related to egg size (see Trippel et al., 1997 for review), and that egg size varies according to female age/size 

and condition as well as spawning experience. For Baltic cod significant positive relationships between i) egg 

size and female size, ii) egg size and larval size/growth, iii) egg size and survival during the yolk sac stage, and 

iv) egg size and egg buoyancy, have been established (Nissling et al., 1998; Vallin and Nissling, 2000). This 

implies higher egg and larval survival for offspring originating from large females, especially as larger and more 

buoyant eggs have a higher chance to avoid oxygen depleted bottom water layers. Consequently the reduction 

in the share of older females in the spawning stock from the mid-1980s to the early 1990s (see CORE, 1998; 

Wieland et al., 2000), caused by heavy fishing pressure, has had a negative affect on the reproductive success 

of the Central Baltic cod stock (Vallin and Nissling, 2000). 

The temporal pattern of sprat spawning with peak spawning in May has remained relatively stable throughout 

the 1990s. Consequently, in the 1990s sprat spawned significantly earlier than cod, thus encountering different 

environmental conditions and reducing the temporal overlap with their predator in spawning areas. This may 

explain deviations in reproductive success of both species. 

Available data on sexual maturity at age indicate significant inter-annual variability in proportions of sprat being 

sexually mature at age 1, which was earlier related to winter temperature (Elwertowski, 1960). Furthermore, the 

relative batch fecundity shows a significant intra- and inter-annual variability (see Task 1; Alekseeva et al., 2002). 

An existing significant relationship between SSB and realized egg production can be improved by incorporating 

temperature in the intermediate water in May and the growth anomaly through the preceding three quarters of 

the year as a measure of the nutritional status of the adults (Köster et al., 2002b). Low winter temperature, 

reflected in low intermediate water temperature in May, may be responsible for changes in the nutritional 
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condition and growth of sprat (e.g. Elwertowski, 1960) and by this reducing the individual egg production or may 

as well directly affect batch fecundity and numbers of batches spawned (Petrowa, 1960). 

The decline in apparent growth rate of sprat appears to be related to a reduced food availability of calanoid 

copepods per individual sprat, mainly caused by a reduction in abundance of the largest copepod species 

Pseudocalanus elongatus (Möllmann et al, 2002) and a concurrent increase in stock size of sprat. This limitation 

in food availability may have caused a decrease in individual egg production and potentially an increased age of 

attaining sexual maturation. However, given the high inter-annual variability in recruitment success in the 2nd 

half of the 1990s, other variability generating processes appear to be of higher importance for the reproductive 

success. 

 

Egg developmental success  

In the Baltic, fish early life stage survival is known to be highly influenced by hydrographic conditions in the 

spawning areas (e.g. Bagge et al., 1994; Grauman and Yula, 1989; Plikshs et al., 1993; Parmanne et al., 1994). 

The observation that alive cod eggs are encountered in water layers with oxygen concentrations >2ml/l and 

temperatures >1.5°C and that a salinity of 11 psu  is necessary for successful fertilization lead to the definition of 

the so called reproductive volume (RV), i.e. the water volume sustaining cod egg development (Plikshs et al., 

1993). Processes affecting the RV are: i) the magnitude of inflows of saline oxygenated water from the western 

Baltic (see Task 2.3, MacKenzie et al., 2000), ii) temperature regimes in the western Baltic during winter, which 

affect the oxygen solubility prior to advection (Hinrichsen et al., 2002b), iii) river runoff (Hinrichsen et al., 2002b) 

and iv) oxygen consumption by biological processes (Hansson and Rudstam, 1990). Resolving the potential egg 

production by cod spatially, showed that in some years a substantial fraction of the total annual egg production 

has been unsuccessful (in terms of recruit production), because eggs were exposed to sub-optimal oxygen 

concentrations in eastern spawning areas (Köster et al., 2001b). This mis-match in egg production and suitable 

environmental conditions for egg development explains the drastic decline in reproductive success of cod from 

1981 to 1985 despite high egg production. 

Due to differences in egg specific gravity, egg development of cod and sprat occurs at different depths. Whereas 

cod eggs are neutrally buoyant at salinities of 12-17 psu (Nissling et al., 1994), the range for sprat eggs is 7-13 

(Nissling et al., 2002), i.e. the majority of sprat eggs occur shallower than cod. This implies that sprat egg 

survival is less affected by poor oxygen conditions than the survival of cod eggs. As sprat eggs occur at depths 

where the water temperature is affected by winter cooling (Wieland and Zuzarte, 1991), egg and larval 

development may be influenced by extreme water temperatures. In fact, weak year classes of Baltic sprat have 

been associated with severe winters accompanied by low water temperatures during peak spawning (e.g. Kalejs 

and Ojaveer, 1989; Grauman and Yula, 1989). A significant impact of temperature on egg developmental 

success has been found in the North Sea (Thompson et al., 1981) and confirmed for the Baltic (Nissling, 2002), 

with temperatures below 4°C significantly reducing egg survival. As these temperatures occur regularly in the 

intermediate water layer, an effect on egg survival especially after severe winters is expected. In this respect, the 

absence of severe winters since 1986/1987 indicate favourable thermal conditions for sprat egg survival and 

most likely contributes to the generally high recruitment (see Task 2.3).  

 

Egg predation 
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A substantial predation on cod eggs by clupeids has been described for the major spawning area of the Baltic 

cod stock, i.e. the Bornholm Basin. Egg predation is most intense at the beginning of the cod spawning season, 

with sprat being the major predator (Köster and Möllmann, 2000a). At this time spring spawning herring 

concentrate in their coastal spawning areas and do not contribute to the predation-induced egg mortality of cod. 

Sprat spawn in the Bornholm Basin from March to July, thus concentrating in cod spawning areas at times of 

high cod egg abundance. After cessation of spawning, the sprat population partly leaves, resulting in a reduced 

predation pressure on cod eggs (Köster and Schnack, 1994). With the return of the herring from the coastal 

areas to their feeding grounds in the Bornholm Basin, the predation on cod eggs by herring increases to 

considerable levels (Köster and Möllmann, 2000a). 

The shift of cod peak spawning time from spring to summer (Wieland et al., 2000) resulted in a decreasing 

predation pressure on cod eggs by sprat, due to a reduced temporal overlap between predator and prey. 

Additionally a decline in individual sprat predation on cod eggs was observed from 1993-1996, despite of 

relatively high cod egg abundance in the plankton. This is partly explainable by a reduced vertical overlap 

between predator and prey. Due to the increased salinity after the 1993 major Baltic inflow (Matthäus and Lass, 

1995), cod eggs were floating in shallower water layers, while clupeids were deeper, due to enhanced oxygen 

concentration in the bottom water (see Task 5.1, Köster and Möllmann, 2000a) Thus, predation pressure on cod 

eggs appears to be higher in stagnation periods, characterized by the absence of inflows of oxygenated saline 

water from western neighbouring Baltic basins. 

Egg cannibalism was found to be an important source of sprat egg mortality in the Bornholm Basin (Köster and 

Möllmann, 2000b) but appears to be less import in the more eastern areas. This has been explained by a more 

limited vertical overlap between predator and prey in these areas. 

 

Larval development 

Behaviour studies demonstrated that cod larvae exposed to oxygen concentration below 2 ml* l-1 for 2 days were 

mostly inactive or moribund (Nissling, 1994) and that egg incubation at oxygen saturations of 40% or lower 

impacts on larval activity as well (see CORE, 1998; Rohlf, 1999). Furthermore, the latter author revealed that 

vertical migration into upper water layers is not started before day 4 after hatch. Hence, a significant impact of 

the environment within and below the halocline on larval survival can be expected. In an attempt to explain the 

variability of late cod egg production and larval abundance in the Bornholm Basin (Köster et al., 2001b) tested 

various environmental variables, i.e. the oxygen concentration in and below the halocline, temperature in the 

intermediate water and wind driven transport, for their explanatory power. However, the authors were unable to 

explain the major part of the variability in larval abundance. This lead to the conclusion that either other factors 

influence the survival until the larval stage, or the variability in larval abundance (integrated over all 

developmental stages) is too high to detect a major impact of the tested factors. 

For sprat, an impact of the temperature in the intermediate water on larval survival has been detected (Köster et 

al., 2002b). The increased larval abundance with higher spring temperatures has been explained by the positive 

effect of higher temperature on the dynamics of the copepod Temora longicornis, which is the main food of sprat 

(Grauman and Yula, 1989; Kalejs and Ojaveer, 1989). Consequently, warm winters since the late 1980s 

favoured sprat egg production and survival, as well as larval growth and survival. 

The effect of food availability on growth and survival of cod larvae has been investigated using a coupled 

hydro/trophodynamic individual-based model (IBM) (Hinrichsen et al., 2002a). Model results suggest the 



Final Consolidated Report  Task 6 
 

 439 

necessity of co-occurrence of peak prey and larval abundances as well as favourable oceanographic conditions 

for high survival rates. The strong decline of the Pseudocalanus elongatus stock during the last two decades as 

a result of low salinities (Möllmann et al., 2000), meant that early cod larvae changed from a non-food limited to 

a food limited state. If P. elongatus nauplii are present in the model, high survival rates occurred during spring 

and early summer, whereas omitting P. elongatus resulted in high mortality rates and only late hatched larvae 

survived (Hinrichsen et al., 2002a). Thus, low P. elongatus availability may have contributed to the low 

recruitment of cod since the late 1980s. 

Also, sprat larvae may face food limitations, however, they usually drift out of the spawning areas more rapidly 

than cod larvae due to their residing in shallower depths (e.g. Wieland and Zuzarte, 1991). Thus, rapid drift to 

coastal water areas with higher abundance of Acartia spp. and Temora longicornis nauplii, being their preferred 

food items (Voss et al., 2002), appears to be the normal case. 

 

Predation on juveniles 

Juvenile cod suffer from cannibalism (Neuenfeldt and Köster, 2000). As in other cod stocks, the intensity of 

cannibalism is related to predator abundance, but also the juvenile concentrations, which depend upon the 

volume occupied and the overall abundance of cod (Anderson and Gregory, 2000). Apart from medium- to long-

term distribution changes, inter-annual variability in cannibalism may be influenced by changing hydrographic 

conditions as well (see CORE 1998, Uzars and Plikshs, 2000). For example, low oxygen concentration in the 

deep Baltic basins may force the adults into shallower slope areas and low temperature in shallow waters may 

force juveniles into deeper water, by this increasing the spatial overlap between predator and prey and hence 

cannibalism. This suggests that the process is most pronounced in stagnation periods, especially after cold 

winters. 

Predation on 0-group sprat by cod regularly happens, although predation mortality rates from MSVPA are 

significantly lower than for 1-group sprat (ICES, 1999b). The intensity of the predation is most likely modulated 

as well by hydrographic conditions and species specific preferences and tolerance levels to hydrographic 

variables, resulting in variable potential predator/prey encounter volumes (Neuenfeldt, 2002). 

 

Regime shift from a cod to a sprat dominated system 

As seen from the results of the MSVPA, the upper trophic levels of the Central Baltic changed during the last 20 

years from a cod- to a sprat-dominated system (Fig. 6.1.11). The decline of the cod stock was caused by a 

continued high fishing pressure and a concurrent recruitment failure, which according to our review was mainly 

driven by: i) anoxic conditions in deep water layers of spawning sites causing high egg mortalities, ii) high egg 

predation by clupeid predators, iii) reduced larval survival due to the decrease in abundance of the main food 

item P. elongatus, and iv) high juvenile cannibalism at high stock size. The intensity and significance of all these 

processes are in one way or the other steered by the hydrographic conditions, which were in the 1990s 

characterized by low salinity due to a lack of inflow of highly saline water from the North Sea and increased run 

off, but as well by warmer thermal conditions. An increasing fishing pressure accelerated the decline of the cod 

stock, with current exploitation levels being still on a very high level. The decline of the cod stock released sprat 

from predation pressure, which in combination with high reproductive success, due to in general favourable 

temperature conditions enhancing egg and larval survival, resulted in exceptionally high sprat stock sizes in the 
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1990s. Indications for compensatory processes in growth, maturation and individual egg production exist for both 

species, however, they appear to have limited impact on their stock dynamics. 

As a result of these processes, the dominance of one of either predator may stabilize a cod-dominated or a 

sprat-dominated system. Destabilization of the sprat dominated system may be caused either by unfavourable 

hydrographic conditions for reproduction, e.g. low water temperatures in spring following severe winters and 

subsequent recruitment failures of sprat, or high mortalities caused by the fishery, with concurrent low fishing 

pressure on cod and the presence of North Sea inflow events in the deep layer. However, also other scenarios 

are possible, e.g. a depletion of both stocks by continued high fishing pressure on both species, a series of 

severe winters and a prolonged station period. 

 

The potential impact of contamination 

During the period 1970-96, different types of reproduction disturbances, including inadequate ovary 

maturation, low fecundity and early life stage mortality, have been demonstrated for a number of fish species 

in the Baltic. Suggestions have been made that larval deformities and increased mortality in pelagic eggs of 

plaice, flounder and whiting and demersal eggs of herring are caused by chloro-organics like DDTs, PCBs, 

TCDD/F and other highly persistent bioaccumulative compounds (Westernhagen et al. 1981; 1988; 1989; 

Hansen et al. 1985). Recent studies on early life stages of fish (cod, herring, turbot and zebra fish) have 

shown that Critical Body Residues (CBR) for lipophilic narcotic chemicals were reached at 0.9-4.35 mmol/kg 

wet weight, respectively (Petersen 1997). However, if fish are already exposed to toxicants, only a low 

additional accumulation is likely to be needed before a toxic effect is expressed (van Wezel et al. 1996). In 

contrast to an investigation conducted in 1996 (Petersen et al. 1997), a new study did not reveal any 

correlation between cod larval hatching and survival rates and contaminant burdens measured nor with 

EROD or AChE activity in the ovaries (see Task 1.3, Schneider et al. 2000). 

 

Trends in eutrophication 

Eutrophication has several complex influences on marine ecosystems, including effects on productivity and 

structure of entire food webs.  In the Baltic Sea, eutrophication is widely recognized to have occurred during the 

decades following World War II.  The use of fertililizer in agriculture increased, and automobiles became more 

common, during this period.  These factors have led to significant increases in nutrient levels in coastal and open 

sea ecosystems of the Baltic Sea (Helcom, 1996; Rahm et al., 1996).  Nutrient concentrations in inflowing water 

to the Baltic Sea have continued to increase during the 1970s and 1980s (Gustafsson, 2001).  Inputs of nutrients 

to the Baltic Sea have slowed during the 1990s and in some cases concentrations of some nutrients in the Baltic 

Sea have remained stable or even fallen (Rahm et al., 1996).  

One of the most immediate effects of eutrophication on marine ecosystems is an increase in primary production 

rates.  Some of this primary production can stimulate production at higher trophic levels (Gray et al., 2002) and 

indeed eutrophication may have increased fish production and biomass in the Baltic Sea during the 1950s and 

1960s (Thurow, 1997).  However in most eutrophied systems a large portion of the phytoplankton production 

sinks to the seafloor where it is decomposed by the microbial food web.  Decomposition of the organic matter on 

the sea bottom is an oxygen consuming process and can lead to local episodes of hypoxia and anoxia in coastal 

marine ecosystems (Gray et al., 2002).  This situation also occurs in the Baltic Sea (Helcom 1996), and indeed 
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here the effects of eutrophication-induced hypoxia and anoxia on the marine biota are compounded by two 

factors.   

First, marine organisms living in the Baltic Sea occupy a brackish environment and are already physiologically 

stressed due to its lower and variable salinity (Voipio, 1981). This stress results in for example slower growth 

rates (Westerbom et al., 2002) and impaired reproduction (Vallin et al., 1999) among some marine species.  

Hence marine species living in the Baltic Sea which are stressed by low salinity could face an additional stress 

due to eutrophication-induced episodes of hypoxia and anoxia (Hagerman, 1998); in other words, the 

physiological effects of hypoxia and anoxia on marine species in marine habitats (Hagerman 1998; Laudien et 

al., 2002; Gray et al., 2002) could be accentuated when these same marine species occupy brackish habitats 

(Hagerman 1998).    

In the case of cod, the combination of low salinity and low oxygen concentration restricts the habitat for 

successful cod egg fertilisation and hatching (see Task 2.3), as well as the habitat for immature and mature cod 

(see Task 1.1).  These restrictions would be less severe if oxygen concentrations in the deep parts of the Baltic 

were higher.  Moreover the combined effects of episodic salinity and oxygen stress can lead to regional 

extinctions of entire species (Helcom 1996).  For example, one of the key prey species of juvenile cod, Sarduria 

entomon (Sparholt, 1994), and two other benthic invertebrates vanished entirely from the Pomeranian Bay 

(southern Baltic) between 1981 and 1993 due partly to eutrophication-related hypoxia events (Kube et al., 1997).   

Second, the deep basins of the Baltic Sea where much of the decomposition of organic matter occurs have a 

naturally low rate of horizontal and vertical exchange with neighboring water masses (Schinke and Matthäus, 

1998).  Hence oxygen concentrations in the deep layers tend naturally to be low (Helcom 1996).  Given that 

eutrophication has increased the supply of organic matter to the benthic ecosystem, it is likely that the rate of 

oxygen consumption associated with decomposition of organic matter has also increased.  If this assumption is 

true, then oxygen conditions in cod egg habitat (i.e. in and below the halocline of the Baltic Sea) will have 

deterioriated and cod egg survival may be lower now than before the eutrophication of the late 20th century.  

Moreover when new inflows of oxygen – rich water occur from the North Sea, their impact on cod egg habitat 

and the survival of cod eggs may now be shorter than in the past because the high rates of primary production 

and organic matter decomposition will consume the oxygen at a faster rate.  This possibility is supported by time 

series analysis of seasonal variations in cod reproductive volumes during 1952-1992 (MacKenzie et al., 1996). 

The processes linking oxygen consumption rates to primary production and decomposition of organic matter or 

the effects of eutrophication on higher trophic levels have not been fully quantified.  It is presently not possible to 

directly incorporate these processes in recruitment models.  However coupled 3D biological – physical 

oceanographic models of lower trophic level processes (i.e. Nutrient-Phytoplankton-Zooplankton-Decomposition 

or NPZD models) are being developed within other projects by colleagues around the Baltic Sea (see CORE 

1998, Tamsalu and Ennet, 1995; Neumann, 2000; Inkala and Myrberg, 2002; Neumann et al., 2002).  If these 

models are able to reliably describe past variations in oxygen consumption then it will be possible in future to 

include some eutrophication – related processes directly in models of cod recruitment.  

Nevertheless the effects of hypoxia and anoxia on cod and sprat recruitment have been considered when 

developing recruitment models within this project.  All statistical analyses of cod and sprat recruitment have 

included variables which represent oxygen concentrations at depths where eggs and larvae are neutrally 

buoyant (e.g. reproductive volume, oxygen concentration within the reproductive volume; see below).  These 
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analyses therefore indirectly address the currently most accepted potential impacts of eutrophication on cod and 

sprat recruitment. 

 

Carrying capacity for cod recruitment in the Baltic and other marine ecosystems 

Introduction 

Cod in the eastern Baltic (ICES Sub-divisions 25-32) live in a habitat where species interactions (predation 

by sprat and herring, cannibalism) and environmental conditions have important effects on recruitment 

(Sparholt, 1996; Jarre-Teichmann et al., 2000; Köster et al., 2001b). In addition, competition for food appears 

to limit cod growth (Gislason, 1999). These findings illustrate some of the ways that the carrying capacity of 

the Baltic for production of new cod has been defined and constrained in the last 2-3 decades. 

It is not likely however that these and other constraints are stable over time. For example the biomass of cod 

in the eastern Baltic has increased from 20,000-50,000 t in 1900 to over 800,000 tonnes in the early 1980’s 

(Thurow, 1999). This large increase in cod biomass implies a substantial variability in the carrying capacity of 

the Baltic for cod production, and that carrying capacity for cod production in the Baltic has previously been 

much lower than in the last 20 years. Given that both the intensity of cannibalism and growth rates are 

density dependent (Neuenfeldt and Köster, 2000; Uzars and Plikshs, 2000; Gislason, 1999), and that these 

processes can affect cod recruitment, it is of interest to understand more about the carrying capacity of the 

Baltic for cod production and how similar or different the Baltic might be when compared to other 

geographical areas. 

Moreover, carrying capacity for cod in the Baltic may be influenced by eutrophication, which has occurred in 

this region (Helcom, 1996). Eutrophication is believed to have increased the frequency and duration of 

anoxia in the Baltic and this factor (anoxia) directly impacts cod egg development success (Wieland et al., 

1994). Eutrophication also influences diets and foraging habitats of juvenile cod (Bagge et al., 1994; Uzars, 

1994). In this section of the Task we estimated the carrying capacity of cod production in the Baltic and 

compared it with similar estimates for other cod populations (MacKenzie et al. 1999). 

 

Material and Methods 

The data analyses used the comprehensive stock-recruitment database compiled by R.A. Myers and 

colleagues (http://www.mscs.dal.ca/~myers/welcome.html). Recruitment estimates were first standardized by 

conversion to lifetime recruitment estimates (Myers et al., 1996) which accommodate between-stock 

variability in ages at maturity. This standardization was necessary because recruitment in different stocks is 

estimated at different ages (e.g., age 2 in the eastern Baltic stock but age 1 or 3 in many other stocks).  

Our measure of carrying capacity was the mean number of recruits produced in each region (stock) per unit 

spawner biomass. This estimate was derived by calculating the mean residual recruitment within each stock 

from the relationship between mean log recruitment and mean log spawner biomass for 20 cod stocks in the 

North Atlantic. This relationship was defined using linear regression analysis. Additional details of the 

analyses can be found in MacKenzie et al. (1999). 
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Results 

The relationship between mean log recruitment and mean log spawner biomass for all 20 cod stocks was 

highly significant (R2 = 76%; P < 0.001). Analysis of the residual variation from this relationship showed that 

recruitment for some individual stocks was generally higher than the recruitment predicted by the overall log 

recruit – log spawner biomass relationship, while other stocks were lower. The difference in mean 

recruitment per spawner biomass among the stocks was ca. 7-fold. 

Cod in the eastern and western Baltic produced on average 1.4 and 2.5 fold more recruits per spawner than 

the average stock (as indicated by the linear regression relationship between mean log recruitment and 

mean log spawner biomass) and these regions ranked 5th and 2nd highest among the 20 stocks (Fig. 

6.1.13). 

 

Discussion 

The conducted analysis has used a comparative approach to investigate factors affecting the multi-decadal 

scale production of recruits for cod in the Baltic Sea (ICES Sub-divisions 22-24 and 25-32) and all other 

regions of the North Atlantic. On average there is relatively little residual variability in recruitment per 

spawner biomass among cod stocks, especially when considered at the large space and time scales of this 

analysis. This is based on the high level of variation in mean log recruitment explained by mean log spawner 

biomass. 

While the residual variation was relatively small, there were important differences among stocks. For 

example, some stocks produced 7 times as many recruits per spawner than other stocks. This result shows 

that some regions are able to support higher production of cod recruits than others, even after allowing for 

differences in spawner biomass. The factors within each ecosystem that allow some regions to have higher 

carrying capacity for cod recruits than others are not clear and require more study. However the analysis 

gives the range of cod recruitment per spawner biomass that can be expected in different regions throughout 

the present range of the species. Large deviations from the historical stock-specific means might indicate 

that conditions for cod survival have changed dramatically. This appears to have happened for cod in the 

Baltic during the 1900’s when cod biomass rose > 10 fold. 

Aside from the companion study by Myers et al. (1999), we are not familiar with other similar comparative 

studies of stock-recruitment relationships across ecosystems, nor are we aware of other attempts to quantify 

differences in carrying capacity of marine ecosystems for production of individual fish species. 

 

Decadal-century scale fluctuations in cod and sprat abundance in the Baltic Sea  

Introduction 

The focus of Subtask 6.1 and indeed much of the entire project is on the identification of processes affecting 

year-to-year variability in cod and sprat recruitment. If these same processes recur for several years in a row, 

or have effects which influence the production of the stock for several years consecutively, then the stock 

can be said to have entered a different “regime” (Beamish et al., 2000). Identification of the occurrence, 

onset and persistence of different oceanographic and production regimes could be useful when developing 

medium- to long-term forecasts of stock development under different environmental and fishery scenarios 
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(i.e., project objective 3) and ultimately the choice of biological reference points and appropriate 

management strategies. 

Sustained changes in key biological variables (e.g., recruitment, growth, distributions) for longer periods of 

time could be due to for example unfavourable environmental conditions or intensified biological interactions 

(e. g., predation, competition) with other species or conspecifics. Such changes can often be detected with 

multi-decadal time series of data such as recruitment, landings, distributions, growth and condition. 

 

Material and Methods 

Within the reporting period, we investigated whether such long-term changes were evident for cod and sprat. 

We made a thorough review of the Baltic fisheries and environmental literature for evidence of variations in 

cod and sprat abundance at multi-annual and multi-decadal time scales. The objective of the review was to 

develop a longer scale perspective to the year-to-year variability, and in particular to evaluate whether 

regimes of lower (higher) productivity were evident in the past, how frequently they occur, and what the 

causes of such regimes might be (MacKenzie et al., 2002). 

 

Results 

The review was only partly successful because of the relatively short time series (2-3 decades) of reliable 

spawner biomass, recruitment and size-at-age data available for both cod and sprat. The long time series of 

cod condition data being compiled in Subtask 1.4 will eventually contribute to our understanding of multi-

decadal as well as interannual fluctuations in the productivity and growth of the cod stock. However, the 

existing information restricted the inferences that could be drawn at this time, and could not go beyond 

previous indications that a regime shift may have occurred during the 1980’s and early 1990’s when major 

inflows of North Sea water to the Baltic were absent or weak (Köster and Möllmann, 2000a; Jarre-Teichmann 

et al., 2000).  

Regime shifts during other periods or at longer time scales could not be conclusively identified with data 

presently available. However, the review identified much additional fisheries information (i.e., landings, effort 

data) for cod, sprat and also herring since the early 1900’s. In particular the landings of the three 

commercially most important species (cod, sprat and herring) stocks have risen at least 10 fold during that 

century (Sparholt, 1994; Fig. 6.1.12). 

The increase in landings of all species is known to be at least partly due to an increase in fishing effort and 

improvements in fishing technology (Bagge et al., 1994; Thurow, 1999). However, as pointed out by Thurow 

(1997, 1999), this cannot fully explain the increases in estimated biomasses of cod and herring (sprat 

biomass has so far not yet been reconstructed). Cod biomass for example rose from 20,000-50,000 in early 

1900 (which is less than half the minimum biomass observed since ICES began assessing the stock 

quantitatively) to over 800,000 tonnes by the early 1980’s (Thurow, 1999). Thurow has attributed the 

increases to reduced predation by marine mammals (especially seals), eutrophication, and relatively 

frequent major inflows of saline, oxygenated water from the North Sea during the first decades of the 1900’s. 

The review also identified several long environmental datasets that could be useful for interpreting 

fluctuations in previous centuries. In particular, several data series related to temperature (e. g., ice 
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coverage) and regional climate (e. g., North Atlantic Oscillation) are available, some of which start in the 

1500’s (see MacKenzie et al., 2002 for summary). 

 

Discussion 

Thurow’s analyses raise several issues relevant to the long-term sustainability of fish production in the Baltic 

Sea, and to the applicability of biological reference points over longer periods of time. First, the low 

biomasses of cod and herring during the early 1900’s suggests that the present high fish abundance (despite 

high fishing mortality rates) in the Baltic may be unusual, at least given the last 100 years of data. If this is 

true, then in previous centuries was the cod stock ever as abundant as it has been late in the 20th century? 

Second, if the stock was abundant in previous eras, what processes caused the stock to collapse to a level 

of 20,000-50,000 tonnes by the early 1900’s? Third, could these same processes, presently unidentified, 

cause the stock to collapse to such low levels again? Fourth, what are the implications of a collapsed cod 

stock for the rest of the Baltic food web and the fishing industry?  

It is not presently possible to answers these questions, nor is it an objective within this project to address 

these issues any further. Nevertheless the review has been useful for at least three reasons. First, it has 

given us a longer perspective within which to consider the STORE project’s results, which are focussed 

mainly on year-to-year variations in recruitment. This longer perspective has identified several new research 

questions and hypotheses that could be the basis for future research projects. Second, we have identified 

several historical data sources which can potentially be used to evaluate these ideas quantitatively and over 

time periods since the Middle Ages. These data sources include tax accounts, export documents, and 

church records from various archives in institutes around the Baltic. Extraction of similar types of information 

in other areas has been used to interpret fluctuations in both cod abundance and catch per unit effort 

(Hutchings and Myers, 1995). Similar types of data are now starting to be uncovered for cod in the Baltic 

(Holm and Bager, 2001) and have already been recovered for herring in an adjacent region to the Baltic 

(Bohuslän, western Sweden; e.g., Alheit and Hagen, 1997). Recovery and interpretation of historical material 

could be extremely useful for identifying long-term (multi-decadal to century scale) variations in production 

and abundance of cod, sprat and herring in the Baltic. These activities will be pursued together with 

professional fisheries and maritime historians in new collaborative projects in the future, and could help 

distinguish the relative roles of man and nature on abundance of cod and sprat in the Baltic. Hence the 

review has been useful for a third purpose, namely the identification and initiation of new collaborations 

between fisheries scientists/marine ecologists and historians (see website for History of Marine Animal 

Populations http://www.cmrh.dk/hmapindx.html). 

 

Scientific knowledge of biological processes potentially useful in fish stock predictions 

Introduction 

The handling of uncertainties in fish stock assessment and management is crucial for the implementation of the 

precautionary approach to fisheries management and has been addressed in various recent research activities. 

This includes implementation of enhanced statistical analyses, formulation of improved stock assessment 

models considering uncertainty of input data in model output as well as extensive application of risk analyses in 
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stock predictions (see International Symposium on "Fisheries Management under Uncertainty", Bergen 1997, 

ICES Symposium "Confronting Uncertainty in the Evaluation and Implementation of Fisheries Management 

Systems" Cape Town 1998). Less attention has been given to the reduction of uncertainty in stock assessment 

and thereby improvement of our ability to predict short- and long-term stock developments under different 

exploitation strategies (Laevastu, 1993; Ulltang, 1996 and 1998). Reducing uncertainty in stock assessment 

requires improved understanding of underlying population dynamic processes and their subsequent integration 

into assessment and prediction models, considering progress made in handling uncertainty. At present the 

capabilities are limited to conduct realistic medium- to long-term stock and catch projections under different 

fisheries management directives, environmental perturbations and species interactions. The determination of 

biological reference points and a sustainable fisheries management is correspondingly difficult. Also short-term 

predictions, though depending more on adequate monitoring techniques of the present stock status, may be 

improved substantially by including environmental processes affecting individual growth and maturation, intra- 

and interspecific interactions, stock recruitment and fishing efficiency. Based on extensive process studies within 

the project, the present contribution summarises and discusses possibilities identified for an improvement of 

stock predictions, utilizing also results of case studies from other fish stocks worldwide. It is not intended to prove 

that reducing uncertainty is the only way to proceed in fisheries science and management; there is no doubt that 

also management procedures have to be improved for being more robust to uncertainties in stock predictions. 

(e.g. Walters and Collie, 1988; Hilborn et al., 2001). However, it appears to be worthwhile to review results 

having the potential to improve stock assessments and predictions, especially with the aim to dis-entangle the 

impact of the spawning stock and environmental factors on recruitment success. 

This review attempts to follow the success of a year-class during ontogeny from spawner abundance through the 

egg and larval to the juvenile stage according to Paulik's (1973) framework for examining the entire life history 

process. This concept is broadly accepted (Rothschild, 1986; Ulltang, 1996), but has not really been 

implemented yet (Rothschild, 2000). Exceptions may be salmon stocks, for which the concept was originally 

developed (e.g. Larkin and Hourston, 1964, Larkin et al., 1964), which however are characterised by relatively 

unique reproductive strategies. To break down the life cycle into several successive life stages requires detailed 

investigations on growth, maturation and viable egg production of adult fish as well as on survival of eggs, larvae 

and juveniles in relation to prevailing oceanographic conditions and species interaction. This approach has 

seldom been employed in marine fish stocks. Notable examples include plaice in the North Sea and the Irish 

Sea (e.g. Beverton and Iles, 1992; Nash, 1988), walleye pollock in the North Pacific (e.g. Kendall et al., 1996; 

Megrey et al., 1996), anchovy in the Benguela Current (e.g. Painting et al., 1998), cod in the Barents Sea (e.g. 

Sundby et al., 1989) and the Central Baltic (Köster et al., 2002b). In all these cases, however, attempts are still 

ongoing, with the major problem in all systems being a lack of extended time series information for key 

processes and the variety and complexity of processes involved. Consequently, this review does not concentrate 

on one of these stocks as an illustrative example, but compiled information from various research activities on 

different species and stocks. 

By following this approach, it can be shown that suitable information is available for improving fish stock 

predictions in several cases, although only selected processes are well enough understood for immediate 

implementation in the assessment work, even in best studied stocks. For processes not yet fully understood, 

adequate proxies can be identified in a considerable number of cases. However, in addition to sufficient 

explanatory power, the predictability of environmental variables as proxies is of major importance for a potential 
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application in fish stock predictions. Consequently, we address the applicability of identified variables into 

present short-term prediction and medium- to long-term projection methodologies and discuss the potential 

benefit of their implementation. 

 

Biological processes affecting survival during different life stages 

A simplified schematic presentation of a fish’s life cycle is given in Fig. 6.1.14 This figure is based on Paulik's 

(1973) multi-stage spawner-recruit relationship, separating the life cycle into following phases: 

- from recruitment to the fishery to recruitment to the spawning stock, 

- from spawning stock to realised egg production, 

- from egg to larval production, 

- from larval production to recruitment. 

The first quadrant comprises basically the traditional work areas of stock assessment (Ulltang, 1996): i) historical 

and present stock sizes and stock structures according to age or size, ii) mortality rates caused by predation or 

other natural causes as well as fishery, and iii) growth rates and proportion being sexually mature at age or size. 

The second quadrant covers research areas presently being well in focus of interest (covered mainly by Task 1, 

for review see Trippel et al., 1997): i) how well can we estimate the potential egg production or an equivalent 

measure of the stock’s reproductive potential, ii) how is offspring survival related to who is participating in 

spawning, i.e. the relationship between quality of spawn and fish size, condition and spawning experience, iii) 

how high is the realised egg production compared to the potential and what causes deviations, and iv) leading 

into the 3rd quadrant where and when does spawning happen and what is the impact on offspring survival 

probability (covered by Task 2). 

The third quadrant covers the egg stage to larval hatch with key rates being i) fertilisation rate ii) egg 

development and survival rates, and iii) viable hatch, all in relation to ambient environmental conditions. The egg 

stage has been commonly ignored in both assessment and recruitment related research activities throughout the 

last two decades, apart from recent research efforts directed to the viability of spawning products in dependence 

of parental characteristics (e.g. Chambers, 1997; Trippel, 1998) and application of the egg production method to 

determine spawning stock sizes (e.g. Lasker, 1985). 

The fourth quadrant comprises the survival from the larval stage to recruitment, being the traditional recruitment 

research area (covered by Task 3 to 5). It was in general believed that especially in this stage population 

regulation takes place (for review see Heath, 1992 and Rothschild, 2000) with key processes being i) feeding 

success and related growth rates, ii) mortality caused by starvation and predation and the role of physical forcing 

conditions in modulating these processes. Recruitment to the fishery is added in our review as an additional 

process, which accounts actually for difficulties to estimate recruitment reliably before a year-class is entering the 

fishery, rather than a biologically sensible development into another life stage. 

 

From recruits to spawning stock 

Effect of habitat suitability on abundance indices 

Investigations on northern cod off Canada demonstrated that the area occupied by the stock was reduced 

considerably, when the stock declined (Atkinson et al., 1997). A positive relation between the area occupied by a 

stock and abundance has been reported before (e.g. Winters and Wheeler, 1985; Rose and Leggett, 1991), and 
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is no principal problem for assessing the stock size if the fish distribute uniformly over the stock area (Swain and 

Sinclair, 1994). However, in reality a uniform distribution is seldom encountered (Paloheimo and Dickie, 1964) as 

habitat selection regularly occurs (MacCall, 1990). In the case of northern cod, a reduction in the suitable habitat 

took place concurrent with decreasing stock size (O’Driscoll et al., 2000). This resulted in a shift in distribution to 

remaining areas with high habitat suitability sustaining high densities and commercial catch rates in these areas. 

Only after the stock size had fallen to a very low level, the decline in abundance became visible from commercial 

catch rates in these areas of stock concentration. 

For cod in the Central Baltic a similar process happened: concurrently to a decline in stock size since the 

early1980s, the majority of the stock concentrated in western distribution areas (Aro, 2000). The IBTS Survey, 

applying an area stratified sampling scheme picked up the decline rather early while catch rates from 

commercial fishing fleets did not reflect the reduction in stock biomass very well. Investigations on habitat 

preferences and threshold values in the Baltic (Neuenfeldt, 2002) allowed determination of annual values for 

habitat area. Multiplied with the corresponding CPUE data from the commercial fleets provides reasonable 

indices of stock size, indicating trends in development rather similar to other indices. Thus, when accounting for 

shifts in distribution and concentration during time periods of reducing habitat suitability, applicability of 

commercial CPUE data is obviously improved. In principal this is well known (e.g. Swain and Sinclair, 1994) and 

can also easily been seen from mapping CPUE data (Hilborn and Walters, 1992). However, it is seldom 

accounted for in stock assessment, probably because a variety of other processes are known to affect the 

catchability and catch rates of commercial fleets, which are difficult to separate from environmental impact (for 

review see Hilborn and Walters, 1992). 

In principle habitat association between fish stocks and hydrographic variables will affect research survey catch 

rates as well (e.g. Perry and Smith, 1994), also if a stratified random sampling design is utilised and the 

stratification does not sufficiently consider the factors influencing the distribution patterns. Examples exist, which 

show that accounting for changes in habitat characteristics improves research survey results, i.e. removes a 

considerable part of the normally encountered year effect (Smith and Page, 1996). Also Swain et al. (2000) 

found significant relationships between bottom trawl survey catch rates of cod in the Southern Gulf of St. 

Lawrence and ambient temperature as well as depth distribution. Tests with calibration of SPA or residuals from 

multiplicative models, including year-class, age and cumulative mortality as terms, did not support the hypothesis 

that these relations resulted from effects on catchability. Swain et al. (2000) conclude that adjustments for effects 

on catchability should be based on relationships with inconsistencies in survey catch rates, instead of direct 

relationships with the catch rates. These corrections do still not account for changes in trawl catchability due to 

pelagic orientation (e.g. in areas of low oxygen concentration), direct impact of hydrographic factors on 

swimming activity and net avoidance or other changes in fish behaviour relative to the trawl (for review see 

Godø, 1998). 

 

Starvation as a cause of mortality 

Habitat quality may not only affect the distribution, but also the nutritional condition of the fish and in severe 

cases also their mortality. Pronounced fluctuations in nutritional condition of cod in Canadian waters led to the 

initiation of experiments on the impact of starvation on mortality in comparison to condition indices monitored in 

the field (Lambert and Dutil, 1997a). Especially during the spawning season some cod in the wild population 

were obviously in a condition corresponding to those deceased in the experiments. During the feeding season, 
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the situation was different, however, most cod were still unable to obtain condition factors reached in the 

experiment under food satiation. 

Inter-annual variability in feeding success is evident from available time series of condition indices for St. 

Lawrence cod (Dutil et al., 1999). Dutil and Lambert (2000), summarising available data concluded, that mortality 

from poor condition has contributed to the decrease in productivity of the northern Gulf of St. Lawrence cod in 

the late 1980s and early 1990s. Given a highly significant relationship between simple condition indices (Fulton's 

condition factor and hepatosomatic index) and biochemical composition as well as energy content, a simple 

monitoring of the energy reserves of cod stocks appears to be possible (Lambert and Dutil, 1997b). Even if 

starvation as a cause of natural mortality is more frequently encountered in freshwater fish (e.g. Adams et al., 

1985; Griffiths and Kirkwood, 1995) than in marine fish stocks (e.g. Myers and Cadigan, 1995), the introduction 

of a monitoring system appears to be worthwhile as energy reserves in a population will affect growth, 

maturation and egg production, all processes influencing the reproductive success of a stock. 

Given the present high abundance of clupeids as prey of cod and the overall low cod stock size, it appears to be 

unlikely that starvation is responsible for a significant part of the residual mortality in cod. However, judged from 

the decrease in weight at age and condition of sprat and especially herring (see below) it may have an affect on 

the Baltic clupeids. 

 

Predation 

Another cause of mortality is predation. Within the last 20 years considerable effort has been directed to 

modelling predator-prey interactions, as it has been realised that for small pelagic prey species predation 

mortality is often exceeding the fishing mortality (see Bax, 1998 for review). According to Hollowed et al. (2000), 

multispecies models may be classified into: i) those handling environment and/or lower trophic levels as 

aggregate (e.g. ECOPATH-ECOSIM) and dynamic system models (BORMICON or MULTSPEC) and ii) those 

considering a sub-set of species interactions as multispecies production and dynamic multispecies models (e.g. 

MSVPA). Predation mortalities of specific age-groups can be estimated by dynamic models, e.g. the MSVPA 

based on the traditional VPA approach (for review see Magnusson, 1995) and more advanced statistically based 

models as BORMICON (Stefánsson and Pálsson, 1998). In a number of regular stock assessments and 

predictions, these age-specific predation mortalities have been incorporated (e.g. ICES, 2001a). 

The necessity for including predation in medium- to long-term projections (e.g. Bax, 1998) and the determination 

of biological reference points has been widely accepted (e.g. Gislason, 1999). However, short-term inter-annual 

variability in predation mortality is assumed to be limited, making an incorporation of these fluctuations in short-

term predictions unnecessary (but see Stephenson (1997) for another view). Although we believe that for the 

majority of the assessed species, this might be correct, we doubt that it is true for prey species in systems with 

few dominating and largely fluctuating predator species, e.g. sprat in the Baltic. 

Predation mortalities of Baltic sprat caused by cod show a substantial inter-annual variation in young age-

groups, while the variability for older age-groups is more limited (Fig. 6.1.15). Highest inter-annual variability is 

encountered in periods of pronounced changes in predator stock sizes at low prey abundance in the beginning 

of the time series. The predation mortalities are estimated by MSVPA allowing for inter-annual fluctuations in 

predator consumption rates in dependence of ambient temperatures and predator weight at age. Variability in 

prey weight at age is incorporated as well, however, prey suitability coefficients (Sparre, 1991) are kept constant 

over time, which probably dampens out inter-annual fluctuations in predation mortalities (see below). 



Final Consolidated Report  Task 6 
 

 450 

The conclusion to be drawn from the example is that in relatively simple systems with one key predator 

undergoing large stock fluctuations, predation mortality of major prey species cannot simply be kept constant in 

short-term predictions, but could be coupled to the abundance of the predator and potentially alternative prey. A 

more elaborated procedure is the utilisation of forecast versions of existing multispecies models (e.g. MSFOR). 

 

Weight at age 

Besides inter-annual variation in mortality rates, significant year to year changes in weight at age are frequently 

observed (e.g. Nakken, 1994; Shelton et al., 1999). A dramatic example with severe socio-economic 

consequences is the Baltic herring (Raid and Lankov, 1995, Cardinale and Arrhenius, 2000), which showed a 

decline in weight at age by more than 50% in all age-groups since the beginning of the 1980s (ICES, 2001a). A 

similar decrease has been observed for Baltic sprat, only starting later (ICES, 2001a). 

For herring, three different hypotheses have been put forward for explanation. First of all, a decrease in size 

specific predation by cod is apparent (Beyer and Lassen, 1994), which will primarily provide a relief to the 

smallest herring of an age-group, being more vulnerable to predation by cod than larger ones. Secondly, as the 

herring assessment unit in the Baltic consists of a considerable number of sub-stocks with different growth rates 

(e.g. Ojaveer, 1989), a shift in dominance of these different sub-stocks has been suggested (Sparholt, 1994). 

Thirdly, a shortage of food supply, accelerated by increasing competition with the rapidly increasing sprat stock 

was hypothesised (Cardinale and Arrhenius, 2000). 

For sprat the explanation is easier than for herring, as the decline in weight at age started at low predator 

abundance and additionally the suitability of sprat as prey of cod does not change very much with age (ICES, 

1997b). Furthermore, there exist no such clearly distinct sub-stocks of sprat in the Baltic and those, which could 

be, separated (Ojaveer, 1989) show relatively similar growth changes as obvious from area-specific data. With 

respect to the third hypothesis, weight at age is significantly correlated to the food availability per sprat and daily 

rations estimated on basis of stomach content data and ambient temperatures applying a general model of 

gastric evacuation (see Task 5.1). Based on this exploratory analysis, it might be suggested to use a relationship 

between weight at age and stock size for prediction purposes (Fig. 6.1.16). 

Utilising these type of relationships is of course a short-cut, as growth depends - besides prey availability in 

quantitative and qualitative terms - on a series of other processes, i.e. feeding intensity, assimilation, 

metabolism, transformation and excretion with all rates being controlled by ambient temperature. Michalsen et al. 

(1998) give a good example of the complexity: in situations were the ambient temperature decreases, the 

metabolic processes slow down, reducing growth rates regardless of prey availability. On the other hand, if the 

food supply is limited, growth rates may be higher at lower temperatures than in warmer areas, due to reduced 

metabolic costs. 

In an attempt to predict weight at age, Shelton et al. (1999) included, besides an area and an age effect, the 

area covered by cold water (<0°C) on the Newfoundland shelf (CIL) in a general linear model. Although the 

environmental variable improved the predictive capabilities of the model, the explained part of the variance is 

limited and the applicability in stock predictions is hampered by the uncertainty in predicting water conditions 

more than one year ahead, i.e. a significant autocorrelation in the CIL exists only for a lag of 1 year. However, 

Brander (2000) resolved a significant relationship between weight at age 3 and bottom temperature anomaly 

during first year of life in North Sea cod. The relationship between mean weight at age of a cohort and 

temperature experienced during the first year of life exists op to age 6, suggesting that predictions of weight at 
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age over a longer time span may be possible (Brander 2000). However, tests for a similar dependence in weight 

at age 4 to 6 on the weight at age 3 in cohorts of Baltic cod were unsuccessful (see Task 1.2). 

Growth in Baltic cod has changed over time, with increasing weight at age concurrently to a decrease in stock 

size throughout the 1980’s. Furthermore, weight at age in different Sub-divisions of the Baltic differ. An analysis 

of compiled weight at age data from commercial fisheries, revealed that these temporal and spatial variations are 

not significantly related to deviating weight at age of the youngest fish considered in the analysis, i.e. age-group 

3. Nevertheless weight at age of these relatively young fish has changed over time, which may be related to the 

shift in spawning time from spring to summer month reducing the first growth season considerably. This process 

would explain the reduction in weight at age encountered throughout the 1990’s. Secondly, increased mesh 

sizes in the trawl fishery directed to cod and an increasing fishing effort with gill-nets may have contributed to the 

observed trend in increasing weight at age 3 throughout the 1980’s, which is obvious for all major Sub-divisions 

in the central Baltic. 

Growth and thus weight at age is in various fish species sex specific, e.g. North Sea plaice (Bannister, 1977). 

Further evidence exists, that growth differs also between immature and mature Baltic cod. While the latter is 

probably of limited importance for the estimation of the spawning stock biomass in fish stocks consisting of 

several adult age-groups, the sex specific growth has implications for the calculation of the female spawning 

stock biomass and the potential egg production of the stock. It is presently common practice in fish stock 

assessment to apply sex unspecific weight and maturity at age data, although sex specific information is 

recorded in several monitoring programs and could be used to test the validity of the approach (e.g. Jakobsen 

and Ajiaid, 1999). 

 

Maturation 

Growth affects not only the size at age, but also the likelihood of attaining sexual maturity at a given age or size 

(e.g. Nikolsky, 1962; Dragesund et al., 1980; Hutchings, 1997). A declining age and length at sexual maturity 

has been observed for most gadoid stocks in the Northwest Atlantic since the 1970s (Trippel et al., 1997), but 

also for stocks in the Northeast Atlantic (e.g. Jørgensen, 1990). This has been explained by higher growth rates 

and better nutritional condition at smaller size, due to increased food supply per individual at low stock levels 

(Trippel, 1995). However, a genetic selection of early maturing fish under heavy fishing pressure is another 

potential explanation (Trippel, 1995). 

Not only the sexual but also the gonadal maturation process is affected by the nutritional condition of the fish. 

Laboratory studies conducted with Northwest Atlantic cod showed that individuals in poor condition will skip 

spawning (Burton et al., 1997), a fact, which has also been reported for other species, kept in captivity (Burton 

and Idler, 1987; Bromley et al., 2000). Also on population level evidence for skipped spawning exists for 

Northeast Arctic cod (Marshall et al., 1998): in 1987 cod were on average in poor condition, judged by their 

hepatosomatic index, resulting in lower percentages of smaller cod attaining sexual maturity as well as a high 

proportion of fish in size classes corresponding to repeat spawners not participating in the spawning. In contrast 

in 1993, a year characterised by good nutritional conditions, the expected regular pattern was observed. 

Marshall et al. (1998) as well as Yaragina and Marshall (2000) have demonstrated that liver condition of 

Northeast Arctic cod is coupled to prey availability, especially to the size of the capelin stock. 

Apart from using condition indices at age to estimate proportions of fish participating in spawning (Marshall et al., 

2000), the liver condition index has been utilised to estimate the liver energy content of mature females in the 



Final Consolidated Report  Task 6 
 

 452 

stock (TLE) as a proxy for the total egg production (Marshall et al., 1999). This proxy shows only a rough general 

agreement with changes in the spawning stock biomass over time. Both values are high in the beginning of the 

time series (from 1947-1951) and low in the second half of the 1980’s, associated with the collapse of the 

capelin stock (Marshall et al., 2000). Outside of these time periods the variation in SSB and TLE appears to be 

largely independent. Construction of bioenergetic proxies for egg production is in essence replacing the quantity 

of spawner biomass by a measure of quantity and quality (Marshall et al., 2000), which is justified by the 

established relationships between fecundity and nutritional condition of females described within the following 

section. 

The ages at attaining sexual maturity in Baltic cod are significantly different between sexes and areas and show 

additionally considerable year to year variability. The factors driving the variability in sexual maturation success 

are similarly to processes affecting growth poorly understood, as various behavioural and metabolic processes 

interact with different environmental variables. As consequence sexual maturation, similar to growth and sex 

ratios are parametrisized in the present study. 

Available data on sexual maturity at age of Baltic sprat indicate significant inter-annual variability in proportions of 

sprat being sexually mature at age 1, which are to certain extend related to winter temperatures.  

 

From spawning stock to egg production 

Potential fecundity 

It is commonly accepted that the fecundity of individual female fish of the same size drawn from a spawning 

population within a spawning season show considerable deviations (e.g. Hislop et al., 1978; Kjesbu and Holm, 

1994; Rijnsdorp, 1994). There is strong evidence that the individual fecundity is influenced by the availability of 

food (Woodhead and Woodhead, 1965; Kjesbu and Holm, 1994) or stock density (Bagenal, 1973; Rijnsdorp, 

1994). The dependence of fecundity on nutritional condition reported by Tyler and Dunn (1976) for winter 

flounder and by Kjesbu et al. (1991) for cod has lately been confirmed for yellow perch from Lake Erie 

(Henderson et al., 2000). For cod from the Gulf of St. Lawrence Lambert and Dutil (2000) demonstrated that not 

only the realised fecundity, but also the average egg dry weight is related to the nutritional status of the female. 

Kjesbu et al. (1998) synthesising available information on potential fecundity of the Northeast Arctic cod stock, 

revealed significant positive relationships between potential fecundity and environmental temperature as well as 

the availability of capelin per maturing cod. 

The conducted analysis of individual fecundity data of Baltic cod (Kraus et al., 2000) revealed significant inter-

annual variations in the relative potential fecundity, but neither between different spawning grounds nor between 

early and late spawning fish. On an individual level, a weak impact of the nutritional status of the female on the 

relative fecundity was detected. On population level a clear dependence of relative fecundity on growth rate 

anomaly from the preceding feeding to pre-spawning period and on prey availability per unit of cod biomass 

during vitellogenesis was resolved. Inclusion of ambient temperature improved the relationships further, but had 

overall a more limited influence on relative fecundity. Prey availability explains as a single factor most of the 

variability in average relative fecundity and may be used to establish a time series of potential egg production by 

the cod stock in the Central Baltic as well as forecasting relative fecundity values. 

Relative batch fecundity of sprat decreases with female size. Thus, in contrast to cod, application of the relative 

batch fecundity in combination with spawning stock biomass estimates to determine the potential egg production 
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by the population does not appear to be advisable. Batch fecundity showed significant deviations between 

northern and southern Central Baltic areas, while deviations between different month of a spawning season 

were not obvious, although reported from earlier studies (Alekseeva et al., 1997). The interannual variation of the 

average absolute and relative batch fecundity is as well relatively low, even though, contrasting years with 

respect to stock density and weight at age were sampled. 

For many stocks, these detailed data on reproduction do not exist. Treating weight and maturity ate age or 

fecundity constant over time, though significant variability or even longer-term trends exist, will decrease the 

accuracy of the resulting estimate of reproductive potential. This is particularly true for stocks exhibiting large 

interannual variability in condition, because condition affects besides maturity (see above) and fecundity also 

atresia (Kjesbu et al., 1991), egg (e.g. Chambers and Waiwood, 1996) and larval quality (e.g. Marteinsdottir and 

Steinarsson, 1998) simultaneously. 

 

Realised fecundity  

The potential fecundity may overestimate the realised fecundity due to resorption of oocytes during the 

prolonged spawning time of multiple batch spawners. The estimation of realised fecundity is especially difficult in 

fish species being indeterminate spawners, i.e. producing multiple batches of eggs in one spawning season with 

successive recruitment of vitellogenic oocytes (Alheit, 1989). Although the daily egg production method (Lasker, 

1985) is regularly applied for pelagic fish species (e.g. anchovies, sardines, horse mackerel) to estimate the size 

of the spawning stock (e.g. ICES, 2000c) in most cases little information on intra- and inter-annual variability in 

spawning frequency of batch spawning species and relative fecundity are available (but note recent efforts by 

ICES, 2000d and ICES, 2000e). Especially intra- and inter-annual variability in prevalence and intensity of 

atresia is seldom studied. Exceptions are the northern anchovy off California and the Cape anchovy in the 

southern Benguela, for which studies have demonstrated that ovarian atresia occurs in case of unsatisfied 

metabolic requirements (Hunter and Goldberg, 1980; Melo, 1994). This may even result in ceased spawning 

activity for the remainder of the season (Hunter and Macewicz, 1985), a process that has been described also 

for other fish species, e.g. turbot (Bromley et al., 2000). 

A complete resorption of ripening oocytes has been described by Bell et al. (1992) for orange roughy individuals 

having a lowered condition compared to reproductive females. Orange roughy is like cod a group synchronous 

(determinate) spawner. Nevertheless, Kjesbu et al. (1991) observed in an experimental study with Atlantic cod, 

that a significant reduction in potential fecundity due to atresia in the prespawning ovary is not very common, 

except for fish in very poor condition. This result has been confirmed by Kjesbu et al. (1998) also for spawning 

individuals, although a lack of contrast in condition may have lead to an underestimation of the occurrence and 

especially the proportion of affected oocytes. 

In order to test the reliability of the spawning stock biomass and estimates of potential egg production by the 

population as a measure of realised egg production for Baltic cod, comparisons to the realised egg production as 

determined from ichthyoplankton surveys at peak spawning time were performed. The SSB estimated by an 

area dis-aggregated MSVPA (Köster et al., 2001a) for Sub-division 25, i.e. the area containing the presently only 

important spawning ground, applying a maturity ogive invariate with time (as utilised up to 1996 in the 

assessment), revealed no correlation to realised production of the youngest egg stage. Applying year or period 

specific maturity ogives as applied in the present assessment resulted in a significant correlation, however with 

considerable variability encountered. In contrast, both the female SSB and the predicted potential egg production 
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are more closely correlated to the realised daily egg production. The potential egg production explains slightly 

more variability, however, the female SSB appears to be already a reasonable measure of egg production, given 

that reliable sex ratios and sex-specific maturity ogives are implemented. 

In contrast, realised egg production and spawning stock biomass are significantly related in Baltic sprat (see 

below). Considering growth anaomaly, potentially affecting quantity and quality of the egg production, improved 

the relationships (Köster et al., 2002b). 

 

Quality of spawning products and timing of spawning activity 

Not only the quantity spawned, also who is spawning matters for the survival probability of the offspring (for 

review see Trippel et al., 1997; Solemdal, 1997). For Central Baltic cod, laboratory experiments demonstrated 

that egg size depends on female size (see CORE 1998, Nissling and Vallin, 1996), with larval length and growth 

depending on egg size (see CORE 1998, Nissling et al., 1998). This confirms results obtained for different 

species, i.e. Atlantic cod (e.g. Grauman, 1965; Kjesbu, 1989; Marteinsdottir and Steinarsson, 1998), herring 

(Blaxter and Hempel, 1963) and walleye pollock (Hinckley, 1990). 

Larger egg and larval size is commonly related to higher survival probability, with larger larvae having a better 

ability to avoid predators (e.g. Miller et al., 1988), larger energy reserves and higher growth rates (Blaxter and 

Hempel, 1963; Webb and Weihs, 1986) and ability to utilise a wider variety of food organisms (e.g. Hunter, 1981; 

Knutsen and Tilseth, 1985). In the Baltic, there is an additional impact of egg size on survival, as egg size is 

related to buoyancy (Vallin and Nissling, 2000), with higher buoyancy allowing development in less dense water 

above the commonly oxygen depleted bottom water (Wieland et al., 1994). 

A difference in egg size and egg quality between first time and repeat spawners is well accepted, with the 

offspring of first time spawners being in general less viable (Solemdal et al., 1995; Kjesbu et al., 1996; Trippel, 

1998). Evidence exists that fertilisation success depends as well on female size (Buckley et al. 1991; Solemdal 

et al., 1995), however not on male size (Rakitin et al., 1999). The latter authors concluded from their and 

previous findings of Trippel and Neilson (1992), that there is no need to adjust spawning stock reproductive 

potential by the variation of sperm quality with male age/size. 

Male condition had an impact on fertilisation success (Ratikin et al., 1999) and further evidence exist that male 

stock characteristics may get more important in sub-optimal environments, i.e. low salinity in estuarine systems 

(STORE, 2001). Given the decline in age and size at sexual maturity through time in a considerable number of 

Atlantic fish stocks and an often truncated age/size structure of the stocks (Trippel, 1995), the above findings 

suggest that the conventional spawning stock biomass, even when calculated with regularly updated maturity 

ogives, does not reflect the reproductive potential of the stock adequately (Trippel et al., 1997). 

Apart from an age/size dependence of egg size and viability, a decline in egg size with continuation of spawning 

activity has been demonstrated for different cod stocks (Kjesbu, 1989; Kjesbu et al., 1996; Trippel, 1998) 

includining also the Baltic (see CORE 1998; Vallin and Nissling, 2000). First time spawners show in general a 

decrease of egg size right from the beginning of the spawning activity, while repeat spawners show a parabolic 

shape in egg size with a peak relatively early in the spawning season (Kjesbu et al., 1996; Vallin and Nissling, 

2000). In addition spawning activity of larger females starts earlier than of smaller ones (Kjesbu et al., 1996; 

Trippel et al., 1997; Tomkiewicz and Köster, 1999), indicating that most viable eggs are spawned relatively early 

in the spawning season. 
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Timing of spawning has implications on the survival probability of the offspring as well, as environmental 

conditions conducive for egg and larval survival may drastically change throughout the spawning season. Early 

spawned cod eggs in the Baltic encounter on average better oxygen conditions than later spawned, due to a 

continued oxygen consumption in the water layers of egg development after inflows of oxygenated water in the 

beginning of the year (MacKenzie et al., 2000). On the other hand, early spawned cod eggs will experience 

higher predation pressure, due to increased temporal and spatial overlap between sprat as predators and eggs 

as prey (Köster and Möllmann, 2000a). 

With respect to food availability, an early spawning resulted historically in a temporal overlap of cod larvae with 

the nauplii and early copepodites of the copepod Pseudocalanus elongatus, being a major prey of cod larvae in 

the Baltic (Voss et al. 2002). However, due to a pronounced decline in the standing stock and production of P. 

elongatus within the 1990s (Möllmann et al., 2000), the prey availability in spring/early summer has decreased 

from a food unlimited situation to a food limited one (Hinrichsen et al., 2002a). The development of key 

zooplankton species in the Baltic appears to be coupled to large-scale climatic forcing (Dippner et al., 2000, 

Hänninen et al., 2000), which affects simultaneously the survival of cod offspring, suggesting an integrated 

approach in projecting stock development, considering maternal characteristics as well as environmental 

processes. 

 

From egg to larval production 

Fertilisation success 

In estuarine systems, low salinity effects the fertilisation of marine fish species (Solemdal, 1970; Westin and 

Nissling, 1991). For Baltic cod, a minimum salinity of 11 psu is required for activation of spermatozoa and thus 

successful fertilisation (Westin and Nissling, 1991). This reduces spawning success in north-eastern areas of the 

Baltic and has consequently been incorporated into indices describing environmental conditions allowing 

successful egg development (see below). For sprat, conducted experiments suggests no significant impact of 

salinity (7 psu and higher), though viable hatch is somewhat lower at 7 psu compared to higher salinities. 

 

Egg survival 

Egg mortalities tend to be high in marine fish species (e.g. McGurk, 1986; Houde, 1989a; Pepin, 1991). Inter-

annual variability in egg survival has been described for some stocks as relatively low, e.g. walleye pollock 

(Brodeur et al., 1996) or highly fluctuating, e.g. the northern anchovy population off California (Lasker, 1985). In 

the latter case, the varying mortality rates were attributed to predation, e.g. cannibalism, as well as 

oceanographic processes, e.g. offshore transport (Lasker, 1985). In fact, there is considerable evidence that 

predation by invertebrates and fish can be a major source of mortality of pelagic and demersal fish eggs (for 

review see Heath, 1992; Leggett and DeBlois, 1994: newest evidence Swain and Sinclair, 2000). However, 

adequate field studies to quantify the impact of predation on egg and larval survival are difficult to design (Bailey 

and Houde, 1989). In reality this has never been achieved for marine fish stocks. In the best case, estimates for 

single spawning grounds have been determined, in general for demersal spawners like herring having the 

advantage that eggs are deposited in a single batch (Heath 1992). For pelagic spawners, average egg mortality 

rates caused by cannibalism have been estimated in some cases, e.g. for Californian (Hunter and Kimbrell, 

1980) and Peruvian anchovy (Santander et al., 1983). Notable exceptions are walleye pollock (Brodeur and 
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Bailey, 1996; Brodeur et al., 1996) as well as Baltic cod and sprat (Köster et al. 2000a, b), for which predation 

pressure by different predator species have been estimated, also resolving inter-annual variability to a certain 

extent. Variability in the predation process caused by hydrographic processes forcing predator and prey overlap 

(e.g. Garrison et al., 2000; Köster and Möllmann, 2000b) or predator response to changing prey composition, 

sizes and densities are in general not well enough understood to incorporate these processes in recruitment 

models, although intelligent use of mesocosm studies has increased our knowledge with respect to latter 

processes (see Paradis et al., 1996). The integration of predation pressure on cod eggs by clupeids in a stock 

recruitment relationship for Baltic cod is to our knowledge a unique case study.  

The direct impact of oceanographic processes on egg development is well known with respect to the 

dependence of egg development rates on temperature (e.g. Thompson and Riley, 1981; LeClus and Malan, 

1995; Pepin et al., 1997), with some studies considering also additional variables, e.g. salinity and oxygen 

concentration (Nissling and Westin, 1991; Wieland et al., 1994). The impact of ambient temperature on egg 

mortality rates has been as well established for some species (e.g. Thompson et al., 1981; Iversen and 

Danielsen, 1994, Nissling, 2002). However, studies applying these laboratory measurements to the field as 

conducted are still scarce, although evidence on lethal temperatures in-situ exists for several stocks (see Houde, 

1989a). The impact of temperature on size at hatch is still under discussion (Chambers, 1997) and is probably a 

dome shaped relationship (Pepin et al., 1997). Other oceanographic processes affecting mortality are physical 

damage through storm activity (e.g. Morrison et al., 1990), and more indirect advective losses (e.g. Painting et 

al., 1998). 

Apart from these exogenous factors, endogenous processes affect egg survival as well: i) chromosome 

aberrations during embryonic development commonly occurring and being in sever cases lethal (Kjørsvik et al., 

1994), ii) contamination by toxicants in polluted areas increasing embryonic abnormalities (e.g. Cameron et al., 

1989), iii) toxic algal blooms affecting egg mortality (Aneer, 1985) and iv) endogene parasites affecting egg 

survival (e.g. Pedersen and Køie, 1994). However, in all cases we know, the variable impact on egg or larval 

survival in the field has not been quantified and causing endogenous factors are seldom identified. This makes 

incorporation into stock assessment presently impossible and although evidence exists, that variable egg 

mortality may impact substantially on recruitment (e.g. Koslow et al., 1985), relatively few recruitment studies 

address this life stage explicitly. One example is cod in the Central Baltic. As described before, low salinity 

affects the fertilisation success of marine fish species. For cod in the Central Baltic this leads to the definition of 

one of the threshold values of the so called ‘reproductive volume’ (RV), i.e. the water volume available for 

successful cod egg development. The other thresholds indicate minimum oxygen and temperature requirements 

for egg survival (>2 ml/l oxygen concentration and 1.5°C). Comparing the potential egg production of the cod 

stock in the three historically most important spawning grounds with the RV at spawning time (MacKenzie et al., 

2000), suggests that a large portion of the egg production has been spawned in unsuitable environments in the 

Gdansk Deep and the Gotland Basin especially in early 1980s (Fig. 6.1.17). Clearly these types of mis-match 

between spawning effort and environmental conditions allowing a successful reproduction needs to be 

considered when predicting future stock development on medium- to long-term scales. 

This leads to the question how predictable the RV actually is. The magnitude of the RV depends first of all on the 

occurrence and magnitude of inflows of saline, oxygenated water from the North Sea/Skagerrak (Hinrichsen et 

al., 2002b), in the majority of the cases taking place in winter (Matthäus and Franck, 1992). As the Baltic is 

characterised by a series of deep basins separated by shallow sills, an inflow will usually fill up the first basin 
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only, with little or no transport in eastern direction. Only if the inflow has an unusual magnitude or more likely if 

the advected water is either replaced by an even denser water mass in a subsequent inflow or a subsequent 

inflow of less dense water glides over the earlier inflown water, the eastern Baltic basins will benefit from the 

water exchange. The first basin, i.e. the Bornholm Basin, benefits from smaller regular inflows, sustaining annual 

egg development, although in varying quantities (MacKenzie et al., 2000). Hydrographic monitoring and the 

unique topography make predictions of RV in a given year in all basins rather accurate (Hinrichsen et al., 

2002b). As a secondary effect of large inflows into the Bornholm Basin, it is likely that a certain amount of saline 

and oxygenated water is transported to the east until the next year. In turn, without an inflow into the Bornholm 

Basin in the last year, a significant transport of oxygenated water to the east in a given year is unlikely. 

Predictions beyond this time frame are hardly possible as long as large-scale atmospheric processes 

responsible for inflow events (Hinrichsen et al., 2002b) are not predictable. 

As cod recruits to the fishery in the Central Baltic at an age of 2, reasonable predictions are limited to the time 

frame of three years ahead. In a given assessment year n, the recruiting year-class strength n-2 can be derived 

from trawl surveys, n-1 recruiting next year from observed RV and SSB as well as larval surveys (see below), n 

recruiting in two years  from observed RV and predicted SSB, and n+1 recruiting in three years from predicted 

RV and predicted SSB. Furthermore, cod egg survival in relation to the oxygen condition can be modelled in a 

more realistic way than utilising RV (Köster et al., 2001b) and depends on other causes as well. This will, 

however, not affect the outlined extended short-term prediction scheme and also consequences for medium- to 

long-term projections are still valid, as all major processes involved depend on the spawning stock (abundance 

of mature females according to ages/sizes, weight at age, average fecundity) and regularly monitored 

hydrographic conditions. 

The relative viable hatch of cod eggs incubated at different oxygen concentrations indicates that also within the 

definition limits of the reproductive volume egg survival depends on the oxygen concentration during incubation 

(Fig. 6.1.18). Modeling of the vertical distribution of cod eggs in relation to ambient hydrographic conditions is 

possible (see CORE 1998, Wieland and Jarre-Teichmann, 1997; Köster et al., 2001b), does presently, however, 

not consider the impact of the spawning stock structure (Vallin and Nissling, 2000). Applying the oxygen 

concentration – egg survival relationship to the oxygen conditions at depths of predicted cod egg concentration 

and multiplying these survival factors with the potential egg production revealed time series of surviving egg 

productions for all spawning areas of cod (Fig. 6.1.19). These indicate that the Bornholm Basin had always by 

far the highest importance for egg survival, while surviving egg production especially in Sub-division 28 has 

always been low. This result does not coincide with relatively high larval abundance values in the 1970’s up to 

mid 1980’s in all three basins derived by ichthyoplankron surveys. Obviously the applied model to predict the 

vertical distribution of cod eggs derived from vertical resolving sampling in the Bornholm Basin does not predict 

realistic vertical distribution values. 

Cod eggs furthermore suffer from predation by clupeids (Köster and Möllmann, 2000a). Stomach content 

investigations on sprat and herring showed that the individual daily ration of cod eggs is proportional to the egg 

abundance if the predator/prey overlap driven by hydrographic conditions is considered, enabling the 

determination of a cod egg predation index (Köster et al., 2001b). Water density determines to a large extend the 

floating depths of cod eggs, while the oxygen concentration in bottom water layers determines were the clupeids 

dwell during their daily feeding period. This basically means, that in stagnation periods the predation pressure is 
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high as cod eggs float deep in the water column and herring and sprat are forced up into the water column due 

to the lack of oxygen (Köster and Möllmann 2000a). 

 

From larval production to recruits 

Survival during the larval stage 

Larval growth and survival, both processes being inter-linked (for review see Houde, 1997), may be determined 

by a variety of exogenous factors including the quality and quantity of food, temperature or other physical factors, 

diseases and infections by parasites, pollution and of course predation. In our contribution, we do not intend to 

cover these processes in detail (for review see Heath, 1992; Chambers and Trippel, 1997). Instead we 

concentrate in the following sections on the utilisation of larval surveys to predict recruitment, secondly outline 

how hydrodynamic modelling may improve the strength of the predictions, and thirdly describe how coupled 

hydro- and trophodynamic models may be utilised to simulate reproductive success from egg production to the 

juvenile stage. Finally, before covering the juvenile stage in more detail, we will discuss the potential benefit of 

including environmental factors affecting the larval stage in recruitment models. 

 

Larval abundance as a predictor of recruitment 

Larval surveys have the potential to predict cod recruitment in the Baltic as demonstrated by a significant linear 

relationship between larval abundance and 0-group recruitment for cod in Sub-division 25, containing presently 

the only important spawning area (see CORE 1998, Köster et al., 2001b). Larval abundance explains 64% of the 

variability in recruitment, however, with a significant positive intercept, caused mainly by very low larval 

abundance in the early 1990s, although recruitment was around average compared to the years 1986-1996. 

This inconsistency is caused by a shift in peak spawning activity from the 2nd half of May 1989 to the end of July 

in 1996 (see CORE 1998, Wieland et al., 2000), realised too late to adapt the survey timing. This clearly 

indicates that ichthyoplankton surveys during traditional peak spawning times are insufficient to get a reliable 

estimate of larval abundance in case of variable or shifting spawning times. Relationships between temperature 

and timing of gonadal maturation (Hutchings and Myers, 1994; Carscadden et al., 2001) may be used to direct 

the effort of the ichthyoplankton surveys, if survey dates are flexible, otherwise a full coverage of the spawning 

time is needed. However, spatial differences in temperature may as well affect the distribution of the spawning 

effort, e.g. for anchovy and sardines in the Southern Benguela system (LeClus, 1990). 

Additionally to timing and location of the spawning activity, variable transport of eggs and larvae caused by large-

scale atmospheric forcing may significantly affect the distribution of larvae (e.g. Hermann et al., 1996; Shannon, 

1998). In fact, the latter process may be responsible why Task 6.1 (second progress report) was unable to find a 

relationship between Baltic sprat larval abundance and recruitment based on the ichthyoplankton surveys 

(Köster et al., 2002b) Given a shallower distribution of larger sprat larvae in the water column compared to cod 

(Voss, 2002), wind driven transport out of the survey area may regularly occur. Hydrodynamic modelling 

revealed that advective losses do hardly occur at low to moderate wind speed (the normal situation at peak 

spawning time of sprat) but may reach the order of 25% at higher wind forcing (Voss and Hinrichsen, 2002). 

Given the maximum current velocities and the topography in the Central Baltic, the impact of advection is 

probably relatively low compared to other areas, for example characterised by shelf-edge jet currents (e.g. 

Shannon, 1998). 
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Considering the prerequisite to cover times and areas of late larval occurrence adequately and considering the 

impact of advection, it is clear that recruitment forecasting from larval surveys has seldom been employed in 

stock assessment and attempts were largely unsuccessful, although relationships between late larval 

abundance and recruitment have been described for a variety of stocks, e.g. for Northeast Arctic cod (Sundby et 

al., 1989), for Northern Baltic sprat and herring (Sjöstrand, 1989) and for North Sea herring (ICES, 2000f). 

Simulation studies performed by Bradford (1992) and Mertz and Myers (1995), utilising published data on 

mortality rates of early life stages and their inter-annual variability, suggest that predictions of recruitment based 

on late larval abundance or larval mortality rates are in principal possible, however, only with low variability in 

early juvenile mortality or with mortality rates correlated across stages. Nevertheless we believe, that application 

of advanced hydrodynamic models utilising realistic wind forcing will allow to correct ichthyoplankton survey 

results for advective gains and losses. This will not solve the problem of a temporal mis-match of surveys and 

larval production, neither will it solve problems caused by very narrow temporal and spatial larval survival 

windows apparent for some fish stocks (e.g. Houde 1989b). Especially the latter process needs further 

investigation applying also different approaches like description of the characteristics of surviving juveniles (e.g. 

Fritz et al., 1990; Taggart and Frank, 1990), and again hydrodynamic modelling allows to reconstruct the 

physical environment which leads to increased survival success (e.g. St. John et al., 2000).  

 

Coupled hydro- and trophodynamic models  

Modelling transport, growth and survival of early life stages of fish by coupled hydro- and trophodynamic models 

is a research area presently in focus of scientific interest. Several of these bio-physical models have been 

established, e.g. for walleye pollock (Hermann et al., 1996; Hinckley et al., 2000), haddock off Scotland (Heath 

and Gallego, 1998; Heath and Gallego, 2000), bay anchovy from Chesapeake Bay (Rose et al., 1999), haddock 

on Browns Bank (Brickman and Frank, 2000; Brickman et al., 2001) and cod in the Baltic (Hinrichsen et al., 

2002a). In general the hydrodynamic models using either Lagrangian particle tracking (Werner et al., 1996) or 

advection-diffusion equation models (Lynch et al., 1998), are forced by realistic atmospheric conditions and 

resolve the small-scale vertical and meso-scale horizontal hydro-dynamics quite well. 

The biological components are more problematic, with the stage dependent egg mortality being beyond 

predictability (Brickman and Frank, 2000), and modelling of larval growth being difficult, especially as in general 

prey fields are not available in sufficient temporal and spatial resolution. This leads to following assumptions i) 

prey concentration do not limit larval growth, thereby making inclusion of food-dependent feeding and growth 

rates redundant (Heath and Gallego, 1998), ii) mean prey densities are uniform in space and time (e.g. Herman 

et al., 1996), iii) prey density variable over season, but invariate over years (Tyler et al., 1997), partly considering 

feed back by predation on prey density (Rose et al., 1999), or iv) prey density horizontally and seasonally 

variable, applying overall yearly weighting factors to account for inter-annual variability in integrated prey 

abundance (Hinrichsen et al., 2002a). Depending on the magnitude of spatial, intra- and inter-annual variability 

in prey fields, one or the other approach may be justified, as generation of a dynamic 3-D prey field requires 

ultimately species and stage specific modelling of the zooplankton population dynamics (Miller et al., 1998; 

Lynch et al., 1998). 

Furthermore, variability in predation pressure is not considered in any of the models yet, resulting in mortality 

rates being forced mainly by physical conditions affecting egg developmental rates, larval growth and in turn 

larval mortality rates. This limits presently the application in recruitment predictions. However, existing coupled 
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hydro- and trophodynamic models offer a framework for testing hypotheses on various processes affecting egg, 

larval and juvenile survival considering variability in environmental conditions in space and time. Especially the 

identification and generation of environmental indices (e.g. upwelling, transport) representing one or a number of 

important processes affecting larval survival may be possible. These in turn, can then be utilised in simpler 

recruitment models. 

 

Prediction of recruitment incorporating environmental variability 

Environmental factors influencing recruitment have been identified in almost all fish stocks. In some cases single 

factors seem to explain a considerable part of the recruitment variability (e.g. Planque and Fox, 1998), however, 

in most cases a suite of environmental factors is involved (e.g. Megrey et al., 1995; Painting et al., 1998; Jarre-

Teichmann et al., 2000). 

Walters and Collie (1988) criticised correlative environment-recruitment studies because of biases, 

measurement error and high likelihood of spurious correlations. Myers (1998) reviewed the success of 

previously published environment-recruitment correlations when tested with new data. He concluded that 

correlations for populations at the limit of a species range were often confirmed, while correlations near the 

centre of a species range frequently failed. The approach of comparing many populations of the same or similar 

species has been used intensively in eastern boundary upwelling systems (Bakun, 1996). In particular the 

optimal environmental window hypothesis relates recruitment with the environment in upwelling systems (Cury 

and Roy, 1989), suggesting a non-linear dome-shaped relationship between recruitment and upwelling intensity. 

One of the few applications of environment-recruitment relationships in stock assessment was introduced for the 

anchovy in the Bay of Biscay. As the stock development and fisheries depends to a large extend on the 

abundance of age-group 1, prediction of recruitment is of considerable importance in the management of the 

fishery, similar to other anchovy stocks (e.g. Bloomer et al., 1994). The fishery on age-group 0 provides only 

limited indication on the year-class strength and there exists no apparent stock-recruitment relationship (ICES, 

2001e). However, a close correlation of recruitment to the intensity of upwelling along the French and Spanish 

coast has been identified by Borja et al. (1996 and 1998). This relationship has been utilised by the assessment 

Working Group in 1999 (ICES, 2000c) to predict the year-class strength 1998 (in combination with commercial 

catch data) and 1999 to be incorporated into the short-term prediction for 2000. In this prediction both year-

classes were substantially underestimated, with the consequence that up-dated recruitment predictions in 2000 

were not considered in short-term predictions for 2001 (ICES, 2001e). Instead, alternative environmental indices 

were tested. A statistical model suggested by Allain et al. (2001e) utilising upwelling and shelf stratification 

breakdown, as generated by a 3-D hydrodynamic model, performed best when updated with most recent years 

data. Upwelling from March to July has as positive effect on recruitment, while the presence of a decrease in the 

mean stratification in June/July, has a negative effect on recruitment. Integration of both variables in a multiple 

linear regression explains 59% of the variability in recruitment at age 0 compared to 50% when using one of the 

available upwelling indices alone (ICES, 2001e). 

Tyler (1992) claimed that this type of correlation analysis may be used also in single populations if a sound 

conceptual framework and judicious use of statistical methods is applied. In agreement with Megrey et al. 

(1996), we believe that a combination of approaches is required for the identification of major processes 

affecting the reproductive success: i) investigation of the spatial and temporal distribution of different early life 

stages in relation to hypothesised key events separately, ii) testing of the underlying processes in coupled bio-
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physical models under various forcing conditions and iii) comparison of time series of important environmental 

variables with recruitment success using a suite of statistical methods. The STORE project was set-up to 

accommodate this. In any case, a sound estimation of the stock’s reproductive effort as well as the reproductive 

success in terms of juvenile abundance is required. Especially the latter has in quite a number of recruitment 

studies been taken from standard assessment output, without questioning the reliability of the estimate (see 

below). 

The predictability of identified key environmental variables and the strength of the relationship between 

recruitment and these variables define the potential of reducing uncertainty in stock predictions and set their time 

limits (Basson, 1998). Quite clearly an improved understanding of large-scale physical atmospheric and 

oceanographic processes affecting local physical conditions, may improve the time frame of predictions. An 

example is the first order autoregressive model of volume flux to the Western Barents Sea. In this model the 

position of the Gulf Stream off the US coast two years earlier explains 50% of the variability in temperature in the 

Barents Sea, an important factor for Northeast Arctic cod recruitment, growth and distribution (Ottersen et al., 

2000). The predictive power is still limited and forecasting the stock development 4 years ahead (the stock 

recruits at age 3) would require in addition a prediction of the capelin stock development, which is actually 

possible 2-3 years ahead (Ulltang 1996). Nevertheless, the information could be used in medium-term 

projections simulating the stock development under different exploitation scenarios. 

Apart from utilisation of established empirical environment-recruitment relationships, short-term forecasts may be 

based on non-parametric classification schemes (Rothschild and Mullen, 1985) as demonstrated for walleye 

pollock by Megrey et al. (1996) or cape anchovy by Painting and Korrûbel (1998). 

 

Density dependence in the juvenile stage 

While density-dependent processes are less evident in the larval stage, they are more easily detectable in the 

juvenile stage, especially for populations that concentrate in specific nursery areas during the first year of life 

(Iles and Beverton, 2000). Density dependent mortality has been identified in different flatfish species during the 

phase shortly after settlement, dampening the inter-annual variability in recruitment, however, not explaining a 

significant part of the variability (Van der Veer et al., 2000). 

By meta-analysis, Rijnsdorp et al. (1992) found a positive relationship between average recruitment success and 

spatial extension of the nursery grounds for sole, which holds also for different plaice populations around the 

North Sea (Van der Veer et al., 2000). Similar to flatfish, density dependent mortality has been detected in 

walleye pollock during the transition between the larval and the juvenile phase (Bailey et al., 1996). This has 

been explained by increasing predation pressure on young of the year when starting schooling behaviour. 

Similarly, Sundby et al. (1989) reported density dependent mortality for juvenile Northeast Arctic cod in the 

transition phase from pelagic to demersal mode of life. A high predation pressure on settled juveniles appears 

also to be an important reason for density dependence in flatfish populations (e.g. Bailey, 1994; for review see 

van der Veer et al., 1997). 

Also temperature effects on juvenile survival, as detected for North Sea plaice (e.g. Brander and Houghton, 

1982), have been explained by related changes in predation: Van der Veer and Bergman (1987) suggest a 

release from predation by crustaceans in the nursery area due to avoidance of these areas by the predator at 

low temperature. In general, density dependent predation on juveniles has been identified as a factor controlling 

recruitment success or dampening its variability (Van der Veer et al., 2000); in both ways it may have a 



Final Consolidated Report  Task 6 
 

 462 

significant influence on the population dynamics of most fish stocks and thus needs to be considered in 

recruitment predictions. 

A framework for exploring density dependent processes in the juvenile stage has been set-up by Heath and 

Gallego (2000) for haddock off Scotland. The basic concept with respect to egg and larval development has 

been described before. For the transition from pelagic to demersal phase a density dependent mortality was 

incorporated. This is based on the observation, that a negative autocorrelation has been detected in North Sea 

haddock recruitment, with strong year classes inhibiting the establishment of recruitment in immediately following 

year-classes (Cook and Armstrong, 1986). The present model is relatively simple, assuming competition for 

available space on the seabed to be the regulating process, but in principal the framework is flexible to 

incorporate more advanced process models (Heath and Gallego, 2000). The coupled individual based and 

hydrodynamic model has been used to explore the effect of spawning stock size on the spatial and temporal 

patterns in survivorship of various developmental stages. In absence of any density dependent processes in the 

pelagic phase, the temporal pattern of survival from different spawning dates was independent of spawning 

stock abundance. During the demersal phase, however, an increased spawning stock resulted in decreased 

survival for later spawned cohorts, as earlier spawned individuals inhibited their settlement. This type of model, 

further improved with respect to biological and physical process models has the potential to incorporate temporal 

and spatial dynamics in the recruitment process allowing simulations of stock development under area and time 

specific exploitation strategies and environmental variability. 

 

Predation mortality and abundance of pre-recruits from multispecies models 

Estimating pre-recruit predation mortality and abundances by multispecies models carried into earlier age-

groups has been suggested as a tool to determine the reproductive success of fish stocks (Sparholt, 1995; 

Ulltang, 1996). We have used this technique for Baltic cod and sprat as well (Köster et al. 2001a). However, 

present multispecies models use constant prey-predator suitability coefficients over time (Sparre, 1991), an 

assumption that might lead to dampened variability in recruitment estimates. 

For prey species regularly taken by a predator, the assumption of a constant suitability coefficients appear to be 

a reasonable. However, this cannot be applied to estimate the effect of cannibalism in Baltic cod, as this is 

relatively seldom an intensive process (Uzars and Plikshs, 2000), but may occasionally remove considerable 

amounts of juveniles from the population (Sparholt, 1994). 

In order to test the stability of suitability coefficients, Task 6.1 (see below) performed MSVPA runs splitting the 

available time series of stomach content data in an early and a late period with high and low occurrence of 

cannibalism respectively. The resulting average suitability values of 0-group cod are very similar in both periods 

for predators up to age-group 3, but increasingly different for older predators. For the early period coefficients 

further increase with age following an asymptotic function, while for the later period an almost linear decline is 

encountered. We interpret this difference with a change in predator distribution: At a low stock size, the majority 

of the adult stock is concentrating in southern central areas, while nursery areas are located mainly in the 

eastern Baltic (Aro, 2000). This distribution pattern results in a more limited overlap between juvenile and 

predatory adult cod when the stock size is decreasing, but a continued overlap of early and late juveniles and 

recruits (up to age-groups 3). Also in northern cod the intensity of cannibalism has been related to spatial overlap 

of young and older stages, in this case however, related to the extension of the area occupied by the juveniles, 

depending on year-class strength (Anderson and Gregory, 2000). 
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Apart from medium- to long-term distribution changes, inter-annual variability in cannibalism may be influenced 

by changing hydrographic conditions as well, reported for example by Wespestad et al. (2000) for walleye 

pollock. Here strong year-classes are generated when juvenile pollock are transported inshore in spring, 

minimising the horizontal overlap to the adults, while weak year-classes are formed when transport is reduced 

and juveniles remain on the outer shelf in the vicinity of cannibalistic adults. 

Backtracking of recruitment into the pre-recruit stage by multispecies assessment models requires that major 

predators, or at least those predators which exert fluctuating, substantial predation pressure are considered in 

the model, and the same applies for stock predictions of the prey species. This limits the approach to relatively 

simple systems, with a limited number of dominating predator species, e.g. the Northeast Arctic cod, capelin and 

herring complex (Bogstad et al., 1997), while application for the North Sea and Georges Bank is already difficult. 

Furthermore, backtracking might only be possible to older juvenile age-groups, as predation on smaller 0-group 

fish is likely to be more complex with several predatory species involved. 

 

Early juvenile abundance and size as a predictor of recruitment 

Young fish surveys are a common tool in stock assessment to give an indication about incoming year-class 

strength. Some surveys are directed to early 0-group, still being pelagic even in demersal species; examples are 

0-group cod in the Barents Sea (Nakken and Raknes 1996) and around Iceland (ICES, 2000g), and herring in 

the North Sea (ICES, 2000f). Others are directed to early settled juveniles, examples are age-group 1 cod in the 

Barents Sea, (Jakobsen et al., 1997), 0- and 1-group plaice and sole in North Sea (ICES, 2000h), or to well 

established juveniles, as in the IBTS survey in the North Sea (ICES, 2000i) and the BITS survey in the Baltic. 

The surveys on early juveniles and to a lesser degree also on later stages suffer, besides catchability problems 

(e.g. Nakken and Raknes, 1996), to a varying degree from intra- and inter-annual variability in the distribution of 

the target. Here relatively early life stages have the advantage to concentrate still in the vicinity of spawning 

areas being easier to cover than wide spread distribution areas of older juveniles (for example see Helle et al., 

2000). 

In general, sufficient knowledge is available on timing and location of spawning, to apply hydrodynamic 

modelling approaches with realistic atmospheric forcing conditions, which may detect unusual transport 

situations and potentially also enable a correction of abundance indices. 

Variability in survival until recruitment to the fishery is a general problem, which explains the tendency of 

assessment groups to utilise abundance indices of well established older juveniles, which of course reduces the 

lead time in stock predictions. Present short-term predictions within ICES are based on last year’s assessment 

data, predicting next years stock and catch development. Thus, a survey in the present year assessing the year-

class strength of next year’s recruits satisfies basically the demand to conduct short-term predictions. To predict 

the surviving population size in the next but one year, requires a recruitment estimate of the subsequent year-

class. However, most assessment working groups consider the impact of this uncertainty as marginal, especially 

as they concentrate on the spawning stock size as the most important stock measure. 

In fact, one might be more interested in predicting growth and maturation of the recently and presently recruiting 

year-classes to describe the development of the reproductive potential of the stock (see quadrant 1). In any 

case, there is a clear cut difference in the needs of present stock assessment and recruitment related research, 

however, the latter may enable expansion of short-term predictions into the medium-term time frame, at least for 

relatively long living species, as outlined earlier. A prerequisite for such an application is the establishment of 
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close relationships between predictor and recruitment (e.g. Walters and Collie, 1988; Bradford, 1992) and, may 

be even more important, a sufficiently stable relationship over extended time periods. 

High correlations between average pelagic juvenile size and year-class strength have been identified for cod on 

Georges Bank (Campana, 1996), haddock on the Scotian shelf (Marshall and Frank, 1999b) as well as cod and 

haddock in the Barents Sea (Ottersen and Loeng, 2000), confirming the hypothesis that survival during the pre-

recruit stage is directly related to growth rates (Anderson, 1988). Utilisation of log-transformed 0-group 

recruitment indices, and mean length of 0-group in an autoregressive modelling revealed 60% and 65% 

explained variance in log year-class strength at age 3 of Northeast Arctic cod and haddock (Ottersen and Loeng, 

2000). Although these coefficients of determination are reasonably large, the confidence limits of the regressions 

are rather wide and utilisation in recruitment predictions appear reasonable only within a long time perspective, if 

the basic relationships included remain stable. 

For Baltic cod the attempt to set-up regular pelagic 0-group surveys basically fails as the temporal and spatial 

window of occurrence was rather limited, requiring regular large area covering surveys in autumn (see CORE 

1998). For sprat the international hydroacoustic survey can be used to derive an indication of 0-group year-class 

strength (Köster et al., 2002b). 

 

Bayesian approaches for estimating parameters of stock-recruitment relationships 

Introduction 

Population data from individual studies are usually analyzed in isolation of similar data from other 

populations. For example, in the case of fisheries data, it is common to estimate spawner biomass-

recruitment relationships for individual stocks. However, the fits of these relationships are often poor and the 

inferences, including biological reference points, are uncertain. In some cases, the fitted parameters are 

meaningless and no functional relationship between spawner biomass and recruitment can be derived from 

the data (e. g., sprat in ICES Sub-division 22-32). It may be useful therefore to consider alternative statistical 

approaches for estimating stock-recruit curves. 

One approach which may be suitable is Bayesian analysis. This group of analysis methods allows many 

datasets to be analyzed simultaneously so that different studies may “borrow strength” from each other. The 

approach can potentially lead to improved parameter estimates for a specific stock by using information from 

other stocks of the same species. As a test case for exploring the suitability of these methods to stock-

recruitment data, and the potential utility of these methods to Baltic cod and sprat, we applied the approach 

to 21 cod populations in the North Atlantic. The analysis fits stock-recruitment models (e. g., Beverton-Holt or 

Ricker) to all cod populations simultaneously, and the fitted parameters, after appropriate standardization, 

are estimates of the maximum reproductive rate and carrying capacity for each stock in the 21 different 

geographical areas.  

 

Material and Methods 

The data analyses used the comprehensive stock-recruitment database compiled by R.A. Myers and 

colleagues. Before analyses, all stock and recruitment data were standardized on a per km2 basis by 

dividing stock and recruitment estimates by size of juvenile habitat (assumed to be proportional to the area of 
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sea bottom in each region between the 0 and 300 m depth contours). This standardization removed the 

effect of habitat size on stock and recruitment estimates. In addition, because recruitment in different stocks 

is estimated at different ages (e.g., age 2 in the eastern Baltic stock but age 1 or 3 in many other stocks), 

recruitment estimates were standardized by conversion to lifetime recruitment estimates (Myers et al., 1996) 

which accommodate between-stock variability in ages at maturity. 

The empirical Bayes technique that was used estimates the maximum reproductive rate and carrying 

capacity of each stock based on fits of the Beverton-Holt stock-recruitment model. The method uses a 

nonlinear mixed model programmable in SAS. Further details on the methodology are given in Myers et al. 

(1999 and 2001) 

 

Results 

The Bayesian analysis yielded stock-specific parameter estimates for the Beverton-Holt recruitment model. 

In all cases, the empirical Bayes estimates were biologically reasonable (no infinite estimates of maximum 

reproductive rate or carrying capacity), whereas a stock-by-stock analysis occasionally yielded nonsensical 

parameter estimates (e. g., infinite values). In addition the Bayesian analyses yielded stock-specific 

parameter estimates with lower variability than when fitting such relationships on a stock-by-stock basis. 

The comparison showed that the carrying capacity for the production of new cod (expressed as recruits per 

spawner per km2) differs significantly among different marine ecosystems in the North Atlantic, including the 

eastern and western Baltic. In addition, carrying capacity in each region was significantly negatively 

correlated with local water temperatures. 

Maximum reproductive rate among the cod stocks was much less variable than the carrying capacity for 

production of new cod. This result (low variability of maximum reproductive rate) is consistent with a previous 

analysis of maximum reproductive rates using different modelling methods (Myers et al., 1995). 

 

Discussion 

The Bayesian approach performed satisfactorily for 21 cod populations in the North Atlantic. Sensible 

parameter estimates could be derived for all stocks, even though stock – recruitment relationships for some 

stocks (e. g., Georges Bank) could not be derived when fitted individually. The modelling approach suggests 

that Bayesian methods could be useful when attempting to derive biological reference points for stocks with 

highly uncertain stock-recruitment data. In particular these results mean that biological reference points for 

stocks with highly uncertain stock-recruit relationships can be determined with significantly less uncertainty if 

information from other stocks throughout the species range is used in the analysis. 

This statistical modelling approach could potentially be useful for sprat in the Baltic Sea. The relationship 

between spawner biomass and recruitment for this stock is weak with little evidence of a functional 

relationship (ICES, 1998c). It is possible therefore that a Bayesian analysis of all sprat stock – recruitment 

data might resolve meaningful parameter estimates for the Baltic sprat population, as was done for some of 

the cod stocks (e.g. Georges Bank; Myers et al., 2001). 

The Bayesian analysis also yielded an interesting ecological result. When the cod carrying capacities were 

compared with local temperatures, it was observed that carrying capacity for cod stocks on both sides of the 

North Atlantic decreased significantly with increases in temperature. The reasons for this relationship are not 
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immediately obvious and require further investigation, but the relationships could be due to more intense 

biological interactions (e.g., competition, predation, cannibalism), as well as changes in overall food web 

structure and function (e.g., pelagic vs. benthic production) in warmer regions. In any case, the relationship 

indicates how global warming and increasing sea temperatures might affect the carrying capacity of different 

ecosystems for cod production. 

 

Validation of coupled tropho- and hydrodynamic model of cod larval survival 

Introduction 

A coupled tropho/hydrodynamic individual based model of drift and feeding, was utilized to analyse the intra- 

and interannual variability in growth and survival of cod larvae in the Central Baltic Sea. Highly temporally 

and spatially resolved simulated flow fields were used to investigate the potential drift of Baltic larval cod 

from the centre of spawning effort in the Bornholm Basin towards their different nursery areas through 

temporally resolved 3-dimensional idealized prey fields. Stomach content analyses of larval cod from the 

Bornholm Basin revealed calanoid copepod nauplii and early copepodite stages to be the preferred prey 

organisms. Caused by the strong decrease in abundance of the calanoid copepod Pseudocalanus elongatus 

in the central Baltic Sea during the last two decades, the results of the model runs indicate that larval cod in 

the Central Baltic Sea changed from a non-limited to a food limited stage. 

In the present section, the validity and reliability of this results is investigated. Physical properties simulated 

by the hydrodynamic model agree well with known circulation features and observed physical conditions in 

the Baltic (Lehmann and Hinrichsen 2000). Similarly simulated meso-scale distribution patterns of larval cod 

were validated by field-based data (Voss et al. 1999). In contrast, due to the lack of suitable field-based 

larval data during the last decades (MacKenzie et al. 1996), validating the biological component of the 

coupled model seems to be more critical. In order to assess the quantitative validity of the results, we first 

tested their sensitivity to perturbations of the model input parameters. Secondly, we compared an index of 

observed larval suvival originating from main spawning activity 1986-1997 with simulated larval survival 

probabilities. Thirdly, we related reproductive success in terms of recruitment to the prey availability of 

Pseudocalanus elongatus for a longer time series covering the period 1966-1998. 

 

Material and Methods 

The set-up of the conducted sensitivity analysis has bee described in detail in Task 4. As a second validation 

step of the coupled bio-physical model results, recruitment at age 0 originated from Subdivision 25 (obtained 

from are dis-aggregated MSVPA) per unit of egg production at stage III in the Bornholm Basin were 

compared with the corresponding simulated larval survival potential. For Baltic cod, egg production at this 

late stage was considered to be representative for the early larval (hatch) stage and thus recruitment per late 

egg stage production is a measure of larval survival until the 0-group stage. The simulated larval survival 

potential was available for the time period from 1986-1997 (1992-no data). 

In a further step, the validity of the model results were tested by relating recruitment success of Baltic cod to 

the availability of P. elongatus nauplii as prey. Recruits at age 2 for the entire stock in the Central Baltic 

(Subdivision 25-32) were taken from VPA on annual basis for the time period 1966 to 1998 (ICES, 2000). 
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Food availability was defined as the product of quarterly averaged abundances (Möllmann et al. 2000) and 

temperature-dependent nauplii development times (Davis, 1984). In order to assess the dependency of 

residual recruitment variability on larval food availability, long-term trends were removed from both original 

time-series by utilizing a 3rd order functional relationship. 

 

Results 

Variability in larval survival derived by the performed sensitivity analyses indicated that linear relations 

between parameter perturbations and model predictions can be assigned to the foraging, growth and 

starvation models, whereas encounter reacts non-linearly to parameter variations. Here, search volume (or 

reactive distance) is an extremely important parameter, since it is squared in the expression of the reactive 

area. Deviations due to variation of parameters in the growth and foraging model are insignificantly small. 

Larval survival was mainly altered by the variance of temperature and encounter, reflecting the strong 

influence of seasonal variations of atmospheric warming, prey availability as well as the fraction of daylight 

hours. Similar effects were obtained due to variations in the larval search volume as well as due to 

modification of the threshold value in the starvation model. Unfortunately, both parameters are difficult to 

observe in the field. At present, values have to be taken either from literature or from laboratory experiments, 

which necessarily might not resemble realistic conditions. Thus, its qualitatively validation remains 

impossible, since no further information on field-based data are presently available. 

Comparing the ratio of observed recruitment at age 0 and egg production at stage III of Baltic cod with the 

simulated larval survival potential by utilizing a simple linear regression model revealed a correlation 

coefficient of r=0.78 which is statistically significant (p<0.02). The coupled torpho/hydrodynamic model was 

able to predict relatively high levels of recruits/egg production from 1986 to 1991 as well as the strong decay 

of recruitment from 1993 onwards with a high degree of confidence (Fig 6.1.20). 

Coupled model results have been further evaluated by simply relating recruitment success of Baltic cod to 

the availability of P. elongatus nauplii as prey. Both recruitment and availability of P. elongatus nauplii 

showed general declining trends towards the end of the 1990s, with extraordinary high values at the end of 

the 1970s (Fig. 6.1.21). The correlation coefficient between both de-trended time-series was 0.6. 

 

Discussion 

The present coupled modelling approach has to cope with a relatively sparse temporal and spatial resolution 

of prey fields utilizing zooplankton data from the entire Central Baltic, thus ignoring potential area specific 

differences in zooplankton abundance. However, the sensitivity study demonstrated that the coupled 

biophysical model is sensitive enough to show the effects of parameter uncertainty and to demonstrate the 

impact of natural perturbation especially in encounter and starvation processes. Other studies have 

suggested that biophysical models of larval growth and survival should additionally include light attunation as 

well as irradiance (Fiksen et al. 1998). As demonstrated by Grønkjær and Wieland (1997) Baltic cod larvae 

concentrate in the water column just below the thermocline, where prey availability and light conditions 

during day-time are optimal for foraging. Cod larvae do not migrate vertically into upper water layers during 

night, although this would enhance light conditions for feeding (Grønkjær and Wieland 1997), most likely to 

avoid prevailing considerably higher temperatures. In consequence feeding activity ceases during night-time 
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(Voss 2002). While the latter process is included in the model formulation, we did not include variation in light 

intensity within a day or season assuming cod larvae to adapt to changes in light intensity by optimising their 

vertical position in the water column. 

Apart from a significantly lower observed larval survival in 1988 and 1996, simulated and observed larval 

survival show a remarkable similarity over time, with significantly higher survival until 1991 than from 1993 

onwards. The deviations in 1988 and 1996 may very well explained by additional mortality causes acting, 

explaining also the in general higher variability in observed than in simulated survival. 

The reason for the relatively low association between recruitment success of Baltic cod to the availability of 

P. elongatus nauplii as preys mainly as follows: Recruitment during the last decade depends on the 

production of late hatched larvae as the main spawning season has successively changed from late spring to 

summer month (Wieland et al. 2000). Consequently variability in the abundance of P. elongatus has had in 

this time period most likely only a limited impact on larval survival, depending to a higher extend on the 

availability of juvenile life stages of other copepod species. Excluding the late 1980´s and the 1990’s from 

the correlation analysis increased the explained variance in Baltic cod recruitment residuals to about 60%. 

Performing the same analysis for copepodite as well as for adult copepod stages results in weak 

relationships only, confirming that the phase from hatch to well established feeder is the most critical early 

life stages of Baltic cod (see above, Köster et al. 2002b). 

In conclusion, the modelling study revealed retention and dispersal from the main spawning ground to be a 

key process influencing larval survival, but starvation was found to be important exclusively for first feeding 

larvae. When P. elongatus was available in the prey fields, high cod larval survival rates occurred in spring 

and early summer. When P. elongatus was not available, hatched larvae had only higher survival 

probabilities later in the year and if transported into shallower coastal regions. In this respect, a shift in peak 

spawning time of cod from spring to summer month throughout the last decade ensured a certain level of 

reproductive success, despite the decline in abundance of P. elongatus. 

 

Statistical recruitment models for cod and sprat 

Introduction 

Within the present section, an attempt was conducted to identify statistical stock recruitment models for 

spawning areas with best data coverage, i.e. for cod Subdivision 25 encompassing the spawning area of the 

Bornholm basin and for sprat Subdivision 26 encompassing the Gdansk Deep and the southern Gotland 

Basin. Besides spawning stock biomass, following exploratory variables were included: 

1) Quarterly average temperature, salinity, oxygen concentration and density during main spawning time 

(average over 25m depths intervals) as hydrographic variables. 

2) NAO index in January/February and BSI index at spawning time as atmospheric variables, the latter 

expressing the mean sea level pressure difference between Stettin and Oslo being representative for 

wind speed in westerly or easterly direction. 

3) Prey availability for first feeding larvae, i.e. quarterly nauplii abundance in Subdivision 26, taken as 

representative also for Subdivision 25. 
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Material and Methods 

The principal model identification procedure for the GLM recruitment models (log-recruitment as function of 

spawning stock biomass and environmental variables for cod in Subdivision 25 and that for sprat in 

Subdivision 26 are as follows): 

1) variable selection was based on either Akaike's Information Criterion (AIC) and/ or eliminating 

insignificant variables from the complete set of included variables (backward elimination). 

2) residual diagnostics - checking for autocorrelation- checking for heteroskedasticity- checking for 

multicollinearity- checking for normality. 

 

Results 

Fulfilling the above assumptions in the variable selection procedure resulted in following significant variables 

for cod in Subdivision 25: 

1) Spawning stock biomass 

2) NAO winter index 

3) Oxygen in all water layers 

4) Temperature in all water layers, except in 50-75 m 

5) Density in 25-50 m depths layers. 

Parameter estimates and related information on significance level, partial correlation, as well as Durbin-

Watson statistics and tests for normality of the residuals are presented in Tab. 6.1.5. The model explains a 

major amount of the variation (R2adj. = 0.93) and no indication of autocorrelation or non-normality was 

detected. 

For sprat the variable selection was more difficult, with the AIC criteria resulting in following significant 

variables: 

1) Spawning stock biomass 

2) Nauplii abundance 

3) NAO winter index 

4) Oxygen in all water layers 

5) Density in upper water layers 

while utilizing as a selection criterion the significance of the included variables revealed the following 

combination: 

1) Spawning stock biomass 

2) NAO winter index 

3) Oxygen in all water layers, except in 50-75 m  

4) Density in upper water layers 

The first model explains slightly more variation (R2adj. = 0.59) than the second (R2adj. = 0.53), again with no 

indication of autocorrelation or non-normality in the residuals (Tab. 6.1.6). 
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Impact of climate variability on recruitment of sprat 

Introduction 

Quantifying how natural variations in population abundance interact with those caused by man (e.g. 

overfishing, pollution) is a pre-requisite for developing prognostic models of population dynamics (e.g. 

Cushing 1996) and the structure and function of entire ecosystems (e.g. GLOBEC 1999). In this section we 

investigate how the temperature environment and spawner abundance affect the production and survival of 

young sprat in the Baltic Sea. One of the most common explanations for large variations in recruitment 

success of fish stocks is variation in the abundance of spawners (e.g. Cushing 1996), which is coupled at 

least partly to commercial fishing activity and therefore partly under human control.  However, given that a 

10-fold variation in sprat spawner biomass has had only limited impact on production of new sprat, we 

considered whether other factors, notably temperature, affect sprat production.  We hypothesize that low 

temperature suppresses sprat recruitment and survival because sprat in the Baltic Sea is located near the 

northernmost limit of its geographic distribution (e.g. Parmanne et al. 1994).  In laboratory experiments 

conducted within the project eggs and larvae produced by sprat from the Baltic Sea suffer increased 

mortality at temperatures (< 5° C) similar to those which occur in spawning habitats in the Baltic Sea.  In 

addition, low temperature suppresses sprat growth and gonadal development (Parmanne et al. 1994, 

Grauman and Yula 1989), and via its influence on general hydrographic conditions and food web 

interactions, affects the potential for sprat egg cannibalism (Köster and Möllmann 2000b). 

These observations suggest that temperature may be a key variable influencing sprat recruitment and 

possibly population abundance in the Baltic Sea. We have investigated this possibility by conducting 

statistical analyses using field estimates of sprat recruitment and water temperature measured at sprat 

spawning sites during sprat spawning times. As part of our investigation we have also analysed inter-

relationships between recruitment and other climatological and hydrographic variables. Our objective is to 

evaluate whether large-scale climate variability can be linked via temperature and hydrographic conditions in 

sprat spawning areas to variations in sprat recruitment. 

 

Material and Methods 

Recruitment and spawner biomass data. Sprat recruitment (numbers of 1- year olds) and spawner biomass 

data for ICES Sub-divisions 22-32 were obtained from ICES (ICES 2001a). Recruitment data tend to be 

lognormally distributed; we loge transformed recruitment data before analysis to stabilize the variance.  We 

used spawner biomass data instead of annual egg production estimates because the time series of the latter 

are available only for certain areas of the Baltic and for a limited number of years. Utilizing spawner biomass 

is justified by a significant correlation to egg production in these areas (Köster et al., 2002b). 

We also used sprat recruitment data from the Black Sea (Daskalov 1999) in a geographic comparison of the 

effects of temperature on sprat recruitment. Recruitment time series from the Baltic and Black Seas were 

standardized in the following manner prior to comparison: 

 

x

i
 stand.i,

xxx
σ
−=  

 



Final Consolidated Report  Task 6 
 

 471 

The means and standard deviations represent values for the individual loge-transformed time series 

considered separately. 

 

Commercial landings of sprat during 1955-1972. A second source of information regarding sprat production 

was a time series of commercial sprat landings for 1955-1972 (Sparholt 1994). These data were used as an 

independent check of the results obtained with the VPA-derived recruitment data. We note that raw landings 

data are generally not reliable indices of either population biomass or production because changes in other 

variables (e. g., fishing effort and technology) can confound trends.  Indeed during the period 1955-1972 

sprat landings in the Baltic Sea increased nearly linearly (R2adj. = 93%; P < 0.0001) from 6000 to 180000 to 

due to increased fishing effort and improved technology, and possibly also due to the effect of eutrophication 

on biological production in the Baltic Sea (Parmanne et al. 1994, Thurow 1997). We calibrated our landings 

data for long-term temporal effects such as changes in fishing effort and ecosystem productivity by using the 

anomalies from the linear regression of landings against year. We used this new time series of landings 

anomalies in our comparisons with environmental variables. These analyses therefore evaluate the 

hypothesis that inter-annual differences in landings anomalies are influenced by temperature via its effect on 

the production and survival of new sprat. The anomalies themselves showed no evidence of skewness and 

the data were not loge-transformed. To evaluate whether the anomalies co-varied with temperature, we 

constructed a temperature variable to represent its potential influence on sprat recruitment 2-4 years before 

sprat were captured by the commercial fishery. This lag period was chosen because the age composition of 

sprat in the fishery during this time was represented mostly by 2-4 year old sprat (Sparholt 1994). The 

temperature variable computed was the 3-year mean May temperature centred 3 years before the landings 

reporting year (i.e. landings anomaly in year t was compared with the mean of May temperatures in years t-

2, t-3 and t-4).   

 

Temperature data. Temperature data were obtained from the ICES hydrographic database for one of the 

main sprat spawning areas. We used temperature data from the Bornholm Basin in our analyses.  Since 

sprat spawn elsewhere in the Baltic we considered using water temperatures from other parts of the sprat 

spawning area but temperature data were unavailable in the ICES database for several years for these 

areas; only the Bornholm Basin had a complete time series from 1955-1999. However, temperatures in all 

three areas for 28 years of overlap are highly significantly inter-correlated (P < 0.0001): central Gotland-

Bornholm: R2adj. = 77%; Gdansk-Bornholm: R2adj. = 79%; central Gotland-Gdansk: R2adj. = 77%). 

Temperatures from these other areas would most likely have the same overall effect on sprat recruitment as 

those from the Bornholm Basin. We used May temperatures because this month approximates the midpoint 

of the sprat spawning season in the Baltic (Parmanne et al. 1994).  Since sprat eggs in the Baltic during May 

are mainly distributed in intermediate depths (see Task 2.1) we calculated mean temperatures for the depth 

interval 45-65 m. In addition, we tested the affect of related variables (ice coverage and the North Atlantic 

Oscillation) on recruitment as the utilisation of these variables could have important benefits regarding the 

timeliness of sprat recruitment predictions..   

Ice coverage and North Atlantic Oscillation (NAO) data. We used ice coverage data for the Baltic Sea (Seinä 

and Palosuo 1996) and North Atlantic Oscillation index data (Jones et al. 1997). These data are available 

online at respectively http://ice.fmi.fi/main_uk.html and http://www.met.rdg.ac.uk/cag/ NAO/index.html (Dec. 
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2000 version). We used the mean of January and February values when calculating our NAO indices 

because the NAO has its greatest influence on sea temperatures and hydrographic variability in the North 

Atlantic during winter (Dickson et al. 2000).   

 

Statistical analyses. We used linear and nonlinear regression analyses to compare log recruitment with 

environmental variables and spawner biomass. All comparisons of recruitment with environmental data were 

made using environmental data corresponding to the year of birth. We intentionally avoided making 

exploratory tests with a large number of areas, months, depths, area-month-depth combinations, and 

running averages over years to keep the analyses simple and to reduce the chances of detecting spurious 

correlations (Myers 1998).  All correlation coefficients have been adjusted for the number of degrees of 

freedom used in computations. We checked our analyses and time series for autocorrelation; when present 

this reduces the effective number of observations and the degrees of freedom used in significance testing 

must be reduced accordingly. However, autocorrelation was absent (P > 0.05) in one or both of the time 

series used in every regression analysis and therefore corrections to determine the effective number of 

observations were not necessary; a Durbin-Watson (DW) test for autocorrelation in residual variability from 

our regression analyses also showed no evidence of autocorrelation (D ~2.0). The chi-square tests (2-

factors; Yates correction for continuity applied) assumed that ”good” or ”bad” years were those in which a 

recruitment, spawner biomass or temperature observation exceeded or was below the time series mean. 

 

Results 

Recruitment-temperature relationships: detection and validation. Sprat recruitment was positively correlated 

with May water temperature during the period 1973-1999, i.e. the time period covered in regular stock 

assessment (ICES, 2001a) (Fig. 6.1.22; Tab. 6.1.7). We obtained the same result using non-parametric 

statistical methods (Spearman rank correlation: R2 = 27%; p = 0.0054).  In addition, contingency analysis 

showed that recruitment was significantly more likely to be above average during warm years than cold 

years: 11 of 14 warm years had high recruitment and 10 of 13 cold years had low recruitment (c2 = 6.241; P 

= 0.012).  

These results are consistent with the possibility that temperature affects the production of new sprat in the 

Baltic and the findings could be useful for understanding how climate variability affects a major trophic link in 

the Baltic food web.   

However environmentally-based models of fish recruitment commonly fail when updated or validated with 

data from other time periods (Frank, 1991; Myers 1998).  We therefore made two checks to evaluate whether 

the pattern observed in our time series was also evident in independent data collected during other time 

periods and for other sprat populations. 

The biological data we used for the first validation were the sprat landings anomalies for 1955-1972.  A 

comparison of the landings anomalies with May water temperatures lagged by the number of years between 

sprat birth and capture by the fishery as 2-4 year olds showed that these two variables were positively and 

significantly correlated (landings anomalies = 14.2 T – 41.9; R2adj. = 37%; p = 0.0044)  This result is 

consistent with the hypothesis that temperature variations influenced sprat recruitment in the period 1955-

1972, as well as during 1973-1999.  
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Second, comparative geographic evidence supports our findings.  There are two sprat populations for which 

analytical assessments of recruitment are available (Baltic and Black Seas); these areas span nearly the 

entire geographic range of the species (Muus and Nielsen, 1999).  Temperature is positively related to 

recruitment of sprat in the north (Baltic Sea), but negatively related to recruitment in the south (Black Sea; 

Fig. 6.1.22). The effect of temperature on sprat recruitment throughout most of its distributional range is 

consistent with general concepts of fish population regulation across wide latitudes (Frank 1991; Myers 

1998): temperature increases experienced by northerly populations of a species are favorable for recruitment 

whereas temperature increases experienced by southerly populations are disadvantageous (e.g. Planque 

and Frédou, 1999; Brander, 2000).  In this context we note that sprat in the Black Sea spawn in the fall-

winter (when temperatures are coldest) and that sprat recruitment is higher in cold than in warm years 

(Daskalov 1999). This geographic and lifehistory evidence also supports our result that warm temperatures 

benefit sprat reproduction and recruitment in the Baltic Sea.   

These relationships potentially enable prognoses of sprat recruitment already in spring of the year of birth, 

fully 11 months earlier than estimates of sprat recruitment produced in April by annual stock assessment 

procedures (ICES, 2001a).  These earlier forecasts could be particularly useful for a population such as 

Baltic sprat which is captured by an intense fishery already as 1- and 2-year olds (ICES, 2001a).  This topic 

is addressed further below. 

 

Extending the prediction horizon using climate-ocean linkages. Can the forecast horizon of 11 months be 

extended even further?  We considered this possibility by evaluating whether alternative environmental 

variables could reliably forecast spring water temperatures, and themselves be significantly correlated to 

sprat recruitment.   

We first hypothesized that interannual variation in spring water temperature was related to the maximal areal 

extent of ice coverage in the previous winter in the Baltic Sea.  If this hypothesis is supported by 

observations, we would expect that ice cover (ICE) might also explain significant variation in sprat 

recruitment.  We further hypothesized that ice cover itself was related to large-scale climatic variability in the 

North Atlantic, as expressed by variations in the NAO index (Jones et al., 1997).  This index has been shown 

to be associated with variations in sea surface temperatures in the North Atlantic (Dickson et al., 2000) and 

ice volumes in the southern Baltic Sea (Koslowski and Loewe, 1994).  

As hypothesized, ice cover (in late February-early March (Seinä and Palosuo 1996)) was a strong predictor 

of water temperatures at 45-65 m in the following May (Fig. 6.2.5A) during 1955-1999 and explained 

significant variation in sprat recruitment later in the same year during 1973-1999 (Fig. 6.2.5B).  Furthermore 

the winter index of the NAO (January-February) was a strong correlate of both ice cover (Fig. 6.2.5C) and 

water temperature in May (Fig. 6.2.5D) during 1955-1999.  Most importantly, the January-February NAO 

index was associated with a significant portion of the variability in sprat recruitment later in the same year 

during 1973-1999 (Fig. 6.2.5E). Our findings that related variables (ice coverage and the North Atlantic 

Oscillation) also affect recruitment indicate that the effect of temperature on sprat recruitment is a large-scale 

(i.e. Baltic-wide) phenomenon and not restricted to the Bornholm Basin.   

This chain of relationships between the NAO, ice cover, spring water temperature and sprat recruitment 

potentially gives several additional months of forecast leadtime.  In particular, early yet indicative 

ecologically-based predictions of relative yearclass strength at age 1 now appear possible even before 
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adults spawn. These early predictions are possible because of large-scale linkages between climate, 

hydrography and recruitment that have been consistent for 45 years.   

 

Recruitment-spawner biomass relationship revisited. We next evaluated whether environmental variation 

related to temperature may have contributed to past uncertainties (ICES, 2001a) in quantifying a relationship 

between sprat spawner biomass and recruitment.  However, the statistical fits of four standard models of this 

relationship (Cushing, Beverton-Holt, Ricker, Shepherd) were poor and explained little variance (P > 0.05; 

Table 6.1.7).  A simple linear regression model relating log recruitment to spawner biomass performed better 

(R2adj. = 13%; p = 0.0401; DW = 2.16) than any of these models. Residuals from a log recruitment – 

temperature relationship (Fig. 6.1.22) were more likely to be positive in years when spawner biomass was 

above average (c2 = 3.723; P = 0.054) than would be expected if there was no association between spawner 

biomass and residual recruitment variability.  Multiple regression models which included spawner biomass 

and temperature, ice cover or NAO resulted in R2adj. = 27-30% (Table 6.1.7); however in all of these cases 

the spawner biomass term explained little variation (1-8%) and was usually insignificant.  Environmental 

variables presently explain more variation in recruitment than spawner biomass. 

 

Discussion 

Processes controlling production of new fish are poorly understood and challenge ecologists and resource 

managers.  Sprat, a key prey and predator in the Baltic Sea, is no exception: production varies widely 

between years and is virtually independent of the biomass of mature sprat.  We have demonstrated using 45 

years of data that production is positively related to sea temperatures when sprat gonads, eggs and larvae 

are developing.  Temperature affects sprat recruitment via its influence on the production (see Task 1; 

Grauman and Yula 1989; Ojaveer, 1998) and survival (Nissling, 2002; Grauman and Yula 1989; Ojaveer, 

1998; Nissling,2002) of eggs and larvae (e.g. by reducing growth, gonadal maturation, individual fecundity, 

and the abundance of warm-water prey species for larvae and adults in cold years (see above).  Egg 

production is related to both direct effects of temperature on sprat physiological rates and indirect effects on 

the timing and magnitude of zooplankton production cycles in the Baltic Sea (Viitasalo et al., 1995; Möllmann 

et al., 2000; Möllmann et al., 2002).  Low temperature will therefore suppress the food supply for both adult 

sprat and for the larvae and juveniles which hatch from eggs.  If this suppression is greater than the 

reduction in sprat food demand caused by low temperatures, then feeding and growth rates will be food 

limited.   

These negative effects of cold water are complex and are approximated by the temperature, ice and NAO 

terms in our models.  Quantifying and distinguishing these processes requires targeted studies such as 

those being conducted in this project.  The explanatory power of our models can likely be increased by the 

results of these and other process-based studies of sprat ecology and the Baltic ecosystem.  

The influence of temperature on Baltic Sea sprat recruitment is detectable in different and independent 

datasets (MacKenzie and Köster, 2002).  This result improves our understanding of the variability of the 

production of new sprat in the Baltic and could help forecast year-to-year changes in sprat recruitment.  We 

have also shown that identifying and using links between fish ecology, oceanography and climatology allows 

early and improved predictions of sprat recruitment.   
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Our findings extend the growing documentation and quantification of how large-scale climate variability as 

represented by the North Atlantic Oscillation affects the Baltic Sea and its ecosystem.  Most of these studies 

have so far focussed on hydrography and plankton.  The results here indicate that the NAO also exerts 

significant impacts at higher trophic levels.  These results are consistent with other studies that suggest that 

the NAO is a key driver of ecosystem dynamics in the Baltic (Hänninen et al., 2000) and many other north 

Atlantic marine ecosystems (Dickson et al., 2000; Ottersen et al., 2001; Beaugrand et al., 2002). 

In conclusion our analyses show that the large-scale environmental variability and spawner biomass affect 

the production of new young sprat in the Baltic Sea.  In future, conservation practice and fisheries/ecosystem 

management needs to allow for variations in both the climate and sprat spawner biomass when setting 

objectives. 

 

Incorporation of environmental variability and spatial heterogeneity into sprat stock-recruitment relationships  

Introduction 

The present consensus in fisheries research is that the success of a year class is determined primarily by a 

series of density independent stochastic processes acting on the egg, larval and early juvenile stages. These 

processes, such as co-occurrence with sub-optimal habitats, overlap with predators, reduce the abundance 

surviving to the juvenile stage. After this period of high mortality, subsequent survival success and 

recruitment to the fishery is primarily the result of density dependent processes such as competition for 

optimal habitat and cannibalism (e.g. Myers and Cadigan, 1993; Leggett and Deblois, 1994; Heath and 

Gallego, 1997). Superimposed on these external conditions, parental contributions to the quality (e.g. Trippel 

et al., 1997; Marteinsdottir and Steinarrson, 1998), quantity (Trippel, 1998; Lambert and Dutil, 2000) and 

spatio-temporal distribution of reproductive products (e.g. Hutchings and Myers, 1993; Begg and 

Marteinsdottir, 2000) affect the susceptibility of individuals to environmental conditions and determine the 

environmental conditions offspring are exposed to (St. John et al., 2000; Vallin and Nissling, 2000). In the 

present study we examine whether process-oriented recruitment models incorporating environmental 

variability can be developed for sprat in the Baltic, similar to the models developed in CORE for cod (Köster 

et al., 2001b) and to identify what information might be lacking to make such a model as reliable as possible. 

 

Material and Methods 

Various time series on sprat stock parameters as well as on processes affecting early life stage survival have 

been compiled and used in the analysis. Due to the availability of time-series the exploratory analysis is 

mainly restricted to Sub-division 26 (Gdansk Deep) and Sub-division 28 (Gotland Basin). Stock abundance, 

recruitment at age 0 and 1 and spawning stock biomass estimates per Sub-division were obtained from 

spatially dis-aggregated MSVPA runs for the period 1977-1996 (Köster et al., 2001a). To dis-entangle the 

impact of predation by cod on young of the year sprat from other processes affecting recruitment, we utilized 

0-group estimates as a measure of reproductive success. 

In contrast to cod, available information on batch fecundity and spawning frequency (Petrowa, 1960; 

Polivaiko, 1980; Alekseeva et al., 1997) makes it difficult to construct a reliable series of potential egg 

production for sprat. Thus, only a proxy of the nutritional condition and the reproductive potential of the 

population could be constructed and used in combination with the SSB.  
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Mean annual egg and larval abundance values are available for the different Sub-divisions from 

ichthyoplankton surveys in 1976-1996, compiled by Grauman and Krenkel (1986), Karasiova (1999), Krenkel 

(1981), Köster and Möllmann (2000b). Egg abundance estimates refer to the main spawning period May-

June (ICES, 1976). Estimates of realized daily egg production during main spawning periods were 

established for the Gdansk Deep (Sub-division 26) and the Gotland Basin (Sub-division 28) using stage 

specific abundance data (sources see above) and egg development-temperature relationships (Thompson et 

al., 1981). The vertical distribution of sprat eggs is variable (Müller and Pommeranz, 1984; Müller, 1988), 

with a typical spring and early summer situation of deep occurrence and a summer situation with occurrence 

in more shallow water layers (Grimm and Herra, 1984; Herra, 1988). As main sprat spawning normally takes 

place in May/June, i.e. predominantly in relatively deep water layers, average temperature in the 60-80 m 

depths layer were applied for estimating developmental periods. 

Sprat eggs have on average a higher buoyancy than cod eggs, and hence they float in general in more 

shallow water layers (Wieland and Zuzarte, 1991). Thus, oxygen depletion has a limited impact on sprat egg 

survival. However, sprat eggs are sensitive to low temperatures (Nissling, 2002) and due to their higher 

buoyancy they float at least partly in the intermediate water, a cold water layer between the thermo- and the 

halocline formed in the Central Baltic in winter. Depending on the strength of the winter cooling, the 

temperatures may be lethal. To explore the impact of temperature on survival of eggs and larvae, the 

average water temperatures at main spawning time in the 40-60 m depths layer of the Gdansk Deep (Sub-

division 26) and the Bornholm Basin (Sub-division 25) and due to the lower halocline the 40-80 m depth 

layer of the Gotland Basin (Sub-division 28) were determined from the ICES hydrographic database. 

According to Grauman (1965) sprat egg survival in June/July depends critically on the wind conditions with 

high wind stress resulting in a high egg mortality of eggs distributed in these months in upper water layers. 

However, wind conditions impact also on encounter rates of larvae and their prey as well as capture success 

and hydrodynamic transport. The impact of the first processes was tested by applying anomalies of weekly-

averaged wind speed in May/June 1977-1994. 

For sprat larvae preliminary hydrodynamic modelling approaches (Voss and Hinrichsen 2002) demonstrated 

the sensitivity of performed ichthyoplankton surveys to high wind stress resulting in a rapid advection of 

larvae out of the covered survey area of the Bornholm Basin (Sub-division 25). To test whether this transport 

affects the larval abundance estimates, a larval transport index for sprat was developed according to the 

procedure described for cod by (Köster et al., 2001b) considering the deviating vertical distribution and 

adjusted to the main spawning season of sprat, i.e. May/June. The data set was also applied to Sub-division 

26 to resolve a transport from Sub-division 25 to 26 and 28 as described by Grauman (1976). 

Egg cannibalism by sprat in the Bornholm Basin is a potential compensatory process limiting the 

reproductive success (Köster and Möllmann, 2000a). Predation by sprat decreased throughout the 1990's, 

while the impact of herring on cod eggs increased, due to a delay in spawning of cod (Wieland et al., 2000b). 

Apart from intra- and inter-annual trends, spatial variation in the intensity of egg predation also occurs, with 

egg consumption in the Gdansk Deep and Gotland Basin being considerably lower than in the Bornholm 

Basin. For this reason, predation on sprat eggs by clupeids was not included as a variable in the exploratory 

analysis. 

The species composition of the Central Baltic mesozooplankton community and, thus potentially the prey 

availability for larvae and early juveniles, has undergone substantial changes in the last two decades. P. 
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elongatus the main prey organism of cod larvae (see above) depends strongly on salinity (Ojaveer et al., 

1998; Vuorinen et al., 1998) and on low temperature in summer (Möllmann et al., 2000), both features 

resulting in a reduction of the standing stock throughout the stagnation period of the 1980's. In contrast, 

copepods T. longicornis, Acartia spp. and cladocerans show a strong preference for higher temperatures 

and an affinity to lower salinities in spring (Sidrevics, 1984; Möllmann et al., 2000), sustaining increasing 

standing stocks throughout the late 1980' and early 1990's. It has been hypothesized that the abundance of 

T. longicornis and Acartia spp. nauplii and copepodids is of importance for the survival of larval sprat 

(Grauman and Yula, 1989; Kalejs and Ojaveer, 1989). This hypothesis was tested by utilizing species and 

stage specific data on abundance of major mesozooplankton species in Sub-division 26 during main 

spawning periods.  

 

Results 

As demonstrated earlier in Task 1.5 realized egg production is significantly correlated to SSB, but the 

relationships does not explain major parts of the variance (r2 = 0.44 and 0.39 in Sub-division 26 and 28). 

When applying proxies for the nutritional condition of the adults: i) average weight at age anomaly in pre-

spawning times and ii) growth rate anomalies covering the main feeding period during autumn as well as the 

winter months together with temperatures in the intermediate water in May/June, revealed significant 

statistical models explaining 56% with following variables: SSB (p = 0.007), temperature (p = 0.073) and 

weight at age anomaly (p = 0.102) and 63% with: SSB (p < 0.001), temperature (p = 0.055) and growth 

anomaly (p = 0.039).  

The ratio of O-group recruitment to larval abundance as a measure of survival to the juvenile stage is neither 

correlated with any potentially important hydrographic variables in a biologically sensible way, i.e. average 

temperature in the intermediate water in May/June (Sub-division 26: r = 0.18 and 28: 0.04) and average 

oxygen concentration in and below the halocline (80-100 m) in May/June (r = -0.31 and -0.63), nor with prey 

availability for sprat larvae (i.e. Acartia spp. nauplii and copepodids) in May/June (r = -0.05 and -0.06) or 

July/August (r = 0.39 and -0.40). A significant negative relationships exists to wind speed anomaly in 

May/June in Sub-division 28 (r = -0.51), but not in Sub-division 26 (r = -0.07). In the latter area high scatter 

occurred at intermediate wind speed, which may indicate rather a parabolic than a linear function. 

As there is a significant correlation between late egg stage production and larval abundance in May/June in 

both Sub-divisions, it appears to be unlikely that the larval abundance data are grossly erroneous, however, 

a higher correlation between late egg stage production rates and 0-group recruitment in Sub-division 26 (r = 

0.36) may indicate a problem in the larval abundance data at least in this area. In fact multiple linear 

regressions with late egg stage production rates and wind speed anomalies in May/June as independent 

variables explained 73 and 46% of the variance in larval abundance in Sub-division 26 and 28 with the 

variable wind speed being significant in both areas (Sub-division 26: p = 0.011 and 28: 0.006). Utilizing the 

larval transport index developed for Sub-division 25 instead of the wind speed anomaly showed the transport 

index to be insignificant (Sub-division 26: p = 0.242 and 28: p = 0.491). 

Relating the larval abundance and above physical variables as well as temperature in the intermediate water 

as a potential variable affecting growth and survival of larvae iteratively in a multiple regression to year-class 

strength revealed only the temperature in the intermediate water in Sub-division 26 to be significant (larval 

abundance: p = 0.062, temperature: p = 0.043). However, the explained variance in 0-group recruitment is 
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rather limited (27%), with the model significantly underestimating recruitment in 1994 (Fig. 6.1.23). In Sub-

division 28, a multiple linear regression with larval abundance and temperature in the intermediate water as 

independent variables does not explain a significant part of the variance in 0-group recruitment (r2 = 0.06). 

Here the only significant physical variable is the larval transport index explaining together with the larval 

abundance 26% in recruitment variability (larval abundance: p = 0.104, temperature: p = 0.032). However, 

recruitment is negatively related to the transport index suggesting lower recruitment in situations of transport 

from Sub-division 25 to eastern basins, being biologically not sensible. If recruitment from the hydroacoustic 

survey is utilized in the above multiple regression analyses instead of MSVPA derived estimates, the wind 

speed anomaly and the transport index are insignificant, while the temperature in the intermediate water is 

significant, with the model explaining 30% of the variance in 0-group abundance (larval abundance: p = 

0.223, temperature: p = 0.030). Large deviations between model predictions and observed recruitment 

occurred in 1985 (overestimated by the model) and 1991 (underestimated) (Fig. 6.1.23). Independent 

whether 0-group recruitment from the MSVPA or the hydroacoustic survey is utilized, prey availability or 

weight anomalies do not explain a significant part of the variance in sprat recruitment in Sub-division 28. 

The conducted exploratory analysis revealed temperature during main spawning time in the intermediate 

water and the growth condition of adult sprat to be variables potentially affecting the realized egg production 

and again temperature and wind speed to affect the survival from the late egg to the larval stage. 

Incorporation of these variables iteratively into linear multiple regression based stock recruitment 

relationships revealed besides the spawning stock biomass, being significant nearly in all areas and 

combinations of variables, the growth anomaly and the temperature to enhance the MSVPA based 

relationship in Sub-division 26, explaining 33% and 38% of the recruitment variance (Tab. 6.1.8). Utilizing the 

recruitment determined by the hydroacoustic survey explained 42% of the variance with the spawning stock 

and the temperature alone, however, the latter variable not being significant (p = 0.104). In Sub-division 25, 

temperature was the only variable improving stock recruitment relationships, but being insignificant when 

used to explain variability in hydroacoustic derived recruitment (p = 0.646). In Sub-division 28, the vice versa 

situation occurred, i.e. the temperature being significant in a hydroacoustic based stock recruitment 

relationship (p = 0.021) but not in the MSVPA based (p = 0.245). 

Incorporation of SSB, temperature and additionally in Sub-division 26 the growth anomaly as variables in 

multiple regressions resulted in recruitment predictions for single Sub-divisions presented in Fig. 6.1.24 and 

for the entire central Baltic presented in Fig. 6.1.25. Clearly the statistical models were able to predict the 

recruitment development up to 1992 quite reasonably, but failed to predict year-class strength in most recent 

years, with a considerable overestimation in 1996 and 1993 at least in Sub-division 25 and 28 as well as 

significantly underestimated recruitment in 1994. This is also obvious for the area aggregated predictions. 

Considering the recruitment pattern from the hydroacoustic survey to be realistic, indicates that the deviation 

in 1996 is caused by a model mis-specification or unreliable data utilized for parametrization, while the 

deviation in 1994 appears to be caused by an overestimation of year-class strength by the MSVPA. 

 

Discussion 

The main aim of this subtask was to investigate whether a process-oriented approach based on the results 

of extensive field, laboratory and process modelling studies conducted can be used to develop 



Final Consolidated Report  Task 6 
 

 479 

environmentally sensitive stock-recruitment models and tries to identify what information might be lacking to 

make such models as reliable as possible. 

For sprat the spawning stock biomass appears to be a better measure of realized egg production, indicating 

that inter-annual variability in maturation processes, age-dependent sex ratios and individual fecundity is of 

less importance than in cod. However, linear relationships between SSB and egg production explain only 

47% and 39% of the variance in realized daily egg production during main spawning period. Although the 

sex ratio is rather skewed to female dominance with increasing age in sprat similar to cod, the variability in 

age-structure of the spawning stock has no major impact on its size, as this is determined predominantly by 

young age-groups 2 and 3 having still rather even sex ratios.  

As demonstrated in the exploratory section, the relationship between SSB and potential egg production can 

substantially be improved by incorporating ambient temperature in the intermediate water during spawning 

time and growth anomaly from the 3rd to the 2nd quarter in a linear relationship, explaining 63% of the 

variance in realized egg production in Sub-division 26. The effect of temperature on realized egg production 

may have several reasons: 

1) low winter temperature may affect the nutritional condition and growth of sprat (positive correlations 

between utilized May/June temperature and the growth/nutrition proxies are indicated, but are not 

significant), 

2) low temperature in pre-spawning periods may negatively affect the batch fecundity as well as the 

batch number (Petrowa, 1960), by this reducing the total seasonal egg production, 

3) low temperature during spawning season may delay spawning activity to later month of the year (e.g. 

Elwertowski, 1960; Grimm and Herra, 1984), not corrected for in the present time series of egg 

production. 

 

Recent studies on processes affecting the reproductive success of sprat in the Baltic are considerably more 

limited than for cod (Grauman and Yula, 1989; Kalejs and Ojaveer, 1989). The close correlations between 

early and late egg production obtained in a preceding section as well as between late egg production and 

larval abundance are somewhat astonishing. Given the higher buoyancy of sprat eggs compared to cod, we 

expected a considerable impact of low temperature in the intermediate water on egg survival, as Thompson 

et al. (1981) demonstrated that sprat egg survival depends on temperature below a threshold of 6°C, seldom 

reached in this water layer in the Baltic. The larval stage has been identified as a critical for sprat recruitment 

(Grauman and Yula, 1989; Kalejs and Ojaveer, 1989), suggesting the food supply being the major factor 

impacting on larval survival, with temperature being a co-variate as meso-zooplankton production depends 

on the temperature conditions especially in spring. The close correlation identified between the late egg 

stage production and larval abundance in Sub-division 26 suggests, that shortage in food supply may affect 

the later larval and early juvenile stage, but probably not first feeding larvae. The correlation determined for 

Sub-division 28 explains, however, only 23% of the variance in larval abundance. It was, however, possible 

to improve this relationship considerably by including the wind speed anomaly as an additional variable 

explaining 73 and 46% of the variance in larval abundance in Sub-division 26 and 28 respectively. The 

significant positive impact of the wind speed anomaly on larval abundance may in principal be explained by a 

wind drift of larvae from the Bornholm Basin into eastern Baltic basins (Grauman, 1976). However, the sprat 

larval transport index specifically designed to test this hypothesis, did not confirm a significant impact. Thus, 
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the processes involved appear to be others than larval drift, e.g. an increase in turbulence enhancing prey 

encounter rates. 

The exploratory analysis conducted, identified the temperature in the intermediate water as the only 

biologically sensible factor impacting sprat survival from the larval to the O-group stage. Neither 

physical/chemical variables as the oxygen condition in deep water layers, wind speed anomaly and larval 

transport index nor biological variables as food availability or 0-group weight anomaly explained a significant 

part of the variance encountered in 0-group recruitment. This may lead to the question of the reliability of 

larval abundance and 0-group recruitment data series used in the analysis. As the late egg stage production 

is significantly correlated to larval abundance, especially if incorporating the wind speed anomaly, it appears 

to be unlikely that the larval data is grossly erroneous. The impact of winter and spring temperature on sprat 

larval abundance has been described earlier by Grauman and Yula (1989). They identified additionally the 

solar activity and the spawning stock biomass (as a measure of egg production) as significant factors 

impacting larval abundance. Other variables as deep water temperature, salinity and oxygen concentration 

had an intermediate effect on larval abundance. Similar to our results, the availability of nauplii in May did not 

explain any variability (Grauman and Yula, 1989). The impact of temperature on larval abundance is 

nevertheless in general explained by a coupling to the availability of T. longicornis as a thermophil prey 

species for sprat larvae (Grauman and Krenkel, 1986; Kalejs and Ojaveer, 1989). Apart from the fact, that 

our diet composition analysis of sprat larvae from the Bornholm Basin revealed Acartia spp. as the major 

prey species (Voss et al., 2002), introduction of T. longicornis juvenile stages into the exploratory analysis 

did not yield any conclusive result.  

Also incorporation of the weight anomaly of 0-group sprat in Sub-division 26 did not increase the explained 

variance in recruitment. Thus, there is no indication that low weight at age of survivors is coupled to high 

larval or early juvenile mortality, e.g. caused by a size dependent predation through adult herring as reported 

by Patokina and Feldman (1998). It should, however, be noted that the weight anomaly is significantly 

correlated to juvenile Acartia spp. abundance in May/June (r = 0.56, p = 0.047), but not to temperature in the 

intermediate water. 

A considerable variability between 0- and 1-group sprat abundance estimates of year-class strength as 

obtained from the international hydroacoustic survey may indicate that survival during the first year of life is 

not only dependent on cod predation, but also other processes may modify recruitment success 

substantially. Thus, the conducted analysis has to be taken as a first step to resolve key variables impacting 

stock recruitment only, generating new working hypotheses to be tested in specifically designed process 

studies and validated by a subsequent analysis of enhanced long-term data bases. 

 

Effective Reproductive Environment; an approach to include environmental effects in cod recruitment models 

Introduction 

Spawning Stock Biomass, SSB, was widely used as a representation of stock reproductive potential even 

though this measure does not properly measure the reproductive capacity of the stock, with the Eastern 

Baltic cod being no exception (e.g. Köster et al., 2002b; Kraus et al., 2002). For this reason Trippel (1999) 

introduced the term ‘stock reproductive potential’ or SRP as an alternative. “Compared to SSB, SRP more 
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accurately represents the annual variation in a stock’s ability to produce viable eggs and larvae that may 

eventually recruit to the adult population or fishery.” 

Thus if SRP captures the stock component in reproduction and thus recruitment, we are here concerned with 

the ‘other’ component, that is the factors influencing the survival of the egg production. It may be appropriate 

to categorise this into two components; the abiotic environment (described by e.g. oxygen, salinity, 

temperature etc.) and the biotic environment (described by e.g. food availability, predator abundance etc.), 

although these are to some extent interrelated. The bottom line however, is that these can be incorporated 

into some broad ‘environmental’ effect. If the SRP describes the stock’s ability to produce eggs & larvae that 

may eventually recruit to the fishery, then the corresponding environmental metric can be defined as the 

Effective Reproductive Environment, or ERE. Combining the SRP with the ERE gives us an Index of 

Effective Reproduction or IER. If these two components have been well defined, with the key processes 

identified & adequately described, then the IER should in principle be closely related to recruitment. 

While the approach of an ERE, which is analagous to the SRP is intrinsically appealing, the approach is less 

straightforward in practice. For instance, in defining SRP as the reproductive measure, in place of SSB, it is 

intuitively clear that increasing biological complexity, by accounting for such effects as size, proportion of 

females, age structure and realised fecundity, should improve the measure of reproductive potential. All of 

these effects and more studied in the project have been shown to have an effective on reproductive 

potential. Further, the nature of the relationship between each factor and reproductive capacity is also clear, 

as it is generally based on some understanding of physiology of the reproductive process. In contrast, the 

identification of the processes involved in the environmental effects on survival of eggs and larvae is both 

less developed and likely to be much more stock specific. As a result identifying the form of the relationship 

between each environmental factor and egg/larval survival is less straightforward and more critical as 

inclusion of an inappropriate factor, or an inappropriate functional form for an appropriate factor, may have a 

deleterious effect on the overall estimate of the ERE.  

In the report of their 2002 meeting, the ICES Study Group on the Incorporation of  Process Information in 

Stock-recruitment Models (ICES, 2002a) consider the relationship between recruitment models resulting 

from process studies and recruitment models needed for stock projections. They note “The fact that process 

studies tend not to produce recruitment models which can be used directly within projections means that 

additional work is required to develop recruitment models for projections using the results from process 

studies. How this is done depends on the nature and results of the process study, but in general such work 

might involve identifying a small number of major factors, and considering how these might be incorporated 

in a recruitment model of an appropriate functional form, and how they might be projected forward.” 

All of this implies that a rather simplistic approach to the ERE may be appropriate, i.e. an environmental 

factor should only be included in cases where a plausible and supported hypothesis is available to describe 

the mechanism by which the factor influences survival. Under these circumstances it should be possible to 

derive an appropriate functional form for the relationship between each factor and resultant survival. This 

approach also means that the number of environmental factors included in the estimated ERE will normally 

be rather small.    

The approach used in the present study follows the approach outlined by SGPRISM (ICES; 2002a). The 

approach has been to select environmental factors for potential inclusion in the ERE a priori based on 

information from existing process studies. Once these factors have been identified, the next stage has been 
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to select appropriate data sets to represent these factors, and then to consider the functional form of the 

relationship between the factor and egg or larval survival in the light of the mechanism by which the factor is 

thought to operate. 

The key part of the latter stage is to recognise that different factors may operate in different ways. For 

instance for e.g. temperature one might anticipate that survival would be unaffected by temperature within a 

certain, optimal range of values, but might be progressively reduced at values outside of this range. In 

contrast, if food supply is identified as a potentially limiting factor, then this may only have an effect below a 

certain level. Hence it is important to identify the likely form of the relationship, and to try to estimate any 

associated threshold values for the factor. Using this approach, it is possible to estimate a series of 

weightings which represent the extent to which each factor influenced the effective reproduction in each 

year. These are scaled to between zero (no survival in the relevant year due to the influence of the factor) 

and one (no influence on recruitment in the relevant year). Using weightings in this way allows the estimate 

of SRP to be corrected for the extent to which the reproductive potential is actually realised in a given year. 

Hence in a hypothetical ‘perfect’ environment, all viable eggs spawned would survive to recruit so the 

reproductive potential of the stock would be fully realised. At lower environmental quality only a proportion of 

the spawning would actually result in recruits so expressing the environmental effect in terms of weightings is 

a way of representing this effect. 

The intention of this work is to derive a recruitment model which may be used in medium-term projections for 

Eastern Baltic cod as part of an annual stock assessment. This application dictates a certain simplicity in the 

approach, both because of the need to project any environmental predictors which may be used, and in the 

use of stock and recruitment values estimated by a routine, single-species assessment, rather then e.g. the 

area-disaggregated, multi-species assessments used below. 

 

Material and Methods 

The present analysis uses stock and recruitment estimates from the assessment performed by the ICES 

Baltic Fisheries Assessment WG at their 2001 meeting (ICES, 2001a). The assessment uses an XSA. In 

common with all such techniques, this means that the estimates of year-class strength for each cohort are 

based on accumulated catches corrected for estimated natural mortality. This means that any problems 

associated with the catch data or the estimated natural mortality will also have a deleterious effect on the 

recruitment estimates.  

The assessment assumes a natural mortality coefficient of 0.2 for all ages and all years. However, catch-at-

age data are only used for ages 2 and upwards, hence recruitment is estimated as numbers of fish at age 2. 

The main source of predation mortality on cod in the Baltic is cannibalism by older cod on younger cod (e.g. 

Sparholt, 1994; Köster et al., 2001a). As this assessment omits ages 0 and 1, the assumption of constant 

natural mortality may not be too problematic in this context, but see below for a different approach.  

The catch-at-age data are potentially a greater source of problems for recruitment estimation as there are a 

number of problems associated with the data for this stock. A proportion of the cod caught which are caught 

are then discarded, so landings data will under-estimate the true catches. If discarding practices have 

changed over time, due for instance to differences in cod abundance and size at age, then this may affect 

the perception of time trends in recruitment. There are reports of extensive discarding in the eastern Baltic 

cod fishery during the period of high abundance in the early 1980s, so it seems likely that year-classes 
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formed during this period are likely to be under-estimated due to relatively high proportions of the true 

catches not being accounted for. 

Another problem with the catch data for this stock is long-standing problems with age-determination (ICES, 

2000). The main consequence of this for the perception of recruitment is that year-classes are not clearly 

separated in the catch data, which means that the contrast between successive year-classes tends to be 

smoothed-out (Bradford, 1991; Reeves, 2001). As a result, large year-classes tend to be under-estimated 

and small year-classes over-estimated. 

There is an inconsistency in the existing catch data for this stock. For the years 1966 to 1980, fixed values 

are used for catch weights at age, and for some ages  these values are outside the range of values observed 

for later years. On the basis of this it is unclear where these values arise from, and how the catch-at-age 

data were estimated for these years. This suggests that the data for these earlier years should be treated 

with caution.  

Further relatively minor problems in the catch data arise due to movement of fish in both directions across 

the boundary used to define the ‘eastern’ and ‘western’ stocks, and due to misreporting and illegal landings 

of some cod catches since the early 1990s. The estimates of recruitment used in this analysis come from 

ICES (2001a) and are shown in Fig. 6.1.26. 

As noted above, the concept Stock Reproductive Potential introduced implies a measure which includes 

more biological complexity than simple Spawning Stock Biomass (SSB). Such measures are available for the 

Eastern Baltic cod stock, including indices of female SSB and overall potential egg production (PEP). 

However, these measures are closely correlated with SSB estimates available from routine stock 

assessments (e.g. SSB vs. PEP, r2 = 86.5%) when utilizing CORE (1998) derived period specific maturity 

ogives based on Sub-division specific data weighted by abundance measures from BITS surveys. On this 

basis, the inclusion of the additional biological complexity may be assumed to add little further information, 

so for simplicity in projections, simple SSB is used as the basis of the estimated indices of SRP.  

As cod spawning occurs in a number of geographically distinct basins within the eastern Baltic, and 

environmental conditions can differ between these basins, it is useful to try and account for the distribution of 

the spawning stock between the different spawning areas, and also for any differences in average 

productivity between the spawning areas. This information is used to estimate annual correction factors for 

distribution Dy, as follows 

 

Bi,y The proportion of the overall spawning stock which spawns in area i in year y 

Pi,y The relative productivity of spawning in area i in year y.  

 

All of these values are expressed as proportions scaled between 0 and 1. The distribution effect in year y, Dy 

is then defined as : 

 

∑
=

=

=
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,,  

 

where I is the total number of areas. The SRP in year y is then obtained by multiplying the estimated SSB in 

year y by Dy. 



Final Consolidated Report  Task 6 
 

 484 

No direct information is available on the distribution of the stock between spawning areas at spawning time, 

but the area-disaggregated, multispecies assessments performed give an approximate measure of the 

relative size of each of these spawning units. These estimates are based on quarterly catch data by ICES 

sub-division and thus are best regarded only as a measure of average annual distribution. These measures 

of distribution are available for the years 1976 to 1994. These values have been used to estimate Bi,y for 

these years. As the range of stock-recruitment pairs used in this study includes year classes from 1966 to 

1998, and the years 1974 and 1975 are somewhat uncertain (see Task 5.3) average values were assumed 

for the periods 1966 to 1975 and 1995 to 1998. For the earlier period, mean values over 1976 to 1978 were 

used; for the latter period the values used were means over 1993 to 1995. The values are given in Table 

6.1.9 and Fig. 6.1.27 

If the different spawning units vary in terms of their productivity, where this is expressed as recruits produced 

per unit of spawning stock, then the effects of fluctuations in size or environment may differ across areas. To 

investigate this, estimates of recruits per unit spawning stock were obtained from the data given in Köster at 

al (2001a). These are given in Fig. 6.1.28. Trends in the three areas are similar until 1989 when the 

spawning unit in SD28 essentially collapsed. The relative productivity across the three areas was estimated 

using a single average value for each area. The values were standardised relative to the value in SD25. The 

value in SD26 was taken as the average of the standardised values across all year-classes for which 

information was available, whereas the SD28 value only used an average across year classes up to and 

including 1988. The values used for Pi, are given in Table 6.1.10. 

The estimates of Bi,y and Pi are combined to give the area effects Dy given in Fig. 6.1.29, and the SSB 

estimates from ICES (2001a) are multiplied by these area correction factors to give the indices of SRP 

shown in Fig. 6.1.30. 

In the case of Eastern Baltic cod, many studies (e.g. Plikshs et al 1993, Jarre-Teichmann et al, 2000, Köster 

et al, 2001b) have consistently highlighted egg survival as a major limiting factor in the early life history of 

Baltic cod. More recent work during the current project has highlighted that in some years food availability 

may limit larval survival (Hinrichsen et al. 2002). Hence these two factors have been incorporated into an 

estimate of ERE for use in recruitment projections for Eastern Baltic cod. 

To represent the oxygen conditions in relation to egg survival, data have been used on the total oxygen 

content of the reproductive volume. This approach follows Köster et al (2001b). The total oxygen content of 

the reproductive volume is considered to be a better indicator of oxygen conditions in relation to egg survival 

than just the reproductive volume, as it also takes account of the concentrations of oxygen and not just the 

volume of water with oxygen concentration above a certain threshold value. This information is available for 

each of the three spawning basins, and the values are used separately to reflect the fact that oxygen 

conditions can differ between spawning basins. 

With regard to the functional form of the relationship between oxygen conditions and egg survival, it seems 

reasonable to assume that oxygen availability only influences egg survival over a limited range of values, i.e. 

above a certain oxygen content, Ohigh, all eggs are released into suitable conditions, and below a certain 

level, Olow no eggs survive. Thus we require information on what these threshold values might be, and on the 

form of the relationship between effective spawning stock and reproductive volume at oxygen contents 

between the two threshold values.  
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No attempt has been made to estimate threshold values for the effects of oxygen content on egg survival, 

though this information is available within the project and may be incorporated in future approaches. Instead 

the simplifying assumptions have been made that within each spawning area Ohigh corresponds to the 

maximum observed oxygen content within the reproductive volume in that area, and Olow is zero. Similarly, it 

has been assumed that at oxygen contents between Olow and Ohigh the relationship between O and spawning 

effectiveness is linear. To illustrate, using this approach implies that if the oxygen content of the reproductive 

volume is at Ohigh then 100% of the spawning stock will spawn effectively but if the oxygen content is only 

40% of Ohigh then only 40% of the spawning stock will spawn effectively. 

To express this as a model, if TOi,y is the total oxygen content of the reproductive volume in area i in year y, 

then the weighting for the extent to which oxygen conditions influenced egg survival in that year and area, 

OWi,y, is estimated from :  

 

 
  0     for TOi,y < Olow,i. 
OWi,y =    (TOi,y – Olow,i)/(Ohigh,i-Olow,i)  for Olow,i ≤ TOi,y.≤, Ohigh,i 
  1     for TOi,y > Ohigh,i. 
 
 

 

In order to obtain an overall weighting for the extent to which oxygen conditions in year y influenced egg 

survival in that year, OWy, the weightings for each area estimated as above, are combined using the 

distribution proportions Pi,y, as weightings, i.e. 
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The resultant time-series of oxygen weightings is given in Table 6.1.11 and Fig. 6.1.31. 

 

Results from individual-based models (Hinrichsen et al., 2002) have indicated that in some years food supply 

during the larval stage may be a limiting factor on recruitment. For this reason an attempt has here been 

made to account for the possible effects of food availability on larval survival. Studies under Task 3 have 

identified the nauplii of copepods, particularly Pseudocalanus elongatus as the major food source for cod 

larvae in the eastern Baltic. For this reason, abundance of P. elongatus has been used as an index of larval 

food supply. Data on Pseudocalanus nauplii abundance are available for quarters 2 and 3 for years back to 

1960 for Sub-divisions 26 and 28. There are some gaps in the coverage but for the purposes of this study, 

missing values have been replace with average values across the years immediately preceding and 

following the missing values. No data are available for Sub-division 25. For this reason, an overall index of 

Pseudocalanus nauplii abundance has been calculated using an annual average across the quarter 2 data 

for SD26 and SD28. The annual values used for Pseudocalanus nauplii abundance, NAy, are given in Fig. 

6.1.32. 

The form of the relationship between food supply and larval survival is in some ways analagous to that 

between oxygen conditions and egg survival, as food supply is only likely to be limiting if it falls below a 
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certain level. However, that level is likely to vary depending on the number of larvae which hatch 

successfully, i.e. a higher level of food availability will be required for survival at higher larval densities. To 

account for this, it is possible to obtain an index of initial larval abundance by correcting the SRP indices for 

egg survival using the oxygen weightings estimated above. It is then possible to consider the food supply 

data in the form of relative availability, i.e. as an index of nauplii per larva. Using a similar approach to the 

oxygen-related egg survival, we can anticipate that above a certain relative availability of nauplii, NLlim, larval 

survival will not be adversely affected. Similarly, below a certain level of nauplii availability, NLmin, further 

reduction in nauplii availability will not result in a further reduction in larval survival. We also require a 

functional form for the relationship between relative nauplii availability and the proportion of larvae surviving 

due to this effect at food availabilities between the two threshold values.   

The way in which the available information can be used to estimate proportionate larval survival due to food 

supply is subtly different from the oxygen issue, as in this case the index of food availability is based only on 

one major food source, when other potential food supplies are also available. It also means that the 

minimum proportion surviving due to food availability should be greater than zero as even at zero availability 

of Pseudocalanus nauplii, some larvae are still likely to survive by exploiting the other available food 

sources.  

If we describe the extent to which food availability is estimated to have limited larval survival in year y by 

FWy, and make the simplest assumption that FW is linearly related to food availability at values between  

NLlim and  NLmin, then the model becomes : 

 

 
 
 FWmin        for NAy < NAmin,y. 
FWy =     FWmin + ((1- FWmin) /(NAlim,y – NAmin,y))(NAy– NAmin,y)  for NAmin,y ≤  Ny ≤ NAlim,y 
  1        for NAy > NAlim,y 
 
 
 

Note also that relative availabilities of nauplii are transformed to absolute availabilities using the SRP 

corrected for oxygen conditions, hence : 

 

NAmin,y = NLmin.SRPy.OWy , 

 

and 

 

NAlim,y = NLlim.SRPy.OWy , 

 

By comparing the observed relative availabilities of nauplii with the recruitments for the corresponding 

yearclass (Fig. 6.1.33), it is possible to gain some insight into the possible threshold value for food limitation 

to limit survival. The figure shows that two of the strongest year classes recruited at relatively low relative 

nauplii availability (c. 0.025 on the arbitrary scale used here). For this reason, it is unlikely that food supply 

has been limiting when relative availability has been at this level or higher so 0.025 has been used as the 

estimate of NLlim. Values for the other parameters have been set at arbitrary low values; 0 for NLmin and 0 for 
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FWmin. These latter parameters rarely have an effect in practice so these values are not considered to be 

critical. The time series of weightings used to estimate the effect of food supply on larval survival, FWy, is 

given in Table 6.1.9 and Fig. 6.1.31.  

 

Effective Reproductive Environment 

The index of reproductive environment, EREy, is obtained simply by multiplying the food and oxygen 

weightings together, i.e. 

 

EREy = OWy.FWy 

 

The resulting time series of estimates of EREy, is given in Table 6.1.11 and Fig.6.1.30. It is useful to gain an 

insight into the relationship between environmental effects and recruitment. Recruitment estimates are 

plotted against oxygen weightings in Fig. 6.1.34, and against food weightings in Figure 6.1.35 There is some 

association between oxygen weightings and recruitment, and in particular it is clear that the four highest 

observed yearclasses all occurred in conditions of relatively high oxygen availability. There is no clear 

relationship between the food weightings and recruitment, partly due to the relatively high proportion of ones 

in the values. The largest year-classes are indicated to have occurred in conditions of non-limiting food 

availability (i.e. food weighting = 1), but this at least partly reflects how the weightings were derived. More 

notably, for the years when food availability is considered to have been limiting, there does appear to be a 

positive relationship between food availability and year class strength. 

Recruitment estimates are compared with the indices of effective reproductive environment in Fig. 6.1.36. 

Here there is a much clearer association between yearclass strength and environmental quality. It is notable 

that combining both oxygen and food weightings in this way increases the r2 of the relationship from 21% (if 

only oxygen conditions are considered) to 41%. 

An index of effective reproduction is obtained by multiplying the annual estimates of stock reproductive 

potential with the corresponding index of effective reproductive environment: 

 

IERy = EREy.SRPy 

 

The resulting indices are given in Fig. 6.1.30. The acid test comes when these are plotted against 

recruitment (Fig. 6.1.37). Initially this looks like a good linear relationship explaining over 52% of the variation 

in the data. On closer examination however, a number of problems become apparent in the data. If the year-

classes are divided into those up to and including 1975, those from 1976 to 1981, and those from 1982 

onwards (Fig. 6.1.38) it becomes apparent that there are time-series effects in the recruitment estimates, 

with recruitment tending to be higher at a given level of IER in the early part of the time series. As noted 

above, there are problems with the catch-at-age data for this stock, particularly for the years up to and 

including 1980, and on this basis there might be good grounds for excluding all the year-class estimates for 

these earlier years. However, to do this would result in the exclusion of the period of very high recruitment 

over the late 1970s-early 1980s. While the estimates of recruitment during this period may be uncertain, 

nonetheless there were clearly some very strong year-classes formed during this period and to exclude them 

completely would result in the loss of some valuable information about recruitment dynamics in this stock. 
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The division of the time-series of year-class estimates into three time-periods as shown in Fig. 6.1.38, partly 

reflected the division into pre- and post-1981 made in CORE (1998), see Jarre-Teichman et al (2000), 

combined with a split between 1975 and 1976 roughly corresponding to the start of the high recruitment 

period. These divisions are to some extent arbitrary, as even the split in the early 1980s made by Jarre-

Teichman et al (2000) does not seem to have a clear analytical basis. However, as a compromise between 

excluding data with suspected problems and including data with useful information, only year-classes from 

1976 and later are included in subsequent analyses. The resultant plot is given in Fig. 6.1.39. There are still 

time-series trends in the residuals here, but it is not clear whether the difference before and after 1981 is a 

real effect which has not been removed by accounting for some environmental variation, or whether this is 

just an artefact due to problems in the catch data. 

 

Results 

The purpose of these analyses was to develop a model of recruitment which could be used to incorporate 

both stock and environment effects in stock projections for fishery management purposes. The approach so 

far has attempted to account for a major part of the environmental influence on recruitment, and has resulted 

in what appears to be quite a good linear relationship between effective reproduction and recruitment (Fig. 

6.1.39). However, one desirable characteristic of a recruitment model for use in this context is that it should 

pass through the origin, i.e. a zero stock results in a zero recruitment. The linear relationship shown in Fig. 

6.1.39 does not do this, and as a result this relationship would indicate a positive recruitment even in the 

absence of any spawning stock in the area. In the case of the Eastern Baltic cod stock, this is theoretically 

possible due to the movement of fish from the adjacent western Baltic stock, but in this case the result 

seems more likely to have resulted from estimation errors in the recruitment estimates. As a compromise to 

overcome this problem, a Ricker curve has been used to model recruitment for projection purposes. This is 

given in Fig. 6.1.40. A diagnostic plot for this curve is given in Fig. 6.1.41. This was obtained by drawing 500 

random estimates for each yearclass, based on the fitted value and the observed variance. These replicates 

are then summarised in terms of their 10 and 90 percentiles as an approximate stochastic confidence 

interval around the fitted values. It can be seen that the fitted and observed recruitments follow similar overall 

trends although there are time-series effects in the residuals. In most cases the observed recruitment falls 

within the stochastic confidence interval of the fitted model. It should be noted that a Ricker curve is used 

here only to provide a curve of an appropriate functional form for use in projections, and which has 

conservative properties outside of the observed range of effective reproduction indices.  

 

Discussion 

The recruitment estimates available for the eastern Baltic cod stock are subject to measurement error. This 

is largely due to problems in the catch data such as unaccounted discarding, and age-reading errors. These 

factors are particularly important in the estimates of the strength of year-classes during the period of high 

recruitment over the late 1970s-early 1980s. It is likely that any estimated recruitment model will be rather 

sensitive to the estimates of the strength of these large year-classes, so it is necessary to be cautious in 

interpreting the results of any such model. With this caveat, the approach described above seems to provide 

a useful and reasonably effective way of including information on key environmental effects into a 

recruitment model for Baltic cod. However, it would be desirable to develop a more statistical approach to 
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estimating the environmental weightings, or at least to investigate the sensitivity of the results to the choice 

of input parameters.  

The model used here has assumed that the effect of food availability on larval survival is density dependent; 

alternative assumptions could also be made, as cod larval abundance is low compared to the abundance of 

other fish species (e.g. sprat). It is not the intention of this work to develop a ‘definitive’ recruitment model for 

this stock, it is more the intention to explore how the information from process studies may be used, and how 

it might influence management advice. It is possible that the work could also highlight areas in the existing 

knowledge of the recruitment process of Baltic cod which might benefit from further study. With regard to the 

processes modelled here, the assumptions made about the effect of oxygen conditions have more influence 

than those about food availability, as the analysis here indicates that food supply has only been limiting in a 

relatively small proportion of years.  

 

Validation of stock recruitment relationships considering environmental variability and spatial heterogeneity 

Introduction 

Spatially explicit exploratory statistical analysis were performed to identify environmental factors affecting the 

reproductive success and recruitment of cod and sprat, for cod being an extension of an analysis started with 

the CORE project. Specifically abundance or production data for subsequent early life history stages of Baltic 

cod and sprat were related to identify critical periods within the recruitment process of both species. 

Environmental factors showing statistically significant covariance with the survival of one of these critical life 

stages, were incorporated into stock-recruitment models for individual spawning areas separately and for the 

Central Baltic combined. 

For cod, recruitment appeared to be depending on egg survival with low oxygen concentration in dwelling 

depths and predation by clupeids as the major causes for egg mortality. Surviving egg production and larval 

abundance were weakly correlated, whereas larval abundance was significantly related to year class 

strength. This indicated that the period between the late egg and the early larval stage is critical for cod 

recruitment. The statistical model obtained for prediction of cod recruitment at age 0 in Sub-division 25 

explained 69% of the variance. Besides egg production, corrected for egg predation by clupeids, the oxygen 

condition in the reproductive volume and a larval transport index were introduced as variables. In the more 

eastern spawning areas the hydrographic regime did in general not allow successful egg development in the 

prolonged stagnation period throughout the 1980s. Thus, only relatively simple models based on the egg 

production by the spawning stock and the reproductive volume are required to achieve a reasonable 

explanation of recruitment variance (55% and 66%). 

Contrary to cod, the early and late egg stage production of sprat as well as the late egg stage production and 

larval abundance were significantly related. However, year class strength was largely independent of larval 

abundance. Thus, the period between the late larval and early juvenile stage appeared to be critical for sprat 

recruitment. Preliminary models established for Sub-division 25 and 26 are based on the spawning stock 

biomass as a measure of egg production, ambient temperature and in the latter area growth anomaly of 

adult fish throughout the feeding and subsequent winter season. These statistical models explained 45 and 

41% of the variance in recruitment, while for Sub-division 28 no significant model could be developed. 
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Material and Methods 

The established stock-recruitment relationships were further explored in the present section. First, we tested 

established environmentally sensitive stock-recruitment relationships by predicting year-class strength 1996-

1999, not considered in the parameter estimation, and subsequent comparison to updated MSVPA results 

and trawl survey derived recruitment indices. Input data were: i) potential egg production by the spawning 

stock derived from updated area dis-aggregated MSVPA runs, sex ratios and maturity ogives and relative 

fecundity values, ii) reproductive volume (RV) and oxygen content in the reproductive volume (ORV) 

calculated from hydrographic data recorded on ichthyoplankton surveys, iii) predation on cod eggs was 

estimated on basis of the vertical overlap index (updated procedure from CORE 1998) determined from 

above hydrographic data, egg abundance from ichthyoplankton surveys and predator abundance from 

updated MSVPA, and iv) the updated larval transport index. 

A similar test was conducted for stock-recruitment relationships established for sprat utilising as well area 

dis-aggregated MSVPA output to determine the SSB and temperature conditions in the intermediate water in 

May extracted from the ICES hydrographic database. Predicted recruitment at age 0 was compared to 

MSVPA output and autumn hydroacoustic survey results (ICES, 1998c, 1999a, 2000). 

 

Results 

Predicted cod recruitment for the period 1996-1999 for the entire Central Baltic are compared with 0-group 

abundance data from updated MSVPA runs (ICES 2001c) and 1-group abundance indices from the 

international bottom trawl survey (ICES 2002). MSVPA derived and predicted recruitment were in relatively 

good agreement (Fig. 6.1. 42a), indicating both a decline of the reproductive success in most recent years. 

The comparison to the survey index showed considerably more variability (Fig. 6.1.42b), with a similar 

declining trend in the beginning of the time series, low year-class strength in the end of the 1980’s and 

beginning of the 1990’s followed by an increase up to year-class 1994. However, in most recent years, there 

was an opposite trend in the observed and predicted recruitment. 

For sprat, multiple regression models including SSB and temperature as independent variables in all three 

areas, and growth anomalies in addition for Sub-division 26. were able to predict the general trends in Baltic 

sprat recruitment success fairly well (Fig. 6.1.43a). However, they failed to mirror the large fluctuation in the 

observed recruitment values in most recent years, with a considerable overestimation of recruitment in 1996 

and a significant underestimation in 1994 when compared to MSVPA estimates. Similarly the model 

predicted recruitment in 1997 too low and in 1998 too high with both MSVPA derived recruitment estimates 

being outside of the 95% confidence limit of the predicted means. Comparing the model with independent 

recruitment estimates from hydroacoustic surveys showed agreement in both time trends (Fig. 6.1.43b), 

however, with substantially lower recruitment indices from the survey in 1990 and again in 1996 and 1998, 

but not in 1994. 

 

Discussion 

The present study investigated whether a process-oriented approach based on the results of extensive field, 

laboratory and modelling studies can be used to develop environmentally sensitive stock-recruitment 

models. Our approach attempts to follow the success of a year-class during ontogeny from spawner 

abundance through the egg and larval to the juvenile stage according to Paulik's (1973) framework for 
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examining the entire life history process, a concept broadly accepted but not really implemented yet 

(Rothschild, 2000). Investigation of the link between environmental factors, spawning stock features and 

reproductive success of Baltic cod (e.g. Plikshs et al., 1993; Sparholt, 1996; Jarre-Teichmann et al., 2000) 

and to a lesser extend also sprat (Grauman and Yula, 1989) have previously been performed by several 

investigators. However, these studies did not consider the problems inherent in the estimates of egg 

production based on spawning stock biomass and in the recruitment estimates. Also they did not attempt to 

identify specific critical periods within the recruitment process, and apart from Plikshs et al. (1993) did not 

consider spatial heterogeneity within the Central Baltic. 

The recruitment models tested here, explain a considerable part of the variability encountered in survival to 

the juvenile stage with a considerably better performance for cod than for sprat. Sprat exhibited high 

recruitment fluctuations in the most recent years, which the established recruitment model was not able to 

predict. Remaining variability may be due to a number of processes not included in the present analyses 

such as egg fertilisation (e.g. Westin and Nissling, 1991) and the influence of parental characteristics 

(age/size structure, condition) on egg and larval characteristics (buoyancy, survival probability, e.g. Marshall 

et al., 1998; Trippel, 1998; Vallin and Nissling, 2000), but also uncertainties in the way variables are 

assumed to represent processes of interest (e.g. reproductive volume effect on cod egg survival, 

temperature effect on sprat larval survival). 

Apart from this potential for improvements, major difficulties in establishing environmentally sensitive stock-

recruitment models are to i) incorporate various factors affecting different early life stages (Paulik, 1973) in 

one linear model relating egg production  to subsequent recruitment and ii) resolve the potential non-linearity 

and interdependent effects of different factors on subsequent early life stages. The first problem has been 

described in details before (Rothschild, 1986; Ulltang, 1996). Bailey et al. (1996) and Campana et al. (1989) 

considered it explicitly when constructing survival curves of walleye pollock as well as Nova Scotia cod and 

haddock cohorts relative to their physical and biological environment. For the Baltic, however, this type of 

approach has not yet been conducted. 

Despite of the remaining shortcomings and uncertainties also with respect to the second problem, the 

presented stock-recruitment models for cod may be utilised for improving short-term recruitment predictions. 

They could be based on: i) most recent female spawning stock biomass and relative fecundity estimates 

(Kraus et al., 2000), ii) hydrographic conditions during spawning periods and at spawning sites, which would 

enable prediction of the egg and larval survival in relation to ambient oxygen concentrations and larval 

transport from spawning areas, and iii) predator population sizes as well as spatial overlap between 

predator/prey, both forced by hydrographic processes. For sprat, the presented analysis has to be taken as a 

first step to resolve key variables regulating recruitment success, and generating new work hypotheses to be 

tested in specifically designed process studies and to be validated by subsequent analysis of further 

extended long-term data bases. 

 

Update of stock recruitment relationships for cod considering environmental variability and spatial 

heterogeneity 

Introduction 
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Based on exploratory statistical analysis significant variables influencing survival of cod early life stages and 

varying systematically among spawning sites were incorporated into stock-recruitment models, first for major 

cod spawning sites and then combined for the entire Central Baltic (Köster et al., 2001b). Variables identified 

included: potential egg production by the spawning stock, abiotic conditions affecting survival of eggs, 

specifically the oxygen content in the reproductive volume (RV), predation by clupeids on cod eggs, larval 

transport (both latter variables only in Sub-division 25) and cannibalism. Results showed that recruitment in 

the most important spawning area, the Bornholm Basin, during 1976 to 1996 was related to egg production, 

however, other factors affecting survival of the eggs (oxygen conditions, predation) were also significant, and 

when incorporated explained 69% of the variation in 0-group recruitment. In other spawning areas, variable 

hydrographic conditions did not allow for regular successful egg development. Hence, relatively simple 

models proved sufficient to predict recruitment of 0-group cod in these areas, suggesting that key biotic and 

abiotic processes can successfully be incorporated into recruitment models. In the present section these 

stock recruitment relationships are updated to include oxygen related egg survival for all Sub-divisions and 

more important identified factors affecting cod larval survival, i.e. nauplii prey availability (Hinrichsen et al., 

2002b). Additionally various other physical forcing conditions affecting larval distribution (BSI-index), primary 

and secondary production (upwelling index) and larval capture success (turbulent velocity) were tested for 

their explanatory power in explaining larval survival. 

 

Material and Methods 

Stock abundance estimates for Sub-divisions 25, 26 and 28 were obtained from area dis-aggregated 

MSVPA runs (Köster et al., 2001b), updated for the period 1976 to 1999. Stock sizes were determined for 

the main spawning time, i.e. mid of May 1976-1990 and beginning of July 1991-1999, by this considering the 

shift in spawning time from spring to summer months (Wieland et al., 2000b). To estimate the basin specific 

female spawning stock biomass, firstly sex ratios and female maturity ogives were applied to basin specific 

population abundances derived by area dis-aggregated MSVPA runs. Here annual sex ratios and 

proportions of sexually mature individuals were utilised for Sub-division 25 in 1988 to 1996 and for 26 in 

1993 to 1996; otherwise 5 year averages were used (Tomkiewicz et al., 1997). For 1997 and 1998 

corresponding values were reported by ICES (1998c), while for 1999 an average over the period 1995 to 

1997 was applied. Secondly weight at age as compiled in ICES (1999b) and ICES (2001c) were utilised to 

convert the female spawning stock size into the corresponding biomass (SSB). 

To estimate area-specific seasonal potential egg production (PEP) by the spawning stock, female SSB 

according to Sub-division were multiplied by relative individual fecundity values. Utilisation of relative instead 

of absolute age-specific fecundity is justified by the fact, that this measure is independent of body size in 

Baltic cod (Kraus et al., 2000) and thus can be applied to the spawning stock without considering the 

size/age structure. Relative fecundity for each Sub-division was predicted from a relationship to clupeid prey 

availability (Kraus et al., 2002) applying the MSVPA derived area specific prey abundance estimates. 

Mean annual egg and larval abundance values, utilized to test the respective components of the stock 

recruitment model referring to the egg and larval stage, were available for the different Sub-divisions from 

ichthyoplankton surveys in 1976 to 1996 (Köster et al., 2001b) updated for the period 1997-1999, based on 

data compiled within the present project. Egg abundance estimates are based on a three-month period 



Final Consolidated Report  Task 6 
 

 493 

encompassing the main spawning period, i.e. April-June up to 1989 and successively shifted to mid April-

July (1990), May-July (1991-1992), mid May-mid August (1993-1995) and mid June-mid September (1996 to 

1999) corresponding to the peak spawning time as determined by Wieland et al. (2000b). Larval abundance 

data refer to a period similar to the three month period of egg abundance estimates, but shifted to account 

for the 2-4 week period of development from egg to larvae (Wieland et al., 1994). 

Estimates of the realised daily cod egg production at different developmental stages I to IV (Wieland and 

Köster, 1996) were derived for the Bornholm Basin on basis of compiled stage specific egg abundance data. 

Covered years and periods were 1976-1978, 1983, 1985-1996 and 1999. The average relative stage 

composition within a three month period, was computed as an average of the relative frequencies for each of 

the usually 2-4 surveys conducted, i.e. giving all surveys equal weight. Ambient temperatures in the 

Bornholm Basin were derived from the ICES hydrographic database for the 2nd and 3rd quarter respectively, 

applying the predicted relative vertical distribution of cod eggs (see below) and stage specific egg 

development-temperature relationships (Wieland et al., 1994). Finally, the daily egg production was 

calculated by dividing the abundance by the development time of each egg stage. Non stage-able dead eggs 

were distributed to different stages according to the relative stage-specific distribution of alive eggs.  

Seasonal egg production rates were estimated for years being best covered with surveys and each survey 

adequately covering the spawning area, using date specific production rates of egg stages IA, IB, II and III. 

Stage IV was not considered in the computation, as hatching in Baltic cod occurs already in this stage 

(Wieland et al., 1994). The daily egg production per egg stage was assumed to be normally distributed over 

time (Daan, 1981). Transformation to natural logarithms converted the normal distributions to parabolas of 

which parameters were estimated via the quasi Newton method, i.e. the second-order (partial) derivatives of 

the loss function are asymptotically estimated, and used to determine the movement of parameters from 

iteration to iteration (Kraus et al., 2002). To obtain the seasonal egg production the area beneath the fitted 

curves was estimated by numerical integration of re-transformed data. Applying differences in age between 

stages these seasonal production values were utilised to calculate stage specific mortality rates per day and 

finally survival rates from egg stage IA to III. 

In all above mentioned years (with the exception of 1994 and 1996), and additionally in 1992 repeated 

ichthyoplankton surveys in short time intervals (5 to 11 days) allowed the estimation of mortality rates from 

egg stage IA or IB to III by following daily production rates of specific egg cohorts applying the age difference 

between different stages (Wieland et al. 1994; Wieland et al., 2000a). 

For estimating egg survival rates in relation to variable oxygen conditions, incubation experiments were 

conducted under controlled temperature conditions within the CORE project. The experimental set-up is 

described by Wieland et al. (1994) for the first series of experiments conducted in 1991/1992 and for the 

second series in 1995-1998 by Rohlf (1999), the latter with a slightly modified experimental set-up utilising a 

water re-circulation and not a flow through system. In all experiments egg batches from single females 

caught by trawling in the Bornholm Basin were fertilised by several males. Subsets of these egg batches 

were incubated at different oxygen concentrations and the viable hatch, i.e. larvae surviving through the yolk-

sac stage, were expressed relative to the proportion surviving at normoxic conditions to separate the oxygen 

effect from other causes of mortality. 

To estimate the fraction of cod egg production surviving during main spawning times in each year, in the 

following called OES, the predicted vertical distribution of cod eggs in 5 m depth intervals relative to water 
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density (see below) and the oxygen concentration at each depth interval derived from the ICES hydrographic 

database were coupled to the oxygen concentration/cod egg survival relationship derived from the incubation 

experiments. To model the vertical distribution of eggs, the observed distribution of the youngest egg stage 

(IA) obtained from vertically resolving ichthyoplankton sampling in April to July 1986 to 1996 (Wieland and 

Jarre-Teichmann, 1997) was examined in relation to water density profiles by fitting a parabolic function to 

the log relative distribution data: 

 

 LOGe (IAz) = a + b * rz + c * rz 2 

 

where LOGe(IAz) and rz are the natural logarithm of the relative abundance of stage IA eggs and the water 

density in the depth interval z, respectively. However, in the Bornholm Basin it has been observed that cod 

eggs are less buoyant after inflows when higher salinity occurs in the bottom water (Wieland and Jarre-

Teichmann, 1997). Hence these hydrographic situations were modelled separately. In order to adjust for this 

change in buoyancy, we defined inflow situations in the Bornholm Basin by the depth at which the oxygen 

concentration reached 2 ml * l-1 (inflow > 85 m) and by the average salinity within the reproductive volume 

(stagnation S < 13.5 psu). Furthermore, upon inspection of the data, a seasonal effect in the vertical 

distribution of cod eggs was detected. Hence, the following yearly hydrographic and spawning situations 

were defined to group the data: a) stagnation/early spawning, b) stagnation/late spawning, c) inflow/early 

spawning and d) inflow/late spawning. For both other spawning areas, i.e. Sub-division 26 and 28, the 

stagnation scenario was applied throughout, as salinity values never exceeded the threshold set for the 

Bornholm Basin. However, the shift in spawning time was considered. As the current models do not take into 

account temperature, also known to affect the vertical distribution (Wieland and Jarre-Teichmann, 1997), a 

correction was made for low temperatures (< 1.7°C) by transferring the predicted relative abundance of eggs 

to the next deeper water layer (5 m intervals). 

The major prey of first feeding cod larvae in the Baltic are calanoid copepod nauplii, specifically nauplii of 

Pseudocalanus elongatus (Voss et al., 2002; Hinrichsen et al., 2002b). However, not only the abundance of 

nauplii in larval dwelling depths also the capture success define larval feeding intensity. To accommodate for 

this, the product of nauplii or alternatively P. elongatus nauplii abundance at spawning time (e.g. 2nd quarter 

up 1990 and 3rd quarter 1991-1999) in 25-50 m depths as compiled in Task 3.1 and turbulent velocity as 

estimated in Task 3.2 were utilized as a measure of prey availability. 

Age-group 0 recruitment in the different Sub-divisions were derived by area dis-aggregated MSVPA runs 

described above. This early juvenile stage was utilised to minimise the effect of mortalities on later juveniles 

independent of the hydrographic situation, e.g. cannibalism. 

 

Results 

The influence of oxygen concentration on the proportion of viable hatch in relation to the surviving fraction at 

norm-oxic conditions derived from controlled laboratory experiments showed that oxygen concentrations 

above the threshold level of 2 ml * l-1 utilised in the definition of the RV, still have a pronounced impact on the 

egg survival (Fig. 6.1.18). At about 4 ml O2/l only half of the egg production survives, while at above 6 ml O2/l 

the effect of the oxygen concentration diminishes. In order to apply the fitted sigmoid oxygen – egg survival 
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relationship (r2 = 0.95) to estimate the fraction of the egg production surviving in each spawning season, the 

vertical distribution of eggs was modelled in relation to the ambient density. The explained variance in the 

relative distribution of egg stage IA ranged between 72 and 82% for the four environmental scenarios 

considered, with the least explained variability for the inflow/spring spawning scenario (Fig. 6.1.44). 

Coupling predicted vertical distributions, measured oxygen concentrations and the laboratory derived 

survival relationship revealed a time series of oxygen related egg survival fractions (OES) for each Sub-

division (Fig. 6.1.19). Clearly egg survival was regularly highest in the Bornholm Basin, though highly 

variable (10-91%), with the Gdansk Deep and the Gotland Basin sustaining in maximum 16 and 8% egg 

survival. Obvious are also low egg survival periods, i.e. 1981-1982 and 1986-1990, visible in all areas. 

To validate the OES, regression analysis of the realised egg production at stage III on the PEP was 

performed for Sub-division 25, incorporating in comparison to the reproductive volume (RV) and the oxygen 

content in the reproductive volume (ORV), both used earlier as variables related to egg survival (Jarre-

Teichmann et al., 2000; Köster et al., 2001b), as additional variables or multiplying PEP and OES. 

Incorporating the RV decreased the explained variance (r2=0.58) compared to the simpler model utilising 

only the PEP as independent variable (r2=0.61), with the latter being also the only significant variable in the 

multiple model (Table 6.1.12). Incorporation of the ORV revealed an explained variance in the egg 

production at stage III of 68%, with both variables being significant. Multiplying the PEP with the OES 

increased the r2 further to 0.73 (Fig. 6.1.45). A large negative residual was encountered in 1983, when the 

observed egg stage III production was considerably lower than predicted from the PEP and egg survival, 

while 1976 and 1994 behaved in an opposite way. When applying multiplicative models, the PEP was as 

well significantly related to egg stage III production (r2 = 0.66, p < 0.001), however, none of the additional 

variables (RV and ORV) was and also multiplying the PEP with the OES did not increase the explained 

variance. 

The OES compares as well favourable to the egg survival observed in corresponding years in successive 

ichthyoplankton surveys from egg stage IA to III (Fig. 6.1.46a, r2=0.64, but note n=8). A linear regression of 

the observed on the predicted survival has a slope of 0.41 (p=0.01) (intercept insignificant), indicating that 

other mortality causes than oxygen depletion affect egg development success. Although egg survival derived 

from seasonal egg production curves and cohort development are closely related (r2 = 0.82, n = 8), the 

relationship between OES and egg survival from seasonal production curves is less satisfactory (r2 = 0.36, p 

= 0.153, n = 7). The different behaviour is explained by large residuals in 1991 and especially 1996, with a 

high predicted and a low observed survival (Fig. 6.1.46b). The latter deviation does not enter the comparison 

to the survival from cohort development, as in 1996 no repeated ichthyoplankton surveys were performed. 

Regressing recruitment at age 0 against the potential egg production in Sub-division 25 revealed a 

significant relationship (p = 0.031), however, explaining only 20% of the variance in reproductive success. 

Utilizing the product of egg production and egg survival factor revealed a substantially improved relationship 

(p = 0.003, r2 = 0.33), with however still large negative residuals in 1983 and 1994-1996 and a positive 

residual in 1976. In contrast for Sub-division 26 already the potential egg production is highly significantly 

related to recruitment (p = 0.0001, r2 = 0.52) and multiplying it with the egg survival factor improves the 

relationship only slightly (r2 = 0.54). In Sub-division 28, potential egg production explains 62% of the 

variability in recruitment, while including the oxygen related survival factors reduced the explained variation 

substantially (r2 = 0.42). Here inclusion of the reproductive volume in a linear multiple regression analysis 
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according to the approach conducted by Köster et al. (2001b) behaves better (RV: p = 0.019, PEP: p < 

0.0001, r2 = 0.68).  

Introducing additionally the variable prey availability (product of turbulent velocity (T) and Pseudocalanus 

nauplii abundance (Pp) as an additional variable into a multiple linear regression does improve the fit of the 

model in all areas considerably, SD25: PEP*OES: p < 0.021, Pp * T: p <0.0001, r2 = 0.69; SD26: PEP*OES: 

p < 0.015, Pp * T: p = 0.0003, r2 = 0.71; SD28: PEP*OES: p < 0.035, Pp * T: p = 0.0001, r2 = 0.67. Utilizing 

the total nauplii abundance (Pn) instead of the Pseudocalanus nauplii abundance improves the multiple 

regressions models further: SD25: PEP*OES: p < 0.014, Pn * T: p <0.0001, r2 = 0.75; SD26: PEP*OES: p < 

0.013, Pn * T: p = 0.001, r2 = 0.72; SD28: PEP*OES: p < 0.006, Pn * T: p <0.0001, r2 = 0.71. Autocorrelation 

in the residuals was indicated by the DW statistics for SD 26 and 28, while the earlier model including 

Pseudocalanus nauplii revealed no indication of autocorrelation in the residuals. Adding additional physical 

variables to the relationships, i.e. an area specific upwelling index as a proxy for primary production and the 

BSI index, as proxy for transport from western to eastern spawning areas, did not improve the explained 

variance in recruitment, with none of the additional variables being significant. An exception is the egg 

predation index (Köster et al., 2001b) being a measure of the predation pressure on cod eggs by clupeids, 

which is significant for Sub-division 25, but does not improve the fit of the model substantially. 

The average daily production of the advanced egg stage III is significantly related to recruitment at age 0 in 

Sub-division 25 (P = 0.003, r2 = 0.42). Including additionally the prey availability as a variable in a multiple 

linear regression revealed a substantial improvement of the relationship (EPIII: p = 0.028, T * Pn: p = 0.0001, 

r2 = 0.77), indicating that prey availability indeed affects survival from a late egg stage to early recruitment 

age. Based on these exploratory results, following stock recruitment model for the entire Central Baltic was 

constructed: 

 

R0 = a + b * ∑ PEPi * OESi + c * T * Pp 

 

with: 

PEPi: Potential egg production in Sub-division i 

OESi: Oxygen related egg survival fraction in Sub-division i 

T: average turbulent velocity in the Central Baltic during and after peak spawning time 

Pn: prey availability as Pseudocalanus nauplii per m3 

a, b, c: estimated parameters 

 

The statistical model is highly significant (PEP*OES: p = 0.010, T * Pn: p <0.0001, r2 = 0.73) with a slight 

trend for autocorrelated residuals (DW = 1.15) underestimating the recruitment in the beginning of the time 

series (Fig. 6.1.47) a trend even more pronounced when replacing Pp by Pn (DW = 0.97), though the 

explained variance is even higher (PEP*OES: p = 0.008, T * Pn: p <0.0001, r2 = 0.76) (Fig. 6.1.47). 

To test the stability of the model to adding/removing new data the first model was refitted to data series 

encompassing 1976-1995 (removing the most recent period of low recruitment) and 1980-1999 (removing a 

period of high recruitment 1976-1978, with missing data in 1979). In the first case the model underestimated 

most recent recruitment, in fact predicting negative recruitment with observed recruitment however being 

inside the 95% prediction limit of the mean (Fig. 6.1.48). Similarly the second model underestimated 



Final Consolidated Report  Task 6 
 

 497 

recruitment in early years of the time series (Fig. 6.1.48), a tendency already visible in the model established 

on basis of the entire time series (at least for 1977 and 1978). This time the observed values are well outside 

the 95% prediction limits of the mean. 

Following the approach by Köster et al. (2001b) predicting recruitment for single Sub-divisions and then 

integrating the results, with predicted negative recruitment set to zero is naturally more stable (Fig. 6.1.49), 

explaining 78% of the variance in recruitment at age 0. Performing the above test shows also that 

recruitment in the years excluded is predicted better (Fig. 6.1.50). However, observed recruitment values in 

1976-1978 are still outside the prediction limits of the mean. 

 

Discussion 

In the presented stock recruitment relationships an oxygen related egg survival factor (OES) replaces the 

reproductive volume (RV) or the sum of oxygen in the reproductive volume (ORV) utilised before to establish 

stock recruitment models for cod in the Central Baltic (Sparholt, 1996; Jarre-Teichmann et al., 2000; Köster 

et al., 2001b). As prerequisite for the development of the OES, the vertical distribution of cod eggs has been 

predicted for different environmental scenarios, i.e. early and late spawning as well as stagnation and inflow 

situations. The latter differentiation accounts for the observation that the buoyancy of cod eggs in the Baltic 

is reduced when ripening of adults and release of eggs takes place at increased salinities (Wieland and 

Jarre-Teichmann, 1997). A dependence of egg buoyancy on the timing of peak spawning has been 

described before (Köster et al., 2001b), but is difficult to explain at present. As the deviation between early 

and late spawning in stagnation periods is rather limited, the classification impacts only on 1993 and 1994, 

with higher buoyancy than predicted for the scenario inflow/early spawning. An overestimated buoyancy 

would normally result in an overestimated oxygen related egg survival, however, after inflow events 

intermediate oxygen minima may occur within the halocline. Exactly this happened in 1993 (Wieland and 

Jarre-Teichmann, 1997), meaning that the oxygen related egg survival may be underestimated by the 

applied procedure in this year. In contrast, for 1994 application of both scenarios resulted in rather similar 

survival rates, as the oxygen concentration was constant in 55-65 m in which 76% of the eggs were floating. 

The low survival rates derived for the eastern spawning areas in Sub-division 26 and 28 are somewhat 

astonishing. According to the model applied only 6-37% of the eggs produced were able to obtain neutral 

buoyancy in the Gdansk Deep, while the percentage in the Gotland Basin was higher, i.e. 22-52%, due to 

the greater depths of the basin. As the hydrographic conditions in the bottom water of the Gotland Basin is 

less favourable than in the Gdansk Deep this does, however, not translate into a higher egg survival. In the 

Sub-division 26, survival rates were between 0.3 and 15.5% with on average 4.6%, while the corresponding 

figures in Sub-division 28 are 0.03-5.6% with an average of 0.7%. High abundances of larvae in eastern 

spawning areas as obtained by ichthyoplankton surveys in the 1970’s being in a comparable magnitude than 

in Sub-division 25 (see Task 2), are difficult to explain from the estimated egg production and survival rates. 

However, the estimated survival rates correspond very well to the survival estimates derived by Hjerne et al. 

(2002) in Task 1, based on experimentally derived female size – egg buoyancy relationships using results 

also from experiments conducted at Gotland, i.e. in low salinities. Hjerne et al. (2002) estimated egg survival 

rates 0-15% with an average of 2.6% in Sub-division 26 and 0-6.5% and on average 0.7% in Sub-division 

28.  
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As larger females produce on average more buoyant eggs (Nissling and Vallin, 1996), a substantial changes 

in the spawning stock size/age structure will affect the vertical distribution of cod eggs, a process presently 

not considered in the applied statistical model. Similarly a potential dependence of egg size on female 

condition is not considered in the present models. A decline in egg size with continuation of spawning activity 

has been described for Baltic cod (Vallin and Nissling, 2000) as well as for other cod stocks (e.g. Kjesbu, 

1989; Trippel, 1998). First time spawners show in general a decrease of egg size right from the beginning of 

the spawning activity, while repeat spawners show a parabolic shape in egg size with a peak relatively early 

in the spawning season (Kjesbu et al., 1996; Vallin and Nissling, 2000). In addition spawning activity of larger 

females starts earlier than of smaller ones (Baltic: Tomkiewicz and Köster, 1999; other stocks: Kjesbu et al., 

1996; Trippel et al., 1997). In the present study, the vertical egg distribution was in general sampled in May 

and in July. In years classified as early spawning situations this represents peak and late spawning activity, 

while in years classified as late spawning situations, this corresponds to early and peak spawning. This 

introduces a bias to higher buoyancy in late spawning years, which is however only indicated for the inflow 

scenario, i.e. 1993 and 1994. 

As the specific gravity of cod eggs increases with age, older eggs occur deeper in the water column than 

younger eggs (Wlodarczyk and Horbowa, 1997; Wieland et al., 2000a), but this is obvious from our data only 

for periods characterised by high salinity (>16 PSU in the bottom water), with the centre of mass of egg 

stage III being on average 2.3 m deeper than the corresponding depths for stage IA. This implies that the 

oxygen related egg survival up to stage III may be overestimated in periods of relatively high salinity and 

pronounced gradients in oxygen concentration, i.e. post-inflow years 1977, 1995 and 1996. When applying 

the statistical models in other areas of the Baltic, the inflow scenario might be omitted, as salinities above 16 

psu are extremely seldom encountered. 

The established oxygen concentration – egg survival relationship combines data from Wieland et al. (1994) 

and Rohlf (1999), who utilised a similar technical and experimental design for their incubation experiments. 

The minor technical modification introduced in the second series of incubation experiments is not expected 

to affect survival rates determined, in particular not because relative viable hatch is used in order to eliminate 

a possible bias due to the different experimental set-up. The experiments confirmed that below 2 ml * l-1 

oxygen concentration no successful egg development occurs, thus validating the oxygen threshold utilised in 

the definition of the RV. However, the results clearly indicate that survival success above this threshold 

depends still on oxygen concentration, as earlier reported by Wieland et al. (1994). 

Comparisons of the OES with field based egg survival rates clearly indicate other sources of egg mortality to 

be important. Cod egg survival depends on predation by planktivorous fish, especially sprat (Köster and 

Schnack, 1994). Egg predation intensity depends on the ambient hydrographic conditions, with stagnation 

enhancing the vertical overlap between predator and prey (Köster and Möllmann, 2000a). Low salinity 

causes cod eggs to float in deeper water layers, while the clupeids during their daily feeding period are 

forced from the bottom into the water column, due to lack of oxygen. In turn, favourable oxygen conditions 

release cod eggs from predation by clupeids. This explains why we detected relatively close relationships 

between oxygen related egg survival and total survival rates from field experiments. 

Other processes potentially affecting egg developmental success are: i) salinity dependent fertilisation rate 

(Westin and Nissling, 1991), ii) lethal impact of low temperature (Thompson and Riley, 1981) and iii) 

endogenous processes as chromosome aberrations during embryonic development (Kjørsvik, 1994), 
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contamination by toxicants (e.g. Schneider et al., 2000), and endogene parasites (e.g. Pedersen and Køie, 

1994). From these, only the exogenous processes are considered in the definition of the RV and the ORV. In 

the OES we considered only temperature, here we assumed that cod eggs are not shed into cold water 

layers avoided by adults (D'Amours, 1993) and do also not float up into these layers. As water temperatures 

below 2°C are seldom encountered in Central Baltic Basins during spawning time (only in 3 out of 24 years), 

and are restricted to the intermediate water and the upper halocline with in general low cod egg 

concentration, the impact of the applied procedure is limited. Keeping cod eggs in their predicted water layer 

and assuming no survival below the temperature threshold results in a maximum reduction in the proportion 

surviving from 0.31 to 0.26 in 1987. 

Calculation of PEP used in the present analysis assumes that the female spawning stock biomass coupled 

to observed relative fecundity is an unbiased measure of the actual egg production in the field. This 

assumption is justified by a high correlation between the production estimate of stage IA cod eggs from 

ichthyoplankton surveys conducted in Sub-division 25 in 1986-1999 and the corresponding PEP (Kraus et 

al., 2002). The reason for utilisation of PEP instead of the realised egg production is the restricted time 

series available for the latter, covering basically only the prolonged stagnation period since mid of the 1980’s 

interrupted by one major Baltic inflow in 1993 (Matthäus and Lass, 1995). 

We did not base our analysis on the realised egg production at stage I, available also for earlier years, 

because this combined egg stage lasts, depending on the temperature, already 4 to 7 days (Wieland et al., 

1994), for which no mortality is considered in the estimation procedure.  

Behaviour studies conducted with larvae demonstrated that low oxygen concentration has an impact on 

larval mortality (Nissling 1994) and that egg incubation at low oxygen concentration impacts on larval activity 

as well (Rohlf 1999). Furthermore, the experiments revealed that vertical migration into upper water layers is 

not started before day 4 after hatch. Hence, a significant impact of the environment within and below the 

halocline on larval survival can be expected. Due to differences in buoyancy and minimum lethal oxygen 

concentrations in the egg and larval stage (Rohlf 1999) it appears to be unlikely, that the oxygen related egg 

survival is a suitable measure of oxygen related survival probability of larvae. Thus, the affect of sub-lethal 

oxygen conditions on larval performance is presently not integrated in the statistical models established. 

The significant linear relationship between larval abundance and recruitment at age 0 in Sub-division 25 and 

26 was significantly enhanced by inclusion of prey availability as an additional variable, while other variables, 

e.g. the transport or the upwelling index did not improve the relationships. This is in contrast to results of 

Köster et al. (2001b), but may be explained by the fact that prey availability has now explicitly been 

integrated into the models. 

To obtain an indication of the sensitivity of the parameter estimates and the predictive power, the models 

were re-fitted over different shorter time periods and then model predictions were compared with the 

excluded year’s observations. The exercise clearly demonstrated that the models derived for the different 

Sub-divisions are not sensitive to the exclusion of periods from the parameter estimation procedure. The 

models were able to capture the trend of high recruitment during the late 1970s and early 1980s relatively 

well and the low recruitment in the early 1990s very well. However, if observed high recruitment values 

during the 1970’s were excluded from the time series utilized for parameter estimation, a substantial 

underestimation of recruitment in early years was obvious. 
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Recruitment was log-normal rather than normally distributed. Thus, multiplicative instead of additive 

processes may in some of the models be more appropriate (Sparholt 1996). Additionally, established 

multiplicative models explained more of the variance in recruitment in Sub-division 28. However, the log-

transformed model did not exhibit better predictive power and consistently underestimated recruitment at 

high reproductive success in the beginning of the time series in all areas. 

The stock-recruitment models established here explain a considerable part of the variability encountered in 

cod recruitment in the Baltic Sea. The remaining variability may be due to a number of processes not 

included in the present exercise such as egg fertilization (Vallin et al. 1999) and the influence of parental 

(age/size structure, condition) on egg and larval characteristics (buoyancy, survival probability, e.g. Marshall 

et al. 1998; Trippel 1998), but also uncertainties in the way variables are assumed to represent processes of 

interest. Apart from these potential improvements, major difficulties in establishing environmentally sensitive 

stock-recruitment models are: a) to incorporate various factors affecting different early life stages (Paulik 

1973) in one model relating egg production by the spawning stock to subsequent recruitment, b) to resolve 

the potential non-linearity and additive effects of different factors on subsequent early life stages and c) to 

determine the historical recruitment at age 0 or 1 originated by specific spawning components. The first 

problem has been described in detail before (Rothschild 1986; Ulltang 1996). Bailey et al. (1996b) and 

Campana et al. (1989a) considered it explicitly when constructing survival curves of walleye pollock as well 

as Nova Scotia cod and haddock cohorts relative to their physical and biological environment. The third 

difficulty involves estimating recruitment before juveniles recruit to the fishery, and is as well described 

theoretically (Hilborn and Walters 1992), but is often neglected in recruitment modelling approaches (Ulltang 

1996). In our analysis problems in the estimation of recruitment are apparent when inspecting model 

residuals, but also from discussions on the validity of the MSVPA approach to estimate recruitment, 

specifically for distinct areas (Köster et al., 2001b). 

Despite these shortcomings and uncertainties, the presented stock-recruitment models may be utilized for 

enhancing short-term recruitment predictions. The predictions could be based on: a) most recent female 

spawning stock biomass coupled to relative fecundity estimates predicted from clupeid prey availability, b) 

hydrographic conditions during spawning periods and at spawning sites, which would enable prediction of 

the egg survival in relation to ambient oxygen concentrations, c) Pseudocalanus nauplii abundance either 

from regular zooplankton monitoring or predicted via the established Pseudocalanus standing stock – salinity 

relations (Möllmann et al., 2000). 

A number of potential improvements of the stock-recruitment models are possible through the better 

resolution of the influences of a number of key variables. Here, the most promising potential candidates are: 

a) including variations in buoyancy of eggs spawned by first time and repeat spawners (Vallin et al. 1999), b) 

resolving the vertical distribution of cod eggs in relation to oxygen concentration in eastern spawning areas 

and c) including the effects of hydrodynamic processes on the horizontal and vertical overlap of predator and 

prey also including cannibalism. 

The spatially dis-aggregated approach presented here, allows an investigation of the impact of different 

stock components on the reproductive success of cod in the Central Baltic. This is a necessary prerequisite 

for area based fisheries management, i.e. an area closure within the Bornholm Basin during cod spawning 

time recommended by the International Baltic Sea Fisheries Commission (IBFSC 1999). 
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The stock-recruitment models developed here have the potential to be employed in medium- to long-term 

stock projections through the incorporation of simulated environmental variability and alternative exploitation 

scenarios. However, advances need to be made in a number of areas in order to improve these predictions. 

First, we would like to emphasize that processes coupling individual growth, sexual and gonadal maturation 

as well as quantity and quality of produced spawning products to environmental conditions (e.g. Marshall 

and Frank 1999; Trippel 1998) is a promising field of research in this respect. Furthermore, anthropogenic 

impacts as eutrophication, impacting the oxygen consumption rates in deep Baltic basins and thus the 

ambient oxygen conditions for cod egg development (e.g. MacKenzie et al. 1996) have to be verified and 

incorporated when projecting over longer time periods. Finally, the importance of structural uncertainty in 

medium- to long-term projection models, i.e. which variables to incorporate and how to incorporate them into 

the model (e.g. linear, exponential, additive) remains an area for further development. 

 

Stock projection scenarios 

ARIMA model identification of future environmental conditions 

For significant variables identified to affect cod and sprat recruitment in Subdivision 25 and 26 (see results of 

an exploratory statistical analyses above), time series covering the period 2000-2009 have been established 

by ARIMA modelling. 

Based on time series (1974-1998 for cod spawning times in Subdivision 25 and 1974-1999 for sprat 

spawning seasons in Subdivision 26) of variables identified to affect cod and sprat recruitment, predictions of 

these variables were established by ARIMA (integrated autoregressive moving average processes) models. 

The principle ARIMA modelling procedure can be described as follows: 

1. Checking the stationarity of original variables (trends, heteroskedasticity)- if instationary then 

differencing or detrending the data. 

2. Inspecting the structures of ACF and PACF to determine the principle type of the process- AR, MA, 

ARMA, ARIMA. 

3. Inspecting the ACF for identifying the order of an MA process. 

4. Inspecting the PACF for identifying the order of an AR process. 

5. Inspecting ACF and PACF for identifying the order of an ARMA process. 

6. Residual diagnostics - AIC check for alternative specifications - checking for white noise - checking for 

normality. 

7. Forecasting 10 year 

The corresponding ARIMA modelling procedure set-ups are given in Tab. 6.1.13.  

The projected time series of nauplii abundance, NAO winter index and hydrographic variables are presented 

in Fig. 6.1.51 and 6.1.52 for Subdivision 25 and 26, respectively. The ARIMA model outputs suggest a 

decreasing trend in nauplii abundance in Subdivision 25. The oxygen condition in Subdivision 25 should be 

relatively stable, except for a substantial increase in oxygen concentration in the 50-75 m depths layer in 

2002-2004. Temperatures in the upper water layers are predicted to strongly increase, being at least for the 

depths layer 25-50 m unrealistic. In contrast temperature in the bottom water layer was predicted to decline 

from 7.7°C to 5.9°C. Salinity shows a decreasing tend in upper surface layers and an opposite trend in 
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bottom water layers. The NAO index is characterized by an outlying high positive value in 1999 and 

afterwards lower but stable positive values. 

For Subdivision 26, nauplii showed a relatively stable development (Fig. 6.1.52). Oxygen concentration is 

predicted to be stable in upper and declining in lower water layers. Temperature in the uppermost water 

layers showed as in Subdivision 25 an increasing trend, however, less pronounced. Salinity was predicted to 

decrease in upper water layers but not really pronounced, while it is stable in the 50-75m depths layer. The 

NAO winter index is projected to be stable positive, with the highest positive value in the first year of the 

prediction, similar to Subdivision 25. 

The ARIMA model derived scenarios of physical variables for the time period up to 2009 appear be 

reasonable, except for temperature in the upper water layer in Subdivision 25, being clearly out of a realistic 

range. Furthermore, the water density development is hardly justified by the encountered temperature and 

salinity changes. The deviating nauplii development in Subdivision 25 and 26 are somewhat unexpected as 

driving forces of zooplankton dynamics between the Bornholm and the Gotland Basin are correlated. 

 

Identification of future environmental conditions from historic time series 

Within the present project several data series of variables identified to affect the reproductive success of cod 

and sprat in the Central Baltic have been established, including also candidate variables having the potential 

to explain additional variability in recruitment. These encompass area aggregated data series covering the 

period 1966-1999 and area dis-aggregated time series for the period 1976-1999. This includes: 

 

1) Measures of the reproductive effort, i.e. SSB, female SSB and potential egg production by the 

spawning stock from Task 1 and 5. 

2) Age-structure of the spawnig stock as well as growth and condition measures within the stock 

components from Task 1. 

3) Recruitment at age 0, 1 or 2 as measure of the reproductive success from MSVPA (Task 5.1 and 5.2) 

and research surveys (Task 1.1). 

4) Egg and larval abundance data from Task 2.1. 

5) Realized egg production and surviving egg production of cod in Subdivision 25 and sprat in 

Subdivision 26 and 28 from Task 2.1. 

6) Egg survival probabilities in relation to hydrographic conditions from Task 1.5 and 6.1. 

7) Meso-zooplankton abundance according to species and stage resolved for different water layers from 

Task 3.1. 

8) Adult habitat and reproductive volumes sustaining egg development from Task 1.1 and Task 2.2 and 

2.3, respectively. 

9) Atmospheric forcing conditions, e.g. the BSI and related transport indices for main spawning and post-

spaning periods from Task 3.2. 

10) Measures of small scale turbulence, i.e. turbulent velocities in main depths of larval occurrence. 

11) Physical environmental conditions, i.e. average salinity, temperature, oxygen concentration and 

density profiles according to quarter or main spawning period from Task 3.2. 

12) Quarterly up-welling and downwelling indices from Task 3.2. 
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Environmental input (variables 6 to 12) into medium- to long-term projections (Task 6.3) was compiled by 

combining different fragments of the historical time series representing either extreme events such as major 

inflows (e.g. as in 1976 or 1993), or severe winter situations (e.g. as in 1979 and 1987), or more usual 

hydrographic situations during stagnation (end of the 1980’s second half of the 1990’s) or inflow periods (e.g. 

end of the 1970’s/beginnging of the 1980’s). 

 

Fisheries management scenarios 

Medium-term projections are generally used to give a probabalistic indication of the possible future trajectory 

of a fish stock subject to certain management actions. Typically this will take the form of a series of 

projections each run assuming a different level of fishing mortality fixed over a ten year period. Comparison 

of the results of these projections then allows a comparison of the relative probability of achieving a certain 

objective (e.g. of increasing SSB to above a specified reference value) over this medium-term period. Such 

an approach does not attempt to take other measures such as changes in gear regulations or area or 

seasonal closures, into account, but nonetheless can provide a useful tool to illustrate the likely time-scale of 

stock recovery under certain management scenarios.  

Under the precautionary approach to fishery management, one objective of management of the fishery is to 

maintain fishing mortality at or below the precautionary reference level FPA. However, management should 

also aim to keep the spawning stock biomass above the precautionary reference level BPA. As SSB is 

currently well below BPA, greater reductions in fishing mortality may be advised in order for the spawning 

stock to recover. To reflect this situation, two to three different fishing mortality scenarios have been 

assumed for medium-term projections for the cod and sprat stock as well as medium- to long-term 

multispecies projections: continuation of fishing mortality at the current level (Fstatus-quo, = 1.07), reduction of F 

to the precautionary level (FPA, = 0.6), and in some cases reduction of F to half of the precautionary level (F 

= 0.3). 

 

Eutrophication 

Major persistent changes in eutrophication are most likely to occur at multi-annual or multi-decadal scales.  

This is because such changes will occur mainly by implementation of socio-economic measures (e.g. 

changes in fertilizer and automobile use; construction of sewage treatment plants) that reduce these inputs.  

Such measures require several years to implement.  Finally, even when such measures are implemented it 

will take several more years before changes in nutrient concentrations begin to decline because of nutrient 

storage pools within the Baltic sediments and watershed (Gren et al., 2000), and because of natural 

interannual variability in nutrient loading (e. g, due to changes in precipitation).  Here we note that the most 

likely nutrient loading scenario in the next decade or two is for either stability or an increase; nutrient loading 

rates are then expected to decline (Gren et al., 2000) due to reductions in fertilizer use and fossil fuel 

consumption.   

The processes linking nutrient loading to primary production, decomposition of organic matter and 

consumption rates of oxygen are complex and beyond the scope of this project to quantify.  Moreover linking 

these lower trophic level processes to fish production adds even more uncertainty.  For example, habitats 
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occupied by juvenile and adult cod (see Task 1.1; Tomkiewicz et al., 1998; Neuenfeldt 2002), as well as their 

prey (see Task 1.1 and 5.3; Uzars and Plikshs 2000, 1994; Neuenfeldt 2002), will be affected by changes in 

nutrient loading because of its influence on primary production, organic matter decomposition rates and 

ultimately oxygen concentrations.  This could affect predator-prey interactions (Neuenfeldt 2002) and 

therefore growth rates of predators and mortality rates of prey.  In the case of sprat, eutrophication may have 

relatively direct effects on this species because it is lower in the food web and feeds directly on zooplankton.  

However predicting the consequences of changes in nutrient loading on the zooplankton community, and in 

particular on those species preferred by sprat, is still uncertain.    

As a result it is presently not possible to directly incorporate these processes in stock - projection models for 

either cod or sprat.  However coupled 3D biological – physical oceanographic models of lower trophic level 

processes (i.e., Nutrient-Phytoplankton-Zooplankton-Decomposition or NPZD models) are being developed 

e.g. within CORE (1998) and other projects (Tamsalu and Ennet 1995; Neumann et al., 2002; Inkala and 

Myrberg 2002; Neumann et al., 2002).  If these models are able to reliably describe past variations in oxygen 

consumption then it will be possible in future to include some eutrophication – related processes directly in 

models of cod recruitment.  

Two alternative approaches to modelling the processes related to eutrophication are to force biological 

responses from empirical models based on past knowledge, and to assume different nutrient loading 

scenarios based on mass-balance models of energy or carbon flows (see Task 6.2; Walters et al., 1997).  

For example, the consequences of a reduction in nutrient loading on cod could be simulated by assuming 

that the main effect is on cod egg hatch success via improved oxygen concentrations in cod spawning sites.  

This effect could be incorporated by assuming that reproductive volume increases or is above the long-term 

average during the simulation.  The 2nd alternative involving mass-balance methods accomodates trophic 

interactions at lower trophic levels and has been applied in other ecosystems.  This approach may also be 

appropriate for the Baltic Sea (see Task 6.2; Harvey et al., 2002).  

In any case, it must be recognized that the long-term changes in nutrient loading will be accompanied by 

other major changes to the Baltic ecosystem.  One of these changes is a probable warming of northern 

Europe including the Baltic region (IPCC, 2001) and an increase in high-precipitation and high-wind events 

as part of an overall global warming trend.  The warmer temperatures and increased precipitation, especially 

in combination with an increase in export of nutrients from nutrient storage pools in the Baltic watershed, will 

most likely stratify the water column and favor the pelagic part of the food web (i.e, planktivorous fish 

species).  The warmer temperatures will probably favour both herring and sprat since some stocks of these 

species in the Baltic have better recruitment in warm years than cold years (see below, Kornilovs, 1995; 

MacKenzie and Köster, 2002).  Some of these effects could be counteracted by an expected increase in 

windiness (IPCC 2001) which could lead to improved oxygen conditions in the deep layers of the Baltic 

(Zorita and Laine, 2000).  Predicting the consequences of  changes in eutrophication and climate change on 

the Baltic fish community will therefore be challenging, although some insight could perhaps be gained by 

examination of long-term variations of Baltic fisheries and ecosystem structure and function in the past 

(MacKenzie et al., 2002).   

A second change could be a long-term decrease in the supply of persistent organic compounds (POPs) to 

the Baltic Sea.  This reduction may be favorable for reproduction especially among species at higher trophic 

levels such as cod (see CORE 1998 and Task 1.3; Petersen et al., 1997; Schneider et al., 2000).  However if 
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concentrations of POPs in the Baltic (i.e. in the water and in organic matter) fall more slowly than nutrient 

concentrations, then the pool of POPs could become more concentrated in a smaller amount of organic 

matter.  As a result a reduction in nutrient loading could lead to a net increase in the concentrations of POPs 

in organic matter.  Conversely the eutrophication of the Baltic in the late 20th century via increased organic 

matter production may have partly offset the increase in POP loading to the Baltic because the supplied 

POPs have been incorporated into a larger biomass of organic matter (Bignert et al., 1998).   

The full spectrum of interactions between eutrophication, climate change and POPs is therefore complex and 

cannot be modelled with certainty at the present time. Given the present level of process uncertainty and the 

likelihood that nutrient loading to the Baltic is not likely to change substantially in the next decade, the status 

quo situation may be most representative for 10-year fish stock projection scenarios. 
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6.2 Enhance short-term predictions 
 

The objective of this subtask was to suggest modifications of short-term stock and catch predictions as 

routinely carried out in the ICES stock assessment framework by incorporation of abundance estimates of 

pre-recruit stages obtained in process oriented studies and related modeling approaches. 

An extended review on environmental processes affecting the population dynamics of fish stocks conducted 

in the previous modeling section has identified a series of variables affecting growth, maturation and egg 

production, early and juvenile life stage survival and subsequent recruitment. The present section discusses 

the feasibility of an implementation of identified relationships to estimate input variables into short-term 

predictions. 

The bases for short-term stock predictions are estimates of the current stock sizes. These may be improved 

by considering the effect of changes in habitat suitability and shifts in the distribution of stocks when using 

commercial or research survey catch rates for tuning of VPA’s or related assessment models. This requires 

detailed knowledge about habitat preferences and behavioural response to unfavourable conditions, as well 

as sound information on gear selectivity and avoidance in relation to behavioural changes. Furthermore, 

estimates of current stock sizes may be improved and/or validated by available independent abundance 

indices presently not utilised, e.g. application of the egg production method for gadoids. 

Recruitment estimates may also be important in short-term predictions, depending of course on the impact 

recruiting year-classes have on the catch and the spawning stock development. If recruits sustain a 

substantial part of the catch and/or get sexually mature shortly after recruiting to the fishery (e.g. anchovies), 

the applied recruitment estimates will affect the prediction, especially if high variability in recruitment occurs, 

as is typical for small pelagic fish. However, also gadoids like haddock and some flatfish stocks show high 

variability in recruitment, mostly characterised by a series of relatively low year-classes and once in a while 

interrupted by an outstanding high year-class. In all these stocks reliable information on recruitment in the 

assessment and the prediction year would improve short-term predictions. Recruitment estimates may either 

be derived by i) adequately designed larvae or pre-recruit surveys, potentially backed-up by hydrodynamic 

modelling to determine advective losses and gains , ii) empirical proxies related to survival success during 

the early life stages (e.g. size at age), or iii) predictions based on the size/structure of the spawning stock 

and observed or predicted environmental conditions affecting offspring survival, similar to the procedure 

suggested for medium- to long-term projections (see below). 

Predation mortality may be an important factor to be considered for short-term prediction of prey species in 

systems dominated by single or a few predatory species exhibiting large fluctuations in stocks size. 

Especially if alternative prey species fluctuate anticyclic to the predator abundance, changes in predation 

mortality from year to year may be pronounced. Existing multispecies prediction programs are able to handle 

this type of interaction, given that the functional response of the predator to changing prey availability is 

adequately described. However, changes in spatial overlap between predator and prey forced e.g. by 

hydrographic conditions are presently ignored. Potential candidates for the implementation of multispecies 

predictions are obviously small pelagics, e.g. capelin stocks, for which multispecies predictions are already 

partly in use (Barents Sea stock, see Bogstad and Mehl 1997). If full grown multispecies prediction models 
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are not readily available, we can proceed through short-cuts, e.g. relating predation mortalities or indices of 

predation pressure to predator stock size development. 

None-predatory natural mortalities are presently kept constant over the prediction period. However, if 

evidence of drastic environmental changes and/or pronounced fluctuations in prey abundance is observed, 

inter-annual variability should in principal be incorporated into short-term predictions. Allowing for inter-

annual variation in residual mortality requires i) established relationships between mortality rates and health 

or nutritional condition in dependence of environmental variables and ii) monitoring of these environmental 

variables within the assessment year and a prediction for the subsequent year. These requirements, not yet 

met in any fish stock, will restrict the application to fish stocks at their limit of the distribution and thus 

vulnerable to changes in abiotic conditions and/or heavily dependent on single fluctuating prey taxa (e.g. 

gadoids in boreal systems). 

Growth and maturation will respond to similar changes in environmental conditions. While substantial 

changes in residual mortality are relatively seldom catastrophic events, weight at age and maturity ogives will 

respond more closely to environmental changes and are thus also more important candidates for dynamic 

inclusion in short-term predictions. Possibilities exists to make predictions of weight at age and also maturity 

at age operational, as clear relationships have been established between prey availability and changes in 

weight and proportion mature at age for some of the well studied gadoid stocks (e.g. North East Arctic cod). 

For some pelagic fish species, density dependent changes in weight at age have been resolved and 

consequently relationships to stock sizes, potentially including population sizes of competing species, may 

be utilised to predict weight at age changes (e.g. sprat and herring in the Baltic). Especially the latter 

procedures are short-cuts, and effort should be allocated to implement identified processes in the forecast 

routines more explicitly. 

 

Cod recruitment prediction from larval surveys 

Introduction 

As described in the second progress report (see also Köster et al. 2001b) larval abundance and 0-

recruitment are significantly correlated in Subdivision 25 and 26, but not in Subdivision 28. Here recruitment 

regularly occurred despite the lack of larvae in the ichthyoplankton surveys. This can be explained by either 

by a problem in sampling efficiency of the gear in use at low and probably patchy larval abundance or a 

transport/migration of juveniles into the Gotland Basin. Evidence exist, for both passive transport of 

larvae/pelagic juveniles from the Bornholm Basin into the eastern basins (Aro et al., 2000) as well as active 

migration or habitat expansion into the Gotland Basin of demersal juveniles during the second year of life 

(Plikshs, 1996). In the present section it is tested whether the abundance of cod larvae in all three spawning 

areas is related to overall recruitment, thus integrating over spatial heterogeneities.  

 

Material and Methods 

Average larval abundance values from stations in the Bornholm Basin, the Gdansk Deep and the Gotland 

Basin (>60 m) were compiled from ichthyoplankton surveys conducted in May/June 1970-1990 and 

July/August 1991-1999. If more than one ichthyoplankton survey was performed, which was normally the 

case, plain averages were calculated between the surveys and raised by the area of the respective basin 
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with water depths >60 m. Integrated larval abundance values were investigated for their association with cod 

recruitment at age 0 as output of the MSVPA (ICES 2001c) and recruitment at age 2 as output of the regular 

stock assessment (ICES, 2002). Based on the results of the coupled tropho-/hydrodynamic modeling 

approach (Hinrichsen et al., 2002b) and the extended exploratory analysis conducted (Köster et al., 2002b), 

prey availability (the product of Pseudocalanus elongatus abundances and turbulent velocity) was additional 

added as a variable in the final statistical relationships between larval abundance and recruitment. 

The final statistical model predicting recruitment at age 2 was fitted to data covering the period 1974-1994, 

with some missing years in which no zooplankton has been sampled, while the remaining years were utilized 

to investigate the model performance by predicting recruitment in comparison to the observed values 

(assessment output, ICES, 2002). 

Recruitment ate age 2 predictions for year-classes 1995-1999 were than utilized in short-term predictions as 

conducted by the Baltic Fisheries Assessment WG in 1997 to 2000 (ICES 1997, 1998c, 1999a and 2000) 

predicting the yield in 1998 to2001 and the spawning stock biomass in 1999-2002 (with the recruitment in 

2002 assumed to be equal to 2001). All other input to the short-term predictions was kept constant according 

to the input used by the WG. Comparison with the latest assessment output (ICES 2000) allowed a judgment 

which procedure performed better, predicting recruitment from larval/environmental surveys or as performed 

by the WG from bottom trawl surveys by regressing the survey abundance indices against VPA estimates 

with the RCT3 programme, sometimes down adjusted to the geometric mean for a number of years when the 

estimate was felt to be too high, e.g. see ICES (2000). 

 

Results 

Larval abundance and recruitment at age 0 are significantly related in Subdivision 25 and 26, but not in 28 

also when utilizing the prolonged recruitment time series from 1974-1999. However, also in Subdivision 25 

the explained variation in recruitment is low (r2=0.21). Introducing prey availability in terms of turbulent 

velocity times Pseudocalanus nauplii abundance as an additional variable into a multiple linear regression 

does improve the fit of the model considerably, however, the larval abundance not being significant. A similar 

result is revealed for Subdivision 28, while in Subdivision 26 both variables are highly significant explaining 

67% of the variability in recruitment. 

In contrast integrating over the entire Central Baltic revealed a highly significant relationship between larval 

abundance and recruitment at age 2 over the period 1970 to 1999 (r2=0.46). If adding prey availability as 

variable the explained variation increased to 72% (plarvae=0.002 and pprey availability=<0.001). The time series of 

both variables are presented in Fig. 6.2.1. Shortening the time series to encompass 1974 to 1994 and 

predicting the recruitment in 1970 to 1973 (with 1971 prey availability data missing) and 1995-1999 allowed 

to test the predictive capabilities of the model explaining 68% of the variability in recruitment (Fig. 6.2.2). 

While the first period is characterized by relatively high recruitment, the latter period exhibits low recruitment. 

The model was able to predict the general trends in recruitment, but predicts consistently to low values in the 

beginning and at the end of the time series (Fig. 6.2.3). Especially in 1972 and 1973, the observed 

recruitment is outside of the 95% confidence limits of the predicted means. During the period of declining 

recruitment from 1984-1990, the predicted recruitment is always higher than the observed, indicating other 

factors affecting larval survival. 
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Application of the recruitment – larval abundance/environmental relationship to predict recruitment in short-

term stock and catch predictions repeating the forecast procedure conducted by the Baltic Fisheries 

Assessment WG in 1997-2000 resulted in 4-11% lower catches predicted for the forthcoming year and 7-

19% SSB values at the end of the prediction year/beginning of the next year (Fig. 6.2.4). Compared with the 

real stock development assumed to be represented by the latest assessment in 2002 (ICES 2002) shows 

clearly that the applied new procedure predicts both yield and SSB better than the standard procedure 

adopted by the WG. 

 

Discussion 

The fact that the spatially aggregated larval abundance is significantly related to recruitment estimates for 

the entire stock, also if considering age-group 0 and 1 from the MSVPA, but not really in each Subdivision, 

may indicate that larval abundance estimates in each basin are affected by drift out of the survey area (Voss 

and Hinrichsen, 2002). The spatially integrated abundance values appear to be more stable measures in this 

respect. 

Comparing the recruitment values as predicted by the WG and observed values from the latest assessment 

output, revealed that in three out of four cases the recruitment estimate by the WG was much too optimistic 

(Tab. 6.2.1). The only exception is the last year, which is a rather uncertain estimate from the latest 

assessment (ICES 2002). In contrast, the recruitment predicted from larval abundance was always 

underestimated (Tab. 6.2.1). 

Applying this underestimated recruitment in a short-term prediction in which the most recent stock estimate 

from the XSA is likely to be overestimated, as can be inferred from the retrospective analysis conducted by 

ICES (2000, 2001a and 2002), results in catch and SSB values being closer to reality than applying 

overestimated stock sizes and overestimated recruitment estimates. Specifically, if there is a retrospective 

pattern in the stock assessment consistently overestimating stock sizes in a period of declining stock 

abundance, recruitment from the RCT3 procedure tends to be overestimated as well. Application of 

independent information may be of advantage in such a situation. However, this does not necessarily mean 

that the larval abundance based routine would perform better than a stock assessment without this 

retrospective pattern or in periods of increasing stock sizes and reveres retrospective pattern. 

On the other hand, deriving recruitment at age 2 from a bottom trawl survey in the year of the assessment 

leaves next years recruitment, i.e. during the prediction year, largely to be an assumption. Assuming an 

average recruitment is especially in times of high variability in reproductive success a critical procedure and 

will affect the SSB at the beginning of the year following the main prediction year significantly, as age-group 

3 is already to 32-60% sexually mature. Here the larval abundance gives one more year lead time for the 

predictions. This could in principal also be achieved with a bottom trawl survey covering age-group 1 in a 

representative way. 

Recruitment for the year preceding the prediction year, in the case of the Baltic cod stock originated from 

spawning in the assessment year, can due to the timing of the WG meeting before the spawning season not 

be predicted by larval surveys. The impact of this year-class on the prediction of the SSB is, however, 

relatively restricted, as individuals at age 2 are only to 8-27% sexually mature. A prediction may, however, 

be performed on basis of the potential egg production by the stock and major environmental conditions 

affecting early life stage survival (see above) measured during pre-spawning times. 
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Temperature sensitive recruitment models for sprat 

Introduction 

The analyses in the precious Subtask indicate that sprat recruitment can be predicted using spring water 

temperatures and other climate-related variables (MacKenzie and Köster, 2002, Fig. 6.2.5). However it is 

useful to know how accurate these predictions are, particularly in comparison with other methods of 

prediction.  We therefore retrospectively compared the quality of the predictions with those made by ICES for 

the commercial sprat fishing industry in the Baltic Sea.  

The predictions made by ICES are presently based on the geometric mean recruitment during the past 10 

years (ICES, 2001a). Scientific knowledge of ecological processes affecting recruitment has previously been 

too uncertain to be used for these predictions (SAP, 2001; ICES 2001a). This situation may no longer be 

true, particularly if quantitative temperature-based forecasts are more reliable than those obtained using 

present methodology. We checked this possibility by conducting a retrospective analysis of the ability of both 

the ICES working group procedure and the environmental relationships to predict recruitment.   

 

Material and Methods 

Present ICES practice uses the geometric mean of the past 10 years of recruitment as a prediction (ICES, 

2001a). We recalculated these predictions for each year in the assessment time series starting with the 1983 

yearclass (i.e., the time series begins in 1973 and we used the years 1973-1982 to predict log recruitment for 

1983). This process was repeated for all years in the time series up to the 1999 yearclass by advancing the 

10-year averaging window forward one year at a time.   

We next used our temperature time series to derive a separate time series of predictions. For these 

predictions, we first derived new relationships between temperature and log recruitment for the years which 

were available up to, but excluding, the year for which prediction was being made. That is, we derived a 

temperature – log recruitment model for years 1973-1982 and used this model to estimate log recruitment for 

1983. This process was repeated the next year by including the following year’s (1983) temperature and 

recruitment data and developing a new model to predict log recruitment in the coming year (1984). This 

procedure was repeated for all years in the time series and ensured that recruitment for the prediction 

yearclass was excluded from the data set used to derive the model.  In this way, the predictions were 

produced using the recruitment and environmental information from all years available to a typical 

assessment working group. 

The three time series of recruitment (observed + 2 series of predictions) could then be used for comparisons. 

For each year from 1983-1999, we calculated the differences between the observed log recruitment and 

predicted log recruitment, as derived using (a) the 10-year mean and (b) a temperature – log recruitment 

model.  The difference between the observed and predicted log recruitment is the prediction error and should 

be as small as possible. The mean square error is a measure of the uncertainty of the predictions.  We 

calculated prediction error and uncertainty for both sets of predictions. We repeated the entire analysis with 

both the ice cover and North Atlantic Oscillation data and found similar results.   
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Results 

We found that environmentally-based recruitment forecasts were both closer to the observed values and less 

variable (smaller mean square error, MSE) than the ICES-derived predictions based on the 10-year 

geometric mean (e. g., error was 0.10 and 0.20 for respectively the temperature-based and ICES 

predictions, and MSE was 0.56 and 0.81; Fig. 6.2.6). This result was consistent regardless of which of three 

temperature-related environmental variables was used in the prediction. In all cases, the environmental 

variables outperformed the existing technology. 

 

Discussion 

A quantitative analysis of the quality of predictions made by ICES working group procedures and by 

environmental-recruitment regression models has been conducted. This comparison showed that the 

temperature – based predictions were less biased (smaller error) and were more certain than those derived 

using ICES’ procedures based on the 10-year mean. 

Since the models used to derive the predictions were very simple, it is likely that models including additional 

variables or variables more appropriately configured to sprat feeding, growth, maturation and egg/larval 

production would give even better predictions than those obtained here.   

Our results using relatively simple environmental variables that represent complicated biological and 

oceanographic processes could potentially be useful when making short-term predictions of both sprat 

recruitment (MacKenzie and Köster 2002). The findings also contribute to the information base that new 

interdisciplinary and process-based approaches to fisheries assessment and management are now capable 

of assimilating (Caddy, 1999).   

 

Sensitivity of predictions for assumptions of mean weight at age for cod 

Introduction 

Normally we assume that samples of the caught population represent the uncaught population. This may not 

be the case if the catch is size selected because of gear, season (e.g. catch all taken at end of year) or 

geography (size at age varies geographically). However if these biases do not change from year to year then 

the relative dynamics should be captured nevertheless. Since growth rate depends on temperature, food, 

maturity  and other variables, it may eventually be possible to improve the estimates of future weight at age 

by prediction of cohort specific growth rates. 

The short term prediction are sensitive for assumption of the mean weight at age in the catch as well as in 

the stock. A normal practice is to use mean weight at age for last 3 observation years, but it has been shown 

that this assumption does not hold for all cases, because these "previous year" estimates are not based on 

following the same cohort. A number at age analogy would be to estimate future number of four year olds 

from the present number of four year olds or an average of the last three years. The rationale for doing this is 

presumably empirical i.e. it gives a good prediction in practice. There seems no other obvious rationale for 

basing the prediction of future weight at age of a cohort on the previous weight at age of one or more 

different cohorts. 
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Material and Methods 

The basic data required for routine short term catch prediction are: 

1) Starting population numbers and relative fishing mortalities derived from catch-at-age analysis. 

2) Estimates of weights at age for catch and stock, natural mortality, maturity at age etc. derived from the 

input data to the catch-at-age analysis. 

3) Estimates of recruitment during the prediction period, which may be available from pre-recruit surveys 

or above recruitment prediction methodology. 

In addition, information on catch at age and weight at age by fleet/category will be necessary if the forecast 

is to be disaggregated by fleet/category. Most of the required data are available in ICES Assessment Data 

Base and they are usually used as input to or output from the catch-at-age analysis. The ICES Workshop on 

Standard Assessment Tools for Working Groups (1999a) has stated that the high degree of complexity 

required for catch predictions for some stocks, for example North Sea Herring, in which different catch 

constraints are applied to different fleets, is usually and normally not really required and the standard 

prediction should run for at least one year ahead, with or without a TAC constraint, on the basis of a single 

option prediction for the intermediate year, followed by a range of options for the prediction year, and the 

resultant estimates of SSB. 

For eastern Baltic cod stock we have analyzed the sensitivity of predictions to assumptions of the range of 

years to be used for mean weight at age input in short term predictions. In the analysis we used data from 

last year (i.e. year 2001 observations for both weight in the stock and weight in the catch), last 2 years 

average (2000-2001), last 3 years average (1999-2001), last 5 years average (1997-2001) and finally last 10 

years average (1992-2001). 

 

Results 

The results presented in Tab. 6.2.2 and Fig. 6.2.7 demonstrate that the short term predictions are very 

sensitive to the assumption of the mean weight at age in the future. The increase in yield is at maximum 

about 13 % and in SBB about 32 %. In general the longer the year range used in short term predictions the 

higher are yields and SSB. This is a result of decreasing mean weight at age of cod in the catch and in the 

stock in recent years as shown in Figs. 6.2.8 and 6.2.9. Especially the decrease is substantial in most 

important age groups in the catch and in the stock i.e. age groups 3-6. 

 

Discussion 

However the analysis does not tell anything about the magnitude of the improvement of catch forecasts 

which a change in the range of years used will bring about. There are reasons to assume that in this case 

the improvement may be important because of the large changes in predicted yield and spawning stock 

biomass. This is not, however a justification for not carrying on using "previous 3 year" method, nor for 

neglecting the science required to improve such forecasts. 
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6.3 Incorporate recruitment models into stochastic single- and multi-species 
medium-term stock prediction models 

The objectives of this subtask was to develop stochastic medium-term stock and catch predictions by 

incorporation of recruitment models developed under Task 6.1. A review of processes to be incorporated into 

medium- to long-term stock projections has identified a series of variables affecting growth, maturation and 

egg production, early and juvenile life stage survival and subsequent recruitment. As a first activity the 

feasibility of an implementation of identified relationships to estimate input variables into medium- to long-

term projections, as well as shortcomings in our understanding and/or limits of predictability hampering the 

incorporation in regular stock projections in foreseeable future are addressed. 

Medium- to long-term projections in contrast to short-term predictions depend heavily on the recruitment 

model employed (e.g. Gislason 1993). In ICES standard projections, recruitment is in general modelled via 

traditional stock-recruitment relationships. Given that recruitment depends on a combination of 

environmental conditions, spawning stock characteristics and species interactions, it can be expected that 

the predictive power of this approach is limited. Consequently, recruitment models need to be expanded to 

incorporate most important processes affecting the reproductive success. Among the factors and processes 

to be considered are: i) size, structure and condition of the spawning stock and its viable egg production, ii) 

temporal and spatial distribution of spawning effort, iii) impact of physical/chemical conditions on fertilisation, 

egg development, hatching success and larval survival, iv) food availability for larvae and juveniles in terms 

of quantity and quality, and v) predation pressure on all juvenile life stages. In order to do this, we are faced 

immediately with two major problems: Various combinations of processes act in different species and even 

between different stocks of one species. Thus, sound conceptual models of the effects of processes are 

required for each stock. Secondly, changes in major environmental conditions may prove to be impossible to 

predict, even a generation time ahead, leading to the conclusion that stochastic approaches may be the only 

way to proceed. However, if major changes in the environment are likely to happen, e.g. environmentally 

driven regime shifts (Beamish et al. 1999), or if typical cycles or general trends can be identified and the 

impact on specific important processes has been resolved, modelling of corresponding scenarios appears to 

be important. 

In fish stocks exposed at times to adverse abiotic environmental conditions and/or suffering from highly 

variable food supply (i.e. depend on single or few fluctuating prey species), egg production may be highly 

variable, largely independent of the size of the spawning stock. Thus, the spawning stock biomass as input 

parameter for stock-recruitment relationships should be replaced by the potential egg production as a 

function of stock size and structure, utilising relationships between growth, maturation rates and fecundity, all 

coupled to environmental conditions and/or food supply. In case of limited databases, proxies closely related 

to the viable egg production may be utilised instead of the estimated populations egg production. If strong 

relationships exist to major prey species, for which regularly assessments and predictions are conducted, 

existing multispecies forecast models may be modified to include identified processes. 

If the reproductive potential of a stock is substantially affected by fluctuating abiotic environmental 

conditions, any prediction is limited to a time frame of years equivalent to the recruiting age plus one year at 

best, while long-term forecasts are restricted to scenario modelling, assuming trends in specific 

environmental conditions, empirical cycles or random variation. 



Final Consolidated Report  Task 6 
 

 514 

In addition to the quantity, also the quality of the egg production may be modelled as a function of size/age 

structure of the spawning stock, spawning experience and nutritional condition of the spawning stock. Atresia 

is a commonly observed process in fish, which is linked to the nutritional condition of the females. The 

intensity and thus the impact on the realised egg production is in general not well understood and need to be 

studied in more detail. Exceptions, however, exist and information on atresia has also been used as 

qualitative information in recruitment predictions (e.g. Cape anchovy, see Painting and Korrûbel 1998). 

Temporal and spatial distribution of spawning activity, defining the environmental conditions faced by 

offspring, is related to an endogenous cycle, to environmental conditions during the period of oocyte ripening 

and to habitat preferences of the spawning fish. These processes are in principal understood for a number of 

fish species, but they have hardly been utilised in any stock predictions. 

Fertilisation success may vary according to physical/chemical conditions on spawning grounds, first of all 

ambient salinity in estuarine systems. The impact of nutritional status and spawning experience on sperm 

quality appears to be more limited, and evidence suggesting the necessity of inclusion in recruitment models 

does not exist.  

For egg and early larval survival, temperature may be especially important to consider in northern or 

southern areas of the distribution range, while salinity and oxygen cause problems mainly in stratified 

systems. Based on established relationships between physical factors and developmental/survival rates, 

considering information on temporal/spatial distribution of spawning activity, survival until the larval stage 

may be hindcasted and also predicted given that the environmental conditions are known. 

Predation mortality on early life stages is in general not well understood and will hamper predictions if a 

substantial and variable impact on survival rates occurs. There is a clear necessity of substantial research 

input, especially with respect to the functional response of predators and the role of temporal/spatial overlap 

between predator and prey under varying environmental forcing conditions. For larger juveniles the 

traditional multispecies prediction models offer the possibility to forecast abundance and predation mortality, 

given that major predators are incorporated in the model and environmental variability does not seriously 

affect the functional response implemented, an assumption which remains to be tested. 

Hatching success and larval activity are again coupled to the quality of spawning products, but also to abiotic 

environmental conditions during incubation. Larval feeding success is dependent on larval activity and the 

quantity and quality of available food as well as abiotic environmental conditions affecting capture success 

(e.g. turbulence, temperature). Although this area has been a focus of recruitment research for the last 

decades, the complex interplay between various trophodynamic processes at lower trophic levels and abiotic 

environmental variability made it difficult to develop hindcasting or even prediction models. Advances in 

hydrodynamic modelling and increased capabilities to include larvae as “intelligent” tracers into the models, 

and to generate at the same time the abiotic environment are major steps to hindcast distribution pattern, 

identify potential and actual nursery areas and describe conditions that lead to survival success. 

The implementation of advanced coupled hydro- and trophodynamic models considering besides different 

early life stages, the temporal and spatial heterogeneity in the dynamics of food availability and spatial 

overlap to predators are major future steps in modelling recruitment processes. These models allow to test 

suggested environmental indices and to develop new indices to be used as proxies for survival probability 

(e.g. upwelling indices, transport rates, temperature, zooplankton abundance). However, their predictive time 

frame will be limited by our ability to forecast large-scale atmospheric forcing conditions, with response times 



Final Consolidated Report  Task 6 
 

 515 

in ocean characteristics being in the best cases some months. Thus application in long-term projections will 

be restricted to scenario modelling approaches. 

The distribution of juveniles is not only affected by advection/retention to/in nursery areas, but also by an 

increasing activity range with increasing size/age. Thus, the impact of habitat preferences and environmental 

threshold values will increasingly affect the distribution of the recruits similar to adult fish. Changing 

behaviour in response to environmental variability will affect catchability of commercial fishing gears and may 

thus violate the relationship between fishing effort and fishing mortality, which has impact on the use of effort 

restrictions as a fisheries management measure. Furthermore, changes in behaviour and distribution will 

most likely affect the exploitation pattern, usually assumed to be constant over the prediction period. 

 

Medium-term projections for Baltic cod incorporating environmental effects on recruitment 

Introduction 

Medium-term projections were run to represent a ten-year period starting at the beginning of 2001. Five 

hundred simulations were run for each scenario, where a scenario consisted of an assumed level of fishing 

mortality and an assumed sequence of environmental variation. The results are summarised in terms of the 

percentile distributions from these replicate runs in order to give a probabilistic summary of the possible 

outcomes. 

 

Material and Methods 

Population numbers and recruitment  

Population numbers at ages three and older at the start of the projection period are drawn randomly from 

log-normal distributions were the mean value is the XSA estimate of survivors at that age from the 

assessment in ICES (2001), and the variance is the associated variance of that estimate. Numbers at age 2 

in 2001 and 2002 are drawn at random from a log-normal distribution with the mean taken as the geometric 

mean recruitment value over the last ten years, and the variance based on the observed variance in 

recruitment over this period. The use of a geometric mean, rather than a value based on a stock-recruitment 

model for these years is intended to represent the fact that empirical observations such as survey indices 

may be available for these year-classes so in practice estimates would be based on these observations and 

not on a model. Recruitment estimates for subsequent years are drawn from the stock-environment-

recruitment model summarised in Task 6.1. 

 

Fishing Mortality 

The exploitation pattern assumed for the projections is based on an average over the estimates of fishing 

mortality at age for the three most recent years (1998 to 2000) taken from the assessment in ICES (2001). 

This is not scaled to the point estimate of mean fishing mortality in the most recent year, resulting in a mean 

F (ages 4 to 7) of 1.07, which is used as F-status quo. For the projections, fishing mortality is assumed 

unchanged for the first year of the projection (as the projections would normally be run during that year, by 

which time any management actions for that year have already been established) then changed for all 
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subsequent years by multiplying the exploitation pattern by a fixed F-multiplier to generate the required value 

of mean fishing mortality. 

 

Weight at Age and Maturity 

Estimates of weight at age in the catch at the youngest age are derived by randomly selecting a mean value 

from the observed values at that age over the last three years. For older ages the procedure is to randomly 

select a growth increment at the appropriate age from the last three years and add this to the most recent 

observation or estimate of the weight at age of the relevant year-class. The choice of a three-year rather 

than e.g. a ten-year period was made due to apparently reduced growth rates in this stock in recent years, 

see Task 1.2. Weights at age in the stock are derived from the weights at age in the catch using the mean 

ratio between stock and catch weights at age over the last ten years. Estimates of maturity at age are 

derived from the estimated catch weights at age using a sigmoid relationship between catch weight and 

maturity fitted to the observed data. 

 

Spawning Stock Biomass 

Spawning stock biomass estimates are calculated at the beginning of each year. This reflects the 

management context of the projections rather than biological reality, as management takes place on an 

annual cycle, and SSB is used as measure of the performance of the management at the end of each year. 

This is also consistent with the assumptions made in fitting the stock-environment-recruitment model. The 

distribution of the spawning stock between the spawning basins, and the relative productivity of spawning in 

the different areas are assumed to be the same as in the most recent years for which observations are 

available. 

 

Projection Scenarios 

Twelve projection scenarios were run, reflecting the combination of the three fishing mortality scenarios 

detailed in Task 6.1, i.e. FSQ, FPA and 0.5xFPA with four environment scenarios. The four environmental 

scenarios are all based on the observed sequence of environmental conditions, in terms of oxygen and food 

availability. Three of the scenarios take a fixed starting year and assume the same sequence of 

environmental conditions as were actually observed from that year onward. The fourth scenario takes the 

environmental conditions as a random variable by assuming a randomly chosen starting year for each run. 

This represents the situation where no assumptions are made about the future environment except that the 

possible conditions, and the way they change from year to year, are within the range of previous 

observations. In all cases if the starting year is less than ten years from the end of the observations, the 

sequence of environmental conditions is assumed to start again from the beginning of the series. The 

starting years assumed for the fixed-year scenarios were as follows : 

1993 : Corresponding to a period of reduced oxygen and low food availability  

1976 : Corresponding to the highest observed productivity – high oxygen and food availability 

1986 : Corresponding to a cold winter but without a significant inflow. 
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Results 

The results from the individual scenario runs are given in Figures 6.3.1 to 6.3.12. These are presented in 

terms of the median (50-percentile) and the 25 and 75 percentiles from the 500 simulations which were run 

for each scenario. The 50-percentiles of SSB and recruitment are compared environment scenario in Figures 

6.3.13 and 6.3.14; and by F-scenario in Figures 6.3.15 and 6.3.16. 

 

Discussion 

Recent work on medium–term projections has taken place under the auspices of an EC Concerted Action 

(PL98-4231), and of the ICES Study Group on the Incorporation of Process Information in Stock-Recruitment 

Models (ICES, 2002b). As part of the former, Patterson et al (2000) tested the performance of three methods 

used within ICES to make medium-term projections and hence to make probabilistic statements about the 

likely outcomes of fishery management actions. Using data for a large number of stocks they ran 

retrospective assessments removing the most recent eight years of data then projected forward for five 

years, then compared the distribution of the outcomes from the projections with ‘the truth’ as estimated by an 

assessment using all data. They found that all methods tended to under-estimate the true uncertainty in the 

system, and further that some methods had a tendency to over-estimate the resultant SSB.     

In relation to this result, Patterson et al (2000) note that : “We have not yet explored why the estimated 

uncertainty fails adequately to characterise real uncertainty in future stock  sizes. This is a complex issue, as 

there is a large number of conditioning assumptions underlying each stock assessment, and it may be the 

case that a different conditioning assumptions may be inappropriate in different cases. It is also possible that 

factors exogenous to single-species assessment models may not be represented adequately in the 

stochastic simulation processes, such as long-term climatic effects introducing autocorrelations, multispecies 

effects introducing ecosystem changes, or data biases caused by inadequate catch reporting. However, it is 

extremely difficult to identify case-specific effects because of the few observations on any specific case.” 

The inclusion of environmental effects in medium-term projections for Baltic cod is an attempt to address one 

of the possible limitations in the methodology noted by Patterson et al (2000). In conventional medium-term 

projections, it is assumed that any environmental effects can be regarded as random noise around a fixed 

stock-recruitment model. Hence there is an implicit assumption that the environment will remain the same 

during the projection period as it has been during the period for which stock-recruitment observations are 

available. With the methodology investigated here, the assumptions about future environment are made 

explicit. Even though it may not be possible to predict future environmental conditions with any degree of 

precision, it is nonetheless instructive to investigate the possible stock development under various possible 

environmental scenarios. In this respect, it is notable that scenarios run where environmental variation has in 

effect been incorporated as part of the random variation in the system (Figures 6.3.4, 6.3.8 and 6.3.12) lead 

to much higher uncertainty around the projections than under the fixed environment scenarios. Based on the 

results of Patterson et al (2000) these higher estimates of uncertainty are likely to be more realistic, but it 

would be instructive to investigate this further using the cross-validation approach developed by Patterson et 

al. 

The inclusion of environmental factors in medium-term projections allows some inferences to be drawn about 

the current management plan for the fishery. Under the precautionary approach to fishery management, 
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fishing mortality on this stock should be kept at or below the precautionary value (FPA) of 0.6. In addition, 

management should also aim to keep the SSB above BPA, i.e. 240,000t. With the approach to medium-term 

projections employed here, there is explicit acknowledgement that SSB is not the only contributing factor to 

recruitment; a situation which has implications for SSB-based reference points and which is discussed 

further in Task 6.4. Nonetheless, it is clearly desirable that any management should seek to increase SSB 

from its current very low level. In this respect, it is notable that under certain environmental scenarios, even 

reduction of fishing mortality to FPA is not sufficient to ensure at least a 50% probability that the spawning 

stock will increase. This perhaps implies that FPA should ideally be reduced to below the existing value of 0.6 

for this stock, although some increase in SSB is apparent at FPA in the scenario where environment is 

random. In contrast, only under exceptional environmental conditions will any increase in SSB occur if the 

stock continues to be exploited at the current level of fishing mortality. 

 

Medium- term predictions for sprat utilizing temperature sensitive stock recruitment relationships 

Introduction 

ICES (2001a) routinely produces for management authorities 10-year medium- to long-term projections of 

population abundance for a large number of fish populations, including sprat in the Baltic Sea. These 

projections are produced during annual assessments of stock status and use existing knowledge of fish 

biology (e. g., growth, mortality, maturation rates, recruitment) and fishing mortality rates as inputs to the 

calculations. Because variations in fish biology in the future are unknown and cannot presently be predicted, 

the biological inputs assume mean values with random variation based on historical data. As a result the 

biological inputs represent the overall biological response to average environmental conditions observed in 

the recent past. In the case of sprat, the projections assume no functional relationships between any of the 

key biological variables and abiotic factors; hence the effects of climate variability on stock development 

cannot be simulated. Nevertheless major changes in ecosystem structure and functioning occur and are 

known as “regime shifts”, also in the Baltic, see Task 6.1 (Köster et al. 2002b). In such instances it is useful 

to know how a fish population will react (e. g., increase vs. decrease, or whether the population might fall 

below pre-defined critical levels) during a different regime and under different levels of exploitation. 

Notably one of the major uncertainties in projections of fish population development is a functional 

relationship between recruitment and any other variable, including spawner biomass and environmental 

factors. In the absence of a functional relationship, assessment working groups often must assume a mean 

recruitment with random variability, or a highly uncertain relationship (i.e. one which explains little variation) 

between spawner biomass and recruitment. As a result, projections based on these inputs are also highly 

uncertain. 

We have observed that recruitment for sprat in the Baltic Sea has co-varied with temperature for at least 45 

years (see Task 6.1, MacKenzie and Köster 2002). We incorporated our temperature-recruitment 

relationship into a population projection model used by the assessment working group (ICES 2001a) and 

calculated the expected spawner biomass trend for the next 10 years. In addition, we estimated the 

probability for different temperature and exploitation scenarios that the spawning biomass would fall below 

the level which would require ICES to recommend major reductions in fishing quotas, i.e. the “precautionary 

approach biomass” (BPA (ICES 1998d)).  
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Material and methods 

The projections performed used the same assumptions of sprat biology (e.g. growth, maturity, natural 

mortality rates) and exploitation as used by ICES when making stock projections as part of its routine stock 

assessment procedures (ICES 2001a). The only modifications we made involved the functions used to 

generate recruitment estimates. Natural mortality rates were age-specific and derived from a multi-species 

virtual population analysis (MSVPA) which calculates sprat mortality rates due to predation by cod (see Task 

5.2). These rates were assumed constant throughout the projection period to be consistent with ICES 

assessment practice (ICES 2001a). The applied exploitation pattern used age-specific fishing mortality rates 

for the years 1998-2000 (ICES 2001a).  The projections assumed random variation associated with initial 

estimates of age-specific sprat abundance as derived from VPA (ICES 2001a). Calculations also assumed 

that growth rates were variable by allowing weights-at-age to vary randomly within ranges observed in 

historical data (ICES 200a1). The ICES projection used a Beverton-Holt stock recruitment model to derive 

recruitment estimates; the model does not explain significant variation and no environmental forcing was 

included in this projection. 

We conducted six series of projections to explore how stock development might react to changes in 

temperature (3 levels; cold, average and warm) and exploitation (i.e., status quo and 1.2 * status quo). The 

higher exploitation rate corresponds to the “precautionary fishing mortality” (FPA (ICES 1998d)) and enables 

us to evaluate whether a sustainable stock development is possible under different environmental scenarios. 

The simulations of stock development for all scenarios were repeated 200 times to generate distributions of 

spawner biomass, recruitment and fishing yield. These distributions used the random variations associated 

with the temperature-recruitment-spawner biomass functions (see below) and other inputs (e. g. growth) to 

generate realistic levels of recruitment variability. Based on the computed spawner biomass distributions we 

estimated several percentiles to examine the probability that spawner biomass would fall below BPA for 

different temperature and exploitation scenarios. 

We chose to include in our stock projections a functional relationship between recruitment, spawner biomass 

and environmental variability, even though a statistical analyses (see Task 6.1, MacKenzie and Köster 2002) 

indicated only a small and usually insignificant effect of spawner biomass on recruitment for our data. The 

type of relationship we used (see below) can represent stock dynamics at low spawner biomass levels, 

should certain combinations of exploitation and environmental variability cause the simulated population to 

fall to low levels. We emphasize that our environmentally-based models of recruitment (see Task 6.1, Table 

6.1.4 and 6.1.5) may not apply in situations where spawner biomass is lower than that observed in our time 

series. Thus, we assumed a piecewise spawner biomass - recruitment relationship in which recruitment for S 

> Scrit and S < Scrit had two different functions. Recent simulation studies with real spawner biomass - 

recruitment data for several fish populations show that implementation of a piecewise model (“hockey stick”) 

is acceptable or even preferable to traditional models in cases where stock dynamics at low S are unknown 

or highly uncertain (Barrowman et al. 2000). When S > Scrit, we assumed that recruitment was more strongly 

influenced by environmental variables than by variations in spawner biomass. When S < Scrit, the relationship 

between recruitment and spawner biomass is poorly known because there are few data points in this range. 

We assumed for S < Scrit that recruitment was more strongly influenced by spawner biomass than by 
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environmental variables and that the relationship between the variables is linear. We assumed that 

recruitment increased from 0 to the long-term geometric mean (here labelled Rmax) for the range S < Scrit. 

Since no recruits can be produced if S = 0, the slope A of a line from the origin to Rmax over the range of S < 

Scrit is assumed to be Rmax/Scrit and  

 

Ri = Rmax/Scrit * Si      for Si < Scrit. 

 

We chose Scrit = BPA = 275000 to. Other values could be determined using least-squares (Barrowman et al. 

2000); however BPA is a reasonable choice for our purpose as it assumes impaired recruitment due to low 

spawning stock size.  

Recruitment predictions derived from these functions were configured to include realistic levels of variability. 

This variability was defined on the basis of historical recruitment variability observed under three different 

levels of temperature (i.e., cold, average and warm). Observations indicate that cold and warm periods do 

occur in the Baltic Sea: for example, mean temperatures during 1976-1987 and 1989-1999 were respectively 

2.6 °C (SD = 1.0) and 4.4 °C (SD = 0.9). We ranked our temperature data from coldest to warmest and then 

grouped the data into 3 categories whose means approximated the (1) overall mean temperature (3.7 °C), 

(2) overall mean temperature – 1 SD (2.4 °C), and (3) overall mean temperature + 1 SD (5.0 °C). We 

assigned temperatures to only one category to ensure that each category had a unique set of recruitment-

temperature observations. For each of the 3 subgroups, we estimated the mean and standard deviation of 

log recruitment. The subgroup standard deviations were then used to estimate the variation in recruitment 

expected at different temperatures (Tab. 6.3.1). For example, for S > Scrit and for the mean temperature 

situation (category 2): 

 

R(billions) = exp(4.02 + 0.761) 

 

For S < Scrit and the mean temperature situation (category 2): 

 

R = exp(log Rmax)/275 * S   

   = exp(4.02)/275 * S  (mean log Rmax = 4.02) 

   = 0.202 * S   (billion) 

 

The amount of variation in R associated with this prediction cannot be directly estimated from observed data 

because there are too few observations of S < Scrit (N = 4 of 25). In this case we assumed that the amount of 

variation in R scales with spawner biomass and can be estimated from the observed variation in log R at 

each temperature category. For example, consider temperature category 2, S = 100 and Scrit = Bpa = 275 kt: 

 

sd of log Rs = (sd of log R for temperature categoryi ) * S/Scrit 

 = 0.761 * S/Scrit   

 = 0.277. 

 

Therefore: 
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R(billions)   = [(exp(4.02 + 0.761*S/Scrit)) / Scrit ] * S 

       = [(exp(4.02 + 0.761*100/275)) / 275] * 100 

       = [(exp(4.02 + 0.277)) / 275] * 100 

           = 15.4; 20.2; 26.7  

 

These approximations allow us to estimate the combined effects of temperature and spawning stock 

biomass on recruitment in sprat for a wide range of temperatures and spawner biomasses, including the 

special case S < Scrit where observations are lacking. 

 

Results 

The output from the simulations is summarized in Fig. 6.3.17 and 6.3.18. As might be expected the 

projection for the mean temperature and status quo exploitation is nearly identical to that produced by the 

assessment working group (ICES 2001a) which excluded environmental variability. 

There are three main results. First, we emphasize that should the population be reduced to low spawner 

biomass levels, low recruitment can be expected even if the environment (temperature, ice coverage, NAO) 

is favourable.   

Second, if temperatures remain near the long-term mean, the population has a high probability (> 95%) of 

remaining above BPA, even if exploitation rates increase by 20%. In addition, if mean temperatures in the 

next 10 years were one standard deviation (SD) warmer (i.e. 5.1 °C) than the long-term mean (3.7 °C), 

projected stock size in 2011 would be 60% larger than if temperatures were one SD lower (2.4 °C) than the 

long term mean, if exploitation continued at its current rate (Fig. 6.3.17). We note that the mean temperature 

during the last 10-12 years has been approximately 1 SD above the long-term mean and that periods of 

above normal temperatures therefore can and do occur in the Baltic Sea.   

Third, in a warmer environment (i.e., mean + SD; 5.1 °C) and with current fishing mortality the sprat 

population would likely (> 99.9% probability) remain above the level which requires ICES to recommend 

major reductions in fishing quotas (Fig. 6.3.18). This is not the case if temperatures were to fall to 2.4 °C 

(i.e., mean – SD), particularly if exploitation rates were 20% higher than current levels (i.e., equivalent to a 

precautionary fishing mortality (ICES 2001a), FPA). In this situation, there is a 15% probability that spawner 

biomass will fall below BPA (Fig. 6.3.18, lowest panel).   

 

Discussion 

Our calculations demonstrate how environmental factors can be incorporated into medium-term projection 

methodologies and in situations when functional relationships between spawner biomass and recruitment 

are not evident. The results show the potential for simulating how multi-annual variability in environmental 

conditions and fishing could influence spawner biomass projections. 

In the specific case for sprat, our calculations indicate that there is little likelihood that spawner biomass will 

fall below Bpa in the next 10 years under average or above-average (i.e. mean + 1 standard deviation) 

temperatures and with current fishing mortality rates. This conclusion is a result of the positive influence of 

temperature on recruitment seen over a period of 45 years (see Task 6.1; MacKenzie and Köster, 2002). If 
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temperatures fall to lower levels (ie, mean – 1 standard deviation) and remain low for the next 10 years, the 

probability that spawner biomass will decrease below Bpa increases. This probability rises even further if 

fishing mortality rates equivalent to Fpa are permitted. We note that status quo F is less than Fpa. Thus, our 

calculations suggest that fishing at a precautionary level during a cold environment regime may not be 

sustainable.   

The effects of climate variability on sprat recruitment may have consequences for predator-prey interactions 

among the major fish species in the Baltic Sea. Sprat are predators of cod eggs and can affect cod 

recruitment (see Task 5.1; Köster and Möllmann, 2000a). A warm environment that favours sprat recruitment 

could indirectly suppress cod recruitment, delay cod population recovery and promote a regime shift towards 

clupeid dominance of the Baltic Sea fish community and ecosystem. This situation exists at the present, and 

it is possible that the warm conditions of recent years, along with many other processes, have contributed to 

this shift. 

Knowledge of how the environment affects sprat recruitment can therefore potentially improve both the short-

term (see Task 6.2) and the 10 year projections for the population (i.e. increased probability of foreseeing 

critical stock levels).   

 

Medium- term predictions for cod and sprat using statistical stock-recruitment models 

Introduction 

Based on established GLM stock-recruitment relationships for cod in Subdivision 25 and sprat in Subdivision 

26 (see Task 6.1), medium-term projections were conducted using the ARIMA model predictions of 

environmental variables. The feedback of recruitment on the spawning stock biomass was modelled by a 

GLM with SSB as a function of lagged values of recruitment. 

 

Material and Methods 

The applied principle GLM model identification procedure was as follows: 

• variable selection based on either information criteria such as AIC and/or eliminating insignificant 

parameters/variables (backward elimination) 

• residual diagnostics - checking for autocorrelation- checking for heteroskedasticity- checking for 

multicollinearity- checking for normality 

 

The identified GLM model for cod was as follows: 

 

SSB = 89959758 + 0.04738 x Rt-4 

 

where SSB depends significantly on recruitment values of 4 years back in time. Other dependencies on 

higher lags were insignificant. Residuals of the model appear normally distributed, but the degree of 

explanation was not very high (46%) and the residuals were 1st order autocorrelated. 

 

The GLM model for sprat was as follows: 
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SSB = 238937 - 0.00000102 x R t-6 - 0.00000108 x R t-7 -0.00000106 x R t-8 

 

where SSB depends significantly on recruitment values of 6, 7 and 8 years back. Other dependencies on 

smaller or higher lags were all insignificant. The degree of explanation was relatively high (75%). The 

residuals were not serially correlated (up to the order of 10) and normally distributed. 

 

Medium-term simulations for the period 2000-2009 were conducted by predicting recruitment with 

environmentally sensitive GLM stock recruitment relationships established in Task 6.1. Environmental 

variables, specifically:  

• for cod: nauplii abundance, NAO winter index, oxygen concentrations and temperatures in the 

different water layers as well as water density in the 25-50 m depth layer, 

• for sprat: nauplii abundance, NAO winter index, oxygen concentrations and water densities in upper 

water layers, 

were predicted by ARIMA models (see Task 6.1) for the period 2000-2009. 

 

Results 

The medium-term simulation yielded for cod a steep increase in recruitment from 2000-2003 to historic high 

level, with a subsequent increase in SSB from 2005 onwards (Fig. 6.3.19). For sprat the medium-term 

simulation predicted as well increasing recruitment from 2000 to 2009, however, being in contrast to cod in 

the order of magnitude of historic recruitment variations. Due to the large time lag between recruitment and 

SSB, the SSB development is largely influenced by recruitment in the second half of the 1990’s, thus being 

relatively stable with tendency to decrease at the end of the prediction period (Fig. 6.3.20). 

 

Discussion 

The ARIMA model used to predict environmental variables for the prediction period, forecasted an unrealistic 

increase in temperature in upper water layers of Subdivision 25, resulting in increasing recruitment of cod. 

This resulted with a time lag of four years in a drastic increase in SSB as well not being realistic. For sprat 

the ARIMA input values are more reasonable, with recruitment driven to a considerable degree by changes 

in water density which, however, are not justified by similar changes in temperature and salinity. 

In conclusion, a decoupled autoregressive prediction of physical variables does not lead to realistic 

environmental scenarios and subsequent recruitment. Furthermore, modelling the spawning stock size with a 

GLM model is a short-cut, as methodology exists to predict the SSB development in dependence of 

recruitment, fishing mortality, growth and maturation processes, i.e. the multispecies forecast model 

implemented in 4M programme package (see below). 
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Multispecies medium- to long-term projections using 4M 

Introduction 

The 4M software package (Vinther et al., 2001) was applied in Task 5.2 to run unpdated MSVPAs for the 

Central Baltic covering the period 1974–2000. In the present section results from alternative MSVPA runs 

were used to predict different scenarios of stock and catch development with the forecast mode of 4M 

programme. Emphasis was given to the impact of predatory interactions (cod cannibalism and cod predation 

on clupeids) on future stock dynamics as well as the coherence between precautionary biomass and (Bpa) 

and fishing mortality reference points (Fpa), i.e. does fishing at Fpa lead to Bpa under different recruitment 

scenarios. 

 

Material and Methods 

Based on output from MSVPA runs described under Task 5.2, four projection scenarios were set-up: 

• Food suitabilities as estimated by the MSVPA key-run and status quo fishing mortalities in the 

prediction. Recruitment estimated from a stochastic Ricker SSB-recruitment relationship. 

• Similar to the Key-run, but prediction Fs were scaled to Fpa for the three species. 

• High cod stock: Stomach contetent data from 1977 to 1983 as input to the suitability calculation in an 

alternative MSVPA run. These data contain most of the cod cannibalism observation over the whole 

time series. Recruitment was estimated from a log-normal distribution fitted to data for the period 

1974–1983. 

• Low cod stock: Stomach content data from 1984 to 1993 as input to the suitability calculation. 

Cannibalism observed was rather low. Recruitment was estimated from a log-normal distribution 

fitted to the period 1984–1999. 

Mean weight in the stock and in the catch, residual natural mortalities and quarterly consumption rates were 

treated as constant, applying average values for the period 1996–2000. Status quo fishing mortalities were 

copied from the year 2000 values. All forecast were made for the period 2001–2031, with stochastic 

recruitment, repeated 100 times. 

In the 4M package, stochastic recruitment is implemented by specifying a recruitment model, the parameter 

values used, and the CV of the parameters (ICES1999b). The recruitment model were fitted to MSVPA 

estimated recruits and SSB data from the period 1987 to 1999 for cod, and 1974 to 1999 for sprat and 

herring, using a non-linear fitting routine (SAS proc Nlin). Spawning was assumed to take place in the first 

quarter, and recruits are entering the model at age 0, third quarter.  

 

Results 

The key-run prediction results are presented in  Fig. 6.3.21 For each species the average annual values of 

the 100 predictions of total stock biomass (beginning of the year), the SSB and the yield are given with the 

95% confidence limits. 

At status quo fishing mortality, the biomass and yield of cod and sprat will remain at the present level, while 

the biomass of herring will be reduced by 50% after 30 years due to the relatively high status quo F for 

herring. The prediction using Fpa values yielded an increase recruitment and cod biomass in the first 5–6 
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years, however the SSB remains lower than Bpa (Fig. 6.3.22). Herring biomass will more than double and 

become higher than Bpa during the 30 years prediction mode, due the substantial reduction in fishing 

mortality. Fpa for sprat is higher than status quo F, which in combination with an increasing cod predation 

leads to a declining sprat biomass. 

The periods 1969–1975, 1976–1979 and 1980–1990 differ in major oceanographic characteristics and in cod 

recruitment (see Task 2.3 and 5.2): 

• 1969–1975. The inflows of high-saline waters were intense and short-time stagnation is observed 

below the halocline. The recruitment and biomass of cod were relatively stable. 

• 1976–1983. Oxygen and salinity conditions in the near bottom water layers were favourable for cod 

reproduction. 

• 1984–2000. A period of deep-water stagnation. The biomass of cod reached maximum in the early 

of 1980s and decreased rapidly from 1986. 

Abundant cod generations were observed in 1964, 1967, 1969, 1972, 1976, 1977, 1980 and 1981 (Netzel, 

1974; Lablaika et al., 1975; Plikshs et al., 1993). 

During the period of deep-water stagnation, fishing pressure on cod was constantly high (see Task 5.2). This 

combination had three consequences: 

• a decrease in the predator stock and a concurrent increase in sprat stock size (the major prey 

species of cod, being additionally successfully reproducing see Task 2 and 5.2) and following the 

hypothesis that cannibalism occurs especially in times of limited food availability of preferred prey 

species (e.g. as has been hypothesized for North East Arctic cod by Mehl 1989) a reduction in 

cannibalism, 

• a shift in predators horizontal distribution, i.e. the diminishing of the cod in the Gotland Basin, while 

the remaining stock concentrated in the Bornholm Basin and the Gdansk Deep, where cannibalism 

appears to be be less intense due to limited overlap of predator and prey, as demonstrated within 

CORE (1998), see Uzars and Plikshs (2000), 

• a shift in the vertical distribution of predatory cod to a more pelagic mode of life in and around the 

main Baltic basins, as oxygen conditions were increasingly unfavourable during the stagnation 

period (see Task 1.1), while juvenile cod were probably avoiding these areas, due to the limited food 

supply. 

These considerable changes in the relative distribution of adult cod and their potential prey occurred in 

relation to the decline of the Central Baltic stock may violate the assumption that an average suitability 

coefficient calculated for the entire period reflects the mean relative spatial distribution of predator and prey. 

To elucidate the specific situation for the stomach data and predator stock age structure in the Central Baltic 

Sea, comparative test runs of the MSVPA have been performed previously (CORE 1998, ICES 1999b) and 

repeated with the updated data. The stomach data sets for the comparative runs were: i) high cod stock with 

stomach data from 1977 to 1983 as input to the suitability calculation and ii) low cod stock with stomach data 

from 1984 to 1993 as input to the suitability calculation. 

Mainly the 0-group cod was subject to changing suitability in the different runs. Up to predator age 4 there 

was no major difference, but from age 6 onwards the usage of the 1977–1983 stomach data set generated 

clearly higher suitabilities of 0-group cod as prey (Fig. 6.3.23). The predation mortalities for 0-group cod in 
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the fourth quarter were however by far not as much deviating, as one would expect looking at the large 

differences in the suitability coefficients. Although in 1984 the difference between the two set-ups was about 

40%, the deviation does in general not exceed 20% and from 1987 onwards even not 10% (Fig. 6.3.23). This 

feature of the MSVPA is to a large extent explainable by the development of the age structure of the predator 

stock in the Central Baltic. Cod older than age 5 has always been on a low level. Hence, the ration of the 

total 0-group cod consumed from the predators older than 5 was minor over the whole time series. Since the 

major deviation in prey suitabilities stems from these predator age groups, the deviation in suitabilities is not 

highly influential in the case of Central Baltic cod and the generated predation mortalities were relatively 

stable. 

The “high cod stock” prediction, with a relatively high cod recruitment, but also a high cannibalism level 

shows a remarkable fast increase in the cod biomass (Fig. 6.3.24). The highest cod biomass is achieved in 

the beginning of the prediction period with very few older cod and thereby a limited cannibalism. The effect of 

cod cannibalism cause the oscillations seen for the biomass. With the high recruitment level, the cod 

biomass remains higher than Bpa, even though status quo F is used. The biomass of sprat and herring 

follows the oscillations in the cod biomass due to predation. Herring biomass is slightly reduced, but the cod 

predation diminishes the sprat biomass to approximately one third of the initial value for the prediction. 

In the “low cod stock” prediction (Fig. 6.3.25) cod biomass increases to a slightly higher level than the initial 

level. This is probably a result of a relatively high recruitment for the 1984–1985 year-class, which was 

included in the data used to fit the log-normal distribution of recruits used in the prediction. The biomass of 

herring remains at the initial level for the prediction while the sprat biomass is slightly reduced. 

 

Discussion 

The performed simulation demonstrate that in periods of low reproductive success as apparent for the period 

1987-1999 even a reduction of the fishing pressure to Fpa, which equals 0.65 times Fstatus quo, does not result 

in an SSB reaching Bpa. In fact the long-term average SSB is only marginally above Blim. The option of 

remaining at Fstatus quo yielded a SSB being stable well below Blim, but only slightly reduced catches compared 

to the Fpa option. 

The high and low cod stock scenario projections clearly demonstrated that high recruitment success is a pre-

requisite for an increase in SSB to above Bpa level, independent from the intensive cannibalism associated 

with this scenario. In contrast, the low cod stock scenario resembled the key-run prediction with applied Fpa, 

meaning that this prediction is slightly more optimistic than the key-run under Fstatus quo assumption. This is 

explainable by the reduced cannibalism but also by the different recruitment model used (stochastic Ricker 

fitted to 1987-1999 vs. drawn from log-normal distribution 1984-1999, i.e. including the years 1984-1985 with 

still relatively high recruitment). 

 

Medium-term projections using a multispecies production model 

Introduction 

The multispecies production model developed under the project (see Task 6.1) was used for medium-term 

projections of cod, herring and sprat biomass and catches in the central Baltic (Sub-divisions 25-32). 
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Projections were conducted for a range of fishing mortality options and different assumption on 

environmental conditions, influencing projected recruitment. 

 

Material and methods 

Projections were performed for 2003-2015 using 200 simulations for each option. In 2002 the status quo 

fishing mortality was assumed. To run multispecies projection using developed production model following 

input is required: 

 - initial stock biomass estimates, i.e. biomass values for 2002, 

 - projection of mean weight in the population, w, 

 - recruitment models,  

 - assumed fishing mortality.  

Initial biomasses were taken from the final fit of the multispecies production model. The mean weight, w, in 

the exploited (adult) part of the stock in the projections was determined from the formula 

 wy+1 = By+1/Ny+1= By+1/ (Ry+1 + Byexp(-Zy)/wy), 

where B is biomass, R is recruitment, Z is total mortality, and y stands for year. 

 

Under the task 6.1 linear recruitment models relating year class strength of cod and sprat with spawning 

stock biomass and environmental variables were developed 

 

 Ln Rcod = a SSB + Σ bi Xi, 

and 

 Rsprat = a SSB + Σ bi Xi, 

 

where X’s denote environmental variables (temperature, oxygen, plankton biomass etc.), and a and b’s are 

parameters. An attempt was undertaken to apply these models directly in the projections, however, it 

appeared not to be possible. Statistical GLM stock-recruitment models were fitted to the stock size and 

recruitment estimates from the area disaggregated MSVPA (Task 5.3). These estimates are different from 

and not proportional to the recruitment and stock size estimates in the production model (Task 6.1). An 

attempt was undertaken to fit recruitment models using recruitment data and biomass estimated from 

multispecies production model, and the available environmental variables. It turned out, however, that the 

environmental variables were not significant in such an approach (time series from multispecies production 

model was shorter and area coverage different from those used in fitting the models in Task 6.1).  

It was noticed that the R/Biomass ratio from MSVPA was correlated with Σ bi Xi, which may be treated as an 

index of environmental conditions (Fig. 6.3.26). This relation was used in qualitative way for modeling 

recruitment in multispecies projections by production model. The index of environmental conditions defined 

as 

 

 IE = Σ bi Xi ,  
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was calculated for 1974-1998 and two periods for each species were selected: one with index IE lower than 

its long-term mean, and one with IE higher than that mean. These periods represented unfavourable and 

favourable environmental conditions. Next, averages, r, and standard deviations, sd, of the log(R/Biomass) 

distributions within each of the periods were calculated for cod and sprat. At favourable environmental 

conditions r’s for cod and sprat were 2 and 3 times higher, respectively, than at unfavourable conditions. 

Finally, in the projections recruitment of cod and sprat was modeled as: 

 

 R = exp(r*Biomass + error), 

 

where error is normally distributed random variable with zero mean and standard deviations sd. The 

simulated recruitment was not allowed to exceed maximum observed values. Different combinations of 

environmental conditions for cod and sprat were simulated, resulting in both low, both high, low-high, and 

high-low recruitment.  

In addition, standard stock-recruitment models (Ricker model for cod and Beverton and Holt model for 

herring and sprat) were fitted. These models were used in another series of multispecies medium-term 

projections (traditional approach). Results of projections employing environmental effects in recruitment and 

traditional stock-recruitment relationship were compared.  

The options for fishing mortality in projections included Fpa, Fsq, F0.1 and some other values. The model 

allows for knife-edge selection only, i.e. no exploitation at young ages and constant fishing pattern at older 

ages. Table 6.3.2 presents estimates of Fpa, Fsq, F0.1 coefficients for cod, herring and sprat.  

In the projections apart of uncertainty in recruitment, the stochasticity in the initial biomass estimates and 

growth (anabolism coefficient) were introduced. The standard error of growth parameter was estimated at 

0.8, 0.05, 0.015, for cod, herring and sprat, respectively, based on observed growth variations.   

 

Results 

The summaries of the results are presented in Fig. 6.3.27 for cod and Figs. 6.3.28 – 6.3.29 for sprat. In 

addition, for selected options details of biomass, catch and recruitment distributions are shown in Figs. 

6.3.30 - 6.3.35.  

 

For cod (Fig. 6.3.27) the impact of environmental conditions is well seen for fishing mortality Fsq and Fpa. 

Under favourable environmental conditions the biomass (age 3+, average of last 5 years) is almost twofold 

higher at Fpa than biomass at unfavourable conditions.  Fishing at Fsq leads to extinction of biomass at 

unfavourable environmental conditions but in case of favourable conditions the cod biomass increases 

above Bpa. The biomass and catch at fishing mortality of F0.1 or lower do not depend much on environmental 

conditions as in such a case modeled recruitment very often exceeds the maximum observed value and it is 

truncated to that value. So, for low fishing mortality levels the major difference between cod medium-term 

projections at different environmental conditions is the rate of reaching high levels of biomass. The highest 

catches are obtained at F0.1 for unfavourable environmental conditions, and at Fpa for favourable conditions. 

As it could be expected, the simulations employing standard stock-recruitment relationship project biomass 

and catches in between the results of simulations basing on environmentally driven recruitment.  
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The development of projected biomass and catches of sprat depend on both fishing mortality and 

environmental conditions for sprat and fishing mortality and environmental conditions for cod, feeding on 

sprat in the model. The medium-term effects of different combinations of sprat and cod environmental 

conditions, assuming fishing mortality of cod at Fpa and a range of fishing mortality for sprat, are presented in 

Figs. 6.3.28 – 6.3.29. 

Assuming unfavourable environmental conditions for both cod and sprat, exploitation of sprat at Fpa leads to 

stock extinction. Also sprat status quo fishing mortality results in a low stock size, with 50% probability of 

decreasing below Bpa in medium-term. When cod is fished at Fpa sprat fishing mortality has to be reduced to 

0.2 to be sustainable (Figs. 6.3.28, 6.3.30 – 6.3.32). At Favourable environmental conditions sprat stock 

development changes dramatically. Now even fishing mortality of 0.6 leads in medium-term to high stock 

size and catches (Fig. 6.3.28). As in case of cod the standard stock-recruitment approach gives sprat 

biomass and catch at levels between those obtained by simulations of recruitment at favourable and 

unfavourable environmental conditions (Fig. 6.3.28).  

Assuming good environmental conditions for cod and unfavourable for sprat the sustainable stock size can 

be kept only at very low fishing mortality of sprat. In medium-term at F equal to 0.1 stock biomass 

approaches Bpa at very low catches, and sprat F has to be reduced to 0.05 to give reasonably stable stock 

biomass (Figs. 6.3.29, 6.3.33 – 6.3.34). On the other hand, when environmental conditions for sprat 

spawning are good, the stock can be exploited with high fishing mortality of 0.6, and both biomass and 

catches are maintained at high level (Fig. 6.3.29).   

 

Generally, herring is more resistant to the impact of increasing stock size of cod than sprat, as only younger 

ages suffer from cod predation, which is apparent from the simulations. For example at unfavourable 

environmental conditions for cod and a fishing mortality of cod at Fpa herring biomass starts to increase at F 

of 0.25, while sprat biomass decreased at F of 0.2 and next stabilized at lower biomass level. 

 

Discussion  

Presented medium-term projections should be treated with caution, especially options with favourable cod or 

sprat environmental conditions, as these options very often produced stock sizes at which modeled 

recruitment was higher than the maximum observed. Even if in the model such recruitment was truncated to 

the maximum observed value, it obviously led to unrealistically high stock sizes (e.g. Fig. 6.3.35). When 

stock size increases to high levels one can expect density dependent effects in growth and recruitment 

which are not simulated in the present approach. In addition, the assumption of favourable environmental 

conditions being maintained in medium-term is rather unrealistic (see Task 2.3 and 6.1). It could be rather 

expected alternate unfavourable and favourable environmental conditions, with lower frequency of good 

conditions. Such scenarios can also be simulated, basing on the observed record of environmental 

conditions.  

The analysis was conducted for all combinations of environmental conditions for cod and sprat, i.e. both 

unfavourable, both favourable, and unfavourable-favouravle, favourable-unfavourable. However, the 

parameters of the GLM recruitment models (see Task 6.1) show that for 7 environmental variables used in 
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both cod and sprat models, 5 have coefficients with opposite signs. This may indicate that unfavourable 

environmental conditions for cod mean favourable environmental conditions for sprat and vice versa (see 

also conceptual discussions in Task 6.1). If this is the case the simulations assuming low or high 

environmental conditions for both species should be rejected.  

The presented multispecies predictions based on multispecies production model should be viewed rather as 

an example of application of a new tool, allowing for species interactions and inclusion of environmental 

conditions into recruitment models. The recruitment models and environmental scenarios should be carefully 

discussed and arranged to prevent extreme recruitment values exceeding maximum observed levels before 

the projections could be used for stock management. Also higher number of simulations than performed here 

is recommended (at least 500 per option). At present the major disadvantage of the presented multispecies 

projections model is knife-edge fishing pattern: no fishing at younger ages and constant selection at older 

ages. The advantage of the approach for medium-term projections is its simplicity - the model does not need 

age structure and can be programmed as an easy to use EXCEL spreadsheet. 

 

ECOSIM runs 

Introduction 

In a Ecosim analysis with an equilibrium assumption, the system takes the partial derivatives of the 

differential equations which define Ecosim (dB/dt = f(fishing rate, predation rate, etc.) with regard to fishing 

mortality (dB/dF), and sets these equal zero to identify the biomass values that would result from the 

continued application of the different levels of fishing mortality (F). The analysis was performed by varying F 

for different fleets (in which case the x-axis is a multiplier of its effort) or for different groups (in which case 

the x-axis has the dimension /year). The second question is that what are the potential outcomes of 

management actions in long term? 

 

Material and Methods 

Our approach contains the model for period from 1974 to 2000 and running the model until 2031 under 

various management schemes. In this 30-year forecasts we have analyzed what happens if: 

1. Fisheries is managed by status quo fishing pressure? 

2. Fisheries is managed by precautionary approach manner taken into account agreed long term 

strategies? 

3. Nutrient input is reduced into the Baltic? 

4. Major recovery of seal populations takes place. 

5. Fisheries is managed by a strategy maximizing the profit. 

6. Fisheries of clupeoids is closed because of the dioxin problem? 

7. Enacting several management actions and plans at once? 

 

Results 

In status quo fishing mortality there is a clear increase in sprat biomass and high decrease of Baltic herring 

biomass between 2001-2031 (Fig. 6.3.36). This option will stabilize predator biomass close to the present 
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biomass level. Using precautionary fishing mortality rate, there is a clear decrease in sprat biomass and clear 

increase of Baltic herring biomass between 2001-2031 (Fig. 6.3.37). Also predator (cod) will benefit in this 

option and the biomass of cod will increase close to the high biomass observed in 1980s. 

Reduction of nutrient load and thus reduction of spring and other phytoplankton bloom by 30 % yields lower 

biomass of sprat, Baltic herring and cod (Fig. 6.3.38). The reduction of Baltic herring biomass is substantial, 

because reduction of primary production influence especially Baltic herring recruits and their survival in the 

coastal areas. 

Optimizing fisheries economic output (higher profit) by reducing fishing mortality according to Y/R analysis to 

produce maximum yields indicate that both Baltic cod and Baltic herring will have much higher economic 

output than sprat in the long term (Fig. 6.3.39). 

Assuming clupeoids fishery for human consumption and industrial fishery both closed because of high dioxin 

concentration will yield lower sprat biomass and much higher Baltic herring biomass (Fig. 6.3.40). Because 

of higher prey abundance cod biomass will be about two times higher than present biomass. 

Assuming that precautionary fishing mortality is applied, the primary production is lower than present 

because of lower nutrient load and the seal populations increased resulted in an output which resembles the 

option with precautionary approach although reduced amount of nutrients reduce biomass as well. The effect 

of increased seal population is low for sprat, Baltic herring and cod biomass (Fig. 6.3.41). 

 

Summary 

As a summary of the Ecosim simulations and yield outputs, it can be concluded that: 

· Status quo fishing will not be successful and the exploitation rates should be reduced and 

sustainability evaluated. 

· Lower fishing pressure in general will yield higher SSB, yields and profit in long term 

· Reduction of nutrient load will in general yield lower fish production and thus less fish. 

· The increase of seal populations do not have any significant effects on sprat, Baltic herring and cod 

populations 

· The main driving forces in the Baltic fish food web are cod –herring-sprat interactions 

 

6.4 Determine biological management reference points 

The objectives of the subtask was to determine the sensitivity of various biological reference points to 

environmental conditions for different subsets of the spawning stock-recruitment time series and to evaluate 

the usefulness of the reference points estimated under single- and multi-species conditions.  

When this project was originally specified, the purpose of Task 6.4 was to determine biological management 

reference points. The specification of the project pre-dated the adoption and use of reference points by ICES 

in relation to the precautionary approach to fishery management. As a result of the considerable 

developments in this field, both scientifically and institutionally, since the project was specified, it is not 

considered appropriate to propose revised reference points on the basis of the results of this project. The 

main justification for this is that reference points cannot be established solely on the basis of information on 

the recruitment process, but that a wide variety of other factors also need to be taken into account. 
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The precautionary approach is framed around a rather simple model of stock dynamics, i.e. that there is a 

specific value of spawning biomass below which recruitment is impaired, and that fishing mortality is the only 

external factor which influences the size of the spawning stock. Such a simple approach is open to criticism, 

particularly in view of the information becoming available from process studies conducted in Task 1 to 5. It 

should be noted, however, that the simplicity of this conceptual model has a number of advantages from a 

management perspective. Firstly, the two indicators, SSB and mean fishing mortality, are readily available 

from age-based stock assessments, so their estimation does not require data or modelling beyond what is 

already routine. Secondly, the simplicity also implies a correspondingly simple control rule for management 

action, e.g. ‘If B < Blim, then Take Action’. Thirdly, the implication that SSB is influenced only by fishing 

mortality is often not far from the truth for heavily exploited stocks, with the added justification that fishing 

mortality is usually the only factor influencing SSB which fishery managers can seek to manage. 

Potential criticisms of the conceptual model underlying the ICES implementation of the precautionary 

approach are: firstly there is the implicit assumption that SSB is an adequate measure of the stock’s 

reproductive potential, which is obviously not the case – see Task 1 and 6. Secondly, there is the 

assumption that there is a fixed level of SSB below which recruitment is impaired. This in turn implies that 

recruitment is determined only by reproductive potential; another point which is not consistent with the 

results of process studies conducted under Task 2 to 5. Thirdly, reference points are different in single and 

multispecies contexts. Reference points for fishing mortality based on single species yield and SSB 

calculations are difficult to use when natural mortality depends on the abundance of the predators and their 

alternative prey. For example, multispecies predictions conducted in this task suggest that the cod stock in 

the Baltic should be reduced to a very low level of biomass in order to allow benefit from the higher 

productivity of herring and sprat, its major prey, when considering yield solely in quantity. Such a result 

stresses the need for incorporating socio-economic considerations in the definition of target reference points. 

Management advice based on biomass reference points will also differ. In the single species situation the 

combinations of cod and pelagic fishing effort for which the equilibrium spawning stock biomass of the three 

species is above the biomass reference points forms a rectangular area. When biological interaction is taken 

into account the limits of this area becomes curved. Reference limits for forage fish cannot be defined 

without considering changes in the biomass of their natural predators. Likewise, reference limits for their 

predators cannot be defined without considering changes in the biomass of their prey. 

 

Reference points and ICES 

The implementation of the precautionary approach to fishery management by ICES has involved the 

adoption of precautionary (PA) reference points for as many stocks as possible. These were introduced as 

the basis of ICES advice on fishery management in 1998. As ICES (2001) note, “It is widely felt outside ICES 

that the precautionary reference points and the associated advice were implemented very suddenly and 

without proper preparation, explanation or discussion, whether of the criteria, risks, uncertainties, or the 

implications for catchers. Special attention needs to be given to this aspect in any future revisions or 

developments.” In response to this, and to other criticisms of the ICES implementation of the precautionary 

approach which have focussed particularly on the lack of consistency and transparency in the setting of 

reference points, ICES has instigated a procedure to review all precautionary reference points. A meeting in 
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December 2002, involving stakeholders as well as scientists, will adopt a consistent approach to calculating 

reference point values, then values recalculated using this approach will be reviewed at a second meeting in 

February 2003. It is clear that the need for consistency and transparency in this approach makes it 

inappropriate to propose reference points based only on recruitment process information. 

 

Reference points and process information 

The precautionary approach to fishery management provides the framework for the fishery management 

advice provided by the ICES ACFM. This states that reference points will be stated in terms of biomass and 

fishing mortality rate. These two indicators can be divided into one describing an attribute of the resource 

(biomass) and one describing an attribute of the fishing fleet (fishing mortality). While the two indicators are 

related, it is clear that process information is most relevant to the resource indicator. The use of the two 

indicator scales is summarised in the following extract from the ACFM advice: 

In order for stocks and fisheries exploiting them to be within safe biological limits, there should be a high 

probability that 1) the spawning stock biomass is above the threshold where recruitment is impaired, and 2) 

the fishing mortality is below that which will drive the spawning stock to the biomass threshold, which must 

be avoided. The biomass threshold is defined as Blim (lim stands for limit) and the fishing mortality threshold 

as Flim.  

From this extract, it can be inferred that the ICES implementation of the precautionary approach is framed 

around a rather simple model of stock dynamics, i.e. that there is a specific value of spawning biomass 

below which recruitment is impaired, and that fishing mortality is the only external factor which influences the 

size of the spawning stock. Such a simple approach is open to criticism, particularly in view of the information 

becoming available from process studies (see Task 6.1 for review). Before elaborating on these criticisms 

however, it should be noted that the simplicity of this conceptual model has a number of advantages from a 

management perspective. Firstly, the two indicators, SSB and mean fishing mortality, are readily available 

from age-based stock assessments, so their estimation does not require data or modelling beyond what is 

already routine. Secondly, the simplicity also implies a correspondingly simple control rule for management 

action, e.g. ‘If B < Blim, then Take Action’. Thirdly, the implication that SSB is influenced only by fishing 

mortality is often not far from the truth for heavily exploited stocks, with the added justification that fishing 

mortality is usually the only factor influencing SSB which fishery managers can seek to manage.  

The results from various process studies imply a number of potential criticisms of the conceptual model 

underlying the ICES implementation of the precautionary approach. Firstly there is the implicit assumption 

that SSB is an adequate measure of the stock’s reproductive potential, when there is an increasing amount 

of evidence to indicate that this is not the case – see Task 1.4, 1.5 and 6.1. Secondly, there is the 

assumption that there is a fixed level of SSB (or reproductive potential) below which recruitment is impaired. 

This in turn implies that recruitment is determined only by reproductive potential; another point which is not 

consistent with the results of process studies conducted under Task 2 to 5. These points also have 

implications for the effectiveness of fleet reference points as in cases where stock size is not the only 

important influence on recruitment, a greater reduction in fishing mortality may be required to ensure a given 

probability of stock recovery.  This in turn implies that process studies have implications for both resource 

(biomass) reference points, and fleet (fishing mortality) reference points. 
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Biological reference points for central Baltic cod 

For cod in the Central Baltic (ICES Sub-divisions 25-32) both target and limit reference points have been 

defined with the former (Bpa) corresponding to a spawning stock biomass (SSB) of 240,000 t and the latter 

(Blim) as 160,000 t. Bpa is adopted from the former MBAL estimate derived by a Ricker stock-recruitment 

relationship (1976-1994) as the SSB at which 50% of the maximum recruitment (age-group 2) originate 

(ICES 1996b). Blim is according to ICES (1998c) derived from Bpa * exp(-1.645*σ) with σ being the standard 

error of the biomass estimate from the international bottom trawl survey (ICES 1998c). Spawning stock 

biomass has been determined with a constant maturity ogive (used up to 1997 in the standard assessment) 

and constant weight at age (4-8) for the periods 1976-1982 and 1991-1993 and for age-groups 1-3 over the 

whole period. 

The precautionary fishing mortality (Fpa) has been determined as 0.65 leading to an SSB corresponding to 

the 10% lower fractile of SSB’s above Bpa, based on medium-term simulations conducted by ICES (1998c). 

A Beverton and Holt stock recruitment relationship assuming log normal errors fitted to year-classes 1981-

1995 has been applied in the simulations, thus omitting extraordinary high recruitment originated in 

preceding years. This period selection was justified by changed environmental conditions leading to on 

average lower recruitment in latter period (see CORE 1998). The simulations utilized an average weight at 

age, maturity ogive and exploitation pattern determined for the period 1995-1997 were utilized. This takes 

into account updated maturity ogives, but no trends in weight at age detected for Baltic cod (see Task 1.2). 

Likewise, the skewed sex distribution in the stock is not considered, with an increase in the female proportion 

at increasing age which results in higher egg production by SSB’s consisting of older individuals (see Task 

1.2). A revision made by ACFM based on the 5% percentile of Fmed resulted in Fpa of 0.6 being officially 

adopted as precautionary reference point. The limit fishing mortality Flim corresponds to Fmed: 0.96 derived 

from a stochastic stock recruitment relationship covering year-classes 1966-1995 applying weight at age in 

the stock as described above, but period specific maturity ogives (averages over 5 years) up to 1994 and 

afterwards yearly data (ICES 1998c). The weight at age, combined maturity ogives and exploitations 

patterns utilized in the equilibrium calculation part are averages over most recent three year. The stability of 

Fmed is checked by annual recalculation with updated average input data (ICES 2001a). 

 

Estimating cod stock reproductive potential 

There exists no relationship between the cod SSB computed on basis of the previously used constant 

maturity ogive (ICES 1996b), applied in the determination of Bpa and Blim, and the realized daily egg 

production obtained from ichthyoplankton surveys covering the main spawning time and area (i.e. the 

Bornholm Basin) of cod in the Central Baltic (Köster et al. 2001a). The relationship, however, gets significant 

when yearly or periodic, area specific maturity ogives (see Task 1.2) are applied in the SSB calculation. The 

relationship is further enhanced if the sex ratio and sex specific ogives are used to estimate the female SSB 

and further when the potential egg production of the stock is introduced on basis of the observed average 

relative fecundity (Shapiro 1988; Bleil and Oeberst 1996; Kraus et al. 2000) and linearly interpolating missing 

values (Köster et al. 2002b, Kraus et al. 2002). Furthermore, the estimated potential egg production is 

significantly related to the integrated seasonal egg production obtained from egg surveys (see Task 1.4 and 
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1.5). These results suggests that a considerable part of the variability in stock recruitment relationships is 

introduced by variability in maturity at age, sex structure and relative fecundity affecting the reproductive 

potential. 

In conclusion, the decreasing cod stock size concurrent with an increasing prey availability as observed 

through the last two decades is likely to have had a compensating effect on the reproductive potential 

through an increase in weight at age, a decline in age of attaining maturity and an increased relative 

fecundity. 

 

Influence of egg and larval survival on stock recruitment relationships 

Central Baltic cod spawn in deep basins, where the eggs float in saline water layers that are often oxygen 

depleted (see Task 2.1). The relative viable hatch of cod eggs incubated at different oxygen concentrations 

has demonstrates that the oxygen concentration during incubation affects egg survival (CORE 1998). A time 

series of relative egg survival rates for the Bornholm Basin has been established from the oxygen 

concentration – egg survival relationship (see Task 6.1) applied to measured oxygen conditions at the 

depths of highest egg concentrations, predicted from a vertical egg distribution model considering ambient 

water density (Köster et al., 2001b). Egg survival furthermore depends on predation by clupeids, especially 

sprat (see Task 5.1). Stomach content investigations on sprat and herring has shown that the individual daily 

ration of cod eggs is proportional to the egg abundance, when considering that the predator/prey overlap is 

driven by hydrographic conditions. This has enabled the determination of a cod egg predation index (Köster 

et al., 2001b). Applying i) the oxygen related survival factor to the potential egg production, ii) assuming the 

maximum annual predation pressure to be equivalent to a 95% removal of the annual egg production and iii) 

incorporating the larval prey availability as abundance times turbulent velocity, into a multiple linear 

regression based stock-recruitment relationship explained considerable fractions of the variance 

encountered in 0-group recruitment in all Subdivisions (see Task 6.1). The sum of the area-specific predicted 

recruitment at age 0 from these models agrees well with the observed recruitment as derived from area dis-

aggregated MSVPA’s, with the exception of an outlying year-class 1979. Predicting recruitment at age 1 

based on 0-group abundance obtained from above model and predicted cannibalism rates (see Task 5.3) 

showed in general somewhat higher deviations. As a test, predicted recruitment at age 1 has been 

compared with independent recruitment indices obtained by bottom trawl surveys (Sparholt and Tomkiewicz 

2000). The trends with declining recruitment throughout the first half of the 1980s and increasing recruitment 

in the 1990s are similar, but considerable deviations are apparent in most recent years. However, taking into 

account that the surveys were directed towards age group 2 and the age 1 index is considered unreliable 

and thus not used in the assessment, the agreement is surprisingly good except 1995-2000, when late 

spawning additionally affects the catchability of young cod.  

The established stock-recruitment models explain a considerable part of the variability encountered in cod 

recruitment. The remaining variability may be due to a number of processes not included, such as egg 

fertilization success (CORE 1998, Vallin et al. 1999) and the influence of parental (age/size structure, 

condition) on egg and larval characteristics (buoyancy, survival probability), see Task 1.3. Recent studies on 

Baltic cod have shown that significant relationships exist between i) egg size and female size, ii) egg size 

and larval size/growth, iii) egg size and survival during the yolk sac stage, and iv) egg size and egg 

buoyancy (Nissling et al., 1998; Vallin and Nissling, 2000). This implies higher egg and larval survival for 



Final Consolidated Report  Task 6 
 

 536 

offspring originating from large females, especially because their larger and more buoyant eggs have higher 

chances to avoid oxygen depleted bottom water layers. Consequently, the reduction in the share of older 

females in the spawning stock from mid 1980’s to early 1990’s, caused by heavy fishing pressure, has had a 

negative affect on the reproductive success of the Central Baltic cod stock (see Task 6.1). This dependence 

of offspring survival on the stock structure is presently not considered in any of the reference points. 

 

Incorporating this information into cod stock management 

The determination of biological reference points for cod in the Central Baltic considers only to a limited extent 

the data available to characterize the reproductive potential of the stock. Firstly, both biomass reference 

points were calculated with constant maturity ogives, although the above described test suggests application 

of yearly or periodic maturity at age will enhance the SSB as a measure of egg production. Even more 

promising is the utilization of female SSB or further the potential egg production based on the predicted 

relative fecundity in relation to food availability, i.e. mainly sprat and juvenile herring dynamics. 

Secondly, weight at age in the stock from international bottom trawl surveys are available only for certain 

years and age-groups. Here an alternative, could be to use the multispecies weight at age in the catch data 

(ICES, 1997b and 1999b) for age-groups 3+. These data have been tested against survey derived weight at 

age data and have the advantage that they are available for any given quarter, year and Subdivision and 

thus may also be applied for spatially explicit modelling approaches. The problem of deviations in sex 

specific weight at age (ICES, 1998c, STORE, 2001) however the influence of difference in sex specific 

weight at age has to be addressed by an analysis of the international trawl survey database. Updated period 

specific combined maturity ogives were considered in the stock recruitment relationships applied in medium-

term projections to determine Fpa and for the determination of Fmed from stock recruitment plots, however the 

principal problem in the weight at age is the same as above. 

Thirdly, all medium-term projections applied by the assessment WG or ACFM utilized average combined 

maturity and weight at age over a certain time period, in the best case adding stochasticity, however 

neglecting density dependent feedback mechanisms and longer-term time trends in dependence of 

environmental conditions. As demonstrated above structural uncertainties in projection models with respect 

to coupled consumption, growth and maturation processes impact substantially on biological reference 

points. Clearly an enhanced understanding of the linkage between prey availability, weight and maturity at 

age and realized fecundity is needed to improve medium-term projection methodology. 

Finally, effects of the sex and age stock structure on the quantity and quality of egg production affecting 

fertilization success, egg buoyancy and larval growth (Nissling et al. 1998, Vallin and Nissling 2000) have 

been demonstrated, but have not been considered in any stock simulation studies yet. 

Changes in environmental conditions largely affecting the developmental success of early life history stages 

have been considered in the Fpa determination by the Baltic Fisheries Assessment WG (ICES 1998c). The 

stock recruitment relationship has been divided into two different regimes. At present, only stock recruitment 

data from 1981 onwards are applied, representing unfavourable conditions for egg and larval survival. The 

earlier period represents a regime characterized by favourable oxygen conditions caused by frequent inflow 

events (MacKenzie et al. 2000) increasing the probability of high survival success. A revision by ACFM led to 

a relatively similar Fpa, however, the input data have not been documented. Simulations with a medium-term 

projection programme, explicitly incorporating environmental conditions, i.e. the reproductive volume and 
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sprat stock size as a predator on cod eggs, have been conducted by ICES (1996b). The reproductive volume 

used in the projections was a historic average with random variability superimposed. Similarly, the average 

sprat stock size was introduced. The latter procedure may be significantly enhanced by incorporation of an 

environmentally sensitive stock recruitment function into a multispecies prediction programme, e.g. MSFOR 

implemented in 4M (Vinther, 2001). This also would allow to simulate fish prey availability to be coupled to 

growth, maturation and fecundity of cod (see Task 6.1). With respect to oxygen conditions, the situation is 

more difficult, as the reproductive volume is not predictable for more than one year in advance, as large-

scale atmospheric processes responsible for inflow events cannot be forecasted. For medium- to long-term 

simulation of stock development under different hydrographic conditions, scenario modelling is at present the 

only solution. 

 

Biological reference points for sprat 

For sprat in Subdivisions 22–32 the reference points adopted by ICES: Blim is 200000 t Bpa is 275000 t. Blim 

corresponds to MBAL, while Bpa is Blim*1.38. Flim is not defined Fpa set at 0.40 being the average Fmed in 

recent years, allowing for variable natural mortality (ICES, 1999). The latter procedure was tested for stability 

by computing various fishing mortality reference points for a range of natural mortality values. First, several 

sets of average natural mortality rates were adopted referring to present (years 1997–99), low (years 1991–

99), medium (years 1986–1990), and high (years 1979–1983) levels of M. In addition, the average M’s 

between low and medium values, and medium and high values were calculated. Weight at age and selection 

patterns were assumed as averages over the years 1997–1999. The estimates of F reference points (using 

PA software) are presented in Tab. 6.4.1. The mean natural mortality (averaged over ages 2 to 5) was added 

to F reference points to arrive at Z reference points. The values of Fmed, Fhigh and Floss generally decrease 

with increasing natural mortality and a similar pattern is observed with the Z reference points (Fig. 6.4.1). The 

estimates of Zmed vary between 0.66 to 0.52 for M increasing from 0.23 to 0.31. For higher M the Fmed is zero 

and Zmed could not be determined. F0.1 and Z0.1 behaved in a reverse manor, both increasing with 

increasing natural mortality (Fig. 6.4.1). 

The assumption in the above calculations of the same weights and selections for different levels of natural 

mortality may not be realistic as with higher mortality higher weights may be expected (density dependent 

effects). So, additional estimates of Zpa points were computed on basis of natural mortalities, weights and 

selection patterns from the same periods, i.e., 1979–83, 1986–90, and 1991–99. The results are presented 

in Tab. 6.4.2. Now the Zmed values are at the level of 0.8 (0.81 for the years 1991–99 and 0.84 for the years 

1986–90) which is much higher than the estimates of Zmed referring to the same periods (0.64 and 0.52, 

respectively) but basing on weight and selection pattern from 1997–99. Clearly changes in weight at age 

have to be considered in the determination of biological reference points. This may be achieved by applying 

simple weight at age – stock abundance relationships. Tests on the impact of variable maturity ogives 

revealed a more limited impact on biological reference points (ICES 2000 and 2002). 
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Biological reference points in a multi-species context 

Introduction 

Simulations were performed with a single species VPA, a MultiSpecies VPA (MSVPA), and an extended 

MultiSpecies VPA (MSGVPA), in which cod growth and maturity was modelled as a function of available 

food, see also Task 6.1. All three models were used in both retrospective and predictive modes and 

operated with an annual timestep (Gislason 1999). In the predictive mode an average of the fishing 

mortalities over a recent number of years was used to predict long-term equilibrium yields and biomasses in 

the status quo situation. Separate effort multipliers were used to change the status quo fishing mortalities 

generated by the two major fisheries: the cod fishery and the pelagic fishery for herring and sprat. An index 

of total catch value was calculated by multiplying the catch of each species by its relative first hand price. An 

index of costs was generated by assuming that the fisheries presently are in bionomic equilibrium where 

costs and catch value balance (Clark, 1985), and that costs are directly proportional to effort. Resource rent 

was estimated by subtracting costs from the value of the catch. 

 

Material and Methods 

Recruitment was predicted from a Ricker stock and recruitment relationship (Ricker, 1954): 
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where 1R and 2R are species specific constants determined from the recruitment and SSB estimated in the 

retrospective part of the models. 

 

In the MSGVPA cod growth depends on the amount of available food. Weight at age is assumed to equal 

weight at age in the cohort the preceding year plus a growth term. The growth term depends on whether the 

amount of available food in a particular year is above or below the average. Thus, in years where there is 

more than average food available growth will be faster than average.  In years with less food available 

growth will be slower. Weight at age of cod is thus described by: 
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where  

:),( yaAvail   Amount of food available to cod age group a in year y 

:),( yaw   Average weight of cod age group a in year y 
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:),( yawobs  Average observed weight at age of cod age group a in year y 

 :ny   Number of years over which the calculations are performed 

 

Food consumption is calculated by assuming constant conversion efficiency at age: 

 

)(
),()1,1(),(

aCE
yawyawyaR −++=  

where: 

 

:),( yaR   Per capita food consumption of cod age group a in year y 

:)(aCE   Conversion efficiency. Proportion of total food intake that is converted to somatic growth for 

cod age group a 

 

In a model where growth and food intake depends on the amount of available food, it is inconsistent to 

assume that the biomass of other food is constant and does not respond to changes in predation. The model 

was therefore extended by a simple description of the dynamics of other food in which the biomass of other 

food was made a function of the predator’s intake.   

 

The total intake of other food of type b, is calculated by the model from: 

 

),(
),(),(),(),(),,(),(),(*,

yaAvail
ybBbaSuityaNyaRybaFoodyaConsybCons

a a
∑ ∑==  

 

where 

 

:),,( ybaFood The proportion of other food of type b in the food of cod age group a in year y 

:),( baSuit   Suitability of other food of type b to predation by cod age group a 

),( yaN :  Average number of fish alive in age group a during year y 

:),( ybB   Average biomass of other food of type b in year y 

 

The average biomass of other food of type b was assumed to decline exponentially as a function of the 

amount eaten: 
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[ ]),(*,)()(exp),( ybConsbLbKybB −=  

 

where  

 

:),( ybB  Average biomass of other food of type b in year y 

:)(bK  Constant expressing the log of the biomass of other food type b when predation is zero, 

corresponding to the unexploited biomass in a surplus production model 

:)(bL  Constant expressing the amount of change in log biomass of other food  per unit of predator 

consumption 

Finally, the forecasting part of the model was extended to take changes in maturity at age of cod into 

account by introducing a sigmoid relationship between the proportion mature and body weight: 

 
2))),(*1exp(1(),( PMyawPMyaPM −−=  

 

where 1PM  and 2PM are constants determined by non-linear regression of proportion mature versus 

observed weights at age. 

 

Input data 

The three models were used to analyze a single set of assessment data from the central Baltic. The data 

covered the period from 1977 to 1996. Catch at age, terminal fishing mortalities, proportion mature at age, 

single species total natural mortality and weight at age for herring and sprat were taken from ICES(1997a). 

For cod, quarterly weight at age and stomach contents data for 1977-1991 was obtained from the revised set 

of input data generated by (ICES, 1999b). The quarterly values were averaged for each year to produce 

annual mean weights at age and annual stomach content at age. Residual natural mortality,  , was set to 0.2 

for all three species, the same value as used in Task 5.3. Food conversion efficiencies for different age 

groups of cod were taken from ICES(1992). An index of first hand value was derived by assuming that cod 

was ten times as valuable as herring and sprat. This estimate reflects the relative price in Denmark and 

Sweden, two of the major fishing nations (Directorate of Fisheries, 1998; OECD, 1997). 

In the stomach content database, all food items except cod, herring and sprat are lumped together in one 

category of Other Food. However, the species composition of this category is not the same for large and 

small cod. For cod  >50 cm (age group 4+) it consists almost exclusively of a large isopod, Saduria entomon, 

while for smaller cod other invertebrates are also included (Sparholt, 1994). Initial attempts to model cod 

growth with only one category of Other food proved unable to describe the changes in the growth of older 

cod, and it was therefore decided to split Other food into Saduria and other invertebrates. First, it was 

assumed that Other food of age 4+ cod contained only Saduria. Secondly, for ages 1-3, it was assumed that 

Saduria constituted the same proportion of the diet as for older cod and that the remainder of the Other food 

category consisted of other invertebrates. In the MSVPA the biomass of Saduria was set to 4 million tons 
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and the total amount of ‘other invertebrates’ to 10 million tons. In the MSGVPA these biomasses were used 

to calculate K(b). In both the MSVPA and MSGVPA alternative biologically plausible values for the biomass 

of ‘other invertebrates’ and Saduria produced virtually identical results confirming the insensitivity of the 

models to the input biomass of Other food (Finn et al., 1991). The observed weight at age for the 0-group 

and for all age groups in 1977 was used as the starting values in the growth model incorporated in the 

MSGVPA.  

 

Estimation of parameters 
Annual fishing mortalities were estimated by Newton iteration in all three models. Average suitability 

coefficients in the two multispecies versions were estimated from all available stomach content data in an 

iterative procedure as explained in Magnusson (1995). The parameters, )(bL , used to describe the change 

in the biomass of invertebrates and Saduria in the MSGVPA were estimated by minimizing the sum of 

squares of deviation between observed and estimated weight at age in the model.  

The Ricker stock recruitment relationship was fitted separately for each model. Because of changes in 

environmental conditions, cod recruitment success has changed considerably over the years (Sparholt, 

1996). The number of recruits produced per SSB drop in the middle of the 1980’s (Sparholt, 1995). In order 

not to generate too optimistic predictions only data from the low recruitment period from 1986 to 1995 were 

used. The right hand downward sloping side of the Ricker curve is often attributed to cannibalism (Hilborn 

and Walters, 1992). In the multispecies models, cannibalism is already dealt with, and, in accordance with 

Sparholt (1995, 1996), a linear rather than a dome-shaped stock recruitment relationship for cod was 

therefore assumed by setting the parameter R2 to zero. For herring and sprat the data contained little 

information about the shape of the stock recruitment curve. Initial parameter estimates resulted in 

recruitment maxima far outside the observations and produced unlikely predictions of virgin stock biomass. 

The parameters were therefore selected so that the maximum of the stock recruitment curve corresponded 

to the point defined by the average SSB and average recruitment over the period from 1977 to 1995. 

The non-linear regression used to estimate the parameters in the equation describing the proportion mature 

at age explained 99% of the variance in the data.  

The status quo fishing mortality used in the prediction was calculated by rescaling the average exploitation 

patterns to the fishing mortality in 1996, the last year of the retrospective analysis.  

 

Basic output 

The spawning stock sizes, average fishing mortalities, recruitment estimates and stock recruitment 

relationships produced by the three models are compared in Fig. 6.4.2. The models all produce almost 

identical estimates of spawning stock biomass, but recruitment differs. Prior to 1990 recruitment is generally 

estimated to have been at a higher level in the multispecies models than in the single species VPA. The 

estimated fishing mortalities are similar, except for sprat, where fishing mortality is estimated to be lower 

prior to 1986 in the multispecies models. 

The total predation estimated by the two multispecies models is shown in Fig. 6.4.3. The estimated 

consumption of cod, herring and sprat is of the same magnitude in both models, but is less variable in the 

MSGVPA than in the MSVPA. 
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The predicted weight at age of cod in the MSGVPA is compared to the observed in Fig. 6.4.4 for cod age 

groups 1 to 5. For ages 1 to 3 the predicted weight at age is close to the observed, but they deviate for ages 

4 and 5, particularly in the most recent years. In addition, the discrepancy between the patterns for ages 4 

and 5 in 1990-92 suggests that there may be problems with the weight at age data. Correlations between 

observed and predicted weight at age were significant for all ages (Fig. 6.4.5). However, with the exception 

of age group 3, the predicted weight at age in general changed less than the observed. 

The status quo fishing mortality for cod, herring and sprat is given in Tab. 6.4.3 together with the 

corresponding spawning stock biomasses and virgin SSB’s estimated from each of the models. For herring 

and sprat the status quo SSB’s are larger than the virgin SSB’s in both of the multispecies models. 

 

Selection of Reference points 

ICES(1997c) contains a list of commonly used reference points. Many of these are derived by using single 

species SSB per recruit calculations to estimate the fishing mortality corresponding to a specific replacement 

line in a plot of SSB versus recruitment (e.g.  Flow , Fmed , Fhigh , Fcrash  and Floss ). It is not straightforward to 

estimate these reference points in a multispecies context, because natural mortality, and hence also SSB 

per recruit, changes as a function of the absolute abundance of the predators and their prey (Gislason, 1991, 

1993). A particular replacement line is a function of both fishing and predation mortality and these may vary 

independently. Therefore, only target reference points based on predictions of Yield (F0.1, FMSY), Value 

and Resource rent, were considered together with limit reference points based on predictions of virgin SSB 

or on precautionary SSB, Bpa. 

 

Results 

Fig. 6.4.6a shows how FMSY for cod depends on the relative fishing effort in the pelagic fishery. In the single 

species model, where natural mortality and growth are constant, FMSY is constant. In the two multispecies 

models, FMSY depends on the amount of pelagic fishing effort, because cod cannibalism increases as the 

pelagic fishery reduces the biomass of herring and sprat. An increase in the fishing mortality of cod will 

counteract the increase in cannibalism by reducing the biomass of older cod. FMSY is higher in MSGVPA 

than in MSVPA. In MSGVPA, a higher fishing mortality and lower stock size will be counteracted by 

increases in cod growth. The effort in the pelagic fishery that will generate the maximum catch of herring and 

sprat combined is likewise a function of cod effort (Fig 6.4.6b). If the biomass of cod is high (low cod fishing 

mortality) predation mortality is high. With a high predation mortality, fishing mortality has to be reduced in 

order to avoid recruitment overfishing. Except for herring and sprat at low cod fishing mortality, the single 

species model produces lower FMSY values than the two multispecies models. 

The F0.1 curves follow the same pattern as the FMSY curves (Fig. 6.4.6c and d). Again the two multispecies 

models generate higher F0.1 values than the single species model, and both for cod and for herring and 

sprat combined, F0.1 increases as a function of the fishing effort in the alternative fishery.  

If there are strong species interactions it is therefore impossible to derive a single fixed value for FMSY for 

any species, without conditioning this value on the stock size of its predators and/or prey. An alternative 

would be to define FMSY as the effort combination that generates the maximum total yield from the system. 

In the single species situation the result is trivial: The maximum yield is generated by keeping fishing 
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mortality at FMSY in each of the fisheries, i.e. by decreasing cod effort by 30% and increasing pelagic effort 

by 26%. In the multispecies situation, both models show that cod should be fished down to the lowest 

biomass possible in order to benefit from the higher productivity of its prey. Because cod is more valuable 

than herring and sprat these results make little sense in a management context. 

The value surfaces are shown in Fig. 6.4.7 and the effort multipliers for which the maximum overall value is 

obtained are given in Tab. 6.4.4a. The single species results are again trivial. As before, the maximum value 

is generated at the single species FMSY by reducing cod effort by 30% and increasing pelagic effort by 26%. 

In the MSVPA cod effort should be increased by 15% and pelagic effort by 63% to generate the maximum 

value. The MSGVPA predicts that cod effort should be increased by 86% and pelagic effort by 82% to reach 

the maximum. The differences between the two latter models is again due to compensatory changes in 

weight and maturity at age, making the cod stock more resilient to exploitation in MSGVPA than in MSVPA. 

Estimating F0.1, the fishing mortality where the slope of the value surface is a tenth of the slope at the origin, 

is not straightforward. The slope at the origin is a function of both cod and pelagic fishing mortality. Various 

fixed relationships between cod and pelagic effort factors were therefore explored. For each fixed 

relationship, the slope at the origin was determined and the point where the slope of the value surface was 

10% of the slope at the origin identified (Fig. 6.4.8). In all three models the F0.1 contour bends backward at 

low cod effort. The highest values of F0.1 are generated by the MSGVPA, whereas the single species model 

produced, in general, the lowest. However, there is no simple relationship between the fishing mortalities 

generated by the two fisheries and the overall F0.1. Thus, in a multispecies context it appears difficult to use 

the overall F0.1 as a target reference point.  

The effort combinations that would generate the maximum resource rent are given in Tab. 6.4.4b. For cod 

the three models produce similar results. Cod fishing mortality should be approximately halved to generate 

the maximum resource rent. For the pelagic fishery the answers depend on the model. In the multispecies 

models, fishing mortality should be reduced to 10% or less of the present level, while in the single species 

model fishing mortality should be halved. The difference between single and multispecies results is once 

again caused by the indirect effect of herring and sprat biomass on cod cannibalism. 

The three models were also used to investigate limit reference points based on total spawning stock 

biomass. The equilibrium SSB for cod, herring and sprat were predicted for various combinations of cod and 

pelagic effort. These predictions were compared to the biomass reference points by plotting the effort 

combinations that would lead to stock sizes below or above a particular reference point in a surface plot (Fig. 

6.4.9). Two different reference points were considered. The fishing mortality where SSB fell below 50% of 

the virgin SSB (Fig. 6.4.9a-c), and the precautionary biomass reference point, Bpa, (Fig. 6.4.9d-f) adopted by 

ICES (1998d). The target reference points corresponding to maximum catch value and resource rent are 

also included in the figure. 

 

In the single species case, the combination of efforts where all three species are above 50% of their virgin 

SSB is rectangular (Fig. 6.4.9a). For a cod effort above half the present, the cod stock will be below 50% of 

its virgin biomass. For herring and sprat, an increase in effort above the present will produce a SSB below 

B50%. In MSVPA, the cod effort influences the borderline where the pelagic species drop below 50% of their 

virgin level. If cod effort is high, the cod stock and the predation mortality it generates on herring and sprat 

are both reduced. In this situation, sprat and herring can sustain higher fishing mortalities before their 
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biomasses fall below the limit. If pelagic effort is high, cannibalism of cod increases, and the stock is no 

longer able to sustain high effort. The same applies to the MSGVPA, except that cod in general is able to 

sustain higher effort, due to the compensatory changes in growth and maturity at low cod biomass caused by 

increases in the available food for cod. In single species VPA and MSVPA, the cod stock is predicted to be 

below 50% of its virgin biomass at the present effort. In MSGVPA, present fishing is predicted to lead to a 

spawning stock that is slightly less than 50% of the virgin. The effort combination producing maximum 

resource rent lies in the area where all three species are above 50% of their virgin SSB. 

The picture changes somewhat if the precautionary biomass, Bpa, is used as the reference point (Fig. 6.4.9d-

f). Single species VPA indicates that the present fishing effort is likely to result in a SSB for cod and herring 

below Bpa, while the predicted SSB for sprat is above Bpa. In MSVPA predictions cod is below Bpa, but herring 

and sprat are above. Finally, the MSGVPA predicts that all three species would be above Bpa at current 

effort. The effort combination producing maximum value is once more outside the sustainable area where 

the SSB of all three species are above Bpa. The effort combination producing maximum resource rent is 

within the sustainable area in all three models. 

 

Discussion 

The results clearly show how single species reference points are affected by species interaction. Instead of 

being point estimates, they are turned into reference curves or surfaces, when two or more independent 

fisheries and species are considered. Furthermore, the single species estimates do not always fall on the 

curves generated by the multispecies models. Compared to the single species predictions, both multispecies 

models predict that higher efforts than the present are needed to achieve MSY in the two fisheries. The 

differences between multispecies and single species predictions raise questions about the utility of single 

species reference points in situations where species interactions are important.  

In multispecies assessments it is potentially misleading to consider each fishery in isolation. Even though 

curves of cod FMSY versus pelagic effort can be constructed for the Baltic, they are of limited use because 

they do not simultaneously reflect how changes in predation on herring and sprat will affect the yield from the 

pelagic fishery. In the multispecies situation maximization of total yield by weight points to a strategy where 

the predators are fished down to the lowest biomass possible in order to benefit from the larger productive 

capacity of their prey. In a management context this result makes little sense. Cod is more valuable than 

herring and sprat and it seems more sensible to use the total catch value of the combined fishery rather than 

the yield in the search for the optimum. However, this requires that estimates of the relative value of the 

different species are available. In this paper it was, for simplicity, assumed that one-kilogram of cod was ten 

times more valuable than one kg of herring and sprat, and that discount rates were zero. Clearly a much 

more detailed analysis of the socio-economics of the various fisheries is necessary. Without such an analysis 

useful target reference points cannot be derived.  

When total catch value is considered the single species model predicts that cod effort should be reduced by 

30% and that pelagic effort should be increased by 26%, while both multispecies models suggest that effort 

should be increased. In the MSGVPA the maximum is found at a combination of cod and pelagic fishing 

efforts corresponding to a 86% increase of the fishery for cod and an 82% increase in the fishery for herring 

and sprat. This suggests that FMSY could be a dangerous reference point to use in a multispecies context. 
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For all three species it lies beyond the range of historical observations where uncertainty about the stock 

dynamics may lead to an unacceptable high risk of stock collapses. 

Estimates of effort combinations corresponding to F0.1 can be derived from the slope of the overall value 

surface. However, it is difficult to derive a single value that can be used as an overall reference point. For 

this reason tentative estimates of costs were used to calculate the combination of effort that would produce 

the maximum resource rent. Surprisingly, for cod all models produced similar results, suggesting that cod 

effort should be reduced by 50 to 60%. Although this reference point for cod appears to be robust to the 

choice of model, this is not the case for the pelagic fishery, where the maximum resource rent was obtained 

at a much lower level of effort in the multispecies than in the single species case. However, more information 

on the economics of the fisheries would be required before a maximum resource rent approach could be 

considered acceptable for management.  

The position of the present situation in relation to the biomass reference limits differs between the three 

models. The multispecies models allow a higher effort in the pelagic fishery at high levels of cod effort than 

the single species models. At low levels of cod effort the multispecies models predict that the pelagic fishery 

should be reduced or even closed to keep the pelagic species above the limits. For cod the multispecies 

models predict that fishing should be reduced at high levels of pelagic effort, while at low levels of pelagic 

effort cod effort can be higher than in the single species case. This is most pronounced in the MSGVPA 

where growth increases with increases in available food. These results show that it is impossible to define a 

“safe” level of biomass without taking changes in species interactions into account. Reference limits for 

forage fish cannot be defined without considering changes in the biomass of their natural predators. 

Likewise, reference limits for their predators cannot be defined without considering changes in the biomass 

of their prey. 

The results also point to the importance of structural uncertainty in the model formulation. Alternative models 

could have been used. For instance, the recruitment model may be expanded (see Task 6.1). The use of a 

simple Ricker relationship allows extrapolations outside the range of observed values and does not reflect 

the large uncertainty about the form of the relationship, particularly at low spawning stock size. Large 

residuals are obtained when the models are fitted to the historic data. Additional uncertainty about the future 

development of the environment in the Baltic might be added. Clearly all uncertainties will have to be taken 

into account before the models might be considered operational for management purposes.  

Besides the need to provide a relative value to the landings of different species and fleets, one of the main 

impediments for using multispecies models is the difficulty of illustrating the present situation in relation to 

the reference points in an easy comprehensible way, when more than two species and fisheries are 

considered. The Baltic is relatively easy in this respect, but in more complicated systems, like the North Sea, 

the multidimensionality of biological and technical interactions makes this a challenging task. 
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