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Abstract 
The Baltic Sea is exposed to several pressures and human impacts. Large amounts of nutrients flow out 
from land via the rivers into the sea, there is extensive fishing targeting only a few fish species and 
also climate change influences the Baltic sea. Climate change can lead to an increase in temperature, a 
possible increase in rainfall resulting in lower salinity, as well as increase in acidification and frequency 
of storm events. The current study aims to find out how all these pressures will impact the marine 
ecosystem as well as to help relevant managers to make informed decisions. All this with the aim to 
reach the goal of creating a sustainable environment with good environmental status (GES) according 
to e.g. good oxygen levels, high biodiversity, and healthy fish stocks. Achieving GES in the Baltic Sea 
region requires holistic and cross disciplinary scientific support tools to compare alternative fisheries 
management strategies and to compare the responses of fish and fisheries to changing climatic and 
eutrophication (the excess of nutrients brought into the ecosystem) conditions. This covers for 
instance what amounts of fish that can sustainably be caught or which areas are sustainable to be 
fished, in relation to the fish stocks and the broader marine ecosystem with respect to biological 
groups and their physical habitats. It also covers scientific advice on impacts of nutrient loads on the 
marine environment and ecosystem to inform managers in relation to regulations on the amount of 
nutrients allowed to enter the Baltic Sea. 

We therefore applied a comprehensive mathematical model, called the Baltic Atlantis. The Atlantis 
end-to-end whole-of ecosystem model explores climate, eutrophication, fishery and spatial 
management scenarios. It incorporates the dynamics of the whole Baltic Sea ecosystem, such as 
the currents, temperature and salinity, small phytoplankton organisms which produce oxygen, species 
living in and on the sea bottom, fish, seabirds and seals, but also human activities like the fishery. By 
doing so, it links oceanography, biogeochemistry, food web, habitat, fish population and human 
sector dynamics. We applied temperature, salinity and currents forcing from the RCO-SCOBI 
biogeochemical climate model to enable the projections of future climate change and eutrophication. 
Such a holistic tool that incorporates the whole ecosystem is needed because of the complexity of the 
system and because all these pressures affect the ecosystem at the same time and also interact with 
each other. The results of the research indicates that excess nutrient loads is the main driver of the 
changes in the ecosystem. For the main fish stocks, this results in a decrease in cod and an increase in 
sprat and herring under high nutrient load levels. However, climate change will have a stronger impact on 
the ecosystem than eutrophication once certain hydrographical thresholds, which fish require to spawn, 
are reached such as minimum oxygen or salinity levels or maximum temperature levels. This would for 
instance lead to a decrease in the cod population, which is one of the main commercial Baltic fish 
species. However, determining the exact effect of climate change and eutrophication and their 
combined effect is difficult because there is a degree of uncertainty surrounding the climate model 
projections, which is often difficult to quantify, especially because the climate scenarios incorporate 
several future unknowns. Therefore, further research is needed to continue to develop and implement 
such holistic models. This is necessary in order to provide informed strategic management advice 
considering long-term integrated impacts of e.g. eutrophication, climate change and fisheries potentially 
resulting in changed carrying capacities of the different biological functional groups in the system.  
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Resume 
Østersøen er udsat for adskillige påvirkninger, som delvist har menneskelig oprindelse. Det omfatter 
stor næringsstofbelastning af havet fra landbaserede udledninger igennem floder og mindre 
vandløb, et omfattende fiskeri, som målretter sig mod forholdsvis få arter, og klimaændringer. 
Klimaændringerne kan lede til øget havtemperatur, øget nedbør med lavere saltholdighed til følge, 
øget forsuring og øget frekvens af stærke storme. Nærværende studium har til formål at belyse, 
hvordan alle disse påvirkninger vil påvirke det marine økosystem. Dette vil hjælpe forvaltere og 
politikere med at træffe informerede beslutninger og vælge passende reguleringer til at imødegå 
effekterne af påvirkningerne. Alt dette har til formål at skabe et bæredygtigt miljø med god 
miljøstatus i forhold til f.eks. gode iltforhold, høj biodiversitet, og sunde fiskebestande i 
Østersøen. For at opnå god miljømæssig status kræves der holistiske og tværdisciplinære 
videnskabelige støtteværktøjer og evalueringsmodeller til at sammenligne alternative 
fiskeriforvaltnings-strategier og sammenligne effekter på fiskebestande og fiskerier af ændrede 
klimaforhold og store næringsstofbelastninger (eutrofiering). Dette dækker bla. hvilke mængder af fisk, 
der bæredygtigt kan fanges, eller hvilke områder, som bæredygtigt kan befiskes, i forhold til 
fiskebestande og det bredere marine økosystem omfattende mange biologiske grupper og deres 
fysiske habitater. Det dækker også videnskabelig rådgivning om effekter af næringsstofbelastninger 
på det marine miljø og økosystemet til at informere forvaltere i relation til at træffe beslutninger 
og lave reguleringer om tilladte næringsstofmængder, der må udledes i Østersøen. 

Vi har derfor anvendt og tilpasset en omfattende matematisk model i Østersøen, den såkaldte 
Atlantis model, som er en holistisk økosystem model. Den omfatter hele økosystemet og det marine 
miljø, og undersøger forskellige scenarier for klimaændringer, næringsstofbelastninger, fiskeritryk 
og marin områdebaseret forvaltning. Modellen omfatter hele dynamikken i det baltiske marine 
økosystem såsom vandstrømme, temperatur, saltholdighed, små planteplanktonorganismer, som 
producerer ilt igennem deres primærproduktion, arter der lever på og i havbunden, arter i de frie 
vandmasser, fisk, havfugle og havpattedyr samt også menneskelige aktiviteter, der påvirker 
økosystemet, såsom fiskeri. Igennem modellen forbinder vi oceanografi, bio-geokemi, fødenet i 
økosystemet, fysiske habitater for de forskellige organismer, fiskepopulationer og dynamik fra 
menneskelige marine sektorer. Vi har induceret temperatur, saltholdighed, og havstrømme fra 
den bio-geokemiske RCO SCOBI klimamodel for at udføre projiceringer af fremtidige klimaændringer 
og ændringer i næringsstofbelastninger. Denne holistiske tilgang med Atlantis modellen, som 
omfatter hele økosystemet og drivkræfterne i dette, er nødvendig pga. kompleksiteten i systemet og 
pga. alle disse faktorer påvirker økosystemet samtidigt og interagerer med hinanden. Resultaterne 
af forskningsprojektet indikerer, at store næringsstofbelastninger (eutrofiering) er 
hoveddrivkraften i økosystemændringer. For de vigtigste fiskearter indikerer resultaterne et fald i 
torskeforekomsterne samt øgede forekomster af brisling og sild ved eutrofiering. Dog vil 
klimaændringer have større økosystempåvirkninger end eutrofiering, når visse 
hydrografiske grænseværdier for fiskenes gydning overskrides. Det gælder minimum ilt- og 
saltholdigheds-niveauer eller maksimum temperaturniveauer. Dette vil f.eks. lede til fald i 
torskebestanden, som er én af de vigtigste fiskeriressourcer i Østersøen. Dog er det svært at 
bestemme den eksakte effekt af klimaændringer og eutrofiering samt deres kombinerede effekter 
pga. de store usikkerheder i klimamodel-projiceringerne, som ofte er svære at kvantificere. Det er 
specielt fordi klimafremskrivningerne ofte indbefatter adskillige fremtidige ukendte faktorer. Derfor 
er yderligere fremtidig forskning nødvendig for at fortsætte udviklingen og implementeringen 
sådanne holistiske modeller. Dette er nødvendigt for informeret strategisk forvaltningsrågivning, 
som tager hensyn il langtidsbaserede integrerede påvirkninger såsom eutrofiering, klimaændringer 
of fiskeri, hvilke potentielt kan resultere i ændrede bæreevner for de forskellige biologiske 
funktionelle grupper i økosystemet. 
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1.1.  The Baltic Sea ecosystem  
The Baltic Sea is a semi-enclosed sea with a limited water exchange with the North Sea, creating a complex 
environment with fresh as well as brackish and saline waters. These hydrodynamics and the complex 
environment with rather extreme ranges in environmental hydrographical factors very much determine 
and drive the Baltic Sea ecosystem structure and dynamics (e.g., Köster et al., 2005; Nissling, 2004). There 
are several distinct areas within the Baltic Sea (Fig. 1) (Snoeijs-Leijonmalm and Andrén, 2017). In the 
North, the Gulf of Bothnia has the lowest salinity around 2 to 6 PSU (Andersen et al., 2017; Snoeijs-
Leijonmalm and Andrén, 2017) as well as the coldest waters between −9 °C in winter and 18 °C in summer. 
The Gulf of Bothnia is connected in the south by a shallow passage with the Baltic Proper, the largest and 
central part of the Baltic Sea with several deeper basins, brackish waters and warmer temperatures with 
salinities between 5 and 8 PSU (Andersen et al., 2017; Snoeijs-Leijonmalm and Andrén, 2017) and 
temperatures between 0 °C in winter and 20 °C in summer. In the East, the Baltic Proper connects with 
the eastern Gulf of Finland and Riga, in the West with the Belt Sea. The Belt Sea is higher in salinity due to 
the inflow of marine water from the North Sea, which passes through Kattegat, the northwestern 
transition zone of the Baltic Sea and the North Sea. Kattegat is a shallow passage with the highest saline 
waters in the Baltic Sea, between 12 and 30 PSU (Andersen et al., 2017; Snoeijs-Leijonmalm and Andrén, 
2017). Inflow from the North Sea forms high saline, oxygen-rich deep water, while low saline water flows 
out of the Baltic Sea at the surface. A small part of the inflow of the deep saline water reaches the Baltic 
Proper and the Gulf of Finland. The shallow connection of the Baltic Proper with the Gulf of Bothnia and 
Riga prevents the deep water entering these areas. This segregation of dense saline water on the bottom 
with less saline waters at the surface creates a permanent halocline throughout most of the Baltic Sea, 
except for the Gulf of Bothnia and Riga that do not receive those deep waters. Hence, vertical mixing of 
the water column is limited and oxygen supply to the organisms living in the deeper areas are depending 
on the inflow of the oxygen-rich deep waters flowing in from Kattegat. However, renewal of deep waters 
is irregular and requires specific wind conditions that are rare (Snoeijs-Leijonmalm and Andrén, 2017). 
Therefore, the Baltic Sea, and especially the deeper basins of the Baltic Proper, has been affected by 
hypoxia, oxygen depletion, for the last 8000 years (Zillén et al., 2008).  

Due to the above described complex hydrographical environment, only a few higher trophic level species 
were able to migrate or adapt over the last 8000 years to live in the Baltic Sea, e.g. cod adapted from a 
salinity of 35 PSU in the oceanic waters to a much lower salinity in the Baltic Sea, with the lowest level of 
5 – 6 PSU in the eastern part (Kijewska et al., 2016; Snoeijs-Leijonmalm, 2017). This results in rather low 
diversity and simple food web compared to other marine ecosystems (Friedland et al., 2012; Snoeijs-
Leijonmalm, 2017). Moreover, most of the dominant species of the Baltic Proper live at the edge of their 
salinity distribution and have adapted, to the extent possible, to the local environmental conditions, e.g. 
for successful spawning, cod requires a minimum salinity of 11 PSU (Nissling and Westin, 1991). The top 
predators of the system, besides humans, are harbour porpoise (Phocoena phocoena), 3 seal species and 
56 breeding waterbirds, of which the common eider (Somateria mollissima) and the great cormorant 
(Phalacrocorax carbo sinensis) are the most typical ones (HELCOM, 2012a). Around one hundred fish 
species live in the Baltic Sea, of which 30-40 freshwater species dominating coastal and northern areas 
and 70 marine species dominating the Baltic Proper (https://helcom.fi/action-areas/fisheries/fish-
communities/). Only three marine fish species dominate: the Atlantic cod (Gadus morhua) and two 
clupeids, the Atlantic herring (Clupea harengus) and the European sprat (Sprattus sprattus), which are the 
main prey species of adult cod. Vertical distribution of adult cod is close to the bottom and smallest 
juveniles are found at bottom depths down to 60 m, while sprat and herring perform diel vertical 

https://helcom.fi/action-areas/fisheries/fish-communities/
https://helcom.fi/action-areas/fisheries/fish-communities/
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migrations (Nielsen et al., 2013; Nilsson et al., 2003). Juvenile cod, i.e. smaller than 16 cm, mainly feed on 
benthic invertebrates since their mouth gape size and attacking skills are not sufficient yet to capture 
other small fish (Domenici and Blake, 1997; Hüssy et al., 1997; Werner, 1974). Sprat and herring typically 
consume different species of zooplankton. Depending on the size class of the two clupeids, the 
geographical location, the time of the day and the season, sprat and herring consume key zooplankton 
species in the Baltic Proper such as the copepods Pseudocalanus spp., Temora longicornis, and to a lesser 
extent Acartia spp., and the cladocerans Bosmina maritima, Evadne nordmanni and Podon spp. 
(Bernreuther et al., 2018; Casini et al., 2004; Möllmann et al., 2003; Nilsson et al., 2003; Ojaveer et al., 
2018). Herring also feeds on larger prey species such as mysids Mysis mixta (Bernreuther et al., 2018; 
Möllmann et al., 2003). Main phytoplankton groups in the Baltic Sea are the diatoms, dinoflagellates and 
cyanobacteria, with cyanobacteria being more dominant after the spring bloom due to the ability to fixate 
nitrogen under conditions of depleted inorganic N (Rolff and Elfwing, 2015; Schneider et al., 2017).  

Figure 1. The Baltic Sea area. (a) Geographical map showing water depth. (b) The Baltic Sea and its major sub-divisions. 
(c) Schematic cross-section from the Skagerrak to the Bothnian Bay via the Eastern Gotland Sea, showing the vertical 
distribution of the salinity gradient. Figures (a) and (c) taken from (Snoeijs-Leijonmalm and Andrén, 2017), (b) taken 
from (Andersen et al., 2017). 

(b) 
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The Baltic Sea used to be dominated by cod and its abundance peaked in the mid-1980s with spawning 
stock biomass of the eastern Baltic cod around 450 000 tons (Eero et al., 2008; ICES, 2019a), but after the 
mid-1980s, the system completely changed with a drastic decline in cod spawning stock biomass followed 
by a shift towards sprat domination (Köster et al., 2003). The reason(s) for this shift and the decline of cod 
has been a cause of extensive debate. Over the years, different causes being discussed were seal hunting, 
eutrophication, high fishing pressure on cod, climate-induced hydrographic change and subsequent 
ecosystem changes, eutrophication impacts, and seal worms (Alheit et al., 2005; Harvey et al., 2003; 
Köster et al., 2005, 2003; Österblom et al., 2007; Pécuchet et al., 2015). A combination of most of these 
causes form the following narrative: a lack of oxygen-rich deep water and a high riverine nutrient load 
caused widespread hypoxia spreading out into the main distribution areas of cod. Hence the productivity 
of benthic prey decreased which is an important food source for juvenile cod, whereby cod reproduction 
success and stock size decreased, while fishing effort on the adult life stages has not decreased 
accordingly, therefore leading to higher fishing mortality on the spawning stock component (Casini, 2013; 
Hüssy et al., 1997; Karlson et al., 2002; Möllmann et al., 2009, 2008; Neuenfeldt et al., 2020). Additionaly, 
reduced cod predation and favourable temperature conditions for sprat reproduction led to a sprat 
dominated regime (Alheit et al., 2005; Eero, 2012; MacKenzie and Köster, 2004; Tomczak et al., 2013; Voss 
et al., 2011). However, the change did not stop with those two species. Casini et al. (2008) and Möllmann 
et al. (2009) argued that this event caused a cascade down the food web affecting multiple trophic levels 
on a large geographical scale. 

1.2.  Anthropogenic and environmental pressures 
Due to the limited water exchange and the densely populated catchment area with intensive land use, 
the Baltic Sea is highly vulnerable to anthropogenic pressures, besides the already present environmental 
stresses. Some of the major pressures are air and water borne chemical pollution, acidification, 
eutrophication, hypoxia and overfishing (HELCOM, 2018; Szymczycha et al., 2019). Since the 1920s, 
fisheries data of the most commercially important species of the Baltic fish stocks has been gathered by 
the International Council for the Exploration of the Sea (ICES), founded in 1901, to assess the state of fish 
resources (Szymczycha et al., 2019). In the 1970s, the European Union fisheries policy was introduced, i.e. 
the Common Fisheries Policy (CFP), to sustainably exploit and manage the European fisheries and fish 
stocks. The aim of the CFP is “to ensure that fishing and aquaculture are environmentally, economically 
and socially sustainable and that they provide a source of healthy food for EU citizens” 
(https://ec.europa.eu/fisheries/cfp_en).  

In order to protect the Baltic Sea and its marine environment from all sources of pollution, the Helsinki 
Convention for the Protection of the Marine Environment of the Baltic Sea Area was formulated and 
signed by all member countries in the mid-1970s (Elmgren et al., 2015; Heiskanen et al., 2019). The 
Helsinki convention is governed by the Helsinki Commission (HELCOM, http://www.helcom.fi/), with the 
role of producing scientific-based policy recommendations for its members (Jetoo, 2018).  Their vision is 
“A healthy Baltic Sea environment, with diverse biological components functioning in balance, resulting 
in a good ecological status (GES) and supporting a wide range of sustainable human economic and social 
activities”. HELCOM set up the ambitious Baltic Sea Action Plan (BSAP) in 2007 to restore the GES of the 
Baltic marine environment by 2021 (https://helcom.fi/baltic-sea-action-plan/). In addition, the EU Marine 
Strategy Framework Directive (MSFD) was adopted in 2008 with the main objective to put in place 
measures to achieve or maintain “Good Environmental Status” (GES) of Europe's regional seas by 2020 
(EU, 2008; Knights et al., 2011). By doing so, the European Union (EU) committed towards the 

https://ec.europa.eu/fisheries/cfp_en
http://www.helcom.fi/
https://helcom.fi/baltic-sea-action-plan/
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implementation of an ecosystem-based approach to marine management 
(https://ec.europa.eu/environment/marine/eu-coast-and-marine-policy/marine-strategy-framework-
directive/index_en.htm).  

1.2.1. Eutrophication pressure 
Currently, the Baltic Sea suffers from eutrophication impacts due to both the accumulation of a large 
amount of nutrients in the sediments and the water, combined with a slow water renewal time (Snoeijs-
Leijonmalm and Andrén, 2017), and has been studied intensely (e.g. Andersen et al., 2017; Hansson et al., 
2007; Heiskanen et al., 2019; Murray et al., 2019). Typical eutrophication symptoms are repeated harmful 
algae blooms provoking anoxia, decreased light penetration and toxins. Algae blooms were already first 
registered in the early 1900s (Finni et al., 2001). Since the 1980s, satellite data of the summer months of 
July and August of the toxic cyanobacterial blooms are available, showing large interannual and decadal-
scale variations with a maximum accumulation in 2008 (Kahru and Elmgren, 2014). Such high fluxes of 
organic material, degrading in the bottom sediments are consuming large amounts of oxygen, worsening 
the already weak oxygen conditions from poor water mixing, and increased respiration rates along with 
higher temperatures (Carstensen et al., 2014; Hansson et al., 2011). Studies have also been made on direct 
effects of nutrient loads on fish stock recruitment including important Baltic fish stocks (Pécuchet et al., 
2015). To deal with this situation, basin- and country-wise nutrient reduction targets were set up within 
the BSAP, based on empirical and experimental scientific evidence using both monitoring and modelling 
data (Heiskanen et al., 2019; HELCOM, 2007a).  

1.2.2. Fishing pressure 
Another current highly impacting pressure is fishing. Fishing is an important source of income for the Baltic 
Sea countries (STECF, 2019; Szymczycha et al., 2019). The most important pelagic fisheries are the 
widespread mid-water trawl fisheries targeting sprat and herring, while the demersal fisheries are the 
bottom-trawl fisheries targeting cod and flatfish, occurring in the south and west of the Baltic Sea (ICES, 
2019b). At present, the eastern Baltic cod stock is the commercially most important species for the Baltic 
Proper, while the pelagic fisheries are the largest catches in weight (Eero et al., 2011; ICES, 2019b; STECF, 
2019). However, fishing for eastern Baltic cod has been put to halt by the European Commission since July 
2019 to save the stock from impending collapse, allowing only unavoidable by-catches 
(https://ec.europa.eu/fisheries/press/baltic-sea-commission-proposal-aims-improve-long-term-
sustainability-stocks_en). Although most Baltic Sea fish stocks are fished at or below MSY, still some 
commercially important stocks are exploited above the predefined FMSY targets: eastern and western 
cod, herring stocks in the central and in the western Baltic, as well as sprat in the Baltic Sea, and plaice 
(ICES, 2019b). An additionally issue is the fact that the biological references points to manage the stocks 
are partly blind to environmental changes that makes these references quickly obselete (e.g. Bastardie et 
al., 2017) and the catch allowance inadequate. For Kattegat, the Norway lobster (Nephrops) fishery is 
economically the most important resource of the commercial fishery whereas the cod population in 
recent years significantly declined partly due to excessive catch allowances (Hornborg et al., 2017; ICES, 
2018; Svedäng and Bardon, 2003). Besides overfished stocks, other fishery-related stresses are among 
others the disturbance of seabed habitats by both bottom-trawl and otter trawl demersal fisheries, and 
bycatch of seabirds and harbour porpoise in gillnet fisheries (HELCOM, 2013; ICES, 2019b).    

1.2.3. Climate change pressure 
Future projections suggest an increase in water temperature that may result in a drastic decrease of 
annual maximum ice extent (Jylhä et al., 2008) and an increase in precipitation. Consequently, more rain 
will increase the total runoff, although more so in the northern basins compared to the south (Saraiva et 

https://ec.europa.eu/environment/marine/eu-coast-and-marine-policy/marine-strategy-framework-directive/index_en.htm
https://ec.europa.eu/environment/marine/eu-coast-and-marine-policy/marine-strategy-framework-directive/index_en.htm
https://ec.europa.eu/fisheries/press/baltic-sea-commission-proposal-aims-improve-long-term-sustainability-stocks_en
https://ec.europa.eu/fisheries/press/baltic-sea-commission-proposal-aims-improve-long-term-sustainability-stocks_en
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al., 2019). Some models even project a decreased river flow from southern basins due to a higher absolute 
change in evapotranspiration (Graham, 2004). Annual patterns of runoff will change with increased winter 
runoff due to an earlier snowmelt in a warmer climate, and a decreased summer flow. The increased total 
runoff would result in a decrease in the overall salinity, an increase in surface nutrient concentrations and 
a decrease in the bottom oxygen condition (Graham, 2004; Meier et al., 2012b; Saraiva et al., 2019). The 
changes in the climate will influence the biological components of the ecosystem. For the cod population, 
these future projections do not look too promising. Cod depends on a minimum salinity concentration 
and a minimum oxygen condition in the deeper waters for both the survival of its eggs and larvae 
(especially the eastern Baltic cod where eggs drop to an unsuitable larger depth) (Nissling, 1994; Wieland 
et al., 1994) and for the survival of benthic prey for its juvenile stages (Hüssy et al., 1997; Karlson et al., 
2002). Higher temperature and increased surface nutrient concentration, however, will both increase the 
oxygen consumption. Sprat on the other hand, (i) has its eggs floating in surface waters at shallower 
depths, less affected by the oxygen condition in the deeper waters (Nissling et al., 2003; Voss et al., 2012), 
(ii) the warmer summer temperatures increase sprat reproduction success (Baumann et al., 2006; Haslob 
et al., 2012; MacKenzie et al., 2012; MacKenzie and Köster, 2004; Voss et al., 2011) and, (iii) one of its 
main prey species, Acartia ssp., thrives at higher temperatures. Similar for herring, its recruitment and 
feeding conditions would improve with higher temperatures and lower salinity (Bartolino et al., 2014; 
Cardinale et al., 2009; Fey, 2006; Hakala et al., 2003; Rajasilta et al., 2014). However, increased storm 
events (Coumou and Rahmstorf, 2012; Surkova et al., 2015; Woth et al., 2006) and eutrophication (Orth 
et al., 2006; Short and Wyllie-Eciieverria, 1996; Staehr et al., 2019) are predicted to decrease aquatic 
vegetation where herring eggs are attached to (Aneer, 1989, 1987; Kanstinger et al., 2018; Rajasilta et al., 
2006). Freshwater species will increase and especially the ones additionally benefitting from higher 
temperatures (Andersson et al., 2017), but higher temperatures might also favour non-indigenous species 
originating from warmer sea areas (Leppäkoski and Olenin, 2000).

1.3. Ways to investigate the integrating impacts of the three pressures   
Yearly sampling and monitoring programs help to collect the necessary data to investigate first the status 
of the actual pressure and secondly the direct and indirect effects on the ecosystem. To investigate the 
status and the trend of eutrophication, the concentration of the actual nutrients is assessed, using long-
term observation data, sampled over different geographical stations (e.g. in Rolff and Elfwing, 2015). 
Historical measurements of concentrations of nutrients can be estimated using indirect approaches such 
as paleo-geological methods. Other environmental observations, besides the actual concentrations, can 
be used as ecological indicators. Ecological indicators are tools to monitor the direct and indirect effects 
of eutrophication. Indicators can originate from observation data such as oxygen measurements e.g. 
(Hansson et al., 2018)(Hansson et al., 2011), Secchi depth, satellite data as a proxy for cyanobacteria 
surface accumulations (Kahru and Elmgren, 2014), etc. Each indicator would have a set target of good 
eutrophication status (e.g., Fleming-Lehtinen et al., 2015). These targets can be specified by management 
entities like HELCOM (e.g. the HELCOM assessments of eutrophication status e.g. HELCOM (2012b) which 
developed the multi-metric indicator-based HELCOM Eutrophication Assessment Tool (HEAT) (Andersen 
et al., 2011). Model-based methodology (e.g. in Almroth and Skogen, 2010) could complement and are 
used to interpolate the observations in an attempt to complete gaps in time and space (Andersen et al., 
2017).  

Assessing fishing pressure is done through observed landings and catches, size and age, stomach content, 
egg abundances, bycatch of fish and non-targeted species such as for instance seabirds and harbour 
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porpoise (HELCOM, 2010; ICES, 2019a, 2018). Theoretical relationships can be used to complete for 
missing data such as the von Bertalanffy growth equation to convert length into age, or spawning stock 
biomass (SSB) from catch curve analyses (e.g. in Eero et al. 2008), or a stock-recruitment relationship 
(Hilborn and Walters, 1992; Pécuchet et al., 2015). Not only biological information is gathered, also 
fisheries data is important such as fishing effort and swept area of trawlers. Detailed fishing information 
can come from for instance a vessel monitoring system (VMS), which is a satellite-based monitoring 
system on board of the vessel for collecting information regarding the vessel location, heading, and speed. 
Also here, indicators and statistical models are used to assess the fishing impact and its effects on the 
ecosystem (e.g. Eero et al., 2011; McLaverty et al., 2020). 

The consequences of climate change on the marine ecosystems can be studied with statistical analyses of 
a few isolated elements of the environment (e.g. temperature and fish recruitment in (MacKenzie and 
Köster, 2004)). However, climate change will co-occur with both eutrophication and fishing pressure, all 
three affecting the same ecosystem simultaneously. The expected environmental changes at regional 
scale, generated by regional climate models (RCMs) (e.g. Neumann 2010), can be used to force physical–
biogeochemical models and combine the impact of changing climate and changing nutrient loads e.g. 
(Friedland et al., 2012; Meier et al., 2011, 2012b, 2012c, 2012a; Ryabchenko et al., 2016; Saraiva et al., 
2019). However, known relationships from historical patterns (e.g. sprat reproduction improves with 
higher temperatures), might also change when the environment develops in ways not seen or 
documented before (MacKenzie and Köster, 2004). The impact of these pressures on the ecosystem 
should therefore also be looked upon as a whole, with an end-to-end ecosystem model. 

Capturing the impact of environmental and anthropogenic pressures means that the right biological 
interactions have to be included in the ecosystem models. Therefore, several ecological concepts have 
been studied to try and explain observed phenomena within specific fish populations. For instance, Van 
Leeuwen et al. (2008) studied why cod stocks like the one in the Baltic Sea did not recover as expected. 
They tested the concept of the Allee effect to investigate how the feeding preferences of cod for prey in 
different size ranges could have affected the population. Frank et al. (2005) looked at the removal of top 
predators in a large marine ecosystem in relation to the concept regime shift by demonstrating a multi-
level trophic cascade. This concept of trophic cascade has then in the Baltic Sea further been used in 
relation to regime shifts and alternative stable states, trying to explain the changes observed in the Baltic 
cod population (Casini, 2013; Casini et al., 2008; Gårdmark et al., 2015; Möllmann et al., 2008). Many of 
these studies emphasize on the inclusion of direct and indirect relationships, linking food web, 
exploitation, environmental variability, food intake, individual growth and reproduction in order to fully 
capture and explain these ecological concepts (Frank et al., 2007; Van Leeuwen et al., 2008).  

1.4. Objectives and Approach 
The overall objective and focus of this thesis is to evaluate the combined and integrated effects of 
anthropogenic pressures on the Baltic Sea Ecosystem, with a more comprehensive and cross-disciplinary 
scientific support tool. An end-to-end holistic Atlantis ecosystem model has therefore been parameterized 
and implemented for the Baltic ecosystem to integrate the ecosystem complexity adequately. A first major 
aim of this thesis was to integrate new and existing, significant knowledge on fish recruitment, growth 
and consumption processes, species interactions, fisheries-specific information, and established 
biogeochemical forcing from the HBM-ERGOM model into a new calibrated Baltic Sea Atlantis end-to-end 
ecosystem model. This preliminary set-up was to evaluate ecosystem-wide responses to changes in 
human-induced pressures by simulating several eutrophication scenarios, given current climate pressures. 
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For this, extensive efforts were put into calibrating the model and to verify it by comprehensive 
observation data across all functional biological and physical (e.g. oxygen and chl-a levels) groups. Data 
was gathered from scientific surveys, ICES single- and multi-species fish stock assessments, HELCOM 
databases for many marine biological functional groups as well as an extensive literature-based data 
platform and from the physical biogeochemical HBM-ERGOM model. 

A second major aim was to use the newly calibrated Atlantis model with a biotic application to look at 
direct and indirect biological interactions and trophic cascades in the Baltic Sea by investigating these 
relations and cascading dynamics with a holistic mechanistic approach. This is followed by an abiotic 
application to study new climate and eutrophication scenarios, under future climate conditions. To enable 
future projections, a new physical biogeochemical model, the RCO-SCOBI, was applied which informed 
the Baltic Atlantis model with physical data on temperature, salinity and currents. The scenarios covered 
the IPCC climate predictions RCP 4.5 and RCP 8.5 for the Baltic Sea, including three nutrient load scenarios 
comparing reference, BSAP and worst case with riverine nutrient load information from the different 
climate models, as well as PLC-estimates. Accordingly, a third major aim was to use this last application to 
assess the single and combined effects of changing climatic and eutrophication conditions under current 
fishing pressure by looking at the ecosystem-wide responses, as well as the responses of fish and fisheries.  

It is important to include complex models, which incorporate the different ecosystem interactions, 
density-dependent processes and have a holistic, integrated perspective on the system, in decision-
making processes. Especially because they can help in gaining valuable supplementary understanding and 
in making future long-term management decisions for the Baltic Sea fisheries and stocks. 

1.5. Hypotheses 
The thesis is segmented into two main approaches and sections, respectively chapter 2 and 3-4 below.  

Chapter 2.a and Appendix A present the research model where a lot of effort was put in the establishment 
of an expanded and further calibrated Baltic Atlantis ecosystem model with bio-geochemical and physical 
dynamics to enable ecosystem impacts evaluation of changed climatic and eutrophication pressures, 
which is supported by the published paper with title: “The Baltic Sea Atlantis: An integrated end-to end 
modelling framework evaluating ecosystem-wide effects of human-induced pressures”. This involves the 
first research hypothesis of the thesis:  

Hypothesis 1: It is not possible to establish, calibrate and implement the complex end-to-end Atlantis 
ecosystem model with high spatio-temporal resolution to reach long-term equilibrium of 30 biological 
functional groups at reasonable levels and at the same time being forced by extensive bio-geochemical 
forcing models (climate and eutrophication models) in the heavily anthropogenic impacted Baltic Sea 
ecosystem. 

Chapter 2.b and Appendix B present a global review and comparative evaluation of 35 integrated 
ecological–economic fisheries models applied to marine fisheries and marine ecosystem resources to 
identify the characteristics that determine their usefulness, effectiveness and implementation. The focus 
is on fully integrated models that allow for feedbacks between ecological and human processes. This 
published paper has the title: “Integrated ecological–economic fisheries models—Evaluation, review and 
challenges for implementation”. 
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Chapter 3 and 4 describe the development, application and implementation of the calibrated model to 
investigate integrated Baltic ecosystem impacts of several continuous and concurrent influencing 
anthropogenic pressures according to the below research hypotheses. 

This covers in chapter 3 and Appendix C and D among other the evaluation of direct and indirect biological 
interactions and trophic cascades including both intra-specific and inter-specific competition and density-
dependent regulations with emphasis on the importance of integrating the whole food web and not only 
considering the change in biomass on an annual basis, but also the abundance (number of individuals) 
and the individual condition. Title: “Trophic interactions and cascading control exemplified in its multitude 
of effects for the Baltic Sea ecosystem”. 

Hypothesis 2: The influence of biological interactions and trophic cascades can be investigated in terms of 
estimating the biomasses on annual basis only, or by comparison of separate species specific data time 
series in simple food chains. 

Furthermore, it covers in chapter 4 and Appendix E the evaluation of environmental and anthropogenic 
consequences of climate change in the Baltic Sea looking at ecosystem impacts from changed climatic and 
eutrophication conditions, regarding the IPCC RCP 4.5 and RCP 8.5 and reference, BSAP, worst-case and 
PLC nutrient scenarios. Title: “Ecosystem impacts from climate and eutrophication change on main Baltic 
fisheries resources using different sources of pressures”. 

Hypothesis 3: No ecosystem impacts according to cascading effects and integrated effects of climate, 
eutrophication and fishing change can be determined by integrated evaluation with complex end-to-end 
ecosystem models, nor can be detected which of the two (climate change or eutrophication) will dominate 
the future Baltic Sea.   

In the above structure the results of the different main approaches are discussed thoroughly in each 
section and chapter. Accordingly, the discussion in chapter 5 has, rather than repeating these discussions, 
focused upon (i) current modelling approach to meet policies, (ii) constructing the model – 
methodological reflections contributing to the state-of-the-art, (iii) application of the model in relation to 
Good Environmental Status (GES) descriptors – ability to evaluate impacts of integrated pressures, and 
(iv) future needs and research to improve the modelling approach and performance. 

 

 

For the references of chapter 1, see chapter 5. 
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2. (a) 
The Baltic Sea Atlantis: An integrated end-to-end modelling framework 

evaluating ecosystem-wide effects of human-induced pressures 
This chapter has been published in Plos One: 

Bossier, S., Palacz, A. P., Nielsen, J. R., Christensen, A., Hoff, A., Maar, M., Gislason, H., Bastardie, F., Gorton, R., 
& Fulton, E. A. (2018). The Baltic Sea Atlantis: An integrated end-to-end modelling framework evaluating 

ecosystem-wide effects of human-induced pressures. Plos One, 13(7), e0199168. 
https://doi.org/10.1371/journal.pone.0199168 
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Abstract

Achieving good environmental status in the Baltic Sea region requires decision support tools

which are based on scientific knowledge across multiple disciplines. Such tools should integrate

the complexity of the ecosystem and enable exploration of different natural and anthropogenic

pressures such as climate change, eutrophication and fishing pressures in order to compare

alternative management strategies. We present a new framework, with a Baltic implementation

of the spatially-explicit end-to-end Atlantis ecosystem model linked to two external models, to

explore the different pressures on the marine ecosystem. The HBM-ERGOM initializes the

Atlantis model with high-resolution physical-chemical-biological and hydrodynamic information

while the FISHRENT model analyses the fisheries economics of the output of commercial fish

biomass for the Atlantis terminal projection year. The Baltic Atlantis model composes 29 sub-

areas, 9 vertical layers and 30 biological functional groups. The balanced calibration provides

realistic levels of biomass for, among others, known stock sizes of top predators and of key fish

species. Furthermore, it gives realistic levels of phytoplankton biomass and shows reasonable

diet compositions and geographical distribution patterns for the functional groups. By simulating

several scenarios of nutrient load reductions on the ecosystem and testing sensitivity to differ-

ent fishing pressures, we show that the model is sensitive to those changes and capable of

evaluating the impacts on different trophic levels, fish stocks, and fisheries associated with

changed benthic oxygen conditions. We conclude that the Baltic Atlantis forms an initial basis

for strategic management evaluation suited for conducting medium to long term ecosystem

assessments which are of importance for a number of pan-Baltic stakeholders in relation to

anthropogenic pressures such as eutrophication, climate change and fishing pressure, as well

as changed biological interactions between functional groups.
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Introduction

Baltic Sea ecosystem dynamics & pressures addressed in the Baltic Atlantis

implementation

Understanding and quantifying the space- and time-varying intensity of human pressures and

the resulting responses of marine ecosystems are essential for evaluating the impacts of human

activities on the future provision of the goods and services we derive from the oceans [1–4].

The Baltic Sea ecosystem is subject to many interconnected and area specific pressures origi-

nating from natural changes and human activities (e.g. [5–8]), and human pressures are

increasing [9]. An initial holistic assessment of ecosystem health for 2003–2007 indicated that

the majority of the Baltic Sea was in a state of "poor" or "bad" health [10]. The area is geograph-

ically peripheral with respect to marine and freshwater conditions and low winter tempera-

tures, and some ecosystem groups are therefore vulnerable to environmental changes [11–12].

Since the early 2000s, surface temperature has increased from an overall average of around

7˚C to 9˚C [13] and salinity has decreased with varying magnitude across the basins [11, 14].

The Western Baltic Sea is characterized as a transition zone with temperature and salinity con-

ditions that vary substantially both seasonally and annually depending on the magnitude of

saline inflows [11, 14]. Eutrophication and pollution, partly due to run-off from land based

activities, as well as ocean acidification and climate change induce environmental impacts in

the Baltic Sea [5, 6, 9, 10, 11]. However, so do fisheries, transport/shipping, renewable energy

exploitation, gravel extraction, tourism, etc. These are other anthropogenic pressures that

induce environmental impacts and also have socio-economic importance [5, 7–9]. Some of

these pressures can be managed on national or local levels such as energy platforms, but several

require a regionally, basin-wide integrated or even globally coordinated management ap-

proach because they have a wide spread distribution and are diffusive activities, e.g. fisheries

and nutrient loads [10–11, 15–19]. For example, despite measures taken to reduce national

inputs of nitrogen and phosphorus to the whole Baltic Sea, up to 18% from 1994 to 2010, the

system is still characterized as highly eutrophic [10, 16]. As the system doesn’t seem to recover,

the Baltic Sea eutrophication problem is therefore increasing [20].

Challenges for Baltic Sea ecosystem models and the evaluation of natural

and anthropogenic pressures

Besides fishery, eutrophication is a strong pressure on the Baltic Sea ecosystem. Studies of the

biological effects of eutrophication in the Baltic Sea are numerous. Significant effects on pri-

mary production, both total area production and distribution in the water column, phyto-

plankton biomass, plankton community composition, water clarity and oxygen conditions

have been documented (e.g. [21–22]). In [23], modelling simulations exploring the potential

effects of changing oxygen and nutrient load conditions on the benthic community in the Bal-

tic Sea have been conducted, showing significantly changes in the biogeochemical functioning

of the ecosystem. Direct effects of eutrophication on fish stock recruitment is not evidenced

by a number of correlative studies and a literature review ([24], and references therein). The

meta-analyses in [24] finds only two fish stocks in the Baltic Sea and the North Sea where the

recruitment dynamics can be related to changes in nutrient levels (Kattegat and Eastern Baltic

cod). Accordingly, while there in the Baltic may be links between eutrophication and changes

in fish stocks and fisheries the full chain of causality is yet to be documented. In contrast, a

decrease in abundance of Baltic cod due to climate change (sea water temperature) has been

documented (e.g. [25]). The complexity of the interactions also likely means that the direction

of change is not uniform across species and/or regions [2, 26–28]. In general, the main

The Baltic Sea Atlantis
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challenge in studies of complex systems is to find occurrences where one pressure at a time

varies, all other being equal, which is usually impossible given the variety of human activities

(e.g. [2, 8]), as well as to integrate the ecosystem complexity adequately. Capturing this com-

plexity is relevant in supporting different national and international policies and directives—

such as the Marine Strategy Framework Directive (EU MSFD), the Water Framework Direc-

tive (EU WFD), the Baltic Sea Action Plan (BSAP) and the Maritime Spatial Planning Direc-

tive (EU MSP).

To consider several ecosystem drivers simultaneously, a possibility is to apply models that

integrate a wide range of pressures and processes in a common framework that enables holistic

evaluation [2, 7–8]. To construct such models has several advantages: they tend to increase

understanding of system dynamics within and across ecosystems, help identify major pro-

cesses, drivers and responses, highlight major gaps in knowledge, and inform future monitor-

ing schemes [2, 29]. Furthermore, the final models make it possible to test management

strategies virtually before they are implemented in reality [29]. These so-called end-to-end or

whole-of ecosystem models [30], enable simulations of ecosystem dynamics and interactions

from plankton to humans. Previous ecosystem modelling attempts in the Baltic include the

EcoSim-EcoPath (EwE) modelling framework [31–33]. [34] used this framework to analyze

trophic cascades and regimes shifts under scenarios of altered top-predator pressure as well as

eutrophication (via assumed shifts in primary production). However, EwE has not been

applied to the Western Baltic Sea, and explicit testing of eutrophication scenarios with EwE

and its spatially-resolved Ecospace module would require linking with coupled physical-plank-

ton models (e.g. POLCOMS-ERSEM) or with dedicated eutrophication models (e.g. Corps of

Engineers Integrated Compartment Water Quality Model in Chesapeake Bay; [35]). Another

approach for testing ecosystem effects of eutrophication in the Baltic Sea involved linking the

HBM-ERGOM bio-geo-chemical model (see below) and the Stochastic Multi Species (SMS)

model (see below), providing a novel platform for operational ecology as part of the FP7

Marine OpEc project (http://marine-opec.eu/).

Moving towards a holistic management evaluation platform

To construct a holistic management evaluation platform, a new whole-of ecosystem and cyclic

full-feed-back Atlantis model [36, 29] is here implemented covering the whole Baltic Sea,

including the Western Baltic Sea and Kattegat. The Atlantis model [29] is designed as a tool

capable of providing medium to long term management strategy evaluation, which has broad

relevance and interest to many stakeholder groups. It is not, on the other hand, meant to pro-

vide short term accurate forecasts and, thus, should not be used for generating short term

absolute and tactical advice [37]. Besides the key parameters and processes relevant for a spe-

cific region, the model also includes complex interactions between the different processes and

actors. It consists of a hydrographic, a species community and a fisheries sub-model which are

all interlinked with one another on a spatially (horizontal/vertical) and seasonally explicit

scale. Besides its potential to meet the challenge of implementing an ecosystem-based

approach to fisheries management [38], the fast development in a global perspective of the

Atlantis model to integrate new marine sectors offers opportunities for balancing conflicting

user objectives in marine resource management (e.g. [39–40]). In this context, the different

implementations of Atlantis across a number of marine ecosystems around the world has been

evaluated in many peer-reviewed publications and technical reports (e.g. [29, 41–51]) and this

also increases relevance of a Baltic implementation for comparative purposes. The model has

previously been successfully applied to support strategic decision making around marine

resources and to optimize the marine monitoring of e.g. Australian and the United States [29].
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Lately, the implementation of Atlantis in European and North-Eastern Atlantic regional seas

has been conducted in several areas such as the Sicily Straits, English Channel [52], Nordic

and Barents Seas [53], North Sea (EU-FP7-VECTORS, http://www.marine-vectors.eu/) and

the Baltic Sea (current study).

Although the Atlantis model is the core of the present approach, some more detailed infor-

mation, which will improve this holistic management evaluation platform, is more extensively

available through other existing models. The HBM-ERGOM provides the Baltic Atlantis with

high-resolution physical-chemical-biological and hydrodynamic information of the calibra-

tion year (2005) and the Atlantis output from the terminal projection year is processed with

the FISHRENT fisheries economic model. A schematic overview of the models and how they

are linked with the Baltic Atlantis is shown in Fig 1 and further described below.

The Baltic Atlantis implementation will become one of the most comprehensive integrated,

dynamic, and spatially explicit bio-economic modelling tools of a marine system available in

this region at present. In this paper, we present the implementation and parametrization of the

Baltic Atlantis (using revision number 6191 of the main release of the software). [54]. We dem-

onstrate the functionality of the model by evaluating effects of nutrient load reductions in the

Kattegat and Western Baltic ecosystems, as well as pan-Baltic, including their effects on differ-

ent trophic levels, fish stock biomasses and associated fisheries with consideration on changed

benthic oxygen conditions. The purpose is accordingly to make a first evaluation of the effects

of different scenarios (and associated assumptions) of eutrophication pressure reductions, and

to test sensitivity to changed fishing pressure for key exploited fish stocks with fisheries impor-

tance across the Baltic Sea.

Methods

Setting up a Baltic ecosystem end-to-end modelling and management

strategy evaluation framework

We present a new framework, with a Baltic implementation of the spatially-explicit end-to-

end Atlantis ecosystem model linked to two external models, to explore the different pressures

on the marine ecosystem (Fig 1). Atlantis is used as the main and central part of a 3 part linked

model system.

The first link is between a biogeochemical-hydrodynamic model and Atlantis. Detailed

input for the hydrographic part of the Baltic Atlantis model is provided by the HBM-ERGOM

model system (Fig 1) consisting of the 3D ocean circulation Hiromb-BOOS model (HBM)

coupled to the biogeochemical and plankton production ERGOM model [55–57]. This

HBM-ERGOM model is in turn informed by the catchment models DK-QNP [58] and HBV

[59] which deliver high spatial resolution information (1×1 km) on river discharge and nutri-

ent loads. For the Danish areas, both the Atlantis model and the HBM-ERGOM model receive

river data from the catchment model DK-QNP, for the other Baltic Sea rivers, the catchment

model HBV or HELCOM data is used.

The second link is between Atlantis and a bio-economic fisheries model. The Atlantis out-

put of the terminal projection year feeds into the FISHRENT model (Fig 1), which is a bio-eco-

nomic multi-fish-stock-multi-fishing-fleet-model for Kattegat and the Western Baltic fishery

(FISHRENT KWB henceforth; [60]).

The way the three models (HBM-ERGOM–Atlantis–FISHRENT) are connected is based

on a one-way offline linking. Information is fed from one model to another without account-

ing for any potential dynamic coupling or feedback processes. Information about hydrody-

namics obtained from the HBM-ERGOM model is passed on as input to the Baltic Atlantis for

the 2005 calibration year, and information about changes in biological production obtained
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from the Baltic Atlantis is, with respect to fish species biomasses, passed on as input to the

FISHRENT KWB model, as illustrated in Fig 1. A detailed explanation on how this is exactly

done, can be found in sections A and C in S1 File. The outcomes of the Baltic fish Stochastic

Multispecies Model (SMS; [61]) are also used to provide information on natural fish mortality

levels and constrain dietary interactions between the fish species sprat, herring and cod. Fur-

thermore, a couple of other models can be associated with the framework but are not currently

used and described in Fig 1 (i.e., the DISPLACE [62–63] model, coupled to the SMS models

[64], and the broader socio-economic CBA model, an ecosystem services assessment tool [65]).

Initialization, forcing and parameterization of the Baltic Atlantis

Year 2005 is chosen as the initial conditions year for the Baltic Atlantis calibration because it is

the most recent year with the greatest overlap of available information between all the biologi-

cal variables and parameters used in the Baltic Atlantis model. Furthermore, year 2005 is char-

acterized by lack of extreme events, in either physical forcing (river discharge, Baltic inflow) or

significant ecosystem changes. In absence of data or other model outputs from that period for

Fig 1. A schematic diagram of the integrated ecosystem modelling and strategic management evaluation framework. The diagram illustrates the current linking

within the integrated modelling framework for investigating ecosystem-wide effects of human-induced pressures in the Baltic Sea.

https://doi.org/10.1371/journal.pone.0199168.g001
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a given variable or parameter, the temporal search radius is extended to one year before and

after 2005 until the closest estimate in time is found. Spatially averaged data were then aver-

aged per quarter whenever data was available at a seasonal resolution. The process of inform-

ing the large number of biological parameters in the Baltic Atlantis model was based on an

extensive review of literature to minimize the number of poorly constrained parameters. In a

majority of cases, previous estimates of equivalent model parameters were already reported

(e.g. length at infinity, mortality rate, recruitment constants), or it was possible to derive first

order approximations from available data (e.g. survival rates of juvenile mammals). However,

there were also a few Atlantis-specific parameters which had to be provided. The process to

find these is described further down.

Input from HBM-ERGOM. The HBM-ERGOM model (Figure A in S1 File) provides

physical, chemical and hydrodynamic parameters to the Baltic Atlantis for the 2005 calibration

year. It is a 3D ecosystem model coupling an ocean circulation model with a biogeochemical

module describing the major pathways for carbon, nitrogen, phosphorous and silica. It is

driven by atmospheric forcing and nutrient loads (N, P, Si), and simulates the responses to cli-

mate changes and changing nutrient loadings. The HBM drives the transport of physical and

biogeochemical properties while the biogeochemical model ERGOM simulates primary pro-

duction and cycling of nutrients (N, P, Si) through 3 phytoplankton groups, 2 zooplankton

groups, detritus and the sediment [56, 66]. ERGOM has been described and validated in previ-

ous studies [56–57, 60] based on the original formulations [21, 55]. More detailed information

about the HBM-ERGOM model can be found in section A in S1 File.

The next parameters described are set values for a longer time period. A first group is the

temperature, salinity, exchange volume (i.e. currents) and the external tracers for the dynamic

boundary Box 0 (Fig 2)–representing the entire transport between Baltic Sea and North Sea.

They are parameterized with 12h time steps for 2005, which is repeated for each projection

year in Atlantis. Temperature and salinity values are fields which are calculated per box and

per depth layer, while the currents are fluxes, calculated per box face. The second group con-

sists of the tracers of atmospheric deposition fluxes and riverine inputs. These forced sources

are annually averaged, but applied daily at even rates. Atmospheric deposition rate of nutrients

is fixed in time and is a spatially-uniform estimate of 0.15 mmol-NH4/m2/day following [68],

in line with atmospheric sources used in HBM-ERGOM. Even though these parameters are

provided by the HBM-ERGOM model, there is no cyclic feedback between HBM-ERGOM

and Atlantis in the projection. Accordingly, the biogeochemical cycling is explicitly modelled

in the Baltic Atlantis, with nitrogen being the currency of the model while silicate and oxygen

fields and fluxes are also tracked. Physical and geochemical parameters used to internally force

the Baltic Atlantis model can be found in Table A in S1 File.

Annual river run-off and nitrogen deposition flux estimates, derived from the Review of the

Fifth Baltic Sea Pollution Load Compilation for the 2013 HELCOM Ministerial Meeting [69],

are used to calculate the annual rates of nitrogen riverine inputs. The fluxes are translated onto

the Atlantis box model domain, combined with coastal retention and bioavailability factors

estimated regionally in the Baltic Sea basin [70–72] to account for estuarine and near-coastal

transformation and removal of nutrients. Parts of some of the fluxes have been put directly

into the off-shore boxes to account for a lack of resolution of fine scale (and potentially com-

plex) eddies and plumes that extend horizontal mixing of these tracers out beyond coastal

waters. The estimates of per-box riverine inputs of nitrate and dissolved organic nitrogen used

to force the model are summarized in Table B in S1 File. Additionally, there are two important

nutrient sinks for nitrogen in the model: (i) explicitly modeled denitrification and (ii) implic-

itly considered decay and sediment burial. Details of how these processes are parameterized

can be found in the S1 File (section B.1).
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Besides the hydrographic parameters, the HBM-ERGOM also provided the information

about initial condition values, more specifically for the winter 2005 initial conditions of nutri-

ents (nitrate (NO3), ammonia (NH4), silicate (SiO4), dissolved oxygen (O2), detrital material

(dissolved organic nitrogen (DON) + detrital silica + particulate organic matter: labile and

refractory detritus), primary (diatoms, autotrophic flagellates, cyanobacteria) and secondary

pelagic producers (microzooplankton, mesozooplankton).

Other initial condition values. The annual average spatial distribution of mysids and

gelatinous zooplankton was based on scarce and irregular data maintained in SMHI (Swedish

Meteorological and Hydrographical Institute; www.smhi.se) and ICES (International Council

for Exploration of the Sea; www.ices.dk) databases, and supplemented by the results of an

extensive literature review, covering a period from 2003 to 2007. Initial conditions for benthic

deposit feeders, polychaetes, soft- and hard-substrate filter feeders came from the compilation

of data obtained from SMHI, ICES, DCE (Danish National Center for Environment and

Energy; www.dce.au.dk) and HERTTA (Finnish Environmental Institute; www.p2.ymparisto.

fi/scripts/oiva.asp) databases. The data used covered a period from 2003 to 2007. Literature

information on coverage and/or biomass was obtained to estimate initial conditions for spatial

distribution of macroalgae [73–75] and seagrass [76].

Table C in the S1 File provides a summary of the sources used to inform the model with the

required biological fields, fluxes and parameters for the 2005 initial conditions year for all

Fig 2. Baltic Atlantis spatial polygon structure.

https://doi.org/10.1371/journal.pone.0199168.g002
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vertebrate and/or commercially important species (e.g. Nephrops). A distinct spatial distribu-

tion was specified for adults and juveniles, and by season (half year), if the data was available.

Details of these calculations and considerations for vertebrates and invertebrates can be found

in S1 File section B.2. Because the input information is derived from observed or previously

modeled mean annual concentration and biomass levels taken from the 2005 reference year,

we can check whether the model is able to reproduce realistic biomass levels for those groups.

We do not provide a similar comparison for invertebrates and the lower trophic levels for

which we did not have accurate or equivalent data to start with. However, their values are set

according to the best available knowledge. Initial values of detrital matter were purposefully set

very low for the model initial conditions in order to avoid too strong grazing pressure and in

general larger internal model error due to a choice of initial conditions.

Unique Atlantis parameters. There is a group of parameters that are unique to Atlantis,

e.g. the availability of prey parameter, which is conceptually difficult to derive from stomach

content data (see detailed discussion in S1 File section B.2). Such parameters were therefore

initially constrained using qualitative information and often adjusted substantially during the

calibration process. When no information about realistic ranges of parameters were found, the

robustness of the final calibrated value was evaluated using the emergent model results (i.e.

diet composition) or through sensitivity analysis by changing ranges of the parameters. Tables

D-F in the S1 File provide a summary of the final calibrated values assigned to the key biologi-

cal parameters describing the structure and function of the ecosystem in the Baltic Atlantis for

vertebrate and invertebrate groups, respectively.

Other examples are the parameters for diffusive fluxes, which are calculated internally on

top of advective fluxes. While we apply a constant vertical mixing rate across the majority of

the model domain, these mixing rates needed to be adjusted in order to better simulate nutri-

ent replenishment in the offshore surface waters. Other vertical transport processes occur

across the water-sediment interface via bioirrigation and bioturbation of sediments, sediment

resuspension and erosion; as well as in the water column via particle settling. Also horizontal

and vertical light fields are calculated internally by the model. Daily and seasonal cycles of

photosynthetically active radiation are obtained from calculations of the theoretical net incom-

ing shortwave radiation at given longitude and latitude. The vertical extent of the light profile

in the water column is an exponential decay function scaled by physical and biological light

attenuation parameters (Table A in S1 File).

The Baltic Atlantis model application: Structure and processes

Biological functional group structure. The Baltic Atlantis model has 30 biological func-

tional groups. Table 1 provides an overview of the biological structure of the model by indicat-

ing which and how many functional groups there are for each ecosystem level, and Fig 3

illustrates their habitats and the general interactions between the biological groups in the

model. The key players of this system are cod, sprat and herring. All three of them are predated

by the harbour porpoise, seals and seabirds. Sprat and herring are also the main prey species

for adult cod, while the benthic invertebrate community is the main food source for juvenile

cod. The majority of biological functional groups encompass multiple species, except when

there is sufficient information to parameterize dynamics of individual species which are either

of great economic value—e.g. the sprat, herring, and cod fish stocks—or have important and

distinct ecosystem roles, e.g. harbour porpoise. For functional groups consisting of several spe-

cies, the biological traits of the dominant species, or the species with a key ecosystem role, are

chosen to be representative of the whole group. All biological functional groups, together with

names of species aggregated within them and general model behavior parameters are listed in
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Tables G and H in the S1 File respectively. The reasons and criteria used to aggregate individ-

ual species into biological functional groups are described in section B.3 in S1 File.

Mammals, seabirds and fish are age structured with a set amount of age groups (cohorts)

(Table H in S1 File, section B.2 in S1 File–Demographic profiles, mortality rates & reproduc-

tion functions). Age structured functional groups mature at a set age, which is modelled as a

hard transition point from a juvenile to adult stage—this distinguishes diets, habitat use,

migration patterns etc; This does not assume the age of sexual maturation though, which is

given by a spawning ogive which determines the proportional contribution to reproduction.

This means that sexual maturity and contributions to the pool of new recruits can begin before

or after the switch from juvenile to adult behavior. The number of recruits is modelled follow-

ing the standard Beverton-Holt relationship [77], where the recruitment is a function of the

total species biomass and the amount of spawning produced, scaled by temperature, salinity

and oxygen conditions (Table D in S1 File). Details on how this is done can be found in section

B.2 in S1 File–Demographic profiles, mortality rates & reproduction functions. Currently, the

number of recruits for mammals and seabirds is also modelled following this approach to cre-

ate a density dependence relationship with the environment they live in. The effects of temper-

ature and salinity on the recruitment of harbour porpoises and seals are however not seen as

an influential factor and are turned off for those two species accordingly. Besides recruitment

processes, oxygen concentration conditions also affect all groups while living (for equations on

the processes and detailed explanation see section B.2 in S1 File–Demographic profiles, mor-

tality rates & reproduction functions). Benthic invertebrates experience an increased mortality

when oxygen drops below their minimum tolerance levels (Table F in S1 File) as they cannot

escape the oxygen minima that easily, while fish and other vertebrates are assumed to swim

away. Although, if no suitable habitat is found (i.e. if the entire area was to become anoxic),

they would be completely lost from the model. A potential uncertainty lies in the precise for-

mulation of the fish recruitment dynamics in the Baltic Atlantis. As there are large regional

Table 1. Summary of biological structure of the Baltic ATLANTIS model.

Ecosystem level # functional

groups

Population

structure

Biological functional groups and model codes

Dead organic matter 3 Single biomass

pool

DL (labile detritus), DR (refractory detritus), DC (carrion)

Bacteria 2 Single biomass

pool

BP (pelagic bacteria), BB (sediment bacteria)

Pelagic primary

producers

3 Single biomass

pool

PS (small phytoplankton), PL (large phytoplankton), aPC (cyanobacteria)

Benthic primary

producers

3 Single biomass

pool

MA (macroalgae), SG (seagrass), aPB (phytobenthos)

Pelagic invertebrates 4 Single biomass

pool

ZS (small zooplankton), ZM (mesozooplankton), MS (mysids), ZG (gelatinous zooplankton)

Benthic invertebrates 5 Single biomass

pool

SF (soft-substrate filter feeders), HF (hard-substrate filter feeders), BF (benthic deposit feeders), NE

(Nephrops), PO (polychaetes)

Fish 9 Age-structured FSR (sprat), FHR (herring), FCD (cod), FWH (whiting), FFL (flat fish), FPR (perch), FCP (cyprinids),

FSP (small pelagics), FSD (small demersals)

Seabirds 2 Age-structured SBD (pursuit-diving seabirds), aSBS (surface-feeding seabirds)

Marine mammals 2 Age-structured MHP (harbour porpoise), SEA (seals)

All vertebrate groups are age-structured in the model and include 5 or 10 age classes, depending on their life expectancy. All invertebrate groups are represented by a

single biomass pool.

aGroups currently set as inactive in the model, i.e. they will be excluded from the model. This allows to include them again more easily in future model improvements.

https://doi.org/10.1371/journal.pone.0199168.t001
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differences in recruitment parameters calculated for different important fish stocks in the Bal-

tic, the selected values are not always equally representative of both the eastern and western

stock components. The final values for the Beverton-Holt stock recruitment relationship were

chosen based on the ability to reach a long-term equilibrium biomass.

Age structured functional groups, i.e. all vertebrates (Table 1), also have a maximum growth

rate and clearance rate for each of the age groups, while biomass pool functional groups, i.e. all

invertebrate groups (Table 1), only have one specific value (Tables E and F in S1 File). Growth

for primary producers is defined as a function of the maximum specific growth rate and by

additional potentially limiting factors such as nutrient, light and space limitations. For con-

sumers, growth is determined by the intake (grazing) and assimilation efficiency. Maintenance

or respiration costs for age structured groups are implicitly represented in the assimilation effi-

ciency, i.e. the rate is set lower to represent losses to respiration, as well as incomplete assimila-

tion of food. Grazing is modelled using a modified Holling type II relation [54], where the

Fig 3. Baltic Atlantis model–biological structure. Detail list of species included in each group is found in Table G in S1 File. The figure illustrates the main interactions

focused upon in the current context, i.e. a comprehensive diagram of the full biological interactions between functional groups in the Baltic Atlantis model will be way

too complex to overview in one diagram.

https://doi.org/10.1371/journal.pone.0199168.g003
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grazing is a function of the amount of biomass of a specific prey available and the time-invari-

ant maximum growth (grazing) rate and clearance rate (the search volume of a predator). Lim-

itations of the available prey biomass are the time-varying spatial overlap and predator

condition, the available habitat for refuge and the gape size of the predator. This together will

define the amount of prey consumed, which means that the diet is not a priori determined (as

in other models such as EwE), rather an emergent property of the Atlantis model.

While the initial values of vertebrate growth and consumption rates per age class were fairly

well constrained using field data on morphological characteristics and physiological rates, and

size-based scaling laws of metabolic theory, up to an order of magnitude adjustments had to be

made for some groups. The two criteria used to adjust these rates were: (i) obtaining a close to

initial structural and reserve weight per age group, and (ii) obtaining a stable and ecologically-

sound diet composition.

Atlantis spatial domain structure. The Baltic Atlantis model resolves horizontal pro-

cesses based on 29 polygon-shaped boxes, including 26 dynamic and 3 boundary boxes, and a

total of 100 faces (borders) between them (Fig 2), delineated using a Geographical Information

System, following the standard procedure for all Atlantis implementations [54]. The polygon

structure is designed as a compromise between the need to account for spatial heterogeneity in

bathymetric and hydrodynamic patterns, physical-chemical and biological habitats, biological

composition and existing fisheries and spatial management units. In the vertical dimension

there are eight water layers: 0-5m, 5-10m, 10-30m, 30-40m, 40-50m, 50-100m, 100-200m,

>200m; and one sediment layer of 0.5m depth. The depth of the vertical water layers is variable

with a higher resolution for layers shallower than 50m depth. This higher resolution helps the

model to resolve key vertical processes around the halocline in offshore areas of the Baltic. The

last vertical layer is a sediment cell. Which types of abiotic habitat this sediment cell has, is

specified based on the high resolution topographic map information from HELCOM (Table I

in S1 File).

There are a few limitations when modelling the different functional groups in this spatial

domain structure. Firstly, the spatial distribution of primary and secondary producers in the

model is complementary where large and small phytoplankton rarely coexist in the same poly-

gon, similarly for micro- and mesozooplankton. While this implementation allows for the

effective representation of the total biomass of both groups, the biomass by individual polygon

might be biased due to the model set up. Complementary groups are therefore aggregated over

polygons when plotted spatially. Secondly, the spatial distribution of the vertebrates is forced

seasonally for the species, based on survey data and literature and does not allow for free move-

ment between polygons (see section B.2 in S1 File–Quarterly abundance distribution of verte-

brates). The distribution pattern is also limited by the single uniform fishing mortality

imposed on all individuals of a given biological functional group. This current implementation

potentially leads to approximate fishing mortalities per subareas.

Nutrient load reduction scenarios and fishing pressure change sensitivity

In the current study, four nutrient load reduction scenarios have been evaluated and five

model sensitivity runs with changed fishing pressure for key fish species were conducted. This

was done to test the model sensitivity and its capability to respond similarly to realistic situa-

tions. There was one “status quo” scenario to compare against which assumed no changes in

nutrient loads or fishing pressure. The sensitivity tests of fishing pressure reduction was made

for fishing mortality on cod as a major benthivorous and piscivorous predator fish and on

sprat as a major planktivorous prey fish in the Baltic, which are both important target species

in the Baltic international commercial fishery. All scenarios were run for a period of 60 years
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including a “spin-up period” of 35 years after which equilibrium is reached and at which point

the nutrient loads are changed depending on the scenario. Like any simulation from the Atlan-

tis model the results of these scenario runs do not represent an actual 25-year time series fore-

cast of the response to nutrient change, rather, they represent a possible future time slice after

the biological system had adjusted to the new forcing conditions and the bio-economic model

had optimized its performance. Here we use five-year averages of the terminal projection

period. The model adjustment time to new nutrient load and/or fishing pressure conditions is

not uniform for all ecosystem components, therefore a complete equilibrium is not guaranteed

(however, equilibrium was actually reached in all cases but one). Moreover, the change in forc-

ing in the model occurs instantaneously instead of a more likely gradual shift, as this is how

the model is set up for the moment. This adjustment or model spin-up time is longer than the

10-year time scale assumed in previous similar numerical experiments (e.g. [21]) performed

on much simpler ecosystems.

There were four nutrient load scenarios and five fishing mortality scenarios set up and sim-

ulated within the Baltic Atlantis model and management evaluation framework. Table 2 pro-

vides a summary of the different scenarios and the corresponding relative (%) reductions of

total nitrogen river load assigned to each Baltic Atlantis polygon per nutrient load scenario

and of the corresponding fishing mortalities used for each of the last five scenarios. The

changes in fishing mortality were intentionally kept simple for testing purposes rather than

trying to replicate complicated management options. The original fishing mortality of adult

cod, applied in the Baltic Atlantis model, is 0.32 and the original, SMS-derived fishing mortal-

ity for adult sprat is 0.07. Minimum observed fishing mortality was not included in the scenar-

ios as it was considered sufficient to look at the halved mortality rate (i.e. scenario #6 and #7).

In the current settings of the Atlantis model, the fishing mortality is a constant mortality factor

Table 2. Relative (%) reduction of total nitrogen river load applied to certain Baltic Atlantis polygon according to the four nutrient load scenarios (#2–#5) and the

changes in fishing mortality for the five fishing mortality scenarios (#6–#10). Scenario 1 is the baseline to compare the results against.

Scenario #1 Scenario #2 Scenario #3 Scenario #4 Scenario #5

’Status quo’ Nutrient load

reduction

Nutrient load

reduction

Nutrient load

reduction matching

BSAP2�

Nutrient load reduction

Area Denmark Denmark, Sweden &

Germany

Selected coastal zones pan-Baltic

Polygon # and amount of

decrease for each polygon

12 %, 33%, 24% 33% for 9%, 20%, 15%, 32% 33%

for polygon 1, 2, 4 polygon 1, 2, 3, 4 for polygon 1, 2, 3, 4,

21.4%, 23% for #5 & #9,

19% for #12 & #13,

35%, 33% for #14 &

#17

Scenario #6 Scenario #7 Scenario #8 Scenario #9 Scenario #10

50% reduction of

fishing pressure on

cod

50% reduction of

fishing pressure on

sprat

50% increase of

fishing pressure on

cod

50% increase of fishing

pressure on sprat

The maximum 2005–2012

observed fishing pressure on cod

and sprat

Area pan-Baltic pan-Baltic pan-Baltic pan-Baltic pan-Baltic

Fishing mortality for adult

fish��
0.16 0.035 0.64 0.14 1.2 for cod,

0.6 for sprat

� This is a regional approach, agreed by the Baltic Sea countries, to share the burden of nutrient reductions and achieve the goal of a Baltic Sea, unaffected by

eutrophication [60, http://www.helcom.fi/baltic-sea-action-plan/nutrient-reduction-scheme/targets/].

�� New juvenile fishing mortality was assumed half of the new adult mortality.

Note: the corresponding polygons and their numbers can be found in Fig 2.

https://doi.org/10.1371/journal.pone.0199168.t002
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for the whole Baltic Sea, split into juvenile and adult. There is also no differentiation between

different stocks in the current model, so there is only one fishing mortality for the juvenile and

one for the adult group of the species for the whole area. In the evaluation of eutrophication

scenarios with Atlantis, we keep fishing mortality constant to focus on nutrient load induced

pressures and relative changes. In the subsequent FISHRENT evaluations, we accordingly eval-

uate relative fisheries consequences of the changed biomasses of key exploited fish stocks from

the eutrophication scenarios only. We therefore have kept stock biomass and recruitment con-

stant in the fisheries projections in FISHRENT to isolate the relative effects of the eutrophica-

tion scenarios.

Analysis of these scenarios, and of the quality of the initial calibration, was based on a small

set of criteria. First, the overall balance of all biological functional groups was evaluated after

running the model for a 60 year projection period, to see whether equilibrium was reached.

There is no guarantee that the model reaches irreversible global equilibria, it can be quasi-equi-

libria. However, the equilibria did generally not change when using 120 years projections com-

pared to 60 years (Figure B in S1 File). Next, the levels of the final biomasses were compared

with the initial input biomasses, especially for those groups where external abundance esti-

mates were available. Furthermore, we compared the diets versus data to check whether the

realized model diets were realistic. Due to the emergent property of the diet in the Atlantis

model, we can still use the calibration data to check the output against. Besides the dynamics

of the total relative prey composition over the full simulation period, the diets of juvenile and

adult predators were also checked separately, averaged over a timespan of the last five years of

the projection period. Next, we also explored the population demography according to age fre-

quencies, i.e. distribution of the number of individuals over the age groups. Additionally, the

spatial distribution of the biomasses as well as the oxygen level in certain areas and vertical lay-

ers were checked against what is known from literature or field surveys. We finally investigate

the results of the scenarios by comparing their biomass levels with those in the baseline run, in

order to evaluate the sensitivity and realism of the model response to the change in drivers and

pressures. These biomass oriented evaluations are augmented for the age structured groups—

mammals, seabirds and fish functional groups—where a more detailed demographic evalua-

tion of the model projections is possible.

Economic analysis of the Atlantis output in Kattegat-Western Baltic

The FISHRENT model [60] was used to analyze the final year output of the Atlantis model.

FISHRENT is a multi-stock multi-fleet bio-economic model which was developed from best

practice knowledge on fisheries gained from similar models used in Europe over the past

decade (e.g. [78–79]). FISHRENT enables consideration of a diverse array of policy aims,

including Maximum Sustainable Yield (MSY) and Maximum Economic Yield (MEY) goals.

The main outputs from FISHRENT describe the likely trajectories and status of the modelled

fisheries and fleets over a predetermined time-period given the status of the main fish stocks

exploited per area and the policy aims considered. The model contains five modules: biologi-

cal, economic, market, behavior, and policy (Figure C in S1 File). A key characteristic of

FISHRENT is that the necessary fleet and economic data have been structured in the same way

as the data collected on a national basis as part of the EU Data Collection Framework (EU

DCF). This enables consistent analysis to be conducted across nations ensuring that best avail-

able national data is used. More detailed information about the FISHRENT model and its

implementation in the Kattegat and the Western Baltic Sea can be found in section C, Tables

J-R in S1 File. The economic consequences of the nutrient load scenarios two to four are evalu-

ated by the FISHRENT model.
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Results

Initialization and forcing of the Baltic Atlantis

A comparison of the Chl-a levels and spatial distribution in the output from the Atlantis

model (annual average for the last five projection years) and the modelled output by the

HBM-ERGOM model (annual average for 2005–2014) (Fig 4) shows that the relative distribu-

tion and general levels of Chl-a in Atlantis matches the patterns and levels in HBM-ERGOM.

However, this is not the case for the Kattegat and the Western Baltic Sea, where the Atlantis

model shows average higher Chl-a values on a more coarse geographical scale while HBM-ER-

GOM only shows high levels in fine scale coastal areas. Seasonal patterns in Chl-a are shown in

Figure D in S1 File and are discussed further below in relation to HBM-ERGOM output.

Baltic Atlantis projection results

Biomasses of biological functional groups. The time series of total biomass per group

(across the entire model domain) in the 60-year long calibration run are shown for all species

in the overview plot Fig 5. The biomasses of all functional groups reach a balanced equilibrium

with a spin-up period of 10 years for most of the groups. For some groups like the harbour por-

poise, phytoplankton and gelatinous zooplankton, it takes a longer spin-up time of about 35

years. The simulated fluctuations for most of the functional groups arise from the seasonal var-

iability. The largest variations in these fluctuations are found for the lower trophic level groups,

10 million tons biomass amplitude for the diatoms and small zooplankton, 20 million tons bio-

mass difference for the small phytoplankton and 30 million tons difference for the mesozoo-

plankton. Benthic organisms do not show such variation. Comparing the modelled biomasses

with the input showed that most of the groups fall in the border of 0.5 times lower or higher

than initial values (Figure E, Table S in S1 File). Some groups that ended up with a biomass

higher than 0.5 times the initial level are sprat, gelatinous zooplankton, seagrass and labile and

refractory detritus where sprat biomass is 2.72 times the initial biomass.

Diets of biological functional groups. The diets for sprat, cod and seals are given in Fig

6, while the diets of the other functional groups can be found in Figure F in S1 File, panels

1–21. The results show that the emergent diet of sprat in the model consists of mainly lower

Fig 4. Spatial distribution of annual average surface Chl-a [mg m-3]. As simulated by HBM-ERGOM for the annual average over the period 2005–2014 (A-B) and

Baltic Atlantis for the annual average for the last five projection years (C). Areas marked in yellow represent concentrations of 5 mg m-3 or higher.

https://doi.org/10.1371/journal.pone.0199168.g004

The Baltic Sea Atlantis

PLOS ONE | https://doi.org/10.1371/journal.pone.0199168 July 20, 2018 14 / 39

25

https://doi.org/10.1371/journal.pone.0199168.g004
https://doi.org/10.1371/journal.pone.0199168


trophic level groups, namely 55–65% of mesozooplankton and 35–45% of mysids (Fig 6A and

6B). Juvenile cod predates mostly on benthic invertebrates, 55% on polychaets, 25% on benthic

deposit feeders, 5% on soft substrate filter feeders and 10% on hard substrate filter feeders. The

diet of adult cod consists for 80% of sprat and 15% of herring (Fig 6C and 6D). Adult seals eat

primarily herring and sprat, and secondary cod. The dietary pattern of the juvenile seals con-

sists for a large part of herring and sprat as well, besides 10% of perch and 6% of carp (Fig 6D

and 6E).

Population structure and demography. The equilibria reached in the overall biomass, is

also found in each of the age groups (Fig 7A and 7C and Figure G in S1 File, panels 1–12). Ter-

minal biomasses are similar to survey biomasses for all age structured groups. All groups are

within the same level of total abundance compared to the observations from survey data which

were used to initialize and calibrate the model (Figure H in S1 File). For all the functional

groups there is an exponential decrease in numbers per cohort from the youngest to the oldest

age groups, as expected (Fig 7B and 7D).

Spatial distribution of biological functional groups. The sprat biomass reaches equilib-

rium at the end of the model projection for each of the polygons (Fig 8). The spatial distribu-

tion of biomass of all the other functional groups can be found in Figure I in S1 File, panels

1–33. It can be seen that most of the groups reach a stable equilibrium (60 and 120 years pro-

jection, Fig 5 & Figure B in S1 File) and this equilibrium is spatially consistent, i.e. none of the

species with known distribution patterns go extinct in any of the polygons. However, there are

some exceptions in which the model can be improved (e.g. mysids, macroalgae, seagrass).

Microzooplankton and mesozooplankton as well as large and small phytoplankton are

grouped together to zooplankton and phytoplankton respectively, for which combined groups

the spatial distribution is given. Phytoplankton spatial distribution is also shown through the

Fig 5. Time series evolution of Baltic Atlantis functional groups. Total biomass in metric tons of biological functional groups and total DIN (dissolved inorganic

nitrogen) obtained from a 60-year reference run initialized with 2005 data.

https://doi.org/10.1371/journal.pone.0199168.g005
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distribution of Chl-a (Fig 4C). A pattern appears in which the coastal polygons and the West-

ern Baltic Sea show higher fluctuations than the off-shore ones (Figure I in S1 File, panel 16).

Phytoplankton peaks are highest for polygon 24 (Figure I in S1 File, panel 16b), but they still

reach a base equilibrium (Figure I in S1 File, panel 16).

Most polygons show seasonal fluctuations in oxygen levels, with periodic zero values (Fig

9). Oxygen levels for the vertical water column can be found in Figure J in S1 File, panels 1–7.

Nutrient load reduction scenario results

From the four nutrient scenarios that were analyzed with the calibrated Baltic Atlantis model,

three were also evaluated with the FISHRENT model (i.e. scenario #2–#4). The polygon-based

results from those scenarios were converted into stocks and regions consistent with the

FISHRENT model structure and associated assumptions, thus providing adequate relative fish

Fig 6. Emergent diet composition of sprat, cod, and seals from the whole of the Baltic Sea. Results are average from last 5 years of model 60-year calibration run for

both juvenile and adult groups, with the prey being arranged on the x-axis according to the trophic level (A, C, E) and the dynamics of the diet composition simulated

over the 60 years–combined for adults and juveniles (B, D, F).

https://doi.org/10.1371/journal.pone.0199168.g006
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biomass scaling indices, applied to scale the constant biomasses in FISHRENT. The indices

per scenario for the commercially important species are summarized per area in Table 3. The

results for all of the ecosystem functional groups are shown in the form of relative changes in

the biomass in Fig 10.

The biomass changes in scenario #2 are negligible, whereas for the other three scenarios we

see an overall decrease in total biomass compared to the baseline. For most of the groups, the

decrease in biomass was larger, the stronger the scenario was. The two last scenarios are the

ones with the most significant changes in total biomasses, which are observed throughout the

whole ecosystem as a bottom up effect, where even the top predators like mammals and seals

are either positively or negatively affected. The higher up the trophic level, the lower the differ-

ence with the baseline.

Labile detritus, mysids and Nephrops are the most impacted, and their biomass levels

decreased according to the magnitude of nutrient reduction in the Kattegat and Western Baltic

Sea. Detritus is an important food source for Nephrops (see Figure F in S1 File, panel 13). The

decrease of Nephrops biomass was less in scenario #4 given that the nutrient reduction was

lower in scenario #4 for Kattegat, only a 15% reduction, because this scenario followed the

BSAP plan, whereas the scenario #3 had a 33% reduction by Denmark, Sweden and Germany

together.

Fig 7. Biomass, condition and demography of Baltic cod and sprat, taken as an annual average from last 5 years of calibration run for the whole Baltic Sea. The

individual and population metrics per age class include: (A, C) biomass for 3 age groups over the 60 year simulation period (B, D) number of individuals.

https://doi.org/10.1371/journal.pone.0199168.g007
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Most of the functional groups biomasses decreased with lower nutrient input (Fig 10).

Some groups do not have a consistent pattern over the different scenarios and might increase as

well. Cod increased up to 4% in the fifth scenario, where both adult and juvenile cod biomass

increased (Figure K in S1 File). The cod dietary pattern changed in scenario #5 with a decrease

in sprat for adult cod, while juvenile cod had an increase in prey biomass of the benthic filter

and deposit feeders, and of the polychaetes (Figure L in S1 File). Benthic invertebrate biomass

decreased for all scenarios, though with a maximum of 2%. For scenario #5, sprat decreased for

18%. Looking at the age structure, it is apparent that mostly the adult sprat decreased. Besides

the biological responses, abiotic factors do also react to the nutrient change. Fig 11 shows an

increase in oxygen concentration in the bottom water layer for several polygons. The most

impacted polygons are the coastal ones in the Western Baltic Sea and Baltic proper. Many of the

small changes, caused by the scenarios, would be so small as to be written off as noise in the real

world and should be treated with caution given the uncertainty of the model.

Sensitivity to change in fishing mortality for key fish species

When inducing reduced fishing mortalities (Fig 12) for the main pelagic short lived forage fish

species like sprat, and for a benthic long lived predatory fish species like cod, the model

responds for the fished species or adjacent trophic levels. A 5% increase in cod biomass was

observed when halving cod fishing mortality (#6) compared to the 2005 level. Similar, a sprat

biomass increase of 2% was observed when halving the fishing mortality (#7). This is

Fig 8. Spatial distribution of Baltic sprat biomass for the 60 year simulation period.

https://doi.org/10.1371/journal.pone.0199168.g008
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Fig 9. Spatial distribution of bottom oxygen concentration for the Baltic Sea for the 60 year simulation period.

https://doi.org/10.1371/journal.pone.0199168.g009

Table 3. Relative changes (%) of equilibrium fish and Nephrops total stock biomasses (TSB), averaged over the final simulation year, given the three nutrient load

reduction scenarios (#2–#4) evaluated economically relative to the status-quo scenario (#1), of the species groups included in the Baltic Atlantis model.

Species Scenario #2 Scenario #3 Scenario #4

COD_KA 0.04 (0.04) 0.34 (0.35) -0.34 (0.36)

COD_WB 0.04 (0.04) 0.34 (0.34) -0.34 (0.32)

SPR_KAWB1 0.01 (0.005) -0.04 (-0.04) -8.96 (-8.96)

HER_KAWB1 -0.01 (-0.01) -0.13 (-0.15) -3.9 (-3.88)

WHI_KAWB1 -0.42 (-0.38) -0.75 (-0.73) -1.92 (-1.90)

FLAT_KAWB1 0.11 (0.11) 0.3 (0.33) 0.88 (0.84)

NEP_KAWB2 -0.01 (-0.01) -20.97 (-20.97) -11.02 (-11.02)

Note
1For sprat, herring, whiting and flat fish, the box estimates were averaged over to provide one estimate for the entire Kattegat and W Baltic region.
2Only values for E. Kattegat.

Note: The values between brackets are calculated with a different way of averaging and summing biomasses according to the different polygons, taking into

consideration seasonal migrations. However, it can be seen that there are no differences between the two methods.

KA = Kattegat, WB = Western Baltic Sea, SPR = sprat, HER = herring, WHI = whiting, FLAT = flatfish, NEP = Nephrops.

https://doi.org/10.1371/journal.pone.0199168.t003
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Fig 10. Results of the four river load scenarios. Percentage of change of the biomass for the different biological functional groups compared to the status-quo

scenario #1.

https://doi.org/10.1371/journal.pone.0199168.g010
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consistent with much lower sprat fishing mortality in 2005 than the cod fishing mortality, and

that sprat fishing mortality in general is very low. In the last scenario with a more severe

increase in fishing mortality, a greater decrease in biomass is simulated throughout the whole

ecosystem (Fig 12, scenario 10). The effect goes from a decrease in harbour porpoises, up to

-14%, but an increase in sprat and zooplankton, up to 12% and 4% respectively. The largest

change is for the mysids, with a decrease in biomass of 85%.

Fisheries economic evaluations of selected nutrient load reduction

scenarios

There are very small decreases in the NPV (Net Present Value) for the total fishery between

status quo and the four nitrogen reduction scenarios which are within the uncertainty levels of

both models (Table 4). In scenarios #3 and #4, total NPV decreased by 4.1% and 1.7% respec-

tively. The decrease in the Western Baltic is higher than the one in the Kattegat. There is a very

small NPV decrease also in Kattegat in scenario 3, but it is on the third digit and therefore not

shown in the table. The smaller trawling vessels (12–15 meters) increased their total revenue

for both scenarios #3 and #4, while it decreased for the bigger trawlers and the gillnetters

(Table T in S1 File). The fuel cost increased for the smaller vessels (12–15 and 15–18 meters)

Fig 11. Oxygen concentration of bottom layer: Baseline (scenario #1) vs. scenario #5.

https://doi.org/10.1371/journal.pone.0199168.g011
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Fig 12. Results of the five fishing mortality sensitivity analyses (scenario #6–#10 respectively). Percentage of change of the biomass for the different biological

functional groups compared to the status-quo scenario #1.

https://doi.org/10.1371/journal.pone.0199168.g012
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for scenario #3 and #4, for the bigger trawler vessels (18–24 meters) it decreased for scenario

#3 but increased for #4, while it decreased slightly for the gillnetters (Table U in S1 File). The

total costs for the small trawling vessels increased for scenario #3 and #4, while it decreased

slightly or stayed the same for the other vessels (Tables V-Y in the S1 File). This explained the

decrease in NPV for scenario #3 and #4. However, the total profit increased for the 12–15

meters trawlers, while it decreased for the others (Table Z in S1 File). Similarly as was shown

above, the changes in scenario #2 were so small that also here they didn’t show any differences

with the status quo scenario.

Discussion

A Baltic Atlantis model was implemented to integrate and better comprehend the complexity

of the marine ecosystem when exploring effects of changes in different pressures on the marine

ecosystem. Here we evaluated eutrophication and fishery pressures on the whole ecosystem on

a spatial explicit scale. This established model framework will help us to evaluate the perfor-

mance of alternative management strategies on mitigating human and natural pressures in the

long term. We discuss the current model calibration and the realism of the baseline given the

model uncertainty, as well as the application to nutrient load reduction scenarios and sensitiv-

ity analyses to fishing pressure levels to test the ability of the model to capture the dynamics in

the ecosystem according to the changes. As the model is only for strategic use and due to the

many assumptions, limitations and overall uncertainty, we only focus on the direction of

changes in the relative evaluations rather than short term absolute predictions.

Model parameterization and initialization

The system perspective supplied by the Baltic Atlantis model makes it a unique and useful tool

for the region, enabling investigation of changes in eutrophication pressure while accounting

for bio-physical interactions and feedbacks across all important trophic levels in all the basins

of the Baltic. Nonetheless, the complexity of the nature of the interacting pressures on the sys-

tem creates the limitation as it can be very difficult (even in a model) to separate the effects of a

specific key factor, agent or process in the ecosystem, and quantitatively estimate its role under

Table 4. NPV (mill EUR) from 2012 to 2037 for the four fleet segments for the baseline (scenario #1) and the three nutrient scenarios evaluated by FISHRENT (#2–

#4). Results based on original 2012 local ICES-based assessed fishing mortality (F) and total stock biomass (TSB) for the groups and areas listed in Table 3, compared to

using Atlantis-based F and TSB.

Original F & TSB Atlantis F & TSB

Scenario Sea NPV (mill EUR) Relative change (%) NPV (mill EUR) Relative change (%)

Scenario #1 Total 154.8 182,1

Kattegat 44.8 0,1

Western Baltic 36.4 37,9

Scenario #2 Total 154.4 -0.26 182,1 0

Kattegat 44.7 -0.22 0,1 0

Western Baltic 36.3 -0.27 37,9 0

Scenario #3 Total 153.4 -0.90 174,7 -4.1

Kattegat 44.4 -0.89 0,1 0

Western Baltic 36.2 -0.55 37,7 0.5

Scenario #4 Total 153.3 -0.97 179.0 -1.7

Kattegat 44.3 -1.12 0,1 0

Western Baltic 36.1 -0.82 37,3 -1.6

Total NPV over all waters shown, together with NPV in Kattegat and NPV in Western Baltic.

https://doi.org/10.1371/journal.pone.0199168.t004
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a given scenario. While the confounding can be somewhat controlled in the model it can not

be completely removed as a faithful representation of the system requires a representation of

the many interacting drivers. This issue is exacerbated by the fact that the model parameteriza-

tion cannot be equally well constrained for all groups and processes. When looking at

Nephrops, they could potentially respond to drastic shifts in biomass levels of their main prey,

i.e. detritus as well as benthic species. On the other hand, they may also be affected by oxygen

depletion with respect to changed mortality or distribution. Although the model seems to cap-

ture those interactions, which are evaluated in the scenarios, estimates of Nephrops have

showed that their biomass has remained surprisingly constant over the last decade or more

[80]. This is however, under the current environmental conditions with relatively high nutri-

ent levels in their habitats. In the long term, Nephrops have most likely increased in Kattegat

according to field observations. The parameterization of these interactions and potential feed-

back effects is complex and difficult to comprehend and evaluate without a well-calibrated eco-

system model. Better constraints on the simulated ecosystem dynamics, while still accounting

for complexity, can only be achieved by increasing the input information to the model—

including data availability and promoting coordinated monitoring efforts in different regions

across the Baltic Sea. See details in section B.2-C in S1 File.

A lack of phosphorus cycling and cyanobacteria in the model also affects the model results

in response to scenarios of reduced nutrient loading, especially in the Northern Baltic areas.

While code now exists within the model framework for these components, it was not available

in a timely manner and so has not yet been implemented for the Baltic. Cyanobacteria are

likely to positively respond to significant reductions in nutrient inputs as they gain a relative

advantage over diatoms, which primarily rely on the supply of new (non-regenerated) nutri-

ents [16, 21]. Prevalence of blooms of nitrogen-fixing cyanobacteria in the main sub-basins of

the Baltic Sea implies that nitrogen fixation is an important process that slows down the recov-

ery from a eutrophic state (e.g. [16, 81]). However, the effects of this underrepresentation of

nitrogen fixation is not expected to have an influence on the main commercial species such as

cod, sprat and herring in the Baltic proper, Kattegat and Western Baltic areas, where the focus

of the current implementation of the model is.

Not only sources but also sinks of nitrogen are very well represented in HBM-ERGOM,

and [82] estimated that nitrogen removal by denitrification in sediments varied between 48

and 73% of the external nitrogen inputs delivered via rivers, coastal point sources and atmo-

spheric deposition. In the Baltic Atlantis, in order to avoid a buildup of nutrients in some

coastal boxes, especially along the eastern German and western Polish coasts (box #14), we

introduced implicit decay terms of labile and refractory detritus to better balance the sources

and sinks in the model. These processes are proxies for sediment burial and implicit effects of

denitrification, adding to the likely underestimated model explicit denitrification, with overall

aggregate sink rates being in line with the rates reported by [82].

Several such aspects limit the model capability to evaluate the results of scenario analysis in

absolute terms and in the short term. However, the model is still useful for longer term projec-

tions and its set-up enables us to identify key sensitive parameters for which we need more

information or need to make the foci of sensitivity analyses and robustness testing. This is a

very important capacity of the modelling approach and management evaluation framework

applications in general.

Baltic Atlantis projections and dynamic full feedback mechanisms

Biomasses of biological functional groups. The current calibrated version of the Atlantis

implementation in the Baltic meets the goal of simulating a stable and balanced marine

The Baltic Sea Atlantis

PLOS ONE | https://doi.org/10.1371/journal.pone.0199168 July 20, 2018 24 / 39

35

https://doi.org/10.1371/journal.pone.0199168


ecosystem where all biological functional groups survive from one model year to another in a

long term equilibrium state with biomass levels close to the best available knowledge (Figure E

in S1 File). Despite the increased biomass level for the model output of sprat, it was still

accepted as the 2005 sprat assessed abundances was considerably lower than all other years in

the assessment year range [83]. In general, the model stability reached after the spin-up period

(section B.5 in S1 File), is on a satisfactory level, however it should be noted that the available

input data and information on the lower trophic levels are uncertain. Overall, the current cali-

bration of the model can run uninterrupted for at least 120 simulation years, without any

groups going extinct from year to year and season to season (Figure B in S1 File).

The biomasses of most of the functional groups exhibit a seasonal oscillation around the

same mean biomass level. Planktonic groups exhibit the largest seasonal variability as their bio-

masses change more rapidly with environmental changes. In our model, benthic organisms

exhibit little if any seasonal variability which is in line with model results of [23]. However, for

Baltic benthic fauna, field observations reveal significant inter-annual variability in particular

in response to prolonged changes in oxygen concentration and predation patterns. Further-

more, seasonal changes in coastal hypoxic conditions may also influence benthic biomass

losses as perceived in the evaluation of the nutrient load scenarios (see below). A more com-

plete picture of the interactions and flows between the different groups can be achieved by

looking at the production instead of the biomass. This was however not possible in the current

setting of the model. We argue though that, achieving equilibrium for the biomass for each of

the functional groups, also means that the production is in equilibrium. This is because bio-

mass would most likely not reach equilibrium if production is not in equilibrium.

Diets of biological functional groups. The results of the emergent fish dietary pattern are

in accordance with our current knowledge. We can compare this to stomach data observations

synthesized and modeled for example in the SMS model, previous estimates in mass balance

models such as EwE (e.g. [32–33]), or reported diet and consumption estimates in published

regional studies. The age-specific diet allows for a different diet for adults versus juveniles. So

does the diet of adult cod consists of a greater proportion of larger planktivorous fish, such as

sprat and herring (Figure F in S1 File, panel 4), while the diet of juvenile cod constitutes mainly

of polychaetes and benthic crustaceans, such as the isopod Saduria entomon, which is an

important food source for the early life stages of cod [84]. This is in general accordance with

observations from stomach sampling programs and from SMS output [85]. The results also

indicate that the model is capable of incorporating bentho-pelagic couplings. Although we

allow for a cod cannibalism interaction in the model, this process is still underestimated in the

current model version. For a relatively small population of harbour porpoise in the Western

Baltic, there are accurate data concerning their diet composition [86]. As expected, cod consti-

tute around 80% of the diet composition in the model with an underestimation of whiting, the

second most important prey item (Figure F in S1 File, panel 1). The dietary patterns of the

grey seal were observed from stomach sampling programs in the Baltic Proper and in the Gulf

of Bothnia [87]. Observations show that the majority of their diet consists of herring, with

sprat and cod being the second most important prey species, followed by carps and perches.

This is similar with the diets modelled with Atlantis, except that sprat is an equally important

prey species next to herring for adult seals (Figure F in S1 File, panel 2). However, the study

dated from 2010, and the geographical overlap between the species, partly due to change in

seal distribution, has very likely changed over time compared to the 2005 situation (and may

have changed even more since 2010).

Population structure and demography. The distribution of numbers per age group

shows a realistic exponential decline for all the age disaggregated functional groups, where the

youngest individuals of a population are prone to the highest mortality. The age distribution is
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most even for seals because they have the most homogeneous survival rates once they survive

the first vulnerable year. The abundance of that first age group is determined by the recruit-

ment. Considering that exact mechanisms controlling recruitment are still not fully under-

stood despite abundant data available (e.g. cod; [88]) and many studies on the topic, or are

simply not known (small pelagics, small demersals), or are principally mediated by the chang-

ing environment anyway (e.g. sprat; [89]), it is difficult to evaluate the potential uncertainty of

the fish recruitment dynamics in the Baltic Atlantis.

Spatial distribution of biological functional groups. The spatial distribution shows no

extinctions in any polygon for all the vertebrates, with biomass fluctuating seasonally. The

higher fluctuations of the vertebrates represent migrations between spawning and feeding

grounds. This is why for instance cod biomass in certain polygons reaches zero (this type of

migration is further discussed in section B.2 in S1 File–Quarterly abundance distribution of

vertebrates). The fluctuations of the phytoplankton biomass show a spatial variation in the

amplitude of those seasonal biomass peaks. The differences are likely due to the coastal versus

off-shore physical conditions. Coastal areas have a continuous high nutrient load due to the

riverine inflow all year round and they exhibit the highest variations in temperature with the

lowest temperature reaching zero [56]. Off-shore areas also have a continuous N load in the

surface areas [50, 90] so primary production and standing stock biomass does not go to zero

[56], but they show much less temperature fluctuations, especially with respect to the extreme

minima. That is why we do not expect as high temperature driven fluctuations in primary pro-

duction in the off-shore areas as we see in the coastal ones (Figures D and M in S1 File).

However, it should be noticed that the limitation of finding vertical/horizontal mixing

parameters could lead to a lack of adequately representing the nutrient distribution, stratifica-

tion and so the primary production, despite extensively testing these parameters. On top of

that, there exists only limited knowledge on the spatial distribution of the phytoplankton com-

munities in the Baltic Sea due to the limited spatial and/or temporal coverage of previous

research [91]. Similar for the Baltic total zooplankton biomass (microzooplankton, mesozoo-

plankton and gelatinous zooplankton), the grazing and its distribution patterns in the Baltic

Sea likely remains the least constrained level of the ecosystem. This is partly due to similar

challenges in adequately sampling and monitoring, and partly due to the large fluctuations

arising from observed patterns that also show high fluctuations on narrow spatial and tempo-

ral scales in different water layers. In the Bornholm Basin there are spectacular shifts in

observed zooplankton community composition and grazing pressure (e.g. [67]), and although

this area is sampled regularly, it still imposes many difficulties and challenges for model

attempts in relation to those specific processes. Future improvements in properly constraining

this ecosystem bottleneck will be fundamental to the successful evaluation of ecosystem-wide

interactions in the Baltic Sea realm.

Another proxy useful for evaluating the geographical distribution of total phytoplankton

biomass is the surface Chl-a (Fig 4). The reason why Atlantis seems to overestimate the Chl-a

in coastal waters for the Western Baltic, the Gulf of Riga and Gulf of Finland regions, com-

pared to the ERGOM model, could be because of the spatial resolution of the two models,

where the ERGOM model has a very fine resolution in comparison with the coarse Atlantis

polygon sizes. However, the ERGOM model also tends to underestimate the surface Chl-a con-

centration when compared to observational data, especially in the offshore Bornholm Basin

and Gotland Basin [56] which makes the Atlantis estimates closer to the observations.

In the offshore polygons, Atlantis simulates quite similar surface Chl-a concentrations rela-

tive to the HBM-ERGOM output, except for the northern Bothnian Sea where Atlantis has a

slightly lower estimate of the Chl-a concentration in the off-shore polygon. This may be

explained by the lack of cyanobacteria in the Atlantis in comparison with HBM-ERGOM. The
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current Baltic Atlantis results are calibrated without considering phosphorus and carbon

cycling. Consequently, cyanobacteria are not included in the model simulations since they are

mostly distinguished from other pelagic primary producers by a higher phosphorus require-

ment for growth. In the Baltic Sea, nitrogen-fixing cyanobacteria contribute significantly to

primary production, especially during the summer months in the northern Baltic Proper and

more Northerly Baltic areas (e.g. [92]).

Lack of cyanobacteria probably does not affect the secondary production in the model,

because they are not an important food source for zooplankton. Sedimentation and subse-

quent degradation of cyanobacteria are also not included in Atlantis and may lead to slight

underestimation of hypoxia in the open areas of the model. Not accounting for these phenom-

ena is unlikely to compromise the results of the current analyses because the salinities in the

Kattegat, Western Baltic regions and southern Baltic proper regions, except in the immediate

vicinity of the coast, are beyond the typical <12 salinity range where cyanobacteria appear in

the Baltic [66]. Finally, the attenuation of light in the Baltic Atlantis water column accounts for

total phytoplankton biomass but does not explicitly represent attenuation due to colored dis-

solved organic material (CDOM). The potential overestimation of light levels due to lack of

CDOM as well as cloud cover effects on light availability are partially offset by adjusting the

light attenuation coefficients of phytoplankton groups.

Furthermore, HBM-ERGOM outputs reveal that in Kattegat and the Western Baltic there

exist very sharp gradients between very narrow but highly productive zones and offshore areas

with low annual average phytoplankton standing stocks. These features are unlikely to be fully

captured in Baltic Atlantis without a more detailed map of time-varying riverine and point

source inputs to the model, such as the one offered by the DK-QNP model used to force

HBM-ERGOM. Although such high spatial resolution details need not be considered to force

the dynamics of fisheries, they are more important in better constraining biogeochemical

cycling, and its control on seasonal and inter-annual variability in primary production.

Nutrient load reduction scenarios

The nutrient load reduction scenarios allowed us to test our newly developed model in its respon-

siveness to system disturbances. The nutrient load reduction scenarios where chosen because the

Baltic ecosystem is already characterized as a highly eutrophic system [10, 16]. The scenarios are

purely for testing the model though and do not reflect an actual reduction plan. The four different

scenarios gradually increase the reduction of nitrogen in the ecosystem. This is done by including

more and more river point sources, linked to certain polygons, which carries a reduced amount of

nitrogen. Even though the spatial scale of the Atlantis polygons might, to some extent, limit the

resolution of fully representing bio-geochemical and primary production responses to changes in

eutrophication pressures, it still allows for the separation of different processes in narrow coastal

versus larger off-shore polygons (section B.1 in S1 File). This spatial explicit approach is necessary

because the eutrophication issue in the Baltic Sea is on such a large scale. Besides the spatial

explicit approach, the interactions of physical with biological processes need to be included to

investigate this issue, which is why this end-to-end model is applied.

In the model, it is mainly the dietary interactions that determine the response of planktivor-

ous and piscivorous fish biomass for the analyzed nutrient reduction scenarios. However, the

model parameterization could not be equally well constrained for all groups and processes.

For instance, the prey-predator interactions involving cod, sprat and herring are well informed

using abundant field data and robust model results from the Baltic SMS or EwE. On the other

hand, there is little data to quantitatively describe the dietary interactions of many benthic ani-

mals, or if locally available, the issue of extrapolating accurately over many types of habitats
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remains. Benthic organisms, especially in the coastal zones, are known to be susceptible to

changes in ambient oxygen conditions [23], strongly affected by riverine nutrient inputs. As a

result, the biomass fluctuations in the nutrient load scenarios of these less constrained groups

could strongly affect the development of their predators, such as juvenile cod, or other bottom

dwelling fish. (See also section B.2 in S1 File–Demographic profiles, mortality rates & repro-

duction functions).

Biomass. For all scenarios, the overall biomass decreases, with a stronger signal when

there are large reductions in river load. This is in line with the results from [21] who used a

NPDZ model to show that a reduction in nutrients lead to a decrease in biomass for diatoms,

flagellates and zooplankton, with a maximum decrease in primary producers. According to

the Atlantis results, there is a bottom-up and cascading effect where the change is observed for

all trophic levels [93]. However, there is no consistent pattern found for all functional groups

because of the complex foodweb interactions that the model comprehends. The amount of

change differs also from polygon to polygon with higher changes in the near coastal ones as

they are more directly affected by the river inflow, which is also shown in other studies [21].

The changed fish biomass under the scenarios of decreasing fishing mortalities on commercial

fish stocks is much smaller than the uncertainty of the model (i.e. difference due to an altered

set of initial conditions and uncertainty of the input data). However, the scenario #5 leads to a

sprat biomass reduction of 18% and an increased cod biomass levels as was expected. The larg-

est decrease of biomass for scenario #5 was that of the mysids. The mysids react only for the

last two scenarios though. This is because of the way they are spatially distributed. Their lim-

ited spatial occurrence does not mean that their production is equally limited. Especially

because sprat and herring have a broader spatial occurrence and do feed for a large part on the

mysids.

Significant changes in Nephrops and detritus biomasses were as expected for the nutrient

load reduction scenarios. For scenario #3 and #5, Nephrops decreases around 20% due to a

decrease in their main food source, detritus. Labile and refractory detritus are a pool of fixed

nutrients from faeces and non-predation mortality products. The decrease of this detritus pool

is caused by a decrease of production of the rest of the ecosystem due to the reduced river load.

In the scenario following the Baltic action plan, the Nephrops stock is reduced by 11%, less

than for other scenarios. Consequently, the model response is proportional to load reduction

and shows expected patterns and levels of effects on the different functional groups given cur-

rent knowledge. This can be seen in context of a general propagation of the effect of the river

load reductions through the whole ecosystem. When the small changes in biomass, which are

generated in the scenarios, accumulate, then this might lead to a more extensive change of the

detritus pool. This in turn can have an effect on those groups feeding on detritus, such as filter

feeders, polychaetes, deposit feeders and Nephrops. Those multitudes of interactions is an

argument for using an end-to-end ecosystem model to comprehend the more realistic percep-

tion of effects of nutrient load reductions taking into consideration the broader and complex

biological processes, effects and interactions.

Oxygen. Distinct benthic oxygen concentration increases were simulated in many areas

according to nutrient load reductions, especially in the Western Baltic and the Baltic proper

areas while less distinct in the deeper areas (Fig 11). Oxygen conditions in the bottom water

layers improved with up to two to three times the amount of oxygen for scenario #4 and #5

compared with the baseline. Reducing the river load caused a reduced production of biomass

which presumably lowered the need for oxygen in order to decompose all the organic matter.

It must be emphasized though, that the benthic-pelagic coupling and sediment processes in

general require further calibration and validation before we can apply a greater certainty to the

above and below model output.
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The increase of cod biomass might be linked with the increase in oxygen concentration for

two reasons. First of all, benthic invertebrates have a higher survival chance due to the

increased oxygen conditions. They are also the main food source for juvenile cod, especially

the isopod Saduria entomon [84]. Secondly, the improved hydrographical conditions in the

bottom water layers may have a positive effect on cod egg survival as it increases the reproduc-

tive volume [94]. This is the volume of water in which the cod eggs develop and it is the key

driver of its recruitment success. The reproductive volume is delimited by a concentration of

oxygen >2mL L-1 and a salinity of>11 psu [94–96]. While we didn’t explicitly represent oxy-

gen effects on the egg and larval stage it would affect new settlers so the model captures some

of the potential recruitment effects, but not all.

The simulations mainly show an increase for the cod age-groups of 2–4 and rather than in

the 1st age group. This implies that the increase in food sources for the juvenile cod has a larger

effect than the higher survival of its eggs (Figure L in S1 File). So, despite an increased produc-

tion for the benthic organisms, their total biomass decreased due to accentuated predation by

juvenile cod.

Anoxic zones have been known in the Baltic for long time and are severely impacting the

ecosystem [96–100], because benthic species are unable to escape. Anoxic zones cause severe

losses on entire benthic communities, which are seen as one of the causes for changed levels

of fish catches since the 1970s combined hydrographical driven fish recruitment patterns

[101–105].

Sensitivity to change in fishing mortality for key fish species

When halving the fishing mortality, we did not see a doubling of the biomasses. This effect

could be expected from a single species model, but not from an ecosystem model where the

changes in fishing mortality results in changed biological interactions. As such, we for instance

see cascading changes in the ecosystem food web which mitigate and buffer the effects. This is

another reason that well-informed and evaluated complex ecosystem models are necessary to

comprehend and project the full and long-term effects of changed fishing pressure.

The cod and sprat functional groups show expected effects of increased biomass when fish-

ing pressure decrease and vice versa. The smaller reaction of sprat in comparison to cod when

halving the fishing mortality is because of the already low fishing mortality for sprat in the

Atlantis model, i.e. 0.07 in 2005. When the maximum observed fishing pressure of cod and

sprat observed in recent years stock assessments ([80, 83, 85, 106] 1.2 and 0.6 respectively) is

applied, then we see a stronger top down effect throughout the whole ecosystem. This stronger

effect, propagating over multiple trophic levels, is off course to be expected since there is a

large difference between the fishing mortality of scenario #8 and #9 versus #10. However, the

different fishing mortalities do not have the purpose of testing different management scenar-

ios, rather trying to see whether the model is reacting to and realistically reflecting changes in

fishing pressure, which is shown with this example.

Fisheries economic evaluations of selected nutrient load reduction

scenarios

The NPV decrease is according to the model framework caused by the lowered catch possibili-

ties given the lower biomass when nitrogen load reduction is imposed. However, a biomass

decrease does not necessarily leads to a NPV decrease. Lowered catch possibilities can, in some

cases, also lead to reduced fishing costs, and thus an increase in NPV. Furthermore, given the

reduced catch possibilities which are different for the different species, reallocation of effort

among fisheries may actually lead to higher catches overall and thus higher catch values for

The Baltic Sea Atlantis

PLOS ONE | https://doi.org/10.1371/journal.pone.0199168 July 20, 2018 29 / 39

40

https://doi.org/10.1371/journal.pone.0199168


some fleets [63–64] in such a case the fisheries management system would not constrain the

catches with TACs.

Even though the Nephrops is a commercially high valuable species, its 10–20% reduction in

biomass did not seem to have a linear response in the FISHRENT output as there was no dif-

ference in the NPV for the Kattegat area, where Nephrops is caught. There are two reasons for

this. Firstly, Nephrops is a choke species in FISHRENT. This means that a vessel can be forced

to stop fishing because it exhausted the quotas for Nephrops, despite underutilized quotas for

other species. Accordingly the fishery and its outcomes are not directly dependent on the

Nephrops stock biomass as it has a constant quota set, which cannot be exceeded. The likely

reason why the decrease is most pronounced in Western Baltic is due to the decrease in the

herring stock in scenario 3 as the TAC of herring is not choking. The quotas were kept con-

stant and equal to the values in Table J in S1 File. Secondly, the FISHRENT model does not

distinguish the fleets between the Western Baltic and the Kattegat, i.e. it considers the catches

of the four fleets over a year in both areas. Thus, if less is caught of Nephrops leading to

reduced NPVs for the fleet segments catching Nephrops this decrease is distributed propor-

tionally on Kattegat and the Western Baltic according to the revenue and cost distribution

keys.

Perspectives and future developments within the framework

There are a number of ongoing or planned developments within both Atlantis and the coupled

framework. First of all, inclusion of more finely resolved vertical mixing will enable us to better

capture the seasonal pattern of the nutrient distributions and processes such as changing

mixed layer depth. This will enhance the seasonal cycle of phytoplankton and of oxygen mix-

ing/non-mixing due to stagnation. Secondly, both levels and equilibrium of the production of

the different functional groups will be evaluated besides the biomass in Atlantis. Next, the con-

stant linear fishing mortality, applied equally across the whole Baltic Sea will be replaced in

Atlantis by a spatial- and fleet specific fishing effort and mortality levels (resolved to the level

of the spatial polygons in the model). This will also include information on fisheries economics

such as revenue, costs and profit (Gross Value Added, GVA) to enable full fisheries economic

analyses within the Atlantis model. Accordingly, the management- and economic module

within the Atlantis model will be elaborated to avoid the need for an external bio-economic

model and to dynamically model the feedbacks in the underlying processes. Lastly, the model

sensitivity of the Atlantis model according to forcing from different bio-geo-chemical and

hydrodynamic forcing models will be extensively explored.

Conclusion

In this paper we have introduced a new calibrated Baltic Atlantis model and an integrated

end-to-end modelling framework to examine ecosystem-wide responses under scenarios of

human-induced changes in the Kattegat, Western Baltic Sea and southern Baltic proper

regions with a focus on eutrophication, nutrient load reductions, and sensitivity to fishing

pressure and climate factors. The Baltic Sea Atlantis model presented here for the first time

forms the core of the established integrated framework. We have described the current setup

of the framework with focus on the sensitivity of the Atlantis model to nutrient load reduction

scenarios and fishing pressure changes; this demonstrates how the framework can be used to

evaluate ecosystem and economic impacts: HBM-ERGOM, Baltic Atlantis and FISHRENT

(noting that the FISHRENT KWB component of the framework only covers the Kattegat and

the Western Baltic). Using four hypothetical eutrophication scenarios we demonstrated the

capability of Atlantis and the framework to evaluate resulting changes in biological production
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and their long term biological consequences and economic impacts on the fishing catch sector,

also taking into consideration fishing pressure as another anthropogenic impact. In light of the

current assumptions and model limitations, we also have discussed the current and envisaged

future improvements to the Atlantis model and the framework. The models have the potential

to help evaluate conflicting objectives and alternative management strategies for better strate-

gic management of human and natural pressures in relation to impacts on marine resources

and in relation to an ecosystem based approach to management taking into consideration a

sufficient complexity of processes and biological interactions in the ecosystem and the techni-

cal interactions in the fishery. They can also help with identifying knowledge gaps and recom-

mendations for addressing them, e.g. regular benthos monitoring, and integrated data

management for Baltic States.

Integrating marine ecosystem components for the purpose of providing integrated ecosys-

tem advice currently relies primarily on an array of indicator-based assessment tools [107]. In

the Baltic Sea, ecosystem status is evaluated both as a response to an individual pressure (using

HELCOM HEAT 3.0; [16]) or as a cumulative effect of many pressures via an integrated eco-

system assessment (HELCOM HOLAS; [10]). Such a purely statistical basis for advice can nei-

ther explain the underlying dynamics, processes, and mechanisms of change, nor can it project

future responses to potential scenarios of altered pressures. Our proposed integrated (and in

the long term perspective marine spatial planning and cross-sector) modelling platform offers

means of an exploratory analysis of future scenarios of ecosystem-state responses to human-

induced pressures, here demonstrated on the example of the eutrophication process impacting

across fish stocks and fisheries. Further development of the Atlantis model and the modelling

framework can be complementary to the indicator-based assessment tools (e.g. HELCOM

HEAT and HOLAS tools) and, thus, be of interest to numerous stakeholders and policy mak-

ers interested in sustainable ecosystem-based management of marine resources in the Baltic

Sea waters. In particular, the Atlantis-based framework can serve as a powerful holistic and

long term strategic management strategy evaluation tool for such governing organizations as

the ICES Working Group on Integrated Assessments of the Baltic Sea (ICES WGIAB) and

their joint efforts with the HELCOM Group for the Implementation of the Ecosystem

Approach (HELCOM GEAR), which has been established with the purpose of steering a man-

agerial level process of successful implementation of the HELCOM BSAP. This is in order to

help with meeting the ecological objectives and achieving good ecological/ environmental sta-

tus of the Baltic Sea by 2021 at the latest.

Supporting information

S1 File. Supporting Information A. The Baltic Sea Atlantis:

File A. Input data of the tracers per box for the Baltic Atlantis

File B. Input data of the tracers per box and layer for the Baltic Atlantis

File C. Input data for the fill values for the tracers for the Baltic Atlantis

Figure A. Schematic diagram illustrating the structure of the coupled HBM-ERGOM model

system

Figure B. 120 year simulation run

Figure C. The FISHRENT model diagram, here applied to Kattegat and Western Baltic.

Figure D. One-year cycle of Chl-a in the different polygons

Figure E. Relative biomass–initial condition values compared with simulation outcome

Figure F. Diet composition of all predators

Figure G. Biomass per age group over time for all vertebrates

Figure H. Demography distribution for all vertebrates—the number of individuals for each age
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group

Figure I. Geographical distribution of all functional groups

Figure J. Geographical distribution of oxygen in the different layers. Panel 1 = top layer, panel

7 = bottom layer

Figure K. Total biomass of Cod for scenario 1 (baseline) compared to scenario 5

Figure L. Relative prey biomass for predator cod, baseline compared to scenario 5

Figure M. One-year cycle of nutrients in the different polygons

Table A. Physical and geochemical parameters used to internally force the Baltic Atlantis

model.

Table B. Summary of riverine + direct point source waterborne nitrogen loads applied to the

Baltic Atlantis grid based on information from the Review of the Fifth Baltic Sea Pollution

Load Compilation for the 2013 HELCOM Ministerial Meeting (HELCOM PLC-5.5). Nitrogen

fractionation between DIN and DON based on Savchuk et al. (2012). Bioavailable fraction of

DON assumed equal to labile DON as in Savchuk and Wolff (2009). Coastal retention fractions

from Savchuk and Wolff (2009).

Table C. Summary of key sources used to inform the biological module of Baltic Atlantis in

relation to abundance and biomass, demography, prey-predator interaction and other func-

tions.

Table D. Summary of key biological parameters used for vertebrates in the Baltic Atlantis

model.

Table E. Maximum potential growth rates and clearance rates per age class of all vertebrate

biological groups.

Table F. Key biological rates calibrated for the invertebrate groups.

Table G. Biological functional group structure of the Baltic Atlantis model. Groups are catego-

rized according to the ecosystem level they represent. Key species aggregated within a func-

tional group are listed. The first species in each list is the representative one for that particular

functional group. Groups that are currently “turned off”, and which do not play a role in the

biological interactions, are marked with an asterisk (�).

Table H. Summary of basic parameters describing the general behavior of biological groups in

the model, used as input to the model.

Table I. Relative cover of each polygon with 3 types of bottom abiotic habitats: bedrock, sand,

mud, and a fourth abiotic habitat which corresponds to man-made structures such as wind-

mill parks, pipelines etc.

Table J. Total Stock Biomass, TSB (tonnes), and natural mortalities (M), target fishing mortali-

ties (F) and TACs (tonnes) in 2012, for the seven species groups included in the FISHRENT

model and TSB and F from the Atlantis model, also input for the FISHRENT model.

Table K. Danish fleet segments operating either in the Kattegat (KA), the Western Baltic (WB)

or in both areas (KAWB) in 2012.

Table L. Catch value and catch value distribution for the 9 Danish fleet segments operating in

the Kattegat and/or the Western Baltic in 2012.The table shows that Netters and liners less

than 12 meters, and Trawlers 12–15 meters, 15–18 meters and 18–24 meters cover more than

85% of the total catch value. It has therefore been decided to focus on these four fleet segments

in the model evaluations.

Table M. Economic input data for the 4 fleet segments included in the FISHRENT model,

based on 2012 data.

Table N. Species prices (1000 €/tonnes) based on 2012 landings data.

Table O. Revenue and effort Fractions in Kattegat and Western Baltic of total Revenue

obtained and effort exerted in 2012 in all waters by the four fleet segments included in the

FISHRENT model.
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Table P. Catch value fraction (%) of species included in the FISHRENT model of total catch

value in 2012 for the four fleet segments included in the model.

Table Q. TAC shares for the four fleet segments included in the FISHRENT model for each of

the 7 species groups.

Table R. Cobb-Douglas intercept parameters (tonnes) used in the FISHRENT model

Table S. Annual average total Baltic Sea biomass [metric tons] of all active biological groups in

the Baltic Atlantis model averaged over the last five years (from a total of year 60). For verte-

brates, for which good constraints on abundance/biomass distributions were available, “x ini-

tial” factor difference as relative to initial/expected conditions is given as well.

Table T. Total revenue (mill EUR) over the period 2012–2037 for the four fleet segments in

each of the four scenarios. Revenue is shown over all waters shown, together with revenue in

Kattegat and in the Western Baltic

Table U. Total fuel costs (mill EUR) over the period 2012–2037 for the four fleet segments in

each of the four scenarios. Fuel costs are shown over all waters shown, together with fuel costs

in Kattegat and in the Western Baltic

Table V. Total crew costs (mill EUR) over the period 2012–2037 for the four fleet segments in

each of the four scenarios. Crew costs are shown over all waters shown, together with crew

costs in Kattegat and in the Western Baltic

Table W. Total variable costs (mill EUR) over the period 2012–2037 for the four fleet segments

in each of the four scenarios. Variable costs are shown over all waters shown, together with

variable costs in Kattegat and in the Western Baltic

Table X. Total capital costs (mill EUR) over the period 2012–2037 for the four fleet segments

in each of the four scenarios. Capital costs are shown over all waters shown, together with capi-

tal costs in Kattegat and in the Western Baltic

Table Y. Total fixed costs (mill EUR) over the period 2012–2037 for the four fleet segments in

each of the four scenarios. Fixed costs are shown over all waters shown, together with fixed

costs in Kattegat and in the Western Baltic

Table Z. Total profits (1000 EUR) (mill EUR) over the period 2012–2037 for the four fleet seg-

ments in each of the four scenarios. ’Profits are shown over all waters shown, together with

profit in Kattegat and in the Western Baltic
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2.   (b) 
Integrated ecological–economic fisheries models 

—Evaluation, review and challenges for implementation 
This chapter has been published in Fish and Fisheries: 

Nielsen, J. R., Thunberg, E., Holland, D. S., Schmidt, J. O., Fulton, E. A., ..., Bossier, S., … &  
Bethke, E. (2018). Integrated ecological–economic fisheries models 

—Evaluation, review and challenges for implementation.  
Fish and Fisheries, 19(1), 1-29 
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Abstract 

Direct and indirect biological interactions and trophic cascades suppressing a trophic level in the food 
web can control entire marine ecosystems. It can, however, be misleading for our understanding and 
for ecosystem-based management to only investigate the influence of biological interactions and 
trophic cascades in terms of the biomasses on annual basis, and by comparison of separate species 
specific data time series in simple food chains. We applied an end-to-end marine ecosystem model 
including both intra-specific and inter-specific competition and density-dependent regulations to 
investigate certain trophic interactions and cascading dynamics of a disturbed ecosystem. Here all 
trophic levels of the full Baltic Sea food web were integrated in a holistic mechanistic approach. The 
model was able to capture the functional responses in interactions and cascading of the groups and 
levels. Its main results emphasize the importance of integrating the whole food web and the 
implications of only considering the change in biomass on annual basis, instead of also including the 
individual condition and the abundance (number of individuals). This should not be neglected as 
density-dependent interactions will shape the state of the entire ecosystem. We conclude that, in 
order to better understand ecosystem interactions and trophic cascade state and control 
mechanisms, a holistic approach is needed integrating multiple processes and seasons and which 
includes the complexity of all the intra- and inter-specific interactions of the full food web. 

Key words:  

Trophic interactions; cascading processes and control; density-dependence; Baltic Sea; Atlantis 
ecosystem model; holistic mechanistic approach, biomass-abundance-condition. 
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3.1. Introduction  
Trophic cascading have been observed and studied for decades (Paine, 1980; Ripple et al., 2016; Terborgh & 
Estes, 2010). They are known to control adjacent trophic levels by either a top-down or a bottom-up 
regulation, or a combination (wasp-waist).  In accordance with Paine (2010) a trophic cascade is defined as 
follows: “A trophic cascade is all or part of an operating pathway, including at least three adjacent variables, 
starting with a variable at or near the top of the food web and ending with a variable at the bottom, with all 
the links on the pathway representing predator-prey and consumer-resource interactions that produce a 
checkerboard pattern (+ − + or − + −) of changes in the standing crop of the path variables” (Lane, 2017a). A 
trophic cascade is one type of biological interaction in the ecosystem and according to Lane, trophic cascades 
are just a part of the whole food web, embedded as a function of the structure of the food web, and are not 
ecologically more important than other direct or indirect biological interactions. Lane argues thus that trophic 
cascades should be more easily observed in simple food webs or geographically isolated systems (such as the 
Baltic Sea in current investigation). 

Food webs are regulated through direct and indirect trophic interactions and density-dependent regulations 
via intra- and inter-specific competition (Rossberg, 2012). Intra-specific competition relates to the competition 
within the population, while inter-specific relates to the competition with individuals from other species with 
similar body size and ecological role involving feeding habits, prey species, and habitat associations (Rose et 
al., 2001; Townsend et al., 2000). Besides the consequences for the food web interactions, density-dependent 
regulations are also considered very important for the fishery for instance in controlling fish population 
dynamics (Andersen et al., 2017; Heath et al., 2014; Rose et al., 2001; Svedäng & Hornborg, 2014). The 
regulating mechanisms include changed growth rates, possibly affecting the optimal fishery size-at-entry 
(Gemert & Andersen, 2018), selective fishing induced density-dependent growth (Svedäng & Hornborg, 2014), 
as well as mortality and uptake regulations (Heath et al., 2014), and changes in the reproductive output or the 
survival since slow growing fish species will be more susceptible to be eaten or not survive winter conditions 
(Nielsen et al., 2012; Rose et al., 2001).  

The cause of the trophic cascading can be both environmental and anthropogenic. Changes in temperature 
and salinity levels can influence the structure and/or abundance of the zooplankton community, which will 
then affect the sprat population feeding upon the zooplankton (Cardinale et al., 2002), or changes in fishing 
pressure of a certain stock will influence its abundance, resulting in a checkerboard pattern of changes in the 
abundances of the trophic levels below the targeted fish (M. Casini et al., 2008; Frank et al., 2005). To be able 
to manage the exploitation of these resources, one needs to understand the direct and indirect interactions 
and effects of trophic cascades on the marine ecosystem. This also because it is argued that these changes in 
the top trophic levels can eventually alter primary production and nutrient cycling (Frank et al., 2005).  

The Baltic Sea represents a relatively simple food web with a few key species, which each have a crucial role 
in the ecosystem. However, the highly variable environment with strong gradients of critical environmental 
restrictions makes it a unique, but complex marine system (Snoeijs-Leijonmalm et al., 2017). Within the period 
of 1988 to 1993, the Central Baltic Sea switched from a piscivorous cod (Gadus morhua) to a planktivorous 
sprat (Sprattus sprattus) dominated ecosystem (Köster et al., 2003; Möllmann et al., 2009). The switch from 
one state to the other was induced by a collapse of the top predator cod. Before, the cod population 
suppressed the sprat population, while after the collapse of cod and during favourable climate conditions for 
sprat, a trophic cascade was triggered with an increase in sprat biomass and a decrease in zooplankton biomass 
(Michele Casini et al., 2009; Eero, 2012).  
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However, annual change in biomass was not the only observation. Cardinale et al. (2002), Cardinale & 
Arrhenius (2000) and Casini et al. (2006) also found a change in the condition of the clupeids. The increase of 
total clupeid abundance led to an increased feeding competition. Consequently, the food intake for the 
individual clupeid and their growth rate decreased. This is an example where inter-specific competition, with 
both sprat and herring feeding on common food resources, leads to an intra-specific density-dependent 
control and a decrease in the mean weight at age within the populations (Michele Casini et al., 2010). 
Furthermore, the effect of the change in condition did not only affect the population itself. Diving seabirds 
showed a decrease in fledging body mass for the common guillemot chicks, that was probably caused by the 
decreased sprat condition (Österblom et al., 2006).  

Different studies in the Baltic Sea also suggest trophic cascade interactions due to a geographical separation 
of different populations. When cod left the northern areas of the Baltic Proper, sprat reallocated to those 
areas, increasing their abundances, resulting in a decrease of the condition of the sprat inhabiting those cod-
free areas (Michele Casini et al., 2011). The cod population on the other hand, contracted to a smaller area 
where intra-specific density-dependent regulation increased the food competition (Bartolino et al., 2017). 
Other reallocations happened in the form of spill-overs, where the excess of the cod population once in a while 
inhabited the Gulf of Riga, where a top-down trophic cascade was enacted when cod was present (M. Casini 
et al., 2012).  

The above studies were mainly focused on clupeids using empirical methods and statistical models, analysing 
species-specific data time series for selected species in linear food chains. In the current study, we investigate 
the biological interactions and trophic cascades and control with the mechanistic end-to-end Baltic Atlantis 
ecosystem model (Bossier et al., 2018). This is done over multiple trophic levels including biological 
interactions of all key functional groups in the Baltic Sea ecosystem. Here we look at responses integrating the 
full food web instead of investigating certain linear food chain mechanisms.  Such a model enables holistic 
inclusion of many unknowns in the Baltic ecosystem dynamics and processes for which we do not have data 
or appropriate knowledge at present, but which build on information and consistency between marine 
ecosystems through the many applications of the Atlantis model (Fulton et al., 2011).  

In this study, we show two things. First, we address the implications when not including all three main and 
inter-dependent population components: biomass, condition and abundance. Thereby focusing on the higher 
trophic levels while simultaneously integrating the biological interactions and complex processes of the whole 
system, including the temporal and seasonal variances of cascading effects due to life cycle events such as 
spawning and ageing. Secondly, we show that cascading effects are very complex including density-
dependence and competition which need holistic approaches to fully encompass the system responses, as is 
also suggested by Lane (2017a). On this basis, we also show for the first time that such a holistic model is able 
to capture the responses of a trophic cascade in a system with a simple food web structure.  

 

3.2. Materials & Methods  

3.2.1. General modelling and analysis framework 
The Baltic Atlantis end-to-end ecosystem model (Bossier et al., 2018) was used to evaluate the effects of direct 
and indirect biological interactions and trophic cascading over multiple trophic levels. The Atlantis model is 
well established, extensively tested and widely implemented in many marine ecosystems across the world for 
different purposes (Fulton et al., 2011; Nielsen et al., 2018). Functional relationships and processes in the 
model are summarized in Audzijonyte et al., (2019). The Baltic Atlantis model domain has 28 polygons with 7 
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vertical layers including one sediment layer and is calibrated for the year 2005. The current implementation 
integrates hydrographic, chemical, ecological (competition and predation) and fisheries processes and runs in 
12-hour time steps. The ecosystem in the model consists of 30 different biological functional groups, with age-
structured groups for the fish, mammals and seabirds (Bossier et al. 2018). The interaction between the 
different functional groups is through a flexible diet matrix, describing the fraction of a specific prey which is 
available to the specific predator. The flow of organic material is modelled in terms of nitrogen. Lower trophic 
groups are modelled in one pool of biomass for each functional group while higher trophic levels (all fish, birds 
and mammals) are age disaggregated into several age groups varying for each functional group. Depending on 
the age of maturity, the age groups are additionally gathered into juveniles and adults. Transition from one 
age group to another is an abrupt process where the cohorts shift to the next age group at a specific time of 
the year depending on the species or functional group. The nitrogen for these higher trophic groups is divided 
into structural and reserve nitrogen (bones and soft tissue including gonads, respectively) which is then 
multiplied with the amount of individuals, by age group, to get the total biomass by age. This subdivision of 
structural versus reserve nitrogen enables to follow the growth of bones versus soft tissue and gonads 
separately. The reserve nitrogen will be further referred to as the condition since it determines how thin or 
thick the fish, bird or mammal will be. The numbers of fish will be further referred to as the abundance. See 
Audzijonyte et al. (2019) for the specific Atlantis functional relationships.  

In this study, we ran the model for a period of 60 years while each simulation year uses the same hydrographic 
forcing (temperature, salinity, fluxes and river load) of the year 2005. This way, we neutralize the influence of 
environmental factors, focusing on the temporal changes in the effects of trophic interactions given current 
forcing. Note that the calibration of our model only covers the current regime of cod, sprat and zooplankton 
levels with sprat domination as described by Casini et al. (2009), but not the previous regime dominated by 
cod. The Atlantis model is a deterministic model which comprehends the full system complexity, interactions 
and feedback processes. However, to show outcomes for all groups of the model is too comprehensive in the 
current context, and we therefore focus on results of the interactions for a selection of species according to 
the purpose of the study. Yet, it is important to understand that underneath the given results, the influence 
and interactions of the whole ecosystem are included in the model.  

3.2.2. Parameters analysed according to investigate trophic cascading 
In this study we used the published Baltic Atlantis model (Bossier et al., 2018) as a base. We then focused upon 
five parameters, which play an important role in the main biological processes of the Baltic Sea ecosystem 
dynamics and of the Atlantis modelling framework according to present purpose. Each parameter was changed 
with certain percentages (see below). The five parameters represent the diet, clearance rate, reproduction, 
natural mortality and fishing mortality processes. According to the purpose of the study, it is important to use 
a holistic approach as the food web interactions account for the complexity of the system and since variability 
in the many key processes will result in different emerging functional responses. We tested responses and 
perturbations according to scenarios on the above key parameters of biological interactions and ecosystem 
processes, which we detail below according to the Baltic ecosystem and the Atlantis model. For further details 
we refer to Audzijonyte et al. (2019) and Bossier et al. (2018). 

Direct predation or grazing in the Baltic Atlantis is modelled with a Holling type II functional response, allowing 
the predator populations to predate on available prey-specific biomass via a diet matrix. The diet matrix 
facilitates flexible interaction between the different functional groups. For each predator, a value between 0 
and 1 is given for each species. Through this matrix, a preference is created towards a certain prey species: 0 
means that no biomass of that prey species will be available to the predator, while 1 means that all biomass 
of that prey species will be available to the predator. For the diet scenarios, we changed this diet matrix for 
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one prey species for one predator at the time, thereby increasing/decreasing the available biomass of the prey 
species. For more details and equations see Bossier et al. (2018), Supporting Information section B.2: Dietary 
interactions. This available prey biomass is then further scaled to account for gape size and temporal and 
spatial overlap with the predator. Even though these overlaps were not manually changed, they might have 
been affected when interactions between species changed causing predators to switch prey species. 

On top of that, the amount a specific predator eats of a certain prey species also depends on the encounter 
rate between prey and predator. This is modelled using an age-specific clearance rate for the predator, i.e. the 
amount of water searched. This is the second parameter we changed whereby an increased/decreased 
clearance rate resulted in a higher/lower encounter chance, respectively, of the prey species. For more details 
and equations see Bossier et al. (2018), Supporting Information section B.2: Physiological and life-history traits. 
Finally, the amount of predation also depends on the assimilation efficiency (i.e. to meet optional respiration 
costs) and the maximum consumption rate, but these parameters were kept constant.  

Reproduction is modelled using the Beverton-Holt relationship (Beverton & Holt, 1957). The offsprings are 
brought into the model on a specific time in the year as a new cohort of 1-year old juveniles, thereby skipping 
the egg- and larval-stage. However, mortality on those two stages and the time of spawning and hatching of 
the eggs are taken into account when calculating the amount of juveniles and the time of arrival in the model. 
The Beverton-Holt alpha parameter is the third parameter we changed, thereby increasing/decreasing the 
amount of offspring entering the model domain. For more details and equations: Bossier et al. (2018), 
Supporting Information section B.2: Demographic profiles, mortality rates & reproduction functions. 

Mortality is, besides predation (as well as cannibalism), regulated via a species-specific quadratic natural 
mortality and species-specific linear fishing mortality rates. The mortality rates are different for the two 
maturity groups: juveniles and adults without further disaggregation in the different ages. The natural 
mortality and fishing mortality parameters are the last two of the five parameters we changed for this study, 
thereby increasing/decreasing the species abundance. For more details see Bossier et al. (2018), Supporting 
Information section B.2: Demographic profiles, mortality rates & reproduction functions. 

3.2.3. Scenarios 
In each scenario, one of the five parameters described above was gradually changed for a specific species 
(Table 1). In the first five scenarios the five parameters were changed for cod, i.e. the cod perturbations, in the 
next five scenarios the five parameters were changed accordingly, i.e. the sprat perturbations, and a final 
scenario covered a combination of three cod parameters. In total, the model was run 77 times, with each run 
consisting of a 60-year simulation period of which 30 years spin-off. For the diet scenario from the 
perturbations on sprat, we were only able to run the levels from -95% until +25% since we reached the 
maximum value for that parameter by then. We noticed that there was almost no effect on the lower trophic 
levels within the cod perturbations (scenario 1-5). Accordingly, we ran an extra scenario (scenario 11) whereby 
a combination of parameters was changed: the fishing mortality of cod was set to zero, i.e. no fishing on cod, 
the alpha parameter within the Beverton-Holt equation was increased, i.e. an increase in offspring, and finally 
the quadratic natural mortality parameter was decreased for both adults and juveniles. The new values for 
this scenario were acquired through an iterative process whereby the focus was on the direction of change 
rather than the exact new value.  
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Table 1. Summary of scenarios 1-11 and levels of relative change within each scenario. 

No. Species 
perturbed Scenario Levels of change 

1 Cod Clearance rate -95% -75% -50% -25% +25% +50% +75% +95% 

2 Cod Diet  -95% -75% -50% -25% +25% +50% +75% +95% 

3 Cod Reproduction -95% -75% -50% -25% +25% +50% +75% +95% 

4 Cod Natural mortality -95% -75% -50% -25% +25% +50% +75% +95% 

5 Cod Fishing mortality -95% -75% -50% -25% +25% +50% +75% +95% 

6 Sprat  Clearance rate -95% -75% -50% -25% +25% +50% +75% +95% 

7 Sprat Diet  -95% -75% -50% -25% +25% – – – 

8 Sprat Reproduction -95% -75% -50% -25% +25% +50% +75% +95% 

9 Sprat Natural mortality -95% -75% -50% -25% +25% +50% +75% +95% 

10 Sprat Fishing mortality -95% -75% -50% -25% +25% +50% +75% +95% 

11 Cod 

Reproduction Alpha parameter increased from 8e+9 to 1e+11  

Natural mortality Decreased with 1/3rd for adults and with 1/20th for juveniles  

Fishing mortality Put to 0 for both adults and juveniles 

 

Since we are looking at the long-term outcomes of the effects of a trophic cascade, we only extracted, for each 
scenario and level of change, the last two years of the 60-year simulation (projection) period in which the 
system had reached equilibrium. The scenarios were compared with the baseline, i.e. the calibration published 
in Bossier et al. (2018). The results were divided in two parts. The first part investigated the implications of 
only looking at biomass and a second part investigated the implications of ignoring the complexity of the 
system. 

For the analyses of the state of the trophic cascade in the first part of the results, we investigated the effects 
within the main species perturbed and the effects on the other trophic levels. The relative change between 
the results of the different scenarios were compared against the baseline for the following three components: 
biomass (tons), condition (the individual weight by species and age group in mg N) and abundance (number of 
individuals). With the biomass being the product of the condition and the abundance. We took two points in 
time according to the life cycle and looked at these three components so we could investigate the time 
variability of the trophic cascade control. One point in time was right after spawning and ageing (i.e. a cohort 
moving to the following age group), referred to as point A, and the other one was just before the next spawning 
and ageing event, point B. Furthermore, these three components are tracked separately through time for the 
vertebrates, which are age structured, allowing to investigate them separately, while this is not the case for 
the lower trophic levels such as benthic organisms, zooplankton or phytoplankton, for which only the full 
biomass was tracked (see Fig. G-H in Supporting Information Bossier et al. 2018). For the present purpose of 
this part we therefore focus the analyse on planktivorous fish (sprat), predatory fish (cod), top predator 
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harbour porpoise and seabirds, with a specific age group for each of them (cod age 5, sprat age 3 and harbour 
porpoise and seabirds age 10. We did this because the trophic interactions were expected to be the same 
between different main adult ages in the cohort. To analyse and create output for each age group in the 
cohorts (and between different cohorts) would be too comprehensive. Therefore, instead of following cohorts, 
we chose some examples of specific ages where main diet and predation between the four levels take place. 
The selected age groups also represent the most abundant age groups in the stocks which are not highly driven 
by recruitment variability, high natural mortality processes (sickness and juvenile mortality), or other complex 
interactions (e.g. juvenile cod and benthic invertebrates). Furthermore, for the fish groups, these ages were 
also fully recruited to the fishery and exposed to fishing mortality.  

However, cascading effects also need to be investigated comprehensively according to the whole food web. 
We therefore, in the second part of the study, took the biomass of all biological functional groups of the model, 
from detritus to the top predators and everything in between, to investigate the trophic cascade control and 
the implications of ignoring the complexity of the system. In this part, we only looked at biomass, not including 
the condition and abundance because the two latter are not available for lower trophic levels. Note that many 
different scenarios of changes of several population dynamic parameters and ecosystem processes (one-by-
one and combined), followed by an evaluation of several output and components, need to be analysed when 
investigating trophic cascading. Consequently, we have only given examples here of the complexity and 
perturbations for the Baltic Sea ecosystem focusing on a few aspects. 

3.3. Results 

3.1.1. Main outcomes of the trophic interactions according to the three focus components 
(biomass, condition and abundance) 
Fig. 1 shows the three main components (biomass, condition and abundance) used to investigate the 
complexity and dynamics of the biological interactions and the state and control mechanisms of trophic 
cascading. The figure is used here as an example to visualize and explain the methodology and how we 
investigated the interactions of two adjacent trophic levels for the different components.  

The figure displays a timeline of 2 years for sprat (age 3). These two years are the last two years of the 60-year 
simulation run. There are two types of curves in the figure (one solid and one dotted). The solid line is the 
baseline adopted from the Bossier et al., 2018 calibration for that one functional group, i.e. sprat. The dotted 
line is one of the scenarios ran during this study which the baseline (the solid line) is compared against. The 
scenario we picked out for the purpose of this example is a decrease in the natural mortality parameter of cod, 
the main predator of sprat. The two vertical lines A and B on the graph represent a snapshot in time, just after 
spawning and ageing (A) and just before spawning and ageing (B). These two points in time are then later used 
for the analysis. The abrupt changes in the curves represent spawning and ageing events or spatial migration 
(ageing is modelled as cohorts which all move to the next age group at once). Looking first at the right panel 
of the figure with the abundance in numbers, we see a decrease of the scenario compared to the baseline. 
More precisely, the relative difference of the baseline and the scenario in point A that is visualized, i.e. the two 
points crossing that line, has a value of -0.02 and -0.04 in point B. For the condition (the middle panel), it is 
0.30 for both A and B, and for the biomass (left panel), there is a relative difference of 0.26 for both A and B. 
These values of the relative differences are then plotted as single points and compared to the other results 
from all 77 scenarios in the following figures (Figs. 2 – 5 and Appendix Figs A2-A5). From this example in Fig. 1 
we can see that, with a decrease in natural mortality of cod, resulting in an increase in the cod abundance 
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(numbers), then the abundance (numbers) of sprat decrease but the sprat condition increase because the food 
availability for the fewer sprat survivors increased. By considering these integrated effects, we see a resulting 
increase in sprat biomass, which would not be directly logical if we only included and accounted for the 
biomass component, (i.e. initially, one would expect that an increase in cod biomass would lead to a decrease 
in sprat biomass). This example, however, shows why it is important to look at these integrated components 
involving several processes and parameters and link the dynamics and complexity in the whole system at once, 
which the holistic Atlantis modelling allows.  

Figure 1. Timeline of sprat (age 3) for the last two years of the 60-year simulation run for the three components (biomass, 
condition (per individual), and abundance (number of individuals)). The solid line is the baseline adopted from the 
published calibrated Baltic Atlantis model (Bossier et al., 2018). The dotted line is an example of one of the scenarios from 
this paper (decrease of the natural mortality of cod, scenario 4). The two vertical lines in each panel indicate the two points 
in time which are used to investigate the influence of time (i.e. just after spawning and ageing (A) and just before the next 
spawning and ageing event (B)) when looking at trophic cascades. 
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In Fig. 1 we explained how we calculated the relative differences of the three components (biomass, condition 
and abundance) for two points in time (A and B), comparing only one scenario to the baseline (the published 
calibration in Bossier et al., 2018). Next, Fig. 2 is a summary graph which shows the relative differences for all 
scenarios compared to the baseline, but to keep readability of the figure, only for one point in time, namely 
just before spawning and ageing (point B, see Fig. 1). Also, in this figure the complexity of the dynamics and 
interactions need to be integrated and shown. So, instead of showing the curves, we only show the calculated 
relative difference in one point, i.e. the relative difference of the scenario curve with the baseline curve at the 
point of intersection of line B (see Fig.1) for each of the three components.  

Figure 2. Summary plot of all scenarios (no. 1-10) for cod (A – top row) and sprat (B – bottom row) perturbations for the 
three components (biomass [left column], condition [middle column] and abundance [right column]). Each dot is one 
specific level of change of a certain scenario (see Table 1 for an overview of all scenarios). The axes show the changes of 
the scenarios compared with the baseline for the cod population versus changes in the sprat population according to 
variability in the different ecosystem responses.  

The figure is divided into two groups. A first group, the top row, covers the perturbations on cod, i.e. the first 
5 scenarios with each of 8 different levels of relative change (see Table 1). The second group, bottom row, 
consists of the perturbations on sprat, i.e. scenarios 6-10 (see Table 1). The columns show the different 
components: biomass [left], condition [middle] and abundance [right]. The axes of the graphs show the 
relative change of the scenario compared to the baseline, which represents the effects of the perturbation, 
e.g. a large effect results in a high relative change value. The primary effects are shown on the x-axis, i.e. the



67 

primary (direct) effects on the perturbed species itself, and the secondary interaction effects on the y-axis, i.e. 
the effects on the species whom is a prey/predator from the perturbed species. The combination of the two 
axes gives an idea of the integrated effects on cod and sprat for all scenarios.  

For example the biomass panel of the top row cod scenarios shows that an increased cod biomass, i.e. a 
positive relative change on the x-axis, results in and corresponds to less sprat biomass, i.e. a negative relative 
change on the y-axis. Vice versa, a decrease in the cod biomass coincides with an increase in sprat biomass, 
i.e. a negative relative change on the x-axis with a positive relative change on the y-axis. This pattern is true
for all scenarios except for two of the natural mortality and one of the fishing mortality scenarios (Appendix
Fig. A2, top row). However, even though the biomass shows this similar pattern, this is not the case for the
condition and the abundance (see explanation why there is this opposite effect on numbers and condition
further below) for the top row cod scenarios. Besides, we see that the different parameters have different
effects. For example, we see here that the fishing mortality parameter is the least sensitive parameter, while
the natural mortality shows the largest variability and changes. The results for the bottom row, the sprat
scenarios, are more complex. However in general, we do see an effect on cod due to changes in the sprat for
all components. The fishing mortality parameter is again the least sensitive parameter, while the other
parameters have an equal range of change.

3.1.2. Implications of only looking at biomass 
Fig. 3 shows a selection of two scenarios, the clearance rate and reproduction parameters from the cod 
perturbations (2 out of the first five scenarios, i.e. scenario 1 and 3, see Table 1). They display again the three 
components (biomass, condition and numbers), for both points in time (A and B), but this time distinguishing 
between the different levels of change (from -95% to +95%). A simple linear regression is fitted per time group 
to visualize the trends. The grey areas are the 95% confidence intervals. 
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Figure 3. Relative changes of cod (age 5) versus relative changes of sprat (age 3) for two of the five scenarios (top row is 
scenario 1, clearance rate and bottom row is scenario 3, reproduction) where a specific parameter of cod was changed 
according to the given levels (-95% until +95%). The axes show the relative change of the scenarios compared with the 
baseline, for cod on the x-axis and sprat on the y-axis for two points in time (A and B). A = a fixed point in time after 
spawning and ageing, B = a fixed point in time before spawning and ageing (see figure 1). Note the different scales of the 
different panels. The points for each time-group (A or B) are fitted with a linear model with the grey area as the 95% 
confidence interval.  

The biomass panels of both scenarios also show that an increase in cod biomass is associated with a decrease 
in sprat biomass and vice versa. However, the pattern is different for the condition and the numbers when 
comparing the two scenarios displayed in the figure. This again, as well as the below, shows that it is necessary 
to consider several components at the same time in investigating the cascading effects. For the clearance rate 
scenario, there is an effect for the condition of cod (x-axis), but no effect for the reproduction scenario. This is 
the opposite for the numbers, with no effect for the clearance rate scenario, but an effect for the reproduction 
scenario. The diet scenario (see Appendix Fig. A2) has a similar pattern as the clearance rate scenario while 
the natural and fishing mortality scenarios were similar to the reproduction scenario. Note that the scale 
differs for the different panels which is necessary to distinguish the different points on each panel and make 
the different trends for each scenario visible. Furthermore, Fig. 3 also shows the intra-specific regulations of 
the sprat population as a reaction to the changes in the cod population for the different components. Sprat 
increases in numbers and accordingly decreases in condition resulting in overall increase in biomass, and vice 
versa. However, the increase in biomass is not as high as would be expected when condition would have been 
ignored. This is the case for all scenarios.  

Fig. 4 shows a selection of two of the five scenarios, i.e. number 9 and 8, the natural mortality and reproduction 
parameters of the sprat perturbations, respectively (for all scenarios 6-10 see Appendix, Fig. A4 and A5). The 
upper row, the natural mortality series, shows an increase for cod (y-axis) for all three components, 
independent of increase or decrease in sprat for the different levels (x-axis). In the lower row graphs, the 
reproduction series, the abundance (right panel, bottom row) shows an increase in cod no matter the reaction 
of sprat. Condition shows an increase in cod until a certain level is reached (the ‘tipping point’) after which the 
condition decreases. The resulting biomass does not show any fixed pattern.  
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Figure 4. Relative changes of sprat (age 3) versus relative changes of cod (age 5) for two of the five scenarios (top row is 
the natural mortality parameter, scenario 9 and bottom row is the reproduction parameter, scenario 8) where a specific 
parameter of sprat was changed according to the given levels (-95% until +95%). The x-axis shows the change of sprat for 
each scenario compared to the baseline for the different components, while the y-axis shows the change for cod for each 
scenario compared to the baseline for two points in time (A and B). A = a fixed point in time after spawning and ageing, 
B = a fixed point in time before spawning and ageing. Note the different scales of the different panels. The points for each 
time-group (A or B) are fitted with a linear model with the grey area as the 95% confidence intervals. 

3.1.3. Implications of ignoring the complexity of the system, model perception of checkerboard 
patterns in trophic cascading  
Traditionally, trophic cascades has been looked at by comparing the biomasses of a chain of at least three 
species representing different trophic levels. Fig. 5 uses scenarios 4 and 9, with gradients in natural mortality 
for cod and sprat. Modifying these parameters in gradual steps and a range between -95% to +95% created 
gradients from high to low biomasses that are otherwise (traditionally) observed from long time series. Five 
different groups are shown from cod to small phytoplankton. Each point in the graph represents the relative 
difference of the biomass of the specific group from the specific scenario compared to its biomass in the 
baseline. The left column, with a change in the natural mortality of cod, shows only an effect on cod itself and 
a small effect on sprat while there is almost no effect on the lower trophic levels. Sprat biomass increases 
simultaneously with cod biomass. This is because the abundance of sprat decreased and therefore its condition 
increased. This resulted in an increased biomass (see also Appendix Fig. A2, 3rd column, level -95%). Cod 
biomass in the right column of Fig. 5 increases due to an increase in sprat. The biomass of mesozooplankton 
(i.e. mainly copepods) decreases initially with a high sprat biomass, but then increases with an increase in the 
sprat biomass as well. Large phytoplankton (i.e. mainly diatoms) and small phytoplankton show from none to 
a small decrease over the whole range of the x-axis. There is no specific pattern apparent in this, but rather a 
complex interaction. 
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Fig. 5 – Trophic cascade chain of four subsequent trophic levels (cod, sprat, mesozooplankton and large and 
small phytoplankton) shown through 2 scenarios (scenario 4 & 9, respectively) using all 8 levels from Table 1 (x-axis). The 
change of biomass is shown on the y-axis where each point represents the relative difference of the biomass of the specific 
scenario compared with the biomass of the baseline (for each functional group).  

In the next graph (Fig. 6), we picked out three points of Fig. 5 and showed a horizontal bar graph representing 
the same changes in biomass as in Fig. 5, but this time for all the functional groups in the model. We show 
this graph to visualize the complexity of the trophic cascading interactions. The main species, often 
investigated in relation to trophic cascades, are lighter coloured (i.e. cod, sprat, mesozooplankton and large 
phytoplankton). The two left panels show the natural mortality scenario of cod, one for the 95% decrease 
and another one for the 95% increase of the natural mortality parameter. The left panel shows barely some 
effect in the rest of the ecosystem and, accordingly, a pattern for the main species is neither visible, while the 
effects are bigger in the middle left panel, where the change in cod biomass is also bigger. The pattern for the 
middle left panel shows an increase in large phytoplankton, mesozooplankton and sprat biomass 
simultaneously with cod. The third 
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panel, i.e. the middle right panel, shows the scenario for a 95% decrease of the natural mortality of sprat. The 
changes through the ecosystem is more visible here. The pattern of the main trophic cascade species is an 
increase of cod, but a decrease for mesozooplankton and large phytoplankton. The right panel is an extra 
scenario that was run to see a higher effect throughout the ecosystem by changing cod (scenario 11). In theory, 
this scenario is just a stronger version of the second panel with a larger increase of cod biomass. Interesting is 
the change of direction for the sprat and large phytoplankton groups compared with the second panel. The 
trophic cascade pattern in this scenario here shows the classical checkerboard pattern where the increase in 
cod biomass lead to a decrease in sprat biomass, an increase in the mesozooplankton biomass, as well as a 
decrease in the large phytoplankton biomass. However, net phytoplankton (combining the results for both 
large and small phytoplankton) shows an increase in phytoplankton biomass.  

 
Fig. 6 – Trophic cascades for the natural mortality scenario of cod (scenario 4, level +95% and -95%), for the natural 
mortality scenario of sprat (scenario 9, level -95%) and for scenario 11 (see description in text). All groups within 
the Atlantis ecosystem are shown on the y-axis. The x-axis shows the relative difference (%) of the scenario compared with 
the baseline adopted from Bossier et al., 2018. The lighter coloured groups are the main trophic groups traditionally looked 
upon when investigating the trophic cascading in the Baltic Sea (i.e. cod, sprat, mesozooplankton and large 
phytoplankton).   
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3.4. Discussion 

3.4.1. Main outcomes of the trophic interaction investigations 

The implications of only looking at biomass 
The aim of our paper is to put emphasis on the necessity to integrate the complexity and dynamics in cascading 
according to different components. Our study emphasizes that, when analysing biological interactions and 
trophic cascade state and control mechanisms, changes in biomass cannot solely be evaluated and explained 
by  changes in abundance on yearly basis, as was done in Casini et al., (2009, 2008). Both changes in abundance 
and condition of the populations will create changes in biomass, at least for the higher trophic levels as shown 
here, but very likely also for the lower trophic levels. Furthermore, abundance is primarily regulated through 
reproduction and mortality, while condition is mainly regulated by the abundance of predators, competitors 
and the availability of prey per individual predator. Since abundance and condition are, hence, differently 
regulated, it is important to analyse the impact on these two components explicitly and integrate different 
dynamics according to the two components. This is not only important for ecological purposes but also for 
instance for food quality of the caught fish. The causalities of all the changes will not be further discussed here, 
as this is not the aim of this paper. 

We also showed that there is variation in the density-dependent responses within the affected populations, 
depending on the state of the system, the underlying factors which forced a change in the ecosystem (i.e. the 
perturbation of the system) and its magnitude, as was also shown by Ciannelli et al. (2012). For instance the 
intra-specific density-dependent reaction of sprat where its abundance increased initially due to a lower 
predation pressure of cod, leading to a decrease in their condition since the same amount of food now needed 
to be shared among more individuals. Casini et al. (2011) had similar results where the geographical 
distribution of sprat was changing. This resulted in a different condition for sprat depending on the presence 
(abundance) of its predator (cod), i.e. a decreased sprat condition with a lower cod density. 

The implications of ignoring the complexity of the system, model perception of checkerboard patterns 
in trophic cascading 
Others also argue that an increase in sprat abundance led not only to intra-specific competition but also to 
inter-specific competition with herring (Michele Casini et al., 2006). This resulted in a decrease in sprat 
condition as well. On top of that consequences for the common guillemot chicks has been reported whose 
main food source, sprat, decreased in quality (Österblom et al., 2006). This emphasizes that the combined 
effect of intra- and inter-specific competition need to be investigated as well as the consequences for the 
whole food web. The model was able to capture the checkerboard pattern of a trophic cascade in the current 
study. However, we also observed that there is no singular truth. Specific trophic cascades are merely one 
possible pathway or food chain among several (Lane, 2017a), which is also shown in the present holistic 
approach as well. 

According to Casini et al. (2008), the strength of trophic cascades is generally considered weak in marine 
pelagic habitats (e.g. Shurin et al. (2002), and multi-level top-down regulation has been very seldom reported 
from marine open systems e.g. Frank et al. (2005), Daskalov et al. (2007). However, in the simplified, semi-
enclosed Baltic System with relatively low diversity and a relatively simple food web, Casini et al. (2008) argue 
to have found a multilevel trophic cascade where a decrease in the main top predator, cod, cascaded down 
the food web to increase sprat which resulted in indirect positive effects on zooplankton and phytoplankton 
biomass. However, Casini et al. (2008) did only investigate yearly differences over a 30 year period, where they 
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use yearly averages for 4 months in the summer period without any seasonal variation included. Our study on 
the other hand showed the importance of including these processes over a long time span such as seasonal 
variations since the interactions between different species would create different interaction strengths within 
one season. Therefore, it is less suitable to use average biomass time series on an annual basis to look at 
trophic cascades, as it will give only a limited perspective on the strength of the impact.  

Another aspect shown by the holistic model capturing the broader system complexity is the presence of a 
tipping point. That is, the system did not react until the perturbation reached a certain strength, or some 
property in the system suddenly changed its direction (from increasing to decreasing or vice versa). Ciannelli 
et al. (2012) argues that such abrupt changes in the system could occur once a threshold of population 
abundance is passed. Casini et al. (2009) points at the presence of two ecosystem configurations in the Baltic 
Sea according to an ecological threshold defined by the abundance of Baltic sprat. The actual mechanisms and 
causality behind the tipping point with respect to the nature of the system change deserves to be investigated 
further, and a holistic model such as the one we propose has shown to be suitable for the testing of different 
hypotheses on emerging properties such as tipping points or ecological thresholds.  

3.4.2. The implications of model assumptions 
Trophic cascades result from regulations in the consumer uptake, density-dependent recruitment and density-
dependent mortality responses such as cannibalism. However, other mortality regulations such as disease and 
parasite dynamics are also important (Heath et al., 2014) and are yet to be included. Other important missing 
dynamics in current study are the lack of an explicit second autumn bloom of the zooplankton, or the lack of 
disaggregation according to certain size classes within the zooplankton community. Since ontogeny is an 
important dynamic on the population/community level, this could be taken further into account (Bernreuther 
et al., 2018; de Roos & Persson, 2013). This might be why sprat is responding with great complexity, especially 
since zooplankton is the main prey of sprat and since sprat is a size-selective feeder. Or maybe it is because of 
the important role of sprat within the Baltic Sea food web in general, as main prey item for cod and through 
competition with herring for zooplankton resources (Eero, 2012). 

Our results have shown that variability in key ecological processes lead to different functional responses, 
creating many possible trophic pathways and causalities within the food web. Whether or not the tested 
perturbations can occur simultaneously in nature, or certain ranges of different parameter variation might not 
be possible is a crucial lack in our knowledge at present, which is not only the case for the Baltic ecosystem. 
Complex ecosystem models can be affected by over-parameterization or the opposite, self-simplification 
(Fulton et al., 2011). However, ecosystem models are among other built to improve our understanding of 
systems and broader system dynamics, and they provide a method to integrate the full system, which can lead 
to unexpected findings (Fulton et al., 2003). Consequently, we are not always able to explain all the causalities 
of the results.  

3.4.3. The holistic model perspective 
The time-scale over which a given trophic cascade operates and the strength of its impact on the trophic levels 
will inevitably vary (Ripple et al., 2016). Paine (1980) explained the variability in food webs due to seasonal, 
taxonomical and geographical changes. In 1980, he put emphasis on investigating the exact interaction 
strengths within the food web, the functional role of species, and keystone species rather than trying to resolve 
the full scale trophic complexity (Paine, 1980; Power et al., 1996). However, this should be seen in context 
with Paine lacking holistic ecosystem models to encompass the full complexity. With the methodology 
available today, there is a call for more holistic thinking which is required to more comprehensively understand 
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and predict the impacts as well as future dynamics, in order to enable an increased ecosystem based approach 
to management [Lane, 2017]. 

In this paper, we encourage the use of holistic models (besides the use of field data) and bring attention to: 
first, that biomass alone is not sufficient to investigate trophic cascade state and control processes, at least for 
the higher trophic levels as shown here, but most likely also for the lower trophic levels. It is important to take 
into account the number of individuals (abundance and density) and condition, which are influenced 
differently by density-dependence. Secondly, that when trying to understand the consequences of system 
perturbations, it is imperative to include indirect effects, integrating the broader ecosystem dynamics and to 
take into account the seasonal variation. As these processes are often difficult to extract from field data (Rose 
et al., 2001), complex models can be help in gaining valuable supplementary understanding, by incorporating 
the different ecological interactions, density-dependent processes and having a holistic, integrated 
perspective on the system (Heath et al., 2014; Lane, 2017a, 2017b). 
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Abstract 

The Baltic Sea is a heavily impacted ecosystem with multiple pressures acting simultaneously. In order to 
quantify ecosystem impacts of integrated climate change and eutrophication pressures under constant 
fishing pressure, and to support decision-making and policies in generating environmental and economic 
sustainable systems, the Baltic Atlantis holistic mechanistic ecosystem model was applied. This involved 
3 climate scenarios and 3 riverine nutrient load scenarios, using two sources of nutrient load data. The aim 
was to test whether the framework was able to evaluate and realistically project separate and integrated 
impacts of climate change and eutrophication and which of those two pressures will likely dominate the 
future of the Baltic Sea ecosystem. With a focus on major fish stocks in the system, our model indicated 
that eutrophication is the main driver of the changes in the ecosystem. Higher nutrient inputs result in 
cod decrease, and increase in sprat and herring, and this effect is amplified by stronger climate change. 
The climate change will however become more important than eutrophication impact when the 
hydrographic tolerance limits are reached for the spawning of the main commercial Baltic fish species. By 
integrating the hydrography, the biology covering all trophic levels of the food web, and multiple 
pressures, i.e. eutrophication, climate change and fishery, we were able to evaluate relative climate and 
eutrophication impacts and predict likely trends in ecosystem effects. It is of crucial importance for the 
future long-term management of the Baltic Sea fisheries and stocks that potential impacts are considered 
both separate and integrated in a dynamic ecosystem-based management approach.  

Keywords: 

Atlantis ecosystem model, Baltic Sea, climate change, ecosystem-based management, eutrophication, 
holistic mechanistic approach, separate and integrated pressure evaluation. 
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4.1. Introduction 
The Baltic Sea is a heavily impacted ecosystem with multiple different pressures acting simultaneously. 
The reason for this can partly be explained by the nature of the Baltic Sea. First of all, the special 
environment with changing salinity of fresh,  as well as brackish and saline waters results in a relatively 
low biological diversity with only a few higher trophic level species living at the border of their 
hydrographical tolerance limits (Snoeijs-Leijonmalm et al., 2017 and references herein). This furthermore 
results in a high fishing pressure on relatively few target fish stocks with several of them being exploited 
above Maximum Sustainable Yield (F-MSY) through the last decades (ICES, 2019). Secondly, 
eutrophication pressure is high (HELCOM, 2014) because the Baltic Sea is a semi-enclosed system with 
limited water exchange with the North Sea and because of its densely populated catchment area with an 
intensive land use, resulting in the accumulation of a large amount of nutrients in its basins (Friedland et 
al., 2012). Finally, climate change pressure is high, because many species already live at the edge of their 
environmental tolerance levels (Snoeijs-Leijonmalm et al., 2017).  

These pressures have individually been investigated in many studies under current climate conditions 
such as: the long history of eutrophication (Andersen et al., 2017; Heiskanen et al., 2019; Murray et al., 
2019) and hypoxia (Almroth-rosell et al., In prep; Hansson et al., 2018), the impact of hypoxia on 
consumption rates of pelagic commercial fishes (Teschner et al., 2010), the impact of the fisheries on the 
food web (Harvey et al., 2003), as well as the impact of fisheries and eutrophication on the ecosystem 
(Hansson et al., 2007). It is also been investigated how these pressures affect the main fish stocks directly 
and indirectly among other in relation to physiological responses such as growth and consumption, 
recruitment and food availability (Hinrichsen et al., 2012, 2011; Hüssy, 2011; Hüssy et al., 2012; Köster et 
al., 2005; Nissling, 2004; Nissling et al., 1994; Nissling & Westin, 1991; Pécuchet et al., 2015). Some 
research has also explored these pressures in a future climate condition. Haslob et al. (2012) for instance 
simulated sprat population dynamics in relation to different climate change scenarios, while Margonski 
et al. (2010) modelled the effect of climate on the stock-recruitment relationships for cod, sprat and 
herring. Saraiva et al. (2019a) investigated the effects of climate change on eutrophication, while 
Wåhlström et al. (2020) investigated the combined effect of climate change and nutrient loads on the 
future cod reproductive volume and Bartolino et al. (2014) looked at the combined effects of fisheries 
exploitation and climate change on the temporal dynamics of the central Baltic herring stock.  

However, none of these studies allowed answering questions on the interactions between anthropogenic, 
ecosystem-internal dynamics and environmental impacts, taken the whole food web, combining these 
pressures and investigating them simultaneously on integrated basis under future climatic conditions. This 
is especially relevant since eutrophication itself will be affected by climate change (Saraiva et al., 2019a). 
Recently, Bauer et al. (2019) published a study integrating these three pressures to investigated species 
diversity and fish catches using a holistic ecosystem model. However, they did so by excluding the dynamic 
feedbacks between environmental conditions, food web processes and human behaviour. Furthermore, 
they did not evaluate the variability in impacts from different sources of nutrient loads.  

In the present study, we apply the Baltic Atlantis holistic mechanistic ecosystem model to evaluate both 
the separate and integrated effects of eutrophication and climate change under current fishing pressure 
for the whole Baltic Sea, including Kattegat. We applied two of the climate trajectory predictions also used 
by IPCC from different global climate models (GCMs), which represented the future climatic conditions. In 
addition three quantitative nutrient load projections were applied for the same GCMs simulating different 
eutrophication scenarios covering (Saraiva et al., 2019a), hereby using two different nutrient load sources 
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representing both modelled and observed data (see Materials and Methods). By integrating the 
hydrography, the biology covering all trophic levels of the food web, and the fishing activities in the Baltic 
Atlantis end-to-end ecosystem model, we were able to predict likely trends in ecosystem changes for the 
Baltic Sea and its main commercial fish species. 

The overall aim of the current study is to evaluate the separate and integrated effects of main pressures 
and magnitudes of ecosystem impacts of climate and eutrophication projections compared to current 
conditions in order to support decision-making processes with focus on the main Baltic fisheries resources. 
The specific aims are (i) to test whether the current framework applied is able to evaluate and realistically 
project integrated impacts of three main pressures over time, considering different data sources of 
pressures, and (ii) whether climate and/or eutrophication will likely dominate the future of the Baltic Sea 
ecosystem and its marine living resource availability.  

4.2. Materials & Methods 

4.2.1. Implemented Baltic Atlantis end-to-end ecosystem model 
The Baltic Atlantis (Bossier et al., 2018; Fulton et al., 2011; Nielsen et al., 2018) is a spatially explicit, three-
dimensional end-to-end ecosystem model covering the Baltic Sea and Kattegat. The model integrates the 
biological, geochemical, and physical processes combined with the effects of human interactions such as 
fisheries activities. The modelled area is divided into 26 geographical boxes (polygons) and 3 boundary 
boxes (of which 2 are islands). Each polygon has one sediment layer and a maximum of six water column 
layers. The model is initialised for 2005 and operates at 12-hour time steps. A full model run and projection 
is 127 years of which 35 are spin-up years. The Baltic Atlantis has 30 biological functional groups which 
include: mammals (2), seabirds (1), pelagic fish (3), demersal fish (6), benthic invertebrates (4), 
commercial benthos (1), pelagic invertebrates (4), benthic primary producers (2), pelagic primary 
producers (2), bacteria (2), and detritus groups (3). The vertebrate groups are demographically structured 
by age while the other groups are biomass pools. Further model details can be found in Bossier et al. 
(2018). 

A flexible diet matrix enables the functional groups to interact with one another. The diet matrix defines 
a certain fraction of the available prey biomass to a specific predator. The actual prey biomass grazed 
further depends on the overlap in time and space, and the size of the prey, allowing the predator to switch 
to other prey when the overlap is not sufficient (Audzijonyte et al., 2019). These availability parameters 
are used to scale a Holling type II functional response to calculate the actual consumption of the predators. 
The amount eaten plays an important role in the model as it will define the growth rate of the predator. 
Recruitment of fish groups is modelled with the Beverton-Holt functional relationship (Beverton and Holt, 
1957). The model tracks nitrogen [mg N] as its currency and uses an assimilation efficiency parameter to 
cover energy demands for maintenance. For more details on the model framework we refer to the Atlantis 
manual from Audzijonyte et al. (2019) besides Baltic specific implementation details in Bossier et al. 
(2018). 

Physical information of temperature, salinity and currents for the year 2005 was, for the original Baltic 
Atlantis calibration as published in Bossier et al. (2018), provided by the HBM-ERGOM model and riverine 
nutrient load from the HELCOM PLC 5.5 Database. The calibration using this input data is referred to as 
HBM 2005 PLC 5.5 (Fig 1, left grey box). However, in order to run future climate and eutrophication 
projection and scenarios, both physical and nutrient load forcing were replaced by data provided by the 
Swedish Meteorological and hydrological Institute (SMHI). The physical and biogeochemical information 
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was simulated by their three-dimensional Rossby Centre Ocean (RCO) model coupled to the Swedish 
Coastal and Ocean Biogeochemical (SCOBI) model, further referred to as the RCO-SCOBI model (Almroth-
rosell et al., 2011; Eilola et al., 2009; Meier et al., 2012b). The riverine nutrient load projection, ‘REF’, was 
simulated using the results from the E-HYPE model (Hydrological Predictions for the Environment, 
http://hypeweb.smhi.se) as forcing for the RCO-SCOBI. The calibration using this input data is referred to 
as RCO 2005 REF (Fig. 1, right blue box). Most functional groups reach equilibrium and have their level of 
biomass within the range of +- 50 % of its initial value (Fig. A1). This range is a self-imposed measure to 
validate the model. Some groups outside that border are sprat, Nephrops, labile detritus, seabirds and 
harbour porpoise (although harbour porpoise only for GCM A). Note that, even though we only replaced 
the physical and nutrient load forcing, we still refer to it as another calibration despite not recalibrating 
the parameters of the model. We do this to easily and consistently being able to refer to the different set-
ups used in the scenario evaluations of this study. Another calibration was set up using the RCO-SCOBI 
physical forcing, while the riverine nutrient load was kept from HELCOM, but updated to the PLC 7 
database (http://nest.su.se/helcom_plc/). The calibration using this input data is referred to as RCO 2005 
PLC 7 (Fig 1, middle green box). Most functional groups for this calibration reach equilibrium as well and 
have their level of biomass within +- 50 % of the input data (Fig. A2). Similarly sprat, Nephrops, labile 
detritus, seabirds and harbour porpoise (only for GCM A), fall outside it, however, to a lesser degree for 
sprat compared to RCO 2005 REF. 

Figure 1. Overview diagram of the different Baltic Atlantis calibration set-ups. Note that the grey box, HBM-ERGOM 
PLC 5.5 is only shown here for information purposes, as we are not applying this original calibration from Bossier et 
al. (2018) in this study.  

When comparing the RCO 2005 REF calibration with the RCO 2005 PLC 7 calibration, we see a change in 
the ecosystem with a large increase in sprat biomass of 100 %, a smaller increase in seal, seabirds and 
herring biomass and a large decrease in Nephrops biomass of almost 100 % (see Fig. A4). We therefore 
also set up a third calibration using RCO 2005 REF as initial starting point, but with reduced sprat biomass. 
This calibration is referred to as the RCO REF - New sprat calibration (Fig. 1, yellow box). This third 
calibration was derived by changing the natural mortality of sprat and slightly changing the amount of 
food intake of the higher trophic levels, harbour porpoise, seals, seabirds and cod, and the lower trophic 
levels, zooplankton, mysids and phytoplankton. All functional groups for this calibration reach equilibrium 
and have their level of biomass within the range of +- 50 % of its initial input data (Fig. A3). For this 
calibration, sprat noteworthy falls within it, but small demersal fish, perch, Nephrops, mysids and harbour 
porpoise (only for GCM A) do not.  

HBM-
ERGOM 
PLC 5.5 

RCO-SCOBI 
REF 

RCO-SCOBI 
PLC 7 

RCO-SCOBI  
REF –  

New sprat  

http://hypeweb.smhi.se/
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The main focus of this study are the scenarios run with the RCO 2005 REF calibration. However, some 
scenarios are also applied with the RCO 2005 PLC 7 and the RCO REF - New sprat calibrations. This is in 
order to investigate the importance of the choice of nutrient forcing and to investigate the impact of 
choice of calibration and whether this would change the outcome of the scenarios.  

4.2.2. Climate projections & eutrophication scenarios 
An ensemble of future climate projections was provided by SMHI. The RCO-SCOBI model was driven at 
the lateral boundary by regional down-scaled global climate models (GCMs): MPI-ESM-LR (GCM model A), 
EC-EARTH (GCM model B) and HadGEM2-ES (GCM model D) (Saraiva et al., 2019b). By using the three 
different GCMs, an ensemble mean and a range of changed hydrographical and hydrodynamic conditions 
in the Baltic Sea is estimated from the combined RCO-SCOBI output forced from the three models. The 
physical forcing provided corresponded to the two IPCC greenhouse gas emission scenarios also used by 
the IPCC (IPCC, 2014): the Representative Concentration Pathways (RCPs), RCP 4.5 and RCP 8.5 (van 
Vuuren et al., 2011). These scenarios represent a future of higher temperatures, precipitation and 
humidity also resulting in lower salinities, with larger changes projected by RCP 8.5 (Saraiva et al., 2019b). 
In total, we applied three climate scenarios: present climate (2005), future climate RCP 4.5 (2006-2097) 
and future climate RCP 8.5 (2006-2097) (Table 1).  

The different nutrient scenarios used for this study (Table 1), are based on certain plausible assumptions 
on socio-economic interactions as previously published by Saraiva et al. (2019a):  

1. The Baltic Sea Action Plan (‘BSAP’) scenario represents the proposition of HELCOM (HELCOM, 
2013, 2007) to actively decrease the nutrient loads until a set level by 2020 and maintaining them 
at that level further on.  

2. The reference (‘REF’) scenario assumes no socio-economic changes compared to the historical 
period (1976–2005). However, climate change will still influence the riverine nutrient loads, due 
to among other changes in air temperature and precipitation, which will change the amount of 
nutrients carried to the marine system by the rivers. Therefore, the reference nutrient loads will 
differ among the two climate scenarios RCP 4.5 and RCP 8.5.  

3. The worst-case (‘WC’) scenario represents SSP 5 (Shared Socio-economic Pathways), a socio-
economic situation dominated by the fossil fuel industry (Zandersen et al., 2019). The changes in 
riverine nutrient loads that could be expected in the 2050s to the Baltic Sea, due to changing 
climate and socioeconomic conditions under SSP 5, were calculated to an increase of 12% 
(Bartosova et al., 2019). This impact factor was then multiplied with each reference nutrient 
scenario, for each of the three climate scenarios, to get the actual river load for each worst-case 
nutrient scenario per climate scenario.  

 
The observed PLC 7 nutrient forcing does naturally not have a time series of nutrient loads projected in 
the future. We therefore calculated the slope of the time series of the REF RCP 4.5 and REF RCP 8.5 
nutrient load projections and applied this to the PLC 7 nutrient forcing to create the future PLC 7 RCP 4.5 
and PLC 7 RCP 8.5 nutrient forcing.  
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Table 1. The different climate and nutrient scenarios applied in the Baltic Atlantis. The three climates scenarios are: 
present climate (green), future climate RCP 4.5 (yellow) and future climate RCP 8.5 (orange), and the three nutrient 
load scenarios are BSAP (low, one dot), REF/PLC 7 (medium, two dots) and WC (high, three dots). The scenario 
numbers pictured are described further below and in Table 2. 

  
Climate 

  Present climate  
(2005) 

Future climate 
RCP 4.5  
(2006-2097) 

Future climate  
RCP 8.5  
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REF/PLC 7 * 
         

001 
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006 
008 * 009 * 010 * 
011 013 016 

WC  
   

004 
   

007 
014 017 

* PLC 7 nutrient forcing. By using the two different sources of nutrient load data, we can investigate the importance 
of their levels as input to the Baltic Atlantis model. 
 
In total, we ran 18 climate and eutrophication scenarios. Eight scenarios were run using the RCO 2005 REF 
calibration as a baseline (Table 2, section 1), which we will refer to as scenario 001-007. Three scenarios 
were run using the RCO 2005 PLC 7 calibration as a baseline, which we will refer to as scenario 008-010. 
The last seven scenarios were run using the RCO 2005 REF - New sprat calibration as a baseline which we 
will refer to as scenario 011-017. A schematic overview of the combination of the different climate and 
eutrophication scenarios is shown in Table 1. Each scenario consisted of a simulation period of 127 years 
of which 35 years of spin-up in order for the model to reach equilibrium (see also Bossier et al., 2018). 
During the spin-up, physical forcing and nutrient load forcing were kept constant according to the 
calibration baseline used. All scenarios were run thrice, once for every GCM, enabling us to present the 
results as an ensemble modelling output and to present a range in the results based on estimates from 
three different GCMs.  
 
 
 
 
Table 2. Overview table of all scenarios run for this study. Section 1 are the climate and nutrient scenarios for the 
three GCM models (A, B, D) evaluated using the three different calibrations: RCO 2005 REF (001 – 007), RCO 2005 
PLC 7 (008 – 010) and RCO 2005 REF – New sprat (011 – 017). Sections 2, 3 and 4 are the scenarios for the sensitivity 
analyses to different threshold ranges of key physical parameters (temperature, salinity and oxygen) for cod. 
Section 3 are the scenarios for sensitivity analysis of the linear mortality of the benthic functional groups 
representing the oxygen mortality scenarios (see below).  
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 GCM Climate scenario Nutrient 
scenario 

Scenario 
number 

Physical 
parameters  

Value Acronym 

1 

A, B, D Present climate Reference 001    
A, B, D Present climate BSAP 001b    
A, B, D 4.5 BSAP 002    
A, B, D 4.5 Reference 003    
A, B, D 4.5 Worst case 004    
A, B, D 8.5 BSAP 005    
A, B, D 8.5 Reference 006    
A, B, D 8.5 Worst case 007    
A, B, D Present climate PLC 7 008    
A, B, D 4.5 PLC 7 009    
A, B, D 8.5 PLC 7 010    
A, B, D Present climate  BSAP 011    
A, B, D 4.5 BSAP 012    
A, B, D 4.5 Reference 013    
A, B, D 4.5 Worst case 014    
A, B, D 8.5 BSAP 015    
A, B, D 8.5 Reference 016    
A, B, D 8.5 Worst case 017    

2 

A, B, D Present climate Reference 001 Temperature 14 ° C  T14 
A, B, D Present climate Reference 001 Temperature 12 ° C T12 
A, B, D Present climate Reference 001 Temperature 11 ° C T11 
A, B, D Present climate Reference 001 Temperature 10 ° C T10 
A, B, D Present climate Reference 001 Temperature 9 ° C T9 
A, B, D Present climate Reference 001 Temperature 8 ° C T8 
B 4.5 BSAP 002 Temperature 11 ° C T11 
B 4.5 REF 003 Temperature 11 ° C T11 
B 4.5 BSAP 002 Temperature 10 ° C T10 
B 4.5 REF 003 Temperature 10 ° C T10 

3 

A, B, D Present climate Reference 001 Salinity  5 PSU  s5 
A, B, D Present climate Reference 001 Salinity  6 PSU s6 
A, B, D Present climate Reference 001 Salinity  7 PSU s7 
A, B, D Present climate Reference 001 Salinity  8 PSU s8 
A, B, D Present climate Reference 001 Salinity 9 PSU s9 
D 4.5 BSAP 002 Salinity  5 PSU  s5 
D 4.5 BSAP 002 Salinity 6 PSU s6 

4 

B RCP 8.5 Reference 006 Oxygen 2.2e-2 ml/l O0 
B RCP 8.5 Reference 006 Oxygen 2.24 ml/l O2 
B RCP 8.5 Reference 006 Oxygen 3.36 ml/l O3 
B RCP 8.5 Reference 006 Oxygen 4.34 ml/l O4 
B RCP 8.5 Reference 006 Oxygen 5.60 ml/l O5 

5 
A, B, D RCP 8.5 Reference 006 mL + 1000 % Oxygen_1 
A, B, D RCP 8.5 Reference 006 mL + 5000 % Oxygen_2 
A, B, D RCP 8.5 Reference 006 mL + 10000 % Oxygen_3 

Note that the scenarios take the following into account: Since precipitation will change in the projected future, then 
the amount of nutrients carried to the marine system by the rivers will also change depending on the specific climate 
scenario, on top of the projected changes due to a change in the socio-economic conditions. The reference and worst 
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case nutrient loads will therefore be different between the two future climate scenarios (except for the BSAP which 
has a set nutrient level to maintain). 
* The bold rows are the reference scenarios with the standard parameter values for each of the calibrations used. 
These reference scenarios will be used to compare against. For section 5, the baseline we compared against is 
A, B, D 006.

4.2.3. Sensitivity to different threshold ranges of key physical parameters and climate specific 
functions in Atlantis 

Fish stock recruitment is known to be affected by environmental conditions with specific thresholds 
limiting the spawning success (e.g. Pécuchet et al. 2015 and references therein, Köster et al., 2005). In this 
study we use cod as an example to test the impact of the choice of threshold. Previous studies on Baltic 
cod have found that no fertilization and egg development takes place below a salinity of around 11 PSU 
(Nissling and Westin, 1991) and below an oxygen concentration of 2 ml/l (Nissling, 1994; Wieland et al., 
1994), larval viability and egg survival is significantly lower below 11°C (Nissling, 2004), and hatching of 
the successful developed cod eggs does not occur below 5 PSU (Nissling and Westin, 1991). Within the 
Baltic Atlantis model, threshold levels of spawning temperature is therefore 2 to 25°C for all groups except 
cod, which has a minimum and maximum spawning temperature of 0.5 and 14°C respectively. Next, 
salinity thresholds for spawning is set to ranges from 0 to 40 PSU for marine species, except for cod which 
has a 5 to 33 PSU range, and a maximum of 10 PSU for freshwater species like perch and carp and for 
groups which spawn in coastal areas like herring and small pelagic fish. We were not able to use the lower 
11 PSU threshold for cod in the model (see discussion). Finally, the minimum spawning oxygen thresholds is 
0 ml/l for all groups while for cod it is set to 0.024 ml/l. Outside either of the temperature, salinity or 
oxygen ranges, recruitment is set to zero. We did not allow for an increase or decrease of produced 
spawning products as a results of higher or lower temperatures since the causalities of the influences of 
the hydrodynamics on recruitment is not fully known yet (Pécuchet et al., 2015). 

To test the sensitivity of the model regarding the environmental spawning thresholds within Atlantis, i.e. 
maximum spawning temperature, minimum spawning salinity and minimum spawning oxygen, we ran 44 
extra simulations with RCO 2005 REF as calibration (Table 2, section 2, 3, 4). We tested temperatures 
ranging from 14 to 8°C, salinity from 5 to 9 PSU and oxygen from 0.022 to 5.60 ml/l. The present climate 
simulations for temperature 001 (T14, T12, T11, T10, T9, T8) were run with all GCMs, while its scenario 
simulations 002 (T11, T10) and 003 (T11, T10) were only run with GCM B because we saw the same trends 
with respect to direction (+/- change) and order of magnitude for the other GCMs (Table 2, section 2). The 
present climate simulations for salinity 001 (s5, s6, s7, s8, s9) were also run with all GCMs, but its scenario 
simulations 002 (s5, s6) were only run with GCM D because this GCM was the most sensitive for the salinity 
threshold (Table 2, section 3). The scenario simulations for oxygen 006 (O0, O2, O3, O4, O5) were only run 
with GCM B because again, we saw the same trends with respect to direction (+/- change) and order of 
magnitude for the other GCMs (Table 2, section 4). We ran these sensitivity analyses regarding the 
temperature, salinity and oxygen spawning thresholds only for the cod parameters because we know from 
literature that these thresholds impact the recruitment of cod (Köster et al., 2005; Nissling, 2004; Nissling 
et al., 1994; Nissling and Westin, 1991; Wieland et al., 1994). Note that, despite this, we are not testing 
the biological correctness of these thresholds, only the sensitivity of the model towards these parameters. 

Temperature affect physiological processes such as the amount of prey that can be consumed, the cost 
of respiration and the available energy for growth and reproduction (see review by Angilletta Jr et al., 
2002). Within the Baltic Atlantis, all functional groups, except mammals and seabirds, are temperature 
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sensitive, meaning that their physiological processes are adjusted using a temperature and salinity scalar 
depending on the temperature values in the simulation. Mammals and seabirds are not set as 
temperature sensitive because they are homeotherms and their vital processes such as birth and growth 
are subject to air-temperature which is not included in the model. Furthermore, temperature will rather 
affects their physical limits instead of their physiological processes (Learmonth et al., 2006). Accordingly, 
the temperature scalar applies the Q10 temperature coefficient, using the reference temperature of 15°C: 

 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑄𝑄10
𝑇𝑇𝐻𝐻2𝑂𝑂−15

10 . 

Q10 is a measure of the temperature sensitivity of an enzymatic reaction rate or a physiological process 
as a consequence of increasing the temperature by 10°C (Audzijonyte et al., 2019). All functional groups, 
applying this scalar, use a standard temperature effect on metabolism (Q10 = 2). Assimilation efficiency 
however is not temperature dependent in the Baltic Atlantis due to the lack of data on this specific matter. 
A similar salinity scalar is available in the model. However, because we are lacking sufficient data about 
the effects of salinity on physiological processes, we did not include this scalar. 

Next, we ran 9 oxygen sensitivity simulations. Oxygen dependency for the vertebrates was modelled by 
increasing the already existing linear mortality rate for the benthic functional groups, i.e. the hard- and 
soft-substrate filter feeders, benthic deposit feeders, and polychaetes (see Appendix, section 1.2). The 
reason we run these simulations is that it is thought that these benthic organisms play a key role as main 
food source for juvenile cod (Hüssy et al., 1997; Nielsen et al., 2013). We ran 3 simulations for each GCM, 
using scenario 006 as a basis (006 Oxygen_1, 006 Oxgyen_2 and 006 Oxygen_3) where we increased the 
biological linear mortality (mL) parameter with 1000 %, 5000 % and 10000 % (see Table 2, section 5). Note 
that the 006 Oxygen_3 simulation is highly unrealistic, but it is run to see the magnitude and direction of 
change of the outcome. An increase of mL with less than 1000 % was not high enough to observe a 
significant decrease in the benthos and an increase above 10000 % erased all benthos.  

4.2.4. Fishery 
The Baltic Atlantis defines seven different fisheries, covering the current main fisheries catching the seven 
main commercially exploited species in the Baltic region (see Table A2; ICES 2019). In the current Atlantis 
implementation, fishing is modelled dynamically where the amount of catch is determined by the swept 
area of the fishery, its fishing effort, the biomass available of the resources (species) given its species 
specific selectivity, and the escapement and the catchability of the species (Audzijonyte et al., 2019; ICES 
2019; see the Appendix for the specific parameters for each fishery and functional group, Table A3-A5). 
Fishing effort is kept constant during the calibration (and model scenario projections) and is defined by a 
matrix prescribing the relative spatial and seasonal effort distribution. Selectivity is determined by the 
knife-edge length-based selectivity curve so selectivity is 0 for all fish smaller than the specified minimum 
length for recruitment to the fishery and 1 for all larger fish. The selectivity parameters (Table A4) for each 
functional group and fishery are based on literature (e.g. Eigaard et al., 2016). The catchability parameter 
(Table A5) in Atlantis is a value between 0 and 1 and defines the proportion of the biomass, constant over 
all age groups, of a specific functional group to be caught by a specific fishery. The catchability parameter 
represents fish behaviour and several factors that influence fish avoidance to the fishing gear. In addition, 
the escapement was set to 0.05 for all functional groups, assuming a low and equal proportion of all fish 
to escape the gear. Fish that escape are in Atlantis assumed to survive in perfect health (Audzijonyte et 
al. 2019). There is no further ‘targeting’ of a specific functional group, as the specific functional group and 
its proportion caught is exclusively depending on the species and fishery specific selectivity and the 
catchability parameters, which the model is calibrated with as described above. 
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The main data sources to calibrate the harvest module were fleet- and fisheries-specific recent 
information of landings and effort for the international Baltic fishery in 2005 from the extensive EU STECF 
database (https://stecf.jrc.ec.europa.eu/dd/effort; STECF, 2018). Landings and effort input was provided 
on species and fleet specific basis, while economic information on a fleet basis for that same period. The 
effort was used as direct input parameter to simulate the catches. Catch and total stock biomass 
information from the ICES stock assessments (e.g. ICES 2019) were used to compare the predicted catches 
with. Another important data source on this was scientific literature (e.g. Eigaard et al., 2016), which 
provided input to a long row of fisheries calibration parameters used for conditioning the model (e.g. fleet 
specific gear selectivity, gear swept volume, gear target species, and gear species specific catchability, as 
well as a row of model scalars on vertical overlap, positional availability of target species, habitat overlap, 
and escapes (e.g. ICES, 2019; STECF, 2018). The validation process of the calibration was based on the 
comparison of observed fleet and species-specific landings for the year 2005 with the predictions (Fig. 2). 
It should be noted that the main focus of this paper is to project separate and integrated climate and 
eutrophication impacts on main Baltic Sea fishery resources given current fishing pressure. Thus, no future 
fishing scenarios were run for this study.    

Figure 2. Relative catch and Total Stock Biomass (TSB) for cod, sprat and herring from 2005-2016 for GCM A for the 
different calibrations, i.e. RCO 2005 REF, RCO 2005 PLC 7 and RCO 2005 REF – New sprat compared to ICES catch 
and stock assessment data for 2005-2016 compared to the ICES catch and TSB of corresponding species (light blue 
zone is the +/- 50 % range of the ICES catch and TSB data). The results are similar for the other GCMs with respect 
to directions and order of magnitude of differences. 

https://stecf.jrc.ec.europa.eu/dd/effort
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4.2.5. Skill assessment 
We carried out a skill assessment for the Baltic Atlantis as proposed by Olsen et al. (2016) for all different 
calibrations in order to evaluate their performances with respect to the trend and magnitude of the 
estimated compared to the observed catches. Model efficiency, Reliability index and Spearman rank 
correlation were applied to the catch time series available, i.e. for cod, sprat and herring, for 2005 until 
2016 (see Appendix, section 1.4).  

4.3. Results 

4.3.1. Climate projections & eutrophication scenarios 

RCO 2005 REF calibration (scenario 001 - 007) 
Cod biomass decreased for all scenarios, except for the BSAP scenarios, while sprat and herring biomass 
increased for all scenarios (Fig. 3).  

 
Figure 3. Ensemble model output results, averaged for the last five years of the simulation period, for the change in 
biomass, abundance and weight for cod, sprat and herring for the climate and eutrophication scenarios (scenario 
002 to 007) using the RCO 2005 REF calibration. All scenarios are compared against its baseline scenario RCO present 
climate REF (001). (See Table 1 and 2 for an overview of the scenarios). The x-axis shows the relative change in 
percent. The bars represent the ensemble modelling, i.e. the variation of the results of the different GCMs. Note 
that the different colours group the nutrient scenarios, and the intensity of the colour represents the climate 
scenario with a higher intensity, i.e. for a stronger climate scenario.   
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For all three groups, weight increased for all scenarios, except for the BSAP present climate scenario 
where climate was kept constant. This is the same picture for all other fish groups except for the small 
pelagic fish (Figs. A5a, b). RCP 8.5 showed a stronger change compared to RCP 4.5, except for the BSAP 
scenarios for biomass and abundance for cod where the present climate showed the highest increase, 
and the warmest climate scenario (RCP 8.5) showed the lowest increase. Also for all other fish groups, 
mammals, seabirds and the lower trophic levels, it appeared that RCP 8.5 generally showed a stronger 
change compared to RCP 4.5. The REF and WC nutrient load scenarios showed very similar patterns in 
biomass, abundance and weight for all functional groups and were mostly of the same order of magnitude 
Macroalgae and seagrass biomass decreased for all scenarios, while phytoplankton increased. 
Zooplankton, gelatinous zooplankton and mysids biomass increased for the higher nutrient scenarios REF 
and WC and decreased for the lower nutrient scenario BSAP. The REF and WC RCP 4.5 scenarios showed 
a high variability between the different GCMs. For the higher nutrient scenarios, we observed a high 
increase in Nephrops biomass while the benthic functional groups showed no change for any of the 
scenarios. Labile detritus increased with higher nutrient scenarios and decreased with a lower nutrient 
scenario.  

 

RCO 2005 PLC 7 calibration (scenario 008 - 009) 
When applying the climate scenarios RCP 4.5 and RCP 8.5 on the RCO 2005 PLC 7 calibration, i.e. scenario 
009 and 010 (Figs. 4 & A6a, b), we see very similar results as for the climate scenarios using the RCO 2005 
REF calibration, i.e. scenario 003 and 006, except for sprat and mysids. Sprat biomass showed no change 
to a small decrease and mysids biomass decreased. Biomass for cod and the other higher trophic levels 
decreased and biomass for herring, small demersal fish and perch increased. RCP 8.5 showed a stronger 
change compared to RCP 4.5. For most functional groups, the ensemble modelling showed consistent 
results in the direction of change with low varying magnitude of change, except for harbour porpoise and 
perch, which showed a large variety in the magnitude of change.  

Figure 4. Ensemble model results, averaged for the last five years of the simulation period, for the change in biomass, 
abundance and weight for cod, sprat and herring for the climate and eutrophication scenarios RCO 4.5 PLC 7 (009) 
and RCO 8.5 PLC 7 (010) using the RCO 2005 PLC 7 calibration compared with its baseline scenario RCO present 
climate PLC 7 (008). (See Table 1 and 2 for an overview of the scenarios). See Figure 3 text for the axis descriptions 
and colour groups.  
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RCO 2005 REF - New sprat calibration (scenario 011 - 017) 
When applying all climate and eutrophication scenarios, i.e. scenario 012 to 017, using the RCO 2005 REF 
- New sprat calibration (Figs. 5, A7a, b), we observe very similar results compared to results of the 
scenarios using the RCO 2005 REF calibration (Fig. 3). This is except for sprat, which showed a higher 
decrease in abundance for all scenarios. This resulted in little to negative change for sprat biomass for the 
high nutrient scenarios, and a decrease in biomass for the low nutrient scenario BSAP. This is slightly 
different from the results with the RCO 2005 REF calibration where the high nutrient scenarios showed a 
small increase and the low nutrient scenario BSAP no change. However, despite this difference in biomass, 
the direction of change for both the abundance and the weight was similar for the two calibrations, i.e. 
RCO 2005 REF and RCO 2005 REF - New sprat calibration. RCP 8.5 showed a stronger change compared to 
RCP 4.5. Weight increased for all scenarios for cod as well as for sprat and herring. The ensemble 
modelling showed consistent results in the direction of change with low varying magnitude of change – 
except for sprat BSAP, which showed a large variety in the magnitude of change.  

 

Figure 5. Ensemble model results, averaged for the last five years of the simulation period, for the change in biomass, 
abundance and weight for cod, sprat and herring for the climate and eutrophication scenarios (scenario 012 to 017) 
for all lower trophic levels using the RCO 2005 REF – New sprat calibration compared with its baseline scenario RCO 
present climate REF – new sprat (010). (See Table 1 and 2 for an overview of the scenarios). See Figure 3 text for the 
axis descriptions and colour groups.  

4.3.2. Sensitivity to different threshold ranges of key physical parameters  
As explained above, the sensitivity simulations were only run for the spawning threshold parameters of 
cod because it is well documented from literature that these environmental thresholds determines the 
success rate for cod recruitment while only relatively sparse information exist on this for Baltic sprat and 
herring. The different GCMs vary slightly in their physical projections and therefore, cod recruitment 
success differed for the different GCMs.  



93 

For GCM A and B no recruitment was possible with a maximum spawning temperature of 8.5°C and lower, 
while for GCM D, no recruitment occurred already at 10°C and lower. The narrower the spawning 
temperature for cod, the lower its biomass (Table 3). Despite this decrease in biomass, the results for the 
climate and eutrophication scenarios were similar compared to the baseline 001 T14, both in magnitude 
and direction.  

For the minimum spawning salinity threshold, no cod recruitment was possible below a minimum 
spawning salinity of 6 PSU for GCM B, while recruitment was still possible at a minimum spawning salinity 
of 8 PSU for GCM A and D. Above that, no recruitment happened. Despite an increase in the salinity 
threshold range, the biomass of cod stayed the same. The 002 s6 simulation of GCM D showed a drastic 
decline in cod biomass at the end of the simulation as no recruitment was possible anymore because the 
salinity was not high enough (Fig. A8). When lowering the minimum salinity necessary for spawning, i.e. 
the 002 s5 simulation, then cod recruitment was still possible.  

For the minimum spawning oxygen threshold, all GCMs were able to run with a minimum oxygen of 5.25 
ml/l and lower. Recruitment was not possible with a minimum oxygen threshold above 5.25 ml/l. The 
higher the minimum oxygen threshold, i.e. up until 5.25 ml/l above which no recruitment was possible, 
the lower the biomass of cod. 

Table 3. Results of the sensitivity analyses to different threshold ranges of temperature and oxygen for cod. 

Parameter Comparison: scenarios + acronyms 
(see Table 1, sections 2-4) 

Percentage 
difference cod 
biomass 

Maximum 
spawning 
temperature 

Absolute 
difference 

001 T14 vs 001 T12 -2.2 %
001 T14 vs 001 T11 -6.0 %
001 T14 vs 001 T10 -27.4 %

Relative 
difference 

(001 T14 vs 002 T14) vs (001 T11 vs 002 T11) -0.9 %
(001 T14 vs 003 T14) vs (001 T11 vs 003 T11) -0.0 %
(001 T14 vs 002 T14) vs (001 T10 vs 002 T10) -2.2 %
(001 T14 vs 003 T14) vs (001 T10 vs 003 T10) 1.1 % 

Minimum 
spawning 
oxygen 

Absolute 
difference 

006 O0 vs 006 O2 -15.8 %
006 O0 vs 006 O3 -28.1 %
006 O0 vs 006 O4 -36.3 %

4.3.3. Oxygen depletion mortality simulations 
The gradual increased mortality on the benthic functional groups for the different oxygen simulations 
(001 Oxygen_1, 001 Oxygen_2, 001 Oxygen_3, see Table 2, section 5) resulted in a gradual decrease in 
their biomass (Fig. 6). Despite their large decreases in biomass in general, cod biomass only decreased 
with 3 % and 9 % for simulation 001 Oxygen_2 and 001 Oxygen_3 respectively. Besides a decrease in 
biomass, we also saw a resulting shift in the diet of cod over time with a lower proportion of polychaetes 
and benthic deposit feeders to a higher proportion of soft substrate feeders instead (Fig. A9.). Finally, also 
weight of the juvenile cod decreased over time as its main food source decreased (Fig. A10). The higher 
the decrease of benthic biomass, the lower the weight in juvenile cod.  
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Figure 6. Results of the relative change in biomass for the sensitivity runs of increased linear mortality on the benthic 
functional groups, i.e. simulation Oxygen_1, Oxygen_2 and Oxygen_3 compared against its baseline scenario 001 
(see Table 2, section 5). The x-axis shows the change in percentage.  

4.3.4. Skill assessment 
The skill assessment evaluated the performance of the Atlantis model in relation to the trend and 
magnitude of the estimated compared to the observed catches. We compared all three calibrations (A001, 
A008 and A011). The results can be found in the Appendix, Table A6. The correlation coefficient value for 
cod was close to zero for all three calibrations, indicating that there was no linear correlation between 
predictions and observations, i.e. the predictions did not have a similar trend to the observation, while 
for sprat and herring there was a small positive linear correlation. However the p-values were >0.05 for 
all three groups except for sprat A011. The model efficiency coefficient values were close to 1 for cod 
A001, while close to 0 or negative for all other estimates of all three species. Finally, the reliability index 
was relatively close to 1 for most estimates except for sprat A011. The results are similar for all GCMs. 

4.4. Discussion  
The aim of this study is to investigate whether the current model framework applied is able to evaluate 
and realistically project separate and integrated impacts of climate change and eutrophication and which 
of those two pressures will likely dominate the future of the Baltic Sea ecosystem given the predicted 
development of the pressures (Saraiva et al., 2019a). We estimated the magnitude of changes in biomass 
for the main Baltic fisheries resources under three climate scenarios and three riverine nutrient load 
scenarios, using two sources of nutrient load data.  

4.4.1. Climate projections & eutrophication scenarios 
Our model indicates that eutrophication is the main driver of the changes in the ecosystem both with 
respect to long-term trends and magnitudes and ranges of the changes. However, the climate impact will 
have a stronger impact on the ecosystem, once the hydrographic tolerance limits are reached for the 
spawning of main commercial Baltic fish species.  
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In general, our model suggest that the higher the nutrient input, the less cod, but the more pelagic species 
such as sprat and herring and vice versa. At the same time, the stronger the climate changes, the less cod 
(see also  MacKenzie et al., 2011), but the more sprat (see also Haslob et al., 2012; MacKenzie & Köster, 
2004; MacKenzie et al., 2012) and herring (see also Bartolino et al., 2014; Cardinale et al., 2009; Hakala et 
al., 2003). Modelling future climate and eutrophication scenarios using an end-to-end ecosystem model 
comes with a long list of assumptions and large uncertainties. To deal with this, we compare the 
differences in results between the climate and nutrient load scenarios, the GCMs, the calibrations and the 
sources of nutrient load. First, as a sensitivity analysis on the Baltic Atlantis, we used different sets of 
calibrations, i.e. RCO 2005 REF, RCO 2005 PLC 7 and RCO 2005 REF - New sprat, and different sources of 
nutrient load, i.e. REF and PLC 7 to run the same climate and eutrophication scenarios. Our results suggest 
that the differences in results caused by the climate and nutrient load scenarios are larger than differences 
due to the choice of calibration and source of nutrient load. Second, Saraiva et al. (2019) performed an 
uncertainty analysis of these same climate and eutrophication scenarios which shows that the 
uncertainties caused by the nutrient load scenarios are greater than the uncertainties due to climate 
model uncertainties and future greenhouse gas concentrations. This is important, because in the present 
study we found that the nutrient load scenarios play a major role in defining the future ecosystem. And 
finally, our results also suggest that the differences in magnitude of change, due to the choice of GCM, is 
equally large and in many cases larger than the difference between scenarios. This is in contrast with the 
findings of Bauer et al. (2019), who used the same GCMs and scenarios in their study. However, the 
direction of change did generally not differ between GCMs. The actual ecosystem changes due to the 
climate and eutrophication impacts are in line with previous predictions (see references below).  

Individual animals increased in weight for almost all fish functional groups under the future climate 
scenarios. This is likely the result of the simple Q10 temperature related function that was applied, which 
is a function that invokes change in physiological rates due to changes in temperature. This is of course 
an assumption since each species has a specific range in which physiological processes function optimally 
(Rijnsdorp et al., 2009). Atlantis could simulate the highest physiological rates at optimum temperature 
and decreasing rate when the temperature is below or above the optimum (Audzijonyte et al., 2019). 
However, besides for a selection of species such as cod and sprat (Frisk et al., 2015; Righton et al., 2010), 
many of these optimum temperature levels and their underlying physiological responses to climate 
change for other species are still unknown.  

4.4.2. Tolerance levels 
Spawning strategies differ among fish species and as such, climate change and eutrophication pressures 
will affect recruitment differently (e.g. Margonski et al., 2010). For example, cod and sprat spawn pelagic 
eggs that passively float within the water column. Therefore, hatching and development success of the 
eggs is among other depending on the hydrographical conditions (Nissling et al., 2003; Petereit et al., 
2014).  

As our model indicates, cod recruitment will be pushed to its hydrographical limits, and it is therefore 
important that these limits are known for modelling purposes, also for other Baltic Sea species. In case of 
cod, However, in case spawning is successful, then the thresholds do not influence the effects on the cod 
population due to the climate and eutrophication impacts. Note that the absolute biomass should not be 
considered as the full truth because the uncertainty of the projections are too high to estimate these exact 
numbers.  
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Herring attaches its adhesive eggs to aquatic vegetation in the shallow coastal zone (Aneer, 1989, 1987; 
Kanstinger et al., 2018; Rajasilta et al., 2006). Therefore, hatching and development success of stationary 
benthic eggs is subject to local and site-specific physical changes, besides changes in hydrographical 
conditions. Examples of these physical changes affecting the seagrass population are light conditions, 
wave exposure, temperature conditions (Staehr et al., 2019), and depth distribution of vegetated 
spawning zones (Moll et al., 2018). Storm frequency and intensity are already predicted to increase due 
to climate change  and while our model projections indicate a decline in macroalgae and seagrass, the link 
of herring attaching its eggs to macroalgae or seagrass is not included in the model. This might result in 
an underestimation of the magnitude of change of herring biomass and its direction, especially because 
seagrass is shown to be sensitive to eutrophication and to temperature conditions (Orth et al., 2006; Short 
and Wyllie-Eciieverria, 1996; Staehr et al., 2019). 

4.4.3. Future fishing scenarios 
To project different future fishing scenarios is highly speculative, as it will depend on the single stock 
Maximum Sustainable Yield (MSY) reference levels on stock biomass used in fishery management (e.g. 
ICES 2019). The current MSY reference levels are based on biomass levels, which reflect the current 
carrying capacity for the single species/stocks according to the Gordon-Schaeffer principle of defining and 
setting MSY. When the Atlantis projections reach new equilibrium levels for the stocks, given changed 
environmental and ecosystem conditions, then this will likely also result in a new carrying capacity for 
each stock and a need for recalculating and setting new MSY reference levels. This will be very speculative 
to predict as many factors and several stakeholders are involved herein during benchmark assessments 
(www.ices.dk). The Atlantis model is capable of running different fisheries scenarios as for example shown 
by Bossier et al. (2018). However, future realistic fishery scenarios will also be dependent on SSP scenarios 
with significantly changed fuel efficiency levels, fuel costs and fish prices (driven by among other the 
climate scenarios). This will very much affect the resulting fisheries dynamics and fishing patterns of the 
different fleets, and their different targeting and exploitation patterns of the species and stocks 
(https://ceresproject.eu/case-studies/, case study #15 Herring, sprat and cod in the Baltic Sea). Despite of 
the current inaccuracies and limits to model capability, we show here that the expansion of the MSY 
concept to account for trends in carrying capacity is an important pre-requisite for ecosystem-based 
fisheries management. As such the Baltic Atlantis model can be a significant framework and a strong tool 
estimating trends in carrying capacity under future climate change, eutrophication and fishing pressures 
from which new MSY reference levels for the stocks in question can be established. 

4.4.4. Future research and development of the Baltic Atlantis 
Further development of the Baltic Atlantis is necessary in order to incorporate crucial, so far missing 
processes in the model.  

• First of all, our model has no oxygen depleted zones in the deep offshore basins where cod 
spawning occurs, which is in contradiction with Hansson et al. (2018). We have shown that this 
should be accounted for since it determines the individual weight of cod. Oxygen layers from 
SCOBI were not able to be used since overlaying two biogeochemical model would give 
inconsistencies and lack of mass conservation. However, a reduction in nutrient load according to 
the BSAP (Meier et al., 2012b, 2012a; Neumann et al., 2012) and lower salinity conditions 
(Gerlach, 1994) could lead to improved bottom oxygen conditions, which would again improve 
cod recruitment (Köster et al., 2005). Besides, in order to reach BSAP, nutrient load reduction 
likely will have to be larger to keep the same target level because climate change might increase 

http://www.ices.dk/
https://ceresproject.eu/case-studies/
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net precipitation leading to an increased river runoff of organic material (Meier et al., 2012a; 
Saraiva et al., 2019a).  

• Second, for some of the spawning thresholds for cod we had to use a different value than 
observed, e.g. we used a minimum spawning salinity of 5 PSU instead of 11, because otherwise 
cod would not be able to spawn in our model. We need to investigate this further and adjust this 
in the future. 

• Third, Mackenzie et al. (2007) not only predicted a change in the fish community in terms of 
biomass, but also a change in the spatial distribution, for example due to the contraction of the 
ranges of marine species. In our model however, spatial distribution is assumed homogenous and 
the relative distribution among subareas is constant. This may lead to an underestimation of the 
density dependent effects on the fish stocks of for instance cod and sprat (Casini et al., 2011).  

• Finally, climate change could benefit invasive species whenever hydrographic conditions fit close 
to their native ranges (Andersson et al., 2015; Gallardo and Aldridge, 2013), however, this could 
not be investigated in this study since our model has a fixed amount of biological functional 
groups, which cannot change throughout the simulations. 

When shifting from the HBM 2005 PLC 5.5 calibration (Bossier et al., 2018) to the RCO 2005 PLC 7 
calibration and finally to the RCO 2005 REF calibration in order to run the future climate and 
eutrophication scenarios, we saw a substantial difference between REF and PLC 7. Future research should 
investigate why this difference is so substantial. Especially because other climate studies in the Baltic Sea 
like Bauer et al. (2019) only considered the REF nutrient loads and this might influence the results of the 
scenarios for instance in the magnitude of change of sprat. This difference in the riverine nutrient load 
that caused a large increase in sprat biomass, as was shown in Figure A4, was also visible when comparing 
the catch and total stock biomass to the ICES observation data (Fig. 2) and to the STECF data in the skill 
assessment (Table A6). The skill assessment has shown that there is still some improvement towards more 
accurate model predictions of the catches. The trend is somewhat similar for sprat, less for herring and 
even less for cod. However, there is not a perfect match between the observations and the actual model 
predictions, but the RI still is around or smaller than 2 for most cases, indicating that there is a similarity 
between the observations and the actual model predictions.  

4.5. Conclusion 
This study gives a holistic indication of the possible changes and the direction of change according to the 
different scenarios of separate and integrated climate and eutrophication pressures. This study 
emphasizes the need to better understand eutrophication and climate change effects, and it helps to 
identify existing knowledge gaps for future research. Given the complexity of the system and the 
integrated impacts of the combined pressures from climate change, eutrophication and fishery, it 
encourages further development and implementation of end-to-end ecosystem models. We believe that 
a holistic, dynamic approach is very valuable for this type of research since many relations, processes and 
pressures are connected and interacting directly or indirectly with each other or with itself through 
internal feedback loops. 

Determining the exact effect of climate change and eutrophication and their combined effect is difficult 
and the uncertainty of the long-term model projections, using scenarios that incorporate several future 
unknowns, is high, variable and difficult to quantify. Nevertheless, to establish ecosystem-based 
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management including all existing knowledge, we might need to accept that the uncertainty exists. 
Development of flexible adaptation strategies is necessary to facilitate change when required. In this 
process, output from complex evaluation frameworks will also be relevant to consider in the scientific 
management advice together with information from other sources.     
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5.1. Current Modelling Approach to Meet Policies   
Eutrophication, overfishing and ocean warming are not only major regional issues for the Baltic Sea, but 
for a substantial fraction of coastal oceans globally (Duarte et al., 2020). The United Nations developed 
the Sustainable Development Goals (SDGs) to achieve a better and more sustainable future for all by 2030 
(https://sustainabledevelopment.un.org/), aiming specifically to among others “End hunger, achieve food 
security and improved nutrition and promote sustainable agriculture” (SDG 2), to “Take urgent action to 
combat climate change and its impacts” (SDG 13), and to “Conserve and sustainably use the oceans, seas 
and marine resources for sustainable development” (SDG14). The Convention on Biological Diversity 
(CBD) proposed the ecosystem approach as a strategy for promoting the conservation and sustainable 
use in an equitable way, as it can provide a comprehensive strategy and framework for the 
implementation of the SDG14 (Ntona and Morgera, 2018).  

For the Baltic Sea, there is a very close alignment between the targets of SDG 14 and the BSAP (Baltic Sea 
Action Plan, https://helcom.fi/baltic-sea-action-plan/bsap-update-2021/) program objectives since the 
BSAP has the ecosystem approach as its overarching and guiding principle, thus, also aiming at maritime 
cross-sectorial solutions (Kern, 2011; Söderström, 2017). Both the BSAP from HELCOM and the EU MSFD 
(Marine Strategy Framework Directive) aim for GES, which is discussed in depth in section 5.3. When 
HELCOM realised that a GES of the Baltic Sea will not be reached by 2021 as was the original aim 
(https://helcom.fi/baltic-sea-action-plan/bsap-update-2021/), they set up an update, addressing the 
shortcomings of the current plan but also taking into account the most important emerging issues. An 
important focus of the updated plan is to “increase the integration of crosscutting issues, such as the 
ecosystem approach, reaching good environmental status, or climate change” (HELCOM, 2020). 
Consequently, the focus is put on integrated impacts now in the new plan.  The successful implementation 
of the updated BSAP program is expected to advance the Baltic Sea ecosystem and its sustainable 
development as described in SDG 14 (HELCOM goal: https://helcom.fi/media/documents/Outcome-
1.pdf). 

To contribute to achieving the above objectives, this thesis provides a tool that can help resolving 
ecosystem issues, capable of exploring ecological hypotheses including separate and integrated climate 
and eutrophication scenarios taking into account human impacts on the environment such as fisheries, 
changes in land use, and non-point source pollution. As such, the Baltic Atlantis ecosystem model is a 
decision support tool for ecosystem-based management. The Atlantis model consists of dynamically 
integrated sub-models for physical and biogeochemical processes, ecology, human uses of marine and 
coastal systems and management with over 30 applications around the world (Audzijonyte et al., 2019; 
Fulton et al., 2011; Weijerman et al., 2016). In order to achieve the objectives, there are two main parts 
in the thesis: constructing and calibrating the Baltic Sea implementation of the Atlantis model and then 
applying that model to some main research questions. Besides the above mentioned policy objectives, 
this builds on the overall objective, research aims and the hypotheses of this thesis as listed in the 
Introduction and to which I refer to here. 

5.2. Constructing the Model: Methodological reflections contributing to the state-
of-the-art 

5.2.1. The Atlantis model 
The Atlantis model (Fulton et al. 2004a, 2007) is a three-dimensional, spatially explicit modelling 
framework originally developed for use in management strategy evaluations and for improving ecosystem 

https://sustainabledevelopment.un.org/
https://helcom.fi/baltic-sea-action-plan/bsap-update-2021/
https://helcom.fi/baltic-sea-action-plan/bsap-update-2021/
https://helcom.fi/media/documents/Outcome-1.pdf
https://helcom.fi/media/documents/Outcome-1.pdf
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monitoring programs. It combines all the main components of the marine ecosystem: the physical, 
geochemical, biological and social, economic, industry, monitoring, assessment and management 
components. The spatial structure of the model is based on rather coarse, irregular polygons or boxes, 
with each box and depth layer integrating the dynamics within and between all the different components, 
allowing for dynamic horizontal and vertical exchange (Fulton et al., 2011). The appropriate spatial 
resolution can be selected to best fit the individual ecosystem dynamics. The biological module is 
structured according to various relevant functional groups of nutrient pools (nitrogen, silica) such as 
primary producers, bacteria, invertebrates and vertebrates (fish, mammals and birds), and with functional 
forms for processes and vital rates such as movement (drift, migration), production (reproduction, growth), 
and mortality (e.g. predation). The functional groups are tracked with nitrogen-flows with biomass as a 
result of growth, recruitment, predation and additional mortality.  

5.2.2. Challenges in model validation 
Implementing Atlantis is a very comprehensive task because of its many parameters and large data 
demands, poor ease of use and long run and calibration times (Fulton et al., 2011). Despite this, more and 
more applications are created worldwide with the most recent ones being (Bossier et al., 2018; McGregor 
et al., 2019; Porobic et al., 2019; Sturludottir et al., 2018) for the Baltic Sea, New Zealand Chatham Rise, 
Juan Fernández Ridge and Icelandic sea ecosystems, respectively. There are large models with 66 boxes 
and 91 biological functional groups, e.g. the Gulf of Mexico (Ainsworth et al., 2015) and there are small 
models e.g. the CRAM model with only 23 boxes (McGregor 2019) and the Baltic Atlantis with only 33 
functional groups. Every system is different and thanks to the way the code is constructed, builders can 
include processes that are unique and specific for each ecosystem. For details on all possible processes, see 
Audzijonyte et al. (2019). For instance the NoBa model requests processes related to large seasonal 
variance in light and sea-ice (Hansen et al., 2016), while the GUAM model has a greater need for more 
detailed coral processes (Weijerman et al., 2015). Developing these specific processes can only be done by 
a few scientists, who master the Atlantis code supported by specific ecosystem expertise. This is not only 
very time-consuming and demands a lot of continuous full-feedback testing, but some of these processes 
are also so specific that they are only applied in that one region. Both identifying the major key processes 
for the ecosystem in question and integrating them appropriately according to model performance 
capturing the specific ecosystem dynamics, and at the same time balancing over-complexity with over-
simplification, is a huge challenge in the model implementation and calibration process (Fulton et al., 2011) 

Another common challenge for the model builders is the validation or skill assessment of their model. A 
skill assessment determines how well a model reproduces the true (historical and current observed) system 
state, i.e. the real world (Stow et al., 2009). For years, Atlantis modellers created informal validation criteria 
themselves. First, the model was not allowed to crash and the model should converge to reach a long-term 
equilibrium with a stable outcome for all functional groups. Next, the modelled population abundances or 
biomasses of certain selected functional groups, as well as potentially fish catches and fisheries effort, were 
compared with monitoring data and stock assessments made for e.g. fisheries management advice, or the 
size- or weight-at-age was checked to be within the expected levels of tolerance, without any of the (other) 
groups dying off. This level of tolerance was a self-defined limit and varied across model applications and 
modellers. For instance for Brand et al. (2007), their abundance estimate had to be within 50% to 200% 
range of the initial value. Link et al. (2010) valued their calibration based on the biomass and catch levels 
to be within a ±0.5 and ±1 order of magnitude, respectively, i.e. within 50% to 100% tolerance levels. 
Forrest et al. (2015) accepted weight-at-age output values to be within 20 % of the initial value, while 
Ainsworth et al. (2015) accepted it within 50 to 150 % of initial value. Girardin et al. (2018) used a ± 20% 
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acceptability range for individual weight-at-age of vertebrates compared to their initial values, and for 
catches of selected species for all fleets. Additionally, average biomass had to be within minimum and 
maximum biomass reported within a specific period and natural mortality should be as low as possible. 

In 2016, Kaplan and Marshall (2016) came with a set of quality control standards that a model should fulfil 
before it being used as a management strategy evaluation tool. The criteria include among other the 
persistence of functional groups, achieving equilibrium, hindcast agreement with data, reproducing 
patterns of temporal variability at many time-scales, and standards related to productivity, life history, 
and ecological interactions. This was a first attempt to have a common standard about the levels of 
tolerance. Although, the control standards represent more specific standardized guidelines, still the model 
builder can define what is realistic, or whether or not the trends match their comparative values. Another 
complication here is that in order to obtain a satisfactory model behaviour and performance, the key 
parameters need to be tuned during an extensive calibration process. The parameter estimates used for 
tuning are obtained from outside the model and are based on a broad variety of different external sources 
of information, e.g. literature, other models, etc. Here, different sampling design and certainty levels 
behind the tuning parameters and data will influence the Atlantis model outcomes. So what range of the 
parameter estimates is acceptable is certainly a question – also given uncertainty in the input data. 
Pethybridge et al. (2019) published an article with a guideline and best practices for calibrating the complex 
and process-based Atlantis ecosystem model in which they describe the typical values and value ranges of 
the main model input parameters, as well as important boundaries for some of them. However, to obtain 
the specified levels of tolerance, a substantial amount of parameter tuning has still shown to be necessary 
in many cases to adapt to the different individual ecosystems (Hansen 2019a). This is among others because 
there are considerable differences in parameter values across ecosystems due to their specific dynamics 
and unique characteristics ranging from tropical to arctic marine ecosystems with very different parameter 
settings. Maybe in the future artificial intelligence could step in to help the calibration process with 
optimisation routines in relation to set criteria in which the model performance should fit together with 
ranges of specific parameters.  

Also in 2016, Olsen et al. (2016) published an article encouraging the inclusion of skill assessments as an 
integral part for calibrating and developing end-to-end ecosystem models, using the NEUS Atlantis model 
as an example. Different to Kaplan and Marshall (2016), they promote the use of multiple calculated skill 
metrics like the reliability index or the Spearman, Pearson, or Kendall correlation coefficients to enlarge 
the understanding of model performance. It appears that the newer versions of the Atlantis applications 
increasingly apply the skill assessment (McGregor et al., 2019; Porobic et al., 2019; Sturludottir et al., 
2018; Bossier et al., Chapter 4), thereby including multiple metrics as suggested by Olsen et al. (2016). In 
addition, Bracis et al. (2020) is the first one to perform a large sensitivity analysis of growth, mortality and 
recruitment parameters, using the Eastern English Channel Atlantis model as their case study. This is not 
common because of the high computational demands due to the complexity of the model and the many 
parameters involved. They found two main drivers of system dynamics and biomass across groups, (i) 
plankton growth and mortality rates, and (ii) top predator's fixed recruitment and juvenile mortality rates. 

5.2.3. What about the Baltic Atlantis?
The validation of the Baltic Atlantis model was in current studies based on seven criteria and questions 
with self-imposed levels of tolerances: (1) Do all the functional groups reach a stable equilibrium biomass? 
(2) Do the biomass levels resemble what we find from surveys and other monitoring or are they within 
a +/- 50% range of initial value? (3) Do the geographical distributions resemble those from surveys and 
other monitoring? (4) Is the demography realistic, e.g. size and age compositions, compared to
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current knowledge and other sources? (5) Do the diets resemble food composition from what we know 
from literature, other studies and from informed multi-species models (and other ecosystem models)? (6) 
Does the chlorophyll A (chl-a) levels and distributions match with other model estimates? (7) Do the 
oxygen levels fluctuate realistically at the seafloor and in the near bottom water layers? For points 2-5 
above this concerns certain functional groups for which such external information is available.  Besides 
checking whether these criteria were met or not, an additional model skill assessment for the Baltic 
Atlantis, presented in chapter 4, was performed where the Model efficiency, Reliability index and 
Spearman rank correlation  metrices were applied to the catch time series available, i.e. for cod, sprat 
and herring, from 2005-2016 given the model estimated catches from fleet specific effort input 
data. This is a continuous process that demands constant additional efforts. For example, it took 
Kaplan and Marshall (2016) and Olsen et al. (2016) 5 to 6 years after the publication of their first 
Atlantis version, respectively, to launch their close to final improved validation of their model.  

One of the assumptions, created to reduce the computational demand of an Atlantis simulation, is that 
the model is not agent-based and does not track individual particles such as fish, or any other organism 
or single fishing boats. Instead, each cell of the model (one depth layer of one spatial box) has internally 
homogeneous physical and biological properties (Fulton et al., 2011). This means that the distribution of 
the different habitats, MPAs, fishing effort, etc. are abstract and allocated according to relative 
proportions (Audzijonyte et al., 2019). In addition, each functional group is a homogenous unit, and this 
could potentially be an issue when several species are grouped into one functional group. Or when several 
stocks are grouped into one population and functional group. For instance Baltic Sea cod has three distinct 
stocks in the Baltic, an eastern Baltic (EB), a western Baltic (WB) and a Kattegat (K) cod stock, with very 
different population dynamic parameters. Here, there is a risk that the model may not capture realistic 
population dynamic parameter responses in model output because of this pooling. By creating one 
functional group for cod, we assign them among others the same growth and mortality rate, reproduction 
capacity, and the time of the year and the area of spawning. In addition, fish distribution for the Baltic 
Atlantis has currently turned off the density dependent movement, as is advised during initial calibration 
(Kaplan et al., 2012; Sturludottir et al., 2018). Therefore, at each timestep the biomass of each age group 
and biological functional group is redistributed according to the original relative distribution matrix. This 
may lead to a too unrealistic homogeneity in distribution of each age group of each fish functional group 
over its whole geographic distribution area allowing only fixed seasonal and yearly relative redistributions. 
The three cod populations are separated by means of specific genetically determined characteristics like 
the shape of their otoliths (Paul et al., 2013), but also by the salinity requirement for successful 
fertilization, the neutral buoyancy of eggs and the different temporal and spatial spawning characteristics 
(Hinrichsen et al., 2001; Stroganov et al., 2018). The populations are also assessed as three separate stocks 
by ICES. However, we argue that this would not add to a significantly increased model performance since 
the Kattegat and western Baltic cod stocks are of minor importance (ICES, 2019b). Besides, it is shown 
that the EB cod already spawns in the distribution and spawning areas of the WB cod (Eero et al., 2015; 
Stroganov et al., 2018).  

5.2.4. Visualisation tools 
Another aspect of the model calibration process which demands extensive effort is the transformation of 
the raw output from the model into an informative format. This is for example the case for the main 
output file which is a NetCDF file structure to handle 3D information formats (spatial, depth, time), or for 
use in the skill assessment which requires a comparison of the output with different types of observational 
data at different spatial and temporal scales (Olsen et al., 2016). Some tools are available online for the 
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model builders to handle output information, but they are not standardized and still scattered over 
multiple places and platforms, such as the wiki page itself 
(https://confluence.csiro.au/display/Atlantis/Atlantis+Helper+Tools) or several tools at GitHub (Table 1). 
However, they are not always maintained on a regular basis and become therefore fast outdated and non-
standardized. For example, Olive is not compatible anymore with the Windows 10 version, or the 
atlantistools (https://github.com/alketh/atlantistools) set up by A. Keth has not been taken over after he 
left to adjust the tool to the ever evolving Atlantis code. Since the Atlantis model includes many 
parameters and complex aspects, leading to multiple outputs of interest, it would be very helpful for the 
model builders to have a set of common, standardized and easy to use visualisation tools available for 
use. Especially if they would include the calibration guidelines and validation levels of tolerance to support 
both the calibration and the skill assessment processes. However, making one common tool is a challenge 
because each Atlantis application is very different for instance in terms of different species, age groups, 
number of boxes and layers, and what model version is used. 

Table 1. Summary of Atlantis model visualisation tools on GitHub (https://github.com/). 

Name tool Developer and contributors Last updated Source 
Rlantis Christopher D. Desjardins 5 years ago https://github.com/mareframe/rla

ntis 
R4Atlantis Christopher D. Desjardins with 

contributions of Alexander 
Keth and Erik Olsen 

4 years ago https://github.com/cddesja/R4Atla
ntis 

Visualizing 
Atlantis Tool (vat) 

Christopher D. Desjardins & 
Chris Goddard 

1 years ago https://github.com/mareframe/va
t 

Atlantis General 
tools 

Javier Porobic & with 
contributions of Sieme Bossier 

2 years ago https://github.com/jporobicg/Atla
ntis_General_tools 

Atlantistools AlexanderKeth with 
contributions of Javier Porobic, 
Sieme Bossier, Raphael 
Girardin and Brian Snouffer 

2 years ago https://github.com/alketh/atlantis
tools 

shinyrAtlantis Shane A. Richards with 
contributions of Michael 
Sumner and Javier Porobic 

3 years ago https://github.com/shanearichards
/shinyrAtlantis 

Reactive Atlantis Javier Porobic up to date https://github.com/Atlantis-
Ecosystem-Model/ReactiveAtlantis 

5.3.  Application of the model in relation to Good Environmental Status (GES) 
descriptors: Ability to evaluate impacts of integrated pressures 
The EU Marine Strategy Framework Directive (MSFD) is structured into eleven descriptors of good 
environmental status (GES) (https://ec.europa.eu/environment/marine/good-environmental-
status/index_en.htm, https://www.msfd.eu/knowseas/guidelines/3-INDICATORS-Guideline.pdf). The 
descriptors cover biodiversity, non-indigenous species, fish stocks, food webs, eutrophication, seafloor 
integrity, hydrographic conditions, hazardous substances, seafood for human consumption, marine litter 
and underwater noise (Table 2a). HELCOM has a very similar approach with the BSAP (HELCOM, 2013). To 
reach GES, the BSAP defines four main goals and ecological objectives covering eutrophication, 

https://confluence.csiro.au/display/Atlantis/Atlantis+Helper+Tools
https://github.com/alketh/atlantistools
https://github.com/
https://github.com/mareframe/rlantis
https://github.com/mareframe/rlantis
https://github.com/cddesja/R4Atlantis
https://github.com/cddesja/R4Atlantis
https://github.com/mareframe/vat
https://github.com/mareframe/vat
https://github.com/jporobicg/Atlantis_General_tools
https://github.com/jporobicg/Atlantis_General_tools
https://github.com/alketh/atlantistools
https://github.com/alketh/atlantistools
https://github.com/shanearichards/shinyrAtlantis
https://github.com/shanearichards/shinyrAtlantis
https://github.com/Atlantis-Ecosystem-Model/ReactiveAtlantis
https://github.com/Atlantis-Ecosystem-Model/ReactiveAtlantis
https://ec.europa.eu/environment/marine/good-environmental-status/index_en.htm
https://ec.europa.eu/environment/marine/good-environmental-status/index_en.htm
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biodiversity, hazardous substances and maritime activities (Table 3a). Even though the MSFD descriptors 
cover a wider definition of good environmental status than the BSAP ecological objectives, there is no 
principal and actual critical differences between the two approaches (HELCOM, 2013). Both MSFD and 
HELCOM use for each descriptor/ecological objectives specific ecosystem criteria and indicators and 
references levels to assess the current status of the marine environment and to evaluate progress towards 
its GES.  

Ecosystem indicators are quantitative measurements of selected characteristics to support the decision 
making process according to a certain descriptor by (i) describing the status of the marine ecosystem and 
its pressures, (ii) tracking progress whether the goals and objectives are being achieved, and (iii) help 
simplifying and harmonizing reporting and communicating trends in complex impacts, providing a bridge 
between objectives and management actions (Garcia et al., 2000; Reed et al., 2017; Shin et al., 2010). 
Even though many indicators have been proposed and used, the real challenge remains to choose the 
appropriate set that will serve the users’ needs best (Rice, 2003). Extensive efforts have therefore been 
put into the selection of the most appropriate indicators to be used by MSFD and HELCOM (HELCOM, 
2013). In current context, it is relevant to evaluate and discuss how the Baltic Atlantis model 
implementation can be of use in relation to evaluating and reaching GES according to these ecological 
indicators, and how it can be of use as a decision support tool. The MSFD and HECLOM indicators in which 
the Baltic Atlantis can contribute are indicated in Tables 2b and 3b respectively. 

 

Table 2 (a). Qualitative descriptors of good environmental status according to the EU Marine Strategy Framework 
Directive (https://ec.europa.eu/environment/marine/good-environmental-status/index_en.htm) and potential 
Baltic Atlantis evaluation. 

No. Descriptor Atlantis 

1 Biological diversity is maintained. The quality and occurrence of habitats and the 
distribution and abundance of species are in line with prevailing physiographic, 
geographic and climatic conditions. 

X 

2 Non-indigenous species introduced by human activities are at levels that do not 
adversely alter the ecosystems. 

 

3 Populations of all commercially exploited fish and shellfish are within safe biological 
limits, exhibiting a population age and size distribution that is indicative of a healthy 
stock. 

X 

4 All elements of the marine food webs, to the extent that they are known, occur at 
normal abundance and diversity and levels capable of ensuring the long-term 
abundance of the species and the retention of their full reproductive capacity. 

X 

5 Human-induced eutrophication is minimised, especially adverse effects thereof, such 
as losses in biodiversity, ecosystem degradation, harmful algae blooms and oxygen 
deficiency in bottom waters. 

X 

6 Seafloor integrity is at a level that ensures that the structure and functions of the 
ecosystems are safeguarded and benthic eco-systems, in particular, are not adversely 
affected. 

X 

7 Permanent alteration of hydrographical conditions does not adversely affect marine 
ecosystems. 

(X) 

8 Concentrations of contaminants are at levels not giving rise to pollution effects.  
9 Contaminants in fish and other seafood for human consumption do not exceed levels 

established by European Union legislation or other relevant standards. 
 

https://ec.europa.eu/environment/marine/good-environmental-status/index_en.htm
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10 Properties and quantities of marine litter do not cause harm to the coastal and marine 
environment. 

 

11 Introduction of energy, including underwater noise, is at levels that do not adversely 
affect the marine environment. 

 

 
Table 2 (b). Criteria for good environmental status, associated to MSFD descriptors. Key words in parentheses 
indicate the suggested aspects for measuring the criteria (EC/2010/477) (HELCOM, 2013) and potential Baltic Atlantis 
evaluation. 

No. Indicator Atlantis 

1 Species distribution (range, pattern, covered area) (X) 
Population size (abundance, biomass) X 
Population condition (demography, genetic structure) X (demography) 
Habitat distribution (range, pattern)  
Habitat extent (area, volume)  
Habitat condition (condition of typical species or communities, relative abundance 
and/or biomass, physical, hydrological and chemical conditions) 

X 

Ecosystem structure (relative proportions) X 
2 Abundance and state characterisation of non-indigenous species, in particular invasive 

species (trends in abundance, temporal occurrence) 
 

Environmental impact of invasive non-indigenous species (ratio between NIS and 
native, impacts of NIS) 

 

3 Level of pressure of the fishing activity (fishing mortality, catch-biomass ratio) X 
Reproductive capacity of the stock (spawning stock biomass, biomass indices) X 

4 Productivity of key species or trophic groups (productivity) (X) 
Proportion of selected species at the top of food webs (large fish) X 
Abundance/ distribution of key trophic groups and species X (abundance) 

5 Nutrient levels X (Changes of) 
Direct effects of nutrient enrichment X 
Indirect effects of nutrient enrichment X 

6 Physical damage, having regard to substrate characteristics (areal extent of biogenic 
substrate, extent of impacted seabed) 

 

Condition of the benthic community (presence of sensitive and tolerant species, multi-
metric indices, population size structure) 

X 

7 Spatial characterisation of permanent alterations (extent of area) (X) 
Impact of permanent hydrographical changes (extent, functions)  

8 Concentrations of contaminants  
Effects of contaminants (chronic and acute pollution effects)  

9 Levels, number and frequency of contaminants (levels, frequency)  
10 Characteristics of litter in the marine and coastal environment (trends in amounts)  

Impacts of litter on marine life (trend in ingested litter)  
11 Distribution in time and place of loud, low and mid frequency impulsive sounds (impact 

days) 
 

Continuous low frequency sound (trends in days)  
 

Table 3 (a). HELCOM ecological objectives (HELCOM, 2013) and potential Baltic Atlantis evaluation. 

Topic Ecological objective  
Potential 
Atlantis 
Evaluation 

Eutrophication  Clear water X  
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Natural level of algal blooms X 
Natural distribution and occurrence of plants and animals X 
Natural oxygen levels X 

Biodiversity Natural marine and coastal landscapes X  
Thriving and balanced communities of plants and animals X 
Viable population of species X 

Hazardous  
Substances 

Concentrations of hazardous substances close to natural levels  
All fish are safe to eat  
Healthy wildlife  
Radioactivity at the pre-Chernobyl level  

Marine activities Enforcement of international regulations – no illegal discharges  
Safe maritime traffic without accidental pollution  
Efficient emergency and response capabilities  
Minimum sewage pollution from ships  
No introductions of alien species from ships  
Minimum air pollution from ships  
Zero discharges from offshore platforms  
Minimum threats from offshore installations  

 
Table 3 (b). HELCOM indicators (https://helcom.fi/baltic-sea-trends/indicators/; HELCOM, 2013) and potential 
Atlantis possible evaluation.  

Topic Indicator Atlantis 

Biodiversity  
 

Abundance of coastal fish key species X 
Abundance of coastal fish key functional groups X 
Abundance of salmon spawners and smolt (Future) 
Distribution of Baltic seals X 
Population trends and abundance of seals X 
Abundance of waterbirds in the wintering season X 
Abundance of waterbirds in the breeding season X 
Number of drowned mammals and waterbirds in fishing gear X 
Zooplankton mean size and total stock (MSTS) Total stock x 
Nutritional status of seals  
Reproductive status of seals Reserve 

Nitrogen x 
Abundance of sea trout spawners and parr (Future) 
State of the soft-bottom macrofauna community X 
Diatom/Dinoflagellate index X 
Seasonal succession of dominating phytoplankton groups  

Eutrophication  Dissolved inorganic nitrogen (DIN) X 
Dissolved inorganic phosphorus (DIP) (Future) 
Chlorophyll-a X 
Water clarity  (x)  
Oxygen debt (Future) 
Total nitrogen (TN) X 
Total phosphorus (TP) (Future) 
Cyanobacterial bloom index (Future) 
Inputs of nitrogen and phosphorous to the basins Nitrogen x 

Hazardous 
Substances 

Radioactive substances: Cesium-137 in fish and surface seawater  
Hexabromocyclodocecane (HBCDD)  
Perfluorooctane sulphonate (PFOS)  

https://helcom.fi/baltic-sea-trends/indicators/
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Metals (lead, cadmium and mercury)  
White-tailed eagle productivity  
Polybrominated diphenyl ethers (PBDEs)  
Polyaromatic hydrocarbons (PAHs) and their metabolites  
Polychlorinated biphenyls (PCBs) and dioxins and furans  
TBT and imposex  
Reproductive disorders: malformed embryos of amphipods  
Diclofenac  

Maritime Activities Trends in arrival of new non-indigenous species  
Oil-spills affecting the marine environment  

 

5.3.1. Biodiversity 
One of the HELCOM ecological objectives is biodiversity in which they strive to have a favourable status 
of the Baltic Sea biodiversity. The abundance of a key functional group is therefore the most common 
type of indicator HELCOM uses within the biodiversity ecological objective (Table 3b). Indicators of key 
functional groups often provide a good characterization of ecosystem state, or indicate the cause of 
broader ecosystem changes in most instances (Fulton et al., 2005). The Baltic Atlantis scenario evaluations 
can track the trend of abundances in relation to different environmental and anthropogenic scenarios 
including climate change, eutrophication and fishery (Bossier et al. 2018; chapter3, 4). For the Baltic Sea, 
key functional groups are for example seals, cod, sprat, herring, benthic communities, zooplankton and 
phytoplankton (Table 3b). When looking at abundances and variability herein of specific functional groups, 
then it is important that the whole food web is integrated, including direct and indirect trophic 
interactions and density-dependent regulations according to several parameters as we showed in the 
third chapter where we applied the Baltic Atlantis to look at trophic cascades and interactions. We also 
show that tracking abundance trends alone is not sufficient since it gives no indication on the condition 
of the functional group. Especially because the abundance and condition are regulated differently 
(Chapter 3.4.1). They could, therefore, each of them serve a purpose as a separate indicator. HELCOM, 
however, only has an indicator on the reproductive status of seals, but there is no condition indicator for 
the fish groups. The MSFD does includes the condition as an indicator. Since Atlantis tracks structural and 
reserve nitrogen seperately, the model then can also be used to track and simulate size indicators, besides 
condition indicators. 

Several HELCOM indicators are currently not able to be used by the Baltic Atlantis yet, e.g. distribution of 
functional groups and discards from fishery, mean size of zooplankton (zooplankton are modelled as 
biomass pools without size distinctions, but they could be changed into age- and size-structured groups). 
Others will not be able to be used due to the way the Atlantis model is structured and parameterized. 
That is for example the case for, species richness and invasive species (Atlantis works with a fixed amount 
of biological functional groups and the introduction of a new species or extinction of others means a new 
full calibration of the model which is enormously resource demanding and a time-consuming process), 
and the individual nutritional status (the levels of nutrients contained in the body are not tracked). 
HELCOM has a very specific set a row of indicators tailored for the Baltic Sea, whereas the MSFD have a 
broader and more general set of indicators. The MSFD indicators also include demography, biomass, 
habitat distribution, range and condition, and productivity. Most of these indicators can, however, be 
used with the Baltic Atlantis (see the indications in Table 2b). 
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5.3.2. Eutrophication 
Another important ecological objective for HECLOM is to obtain a Baltic Sea less affected by 
eutrophication to prevent “elevated levels of algal and plant growth, increased turbidity, oxygen 
depletion, changes in species composition and nuisance blooms of algae” (HELCOM, 2013). Similarly for 
the EU MSFD, where eutrophication is one of the 11 descriptors in which EU aims to “minimise 
eutrophication, especially adverse effects thereof, such as losses in biodiversity, ecosystem degradation, 
harmful algae blooms and oxygen deficiency in bottom waters” (Stips et al., 2016). These objectives 
recognizes that eutrophication is a major problem for the Baltic Sea and extensive efforts have been 
allocated to deal with this problem (e.g. Heiskanen et al., 2019; HELCOM, 2007; Murray et al., 2019).  

Most MSFD and HELCOM indicators can be addressed by the Baltic Atlantis model (Table 2b and 
3b respectively) except for phosphorous and cyanobacteria, which is explained in section 5.4.1. 
Besides investigating indicators of levels of nutrients (nitrogen) and changes herein, then the model is 
well suited and useful for investigating indicators for direct and indirect effects of nutrient levels. Such 
indicators are for example algal blooms, chl-a concentrations, clear water/Secchi depth, oxygen levels, 
and submerged vegetation such as macroalgae and seagrass. However, more research is needed 
to improve the understanding of the impacts of eutrophication of submerged vegetation and reversible 
processes herein (Ferreira et al., 2011) to improve their applicability as an indicator. Moreover, not only 
can the model be used for evaluating the indicators linked to eutrophication, but also for the impact of 
eutrophication on other ecosystem indicators. This includes the effects on the higher trophic levels in 
the food web. The fact that we can link the eutrophication to algae growth and eventually to the 
higher level pelagic and demersal food web is a very strong facet and force of the model. In chapter 
2 and 4 we have used the model to evaluate impacts of eutrophication separately under current 
climate conditions and under current fishing pressure (chapter 2) as well as integrated with impacts 
of future climate change under current fishing pressure (chapter 4). There we have focused upon 
impacts on the higher trophic levels.   

5.3.3. Fishery
Ecological indicators should support the implementation of the ecosystem approach to fisheries 
management (EAFM) (e.g. Cury and Christensen, 2005; Rochet and Trenkel, 2003; Shin et al., 2010), ideally 
by using them along with  stock assessments as reference points that would trigger management actions 
(Rochet and Trenkel, 2009) or integrate to management strategy evaluations (Sainsbury et al., 2000). 
The latter typically uses indicators according to the Maximum Sustainable Yield (MSY) and reference 
levels for stock specific spawning stock biomass and fishing mortality. According to descriptor 3 of the 
EU MSFD, stocks should be (1) exploited sustainably consistent with high long-term yields, (2) have full 
reproductive capacity to maintain stock biomass, and (3) proportion of older and larger fish/
shellfish should be maintained/increased, as indicator of a healthy stock (https://ec.europa.eu/
environment/marine/good-environmental-status/descriptor-3/index_en.htm). All indicators the EU uses 
here can be applied with the Baltic Atlantis according to set reference levels for MSY (Table 2b). 
There are currently two Atlantis applications that evaluated ecological indicators in relation to 
fisheries management (Masi et al., 2017; Smith et al., 2015). Ecosystem models are naturally suited to 
help EAFM since they include non-target species (according to e.g. by-catch and/or discard levels), 
habitats (e.g. benthic habitats impacted by fishery) and the whole ecosystem (e.g. fishing down the 
food web) and address the complexity of the system (Rochet and Trenkel, 2009). Fulton et al. (2005) 
investigated which ecological indicators were useful to detect effects of fishing with the Atlantis 
modelling framework. They found that indicators at the community level of organization are the most 
reliable. They also emphasize to use a variety of indicators simultaneously to detect the full range of 
impacts from fishing because fishing can alter fish communities 

https://ec.europa.eu/environment/marine/good-environmental-status/descriptor-3/index_en.htm
https://ec.europa.eu/environment/marine/good-environmental-status/descriptor-3/index_en.htm
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and affect predator-prey dynamics, e.g. biodiversity-based indicators (Coll et al., 2016). In chapters 2 to 4 
we have investigated integrated and separate impacts of climate change, eutrophication and fishing 
pressure with the Baltic Atlantis model. This has been done according to current fishing mortality levels 
adapted to current MSY reference levels (e.g. ICES, 2019). As explained in chapter 4, the current MSY 
reference levels are based on biomass levels, which reflect the current carrying capacity for the different 
species and stocks according to the Gordon-Schaeffer principle of defining and setting MSY (e.g. ICES, 
2019). When the Atlantis projections reach new equilibrium levels for the stocks, given changed 
environmental conditions, then this will likely also result in a new carrying capacity for each stock and a 
need for recalculating and setting new MSY reference levels. As such the Baltic Atlantis model can be a 
significant framework and a strong tool for estimating and establishing new carrying capacity levels for 
the stocks given separate and integrated impacts of different future pressures such as climate change, 
eutrophication and fishing pressures. Accordingly, the model will enable establishing new MSY reference 
levels for the stocks in question given integrated pressures and when taking ecosystem and multi-species 
interactions into account, rather than just setting single species MSY levels as is currently done without 
considering these interactions.  

5.3.4. Management decision support tool 
EAFM and HELCOM’s holistic assessments both emphasize the need to include the whole food web, direct 
and indirect effects of pressures and the complexity of the system, which is a major strength of end-to-
end ecosystem models like the Baltic Atlantis. Especially because multiple pressures can produce larger 
effects compared to single, e.g. overfishing and climate change might exacerbate eutrophication problems 
(Ferreira et al., 2011), and because simple models or the direct human perception will not be able to 
comprehend and perceive integrated impacts considering the complex ecosystems and all the ecosystem 
interactions. Current study has shown that the Baltic Atlantis model is able to evaluate both separate and 
integrated impacts from single and combined pressures (see chapter 4). Moreover, multiple descriptors 
and ecological objectives and multiple and overlapping indicators can be evaluated simultaneously using 
the model. This can for example be with respect to potential implementation of future relevant indicators 
such as the EU MSFD oxygen indicator according to interactions with the marine food web and seafloor 
integrity indicator (Borja et al., 2010; Ferreira et al., 2011). In addition, the Atlantis model can be used to 
test large-scale experiments or the effect of regulations and indicate key parameters and which indicators 
are robust or sensitive. Furthermore, the model can, to some extent of spatial resolution, be used as a 
tool for marine spatial planning and management for instance for the implementation of Marine 
Protected Areas (MPAs) or closing of certain areas for fishing during certain seasons according to spawning 
and/or nursery areas (Ferreira et al., 2011). Finally, the results of the Baltic Atlantis model can aid in 
identifying larger ecosystem structures and their change due to environmental and/or anthropogenic 
events such as identifying potential regime shifts, ecosystem resilience, tipping points, etc. To conclude, 
when applying the Baltic Atlantis in relation to the MSFD and HECLOM indicators, we can help to assess 
the ecosystem health of the entire Baltic Sea and provide useful information and a useful tool for 
managers and decision-makers according to environmental impact evaluation. 

5.4. Future needs and research to improve the modelling approach and 
performance 

5.4.1. Improvements towards modelling the effects of climate change 
There are several aspects in which the Baltic Atlantis model can be improved. A main part of improvement 
is the estimation and incorporation of how the marine ecosystem will be affected by climate change on 
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the Baltic Sea local scale. Especially species-specific responses to environmental and physical changes and 
precise parameters and functions are essential to incorporate correctly in the model. Most studies 
covering this research topic has focused on the main commercially important species, cod and secondly 
sprat and herring, as well as on a few freshwater species such as bream, roach and perch (Table 4). In 
addition, most studies only investigated the effects of temperature and secondly the effects of salinity, 
oxygen and acidification on certain population dynamic parameters. That temperature is the main 
parameter investigated is obvious since fish are ectotherm organisms and most aspects of their behavior 
and physiology are a function of body temperature (Angilletta Jr et al., 2002). Body temperature is the 
main driver affecting the performance in terms of for instance courtship, foraging, feeding, growth, 
activity and locomotion. However, little is known about the ideal temperature in which physiological 
processes work optimal for many of the fish species. Table 4 gives an overview of main studies done in 
the Baltic Sea in relation to effects on population dynamics of hydrographical parameters. Furthermore, 
it is a main question to what extent we have adequate knowledge on the relationships and interactions 
between, as well as the integrated and cumulative impacts of, different emergent components and 
influencing parameters. For instance MacKenzie and Köster (2004) and Margonski et al. (2010) found a 
strong positive correlation between temperature and central Baltic sprat recruitment. However, 
(Pécuchet et al., 2015) found that, when including different explanatory variables, such as nutrients and 
currents, then temperature did not become the main explanatory variable anymore. Moreover, how will 
those relationships and interactions change in time (Lloyd and Winsberg, 2018)?  

Table 4. Summary of main experimental obtained results from literature of environmental factors affecting 
population dynamics of important fish species in the Baltic Sea. 

Species Theme Function Reference 

Cod 
FCD 

Recruitment Larval viability and egg survival is significantly 
lower below a temperature of 11°C  

(Nissling, 2004) 

No fertilization and egg development takes place 
below a salinity of ca. 11 PSU  

(Nissling and Westin, 
1991) 

Hatching of the successful developed cod eggs 
does not occur below a salinity of 5 PSU  

(Nissling and Westin, 
1991) 

No fertilization and egg development takes place 
below an oxygen concentration of 2 ml/l  

(Nissling, 1994; 
Wieland et al., 1994) 

Early larval stages of Baltic cod seem to be robust 
to even high levels of ocean acidification (pCO2 
of 3,200 μatm), indicating an adaptational 
response to CO2 

(Frommel et al., 
2013) 

Acidification: no significant effect of decreased 
pH (decrease of pH to 7.55) on sperm speed, rate 
of change of direction, or percent motility for 
Baltic cod 

(Frommel et al., 
2010) 

Acidification: A pCO2 of ~1100 μatm (according 
to the IPCC RCP 8.5) resulted in a doubling of daily 
mortality rates compared to present-day CO2 

concentrations during the first 25 days post 
hatching (dph) for Western Baltic cod 

(Stiasny et al., 2016) 

Optimal 
temperature 

Thermal optimum occupation between 3-9°C, 
total occupation between 1-16°C, and a 

(Righton et al., 2010) 
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downturn beyond mean thermal experience of 
16°C 

Sprat 
FSR 

Recruitment Larval viability decreased at a temperature of 5°C  (Nissling, 2004) 
No hatching was observed above a temperature 
of 14.7°C and hatching success was significantly 
reduced below 3.4°C 

(Petereit et al., 2008) 

Optimal 
temperature 

Optimal temperature for sprat growth is 17.5°C (Frisk et al., 2015) 

Herring 
FHR 

Recruitment An increase of one 1°C in average water 
temperature corresponded to an increase in 
growth rate of herring larvae of 0.043 mm day–1 

(Hakala et al., 2003) 

Herring eggs can cope at current temperature 
conditions with an increase in pCO2, exceeding 
future predictions of CO2-driven ocean 
acidification, but the yolk sac larvae show a 
reduced protein biosynthesis capacity and 
therefore a potential growth reduction 

(Franke and 
Clemmesen, 2011) 

Bream 
FCP 

Recruitment Bream larvae and juveniles were absent from the 
areas where the pH was below 5.3 

(Hudd et al., 1984; 
Urho et al., 1990) 

Roach 
FCP 

Recruitment  Survival experiments with one-week-old roach 
larvae showed that a pH of 5.0-5.2 is critical for 
their survival 

(Hudd et al., 1984; 
Urho et al., 1990) 

Perch  
FPR 

Recruitment At pH values below 4.5, and in durations of 6-
24 h, unexpectedly high survival rates of late 
larvae of perch were observed 

(Hildén and Hirvi, 
1987) 

 

In addition, there is a lack of understanding of the effects of acidification (Doney et al., 2020). Acidification 
is the process whereby the pH of seawater decreases due to an increase of the dissolution of CO2 in the 
sea surface waters (Brewer, 1997). At the moment, acidification is not included in the Baltic Atlantis 
model. This is because acidification impacts on most Baltic Sea organisms are still only very poorly 
understood (Havenhand, 2012), or is still under strong debate. This is for example with respect to impacts 
on fish stock dynamics (Voss et al., 2019), or responses of the micro-planktonic food web (Eichner et al., 
2014; Paul et al., 2018; Wulff et al., 2018), which makes it difficult to implement in a model like the Baltic 
Atlantis. Other Atlantis applications have studied impacts of ocean acidification by simply applying an 
additional mortality rate to specific functional groups, known to be vulnerable to changes in pH (e.g. Fay 
et al., 2017; Griffith et al., 2011; Kaplan et al., 2010; Olsen et al., 2018). This is again because in-situ data 
and observations are limited, and effects of acidifications on many of the species still need to be more 
thoroughly investigated in order to integrate the correct dynamics into an ecosystem model. 

Another poorly documented climate process is the effect of heatwaves on marine ecosystems (Frölicher 
et al., 2018). Marine heatwaves (MHWs) are periods of extreme warm sea surface temperatures that last  
for five days or more, with temperatures warmer than the 90th percentile based on a 30-year historical 
baseline period (Hobday et al., 2016). Heatwaves have increased in frequency, duration and intensity since 
the 1970s in central Europe (Tomczyk and Bednorz, 2016). This trend, both with respect to an increase in 
frequency but also in duration and intensity, is predicted to continue (Beniston et al., 2007; IPCC, 2007; 
Meehl and Tebaldi, 2004). The effects of extreme events have been shown to impact ecosystem 
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functioning (Jentsch et al., 2007), however most knowledge about impacts comes from studies that 
investigated terrestrial ecosystems (Hobday et al., 2016). 

Cyanobacteria biomass has increased in the northern Baltic Sea over the last decades due to ongoing 
eutrophication and climate-driven changes in the hydrography (Suikkanen et al., 2007). Furthermore, the 
biomass is  expected to increase even more since they benefit from a warming climate (Paerl, 2014). In 
late summer, some time after the first bloom of diatoms and dinoflagellates that depleted the inorganic 
nutrients in the euphotic layer, when high water temperatures and stable weather conditions maintain, 
there comes a second bloom mainly formed by cyanobacteria (Suikkanen et al., 2007). Diazotrophic 
cyanobacteria play an important role for primary production due to their ability to fix atmospheric N2 
(Eichner et al., 2014). Because of this, they are not limited by nitrogen during the nutrient-poor late 
summer period. Such blooms can clog the feeding apparatus of grazers and add to the hypoxia when 
oxygen is consumed during decomposition (Hinners et al., 2015). Moreover, a community dominated by 
cyanobacteria-flagellate is usually considered as poor food for its grazers (Officer and Ryther, 1980) and 
they also produce toxins that can have deleterious effects on higher trophic levels (Karjalainen et al., 
2007). Despite their possible negative impacts on the ecosystem, cyanobacteria are not often included in 
Atlantis models. Ihde et al. (2016) in the Chesapeake Bay model and Brand et al. (2007) in the CCAM model 
included the pico-phytoplankton functional group although only Ihde et al. (2016) explicitly mentions that 
this group represents cyanobacteria. This can influence the results of the Baltic Atlantis output for the 
different trophic levels in terms of increased food resources for the food web.  

It is important to note here, that even though cyanobacteria are not limited by nitrogen, they are still 
limited by phosphorus. So the more phosphorus is added to the system, the longer the bloom of 
cyanobacteria can be maintained (Moisander et al., 2003). The Baltic Sea is usually limited by nitrogen, 
just like most oceans, but in the less saline Bothnian Bay in the north, phosphorus is the limiting nutrient 
for primary production (Tamminen and Andersen, 2007). Therefore, if we want to include the 
cyanobacteria, we additionally would have to set up the model so it also tracks the energy flow through 
phosphorus instead of just nitrogen as in current application, since that will determine the cyanobacteria 
biomass in the northern Baltic Sea. However, such additional energy tracking based on P requires 
significant additional input-file information and preparation, calibration efforts and computing of 
resources to do this. Furthermore, this is only recommended in systems where P limitation is essential 
(Audzijonyte et al., 2019). So far we know, there is no Atlantis model that runs with P as a second tracer 
element, not even the freshwater application of the Lake Vicoria (Hansen et al., 2019). 

Another missing link in the Baltic Atlantis for these northern areas is the ice cover during the winter 
months. On average, the ice can extent from the northern Gulf of Bothnia to the Archipelago Sea, the Gulf 
of Finland, the Gulf of Riga and the northern part of the Baltic Sea proper during several winter months 
(Snoeijs-Leijonmalm et al., 2017). During ice cover, light conditions, nutrient exchange, vertical mixing, 
sympagic communities, etc. will differ significantly within the ice-covered volume and on the peripheries 
of the ice at the ice/water interface compared to open waters. The Baltic ice itself can harbour rich 
biological assemblages just like Polar sea ice, however, the annual maximum ice extent is much more 
variable in the Baltic due to the milder climate than in the Polar regions (Granskog et al., 2006). With a 
changing climate and predicted warmer air temperatures, this Baltic Sea ice cover is bound to change with 
reduction of the ice cover in both time and space (Omstedt and Hansson, 2006; Thomas et al., 2017). 
Some monitoring stations at the Archipelago Sea and the Gulf of Finland are already observing a shrinkage 
in the extension of Baltic Sea ice (Thomas et al., 2017). Ice-free winters might lead to a change of the 
pelagic phytoplankton bloom in both composition and timing. Predictions show a delay in the spring 
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bloom with a composition more dominated by dinoflagellates instead of diatoms, with possible 
consequences for the whole food web (Spilling, 2007; Thomas et al., 2017). However, modelling sea-ice 
habitat and its biogeochemistry is challenging because of the complexity of the system of ice physics, 
water fluxes and specific light parameterisations and because of the lack of observational data. As a result, 
there are only few sea ice models available (Tedesco and Vichi, 2014). Currently, there is no Atlantis model 
which includes an optional ice model although the Nordic and Barents Seas Atlantis (NoBa) application is 
working on such implementation (Hansen et al., 2016), and a new Atlantis application for East Antarctica 
is soon to come which is expected to include a sea ice model. For the Baltic Atlantis model, the RCO-SCOBI, 
which is used to force the model with climate and eutrophication scenarios (chapter 4), has an ice model 
included (Eilola et al., 2011). 

Further, not adequately investigated research areas are spatial distribution patterns and production-
biomass (P/B) ratios for the different species in the Baltic Sea ecosystem. More research effort should be 
invested for creating a better spatial redistribution of the functional groups to allow for spatial 
heterogeneity within a functional group, as well as into the P/B ratios to enable evaluation according to 
production. That is to include better knowledge on P/B-ratios besides just evaluating biomass, abundance 
and condition. By doing so, we could distinguish between low biomass because the functional group has 
a low production or low biomass with a high production indicating a high mortality or predation. Similarly, 
equilibrium biomass or abundance levels do not necessarily correctly indicate the ecosystem and trophic 
level importance of a certain functional group. It is for instance possible to have low biomass or abundance 
but a very high production and vice versa. Especially for primary producers such as phytoplankton and 
macroalgae, it is important to quantify production and the P/B-ratio as they form the basis of the food 
web. However, the P/B ratio is not commonly used for other Atlantis applications either. This could 
potentially influence the results and/or conclusions in the studies conducted in the current thesis. 

5.4.2. Stakeholder involvement
Once we have an idea about the plausible impacts of the separate and combined pressures, management 
should be adjusted accordingly. However, in order to successfully implement the decisions and obtain 
compliance to potential management measures, involvement of stakeholders in the process of scenario-
testing, decision-making and management advice is necessary (Berghöfer et al., 2008; Jones and Seara, 
2020; Röckmann et al., 2015). A larger participatory role by stakeholders in management and 
management advice will lead to inclusion and thorough discussion of more and different viewpoints and 
values. That is, that management and advice need to integrate not only ecological sustainability of a 
few species and economic considerations, but also include broader ecosystem and conservational 
considerations, social and ethical aspects, recreational interests as well as institutional set-up. This should 
be included to account for the multiple uses of and interests in the ecosystem (Berghöfer et al., 2008; 
Degnbol, 2005). The Atlantis modelling framework can in this context be used to test different 
management options before implementation. Accordingly Atlantis can as a simulation tool help in the 
management advice and decision processes by discussing relevant and informed scenarios with 
respect to  objectives, assumptions, key parameters and input data, as well as results and outputs in a 
continuous cyclic full-feedback-process with stakeholders and as part of a management strategy 
evaluation (MSE) (Fulton et al., 2014; Nielsen et al., 2018). In addition, in order to increase the usage of 
the models and the cooperation with stakeholders, modelers should engage more with the users of the 
model information and in management fora, and they should make their models more user 
friendly (Nielsen et al., 2018; chapter 2.b). The latter is especially important not only for the usage 
of the model by non-experts, but also for the communication of complex models and results in a way 
that is understandable for a broad range of stakeholders, which is still a challenge currently (Nielsen 
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et al., 2018; chapter 2.b). In case of the Atlantis, this could for instance be done with an animation 
video (e.g. https://www.youtube.com/watch?v=TdpVUZuf0TM), or with the development of a user-
friendly interface like an R-shiny application, or with a more sophisticated tool like the virtual 
ecosystem visualisation tool (VES-V) from NOAA. The VES-V illustrates the responses of 
virtual marine ecosystems to a range of living marine resource 
management scenarios (https://www.fisheries.noaa.gov/resource/tool-app/virtual-ecosystem-
scenario-viewer-ves-v). As a first step, output of the Baltic Atlantis has been presented, discussed and 
included in the Baltic Sea Advisory Council (BSAC) Executive Committee and key representatives of 
stakeholder organizations as a part of the EU H2020 CERES project (Peck et al., 2020; https://
ceresproject.eu/case-studies/, more specific case study #15 Herring, sprat and cod in the Baltic Sea). 
Further involvement of stakeholders should take place to study broader cross sector impacts once the 
model is improved along the lines suggested in the current study and once the socio-economic dynamics 
within the management module are established. 

https://www.youtube.com/watch?v=TdpVUZuf0TM
https://www.fisheries.noaa.gov/resource/tool-app/virtual-ecosystem-scenario-viewer-ves-v
https://ceresproject.eu/case-studies/
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Supplementary material chapter 2a: The Baltic Sea Atlantis: An integrated end-to-
end modelling framework evaluating ecosystem-wide effects of human-induced 
pressures 

A. HBM-ERGOM Model

1 HBM-ERGOM 

HBM is a further development of the BSHcmod model (Dick et al., 2001), which has been used 
operationally at the Danish Meteorological Institute (DMI) since 2001 (Berg et al., 2012; She et al., 2007). 
HBM has a two-way nested setup of the Danish Straits transition areas due to the complex bathymetry 
and hydrography with an inflow of high salinity bottom water into the Baltic Sea. The horizontal resolution 
is generally 6 nm, but 1 nm in the Danish transition area. The model has spherical coordinates horizontally 
and z coordinates vertically with 50 layers and barotropic time-steps of 30 seconds. The meteorological 
forcing is based on the operational DMI weather model HIRLAM (Sass et al., 2002).  

The HBM-ERGOM model output time series applied in this context is the 2001-2009 hindcast. The initial 
fields for biogeochemistry were set to winter mean values (2001-2009) from 16 monitoring stations 
available from the International Council for the Exploration of the Sea (ICES; www.ices.dk). 
Climatologically conditions along the open lateral boundary of inorganic nutrients (NO3, PO4 and SiO2) and 
dissolved O2 were obtained from World Ocean Atlas (WOA05) (Conkright & Levitus, 2002). Monthly lateral 
boundary values were obtained from surface observations by the satelliteborne SeaWiFS (Sea-
viewingWideField-of-viewSensor) and extrapolated with depth according to Morel and Berthon (1989). 
Chl-a concentrations were converted to phytoplankton nitrogen biomass using a conversion factor of 0.5 
and assumed to be evenly distributed between diatoms and flagellates (from Maar et al., 2011). 
Cyanobacteria are not present in the North Sea due to the high salinity limiting growth and were therefore 
set to zero at the open boundary. They are however present in the model for the Baltic Sea. CPR data 
from 2004 to 2005 (Johns, 2009) was used to generate model initial fields and boundary data of bulk 
zooplankton biomass (Maar et al., 2012). In the current version, microzooplankton was assumed to follow 
the biomass of phytoplankton, but with a 5 times lower biomass. The variable detritus was set to zero. 
The effect of zero open boundary conditions only locally affected the model performance near the 
boundaries in the North Sea, but not the Baltic Sea because the importance of internal dynamics of the 
model increased with distance from the open boundary. 
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The performance of HBM-ERGOM has been evaluated extensively. In particular, (Wan et al., 2012) 
presented a careful assessment of this model for operational service in the Baltic Sea. The most recent 
version of HBM-ERGOM was validated in (Maar et al., 2016).  

 
Fig A. Schematic diagram illustrating the structure of the coupled HBM-ERGOM model system  

 

2 HBM-ERGOM & Baltic Atlantis 

 

The volume exchange (currents), temperature and salinity fields and fluxes are not modeled internally by 
the Baltic Atlantis. Therefore, the model is forced externally with a time series of these quantities derived 
from HBM-ERGOM. The three variables are updated offline (i.e. using information from previously stored, 
completed HBM-ERGOM runs) on a 12-hourly time step basis, which is the time step used inside the 
Atlantis model. Due to a large difference in spatial resolution between the two models, there is significant 
reprocessing required to fit the HBM-ERGOM results onto the lower resolution Atlantis horizontal and 
vertical grid. For each box (B) and face (F) of the Atlantis native polygon grid, two types of forcing need to 
be provided: box averaged temperature and salinity, and face fluxes of currents. Since the Atlantis grid is 
not coherent with the underlying regular longitude-latitude mesh of HBM-ERGOM, data from this grid had 
to be recast to the Atlantis grid. Subgrid interpolation was performed by trilinear interpolation of grid 
data, omitting dry vertices for interpolations close to the coast line or sea bed. Atlantis box averages were 
evaluated by averaging data and interpolating on a regular longitude-latitude submesh with 2 km 
horizontal resolution, 5 vertical sub-layers and 1h temporal resolution. Fluxes were estimated by sampling 
cell faces with a coherent face-sub-mesh with 2 km horizontal resolution and 5 vertical sub-layers and 1h 
temporal resolution. Mass conservation for Atlantis cells had to be reinforced when recasting data from 
the HBM-ERGOM, because the sub-grid interpolation fields are not exactly rotation free. The procedure 
applied was to renormalize the vertical fluxes cell by cell and to remove the excess flux through the bottom 
layer of the dynamic boundary (for record keeping purposes these fluxes are stored in the non-dynamic 
boundary Box 0) 
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In addition to the time series hydrodynamic forcing, HBM-ERGOM provides three types of other 
information to the Baltic Atlantis. First, horizontal and vertical distribution of nutrients, detritus and 
phytoplankton from HBM-ERGOM are recalculated onto the Baltic Atlantis polygon grid to provide initial 
condition fields of these quantities (see section above). Second, time series of nutrient and oxygen fluxes 
through the boundary Box 0 are also obtained from HBM-ERGOM. This represents the inflow of North Sea 
water into the Baltic Sea basin. Third, many of the biological parameters, e.g. nutrient uptake, light affinity, 
mortality rates of functionally similar phytoplankton groups are borrowed from HBM-ERGOM in an 
attempt to make these components of the two models as closely compatible as possible.  

 

 

B. The Baltic Atlantis model 

 

The Atlantis source code is hosted in a subversion repository. To become an Atlantis user you need to 
register (for free) with the developer Dr. Beth Fulton (beth.fulton@csiro.au). Once registered you can join 
the Atlantis wiki (https://confluence.csiro.au/) where you’ll get access to the SVN repository. The input 
data specific to the Baltic Atlantis is given in the three excel documents within the Supporting Information 
material (File A - C), other specific parameters are given in the tables below. 

 

File A. Input data of the tracers per box for the Baltic Atlantis 

File B. Input data of the tracers per box and layer for the Baltic Atlantis 

File C. Input data for the fill values for the tracers for the Baltic Atlantis 

 

1. Forcing 

 

Table A: Physical and geochemical parameters used to internally force the Baltic Atlantis model. 

Parameter name Value Unit Source 

Atmospheric deposition of nitrogen (NH4) 0.42 mg-N m-2 d-1 HBM-ERGOM 

Redfield ratio of O:N 16 mg-O2 (mg-N)-1 Atlantis standard setting 

Redfield ratio of C:N 5.7 mg-C (mg-N)-1 Atlantis standard setting 

Redfield ratio of Chl-a:N 7 mg-Chl-a (mg-N)-1 Atlantis standard setting 

Coefficient of background light absorption  0.03 m-1 HBM-ERGOM 

Coefficient of light absorption due to particulate matter 0.0035 m2 mg-N-1 HBM-ERGOM 

Coefficient of light absorption due to dissolved organic nitrogen 
(DON) 

0.0009 m2 mg-N-1 HBM-ERGOM 

Coefficient of light absorption due to labile detritus 0.0038 m2 mg-N-1 HBM-ERGOM 

Basic coefficient of light absorption 0.05 - HBM-ERGOM 

Diffusion coefficient for bio-irrigation of sediments at water- 1e-7 m2 s-1 per animal per m2 HBM-ERGOM 
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sediment interface, scaled by the amount of biological activity in the 
sediment 

Exchange rate for bio-irrigation of sediments at water-sediment 
interface, scaled by the amount of biological activity in the sediment 

1e-6 m s-1 per animal per m2 HBM-ERGOM 

Diffusion coefficient for bio-turbation of sediments at water-
sediment interface, scaled by the amount of biological activity in the 
sediment 

1e-8 m2 s-1 per animal per m2 HBM-ERGOM 

Exchange rate for bio-turbation of sediments at water-sediment 
interface, scaled by the amount of biological activity in the sediment 

1e-8 m s-1 per animal per m2 Atlantis standard setting 

Decay rate of labile detritus (to a sink, not accessible by the model) 1e-10  d-1 Described in calibration 

Decay rate of refractory detritus (to a sink, not accessible by the 
model) 

1e-10  d-1 Described in calibration 

    

Rates of nitrogen external loads used to force Baltic Atlantis are summarized in Table B.  

 

Table B: Summary of riverine + direct point source waterborne nitrogen loads applied to the Baltic Atlantis grid based 
on information from the Review of the Fifth Baltic Sea Pollution Load Compilation for the 2013 HELCOM Ministerial 
Meeting (HELCOM PLC-5.5). Nitrogen fractionation between DIN and DON based on Savchuk et al. (2012). 
Bioavailable fraction of DON assumed equal to labile DON as in Savchuk and Wolff (2009). Coastal retention fractions 
from Savchuk and Wolff (2009). 

Box # 2005 Total 
N point 
source 

(tonnes/yea
r) 

Fraction 
DIN 

(NH3+NO3
) 

Fractio
n DON 

Fraction 
bioavaila

ble DIN 

Fraction 
bioavailabl

e DON 

Fraction 
coastal 

retention 
(bioavail DIN 

+ bioavail 
DON) 

Fraction 
transporte
d & box # 
receiving 

2005 
supply rate 

as NO3 

2005 
supply rate 

as DON 

0 
      

     

1 5340.56 0.76 0.24 1 0.45 0.08  118408.14 16826.42 

2 9435.64 0.76 0.24 1 0.45 0.09  206928.13 29405.58 

3 26744.95 0.76 0.24 1 0.45 0.09  586529.91 83348.99 

4 36915.50 0.76 0.24 1 0.45 0.08  818471.51 116309.11 

5 1497.27 0.76 0.24 1 0.45 0.1  73628.52 16960.92 

6 
      

0.3-12  96024.95  28807.48 

7 58908.89 0.5 0.5 1 0.2 0 0.3-26 653796.06 130759.21 

8 74661.83 0.5 0.5 1 0.35 0  1183755.52 414314.43 

9 111613.77 0.5 0.5 1 0.25 0.1  1592662.29 398165.57 

10 
      

     

11 
      

0.3-20  110452.50  33135.75 

12 15322.14 0.5 0.5 1 0.3 0.1 0.15-6 185842.16 55752.65 

13 1094.44 0.5 0.5 1 0.3 0.1  15616.99 4685.10 

14 43746.99 0.76 0.24 1 0.45 0.1 0.1-16 853965.12 121352.94 

15 5472.19 0.5 0.5 1 0.3 0.1  78084.94 23425.48 
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16 73151.48 0.5 0.5 1 0.3 0.1 0.1-6 
0.25-18 

773373.37 217030.17 

17 103774.49 0.5 0.5 1 0.3 0.1 0.25-18 1110600.23 333180.07 

18 
      

0.25-11  473367.85  142010.36 

19 1048.89 0.5 0.5 1 0.3 0.1  14966.98 4490.09 

20 
      

  47336.79  14201.04 

21 6995.00 0.5 0.5 1 0.25 0.04  106468.80 26617.20 

22 
      

     

23 
      

     

24 28334.66 0.5 0.5 1 0.25 0.04  431273.44 107818.36 

25 20023.80 0.5 0.5 1 0.25 0.04  304776.26 76194.06 

26 
      

  280198.31  56039.66 

27 
      

     

28 
      

     

 

Denitrification is the only explicit biogeochemical nutrient sink in the Baltic Atlantis model. The 
parameterization of this process strongly relies on the successful calibration of nutrient and oxygen 
profiles. In Atlantis, denitrification is a function of bacterial activity which is being modeled explicitly. This 
is an important difference compared to the ERGOM model for instance. The calibration process of Atlantis 
confirms the expected difficulties in obtaining an accurate simulation of denitrification. Unless one is using 
a very high spatial resolution, coupled physical-biological models in the Baltic are known to struggle to 
capture the strong vertical oxygen gradient which results in lower denitrification and a general nutrient 
build-up in the model. This observation is confirmed by labile detritus exhibiting a continuous increase in 
time in response to a very high external source term (riverine inflows) and a very low sink term. In order 
to correct for the excess detritus build-up in Baltic Atlantis, we introduced a detritus decay rate in the 
model – a proxy for sediment burial and other potential unaccounted sink terms of detritus in the Baltic. 
Burial rates published in Deutsch et al. (2010) show a vast potential range that is difficult to constrain due 
to so many uncertainties, for example related to the unknown magnitude of the buffer effect of nutrients 
in the sediments in the deep Baltic basins. We adopted rates at an order of 1E-10 per day for both labile 
and refractory detritus, which are within the published range (Deutsch et al., 2010) and which enable total 
detritus in the Baltic Sea to reach a quasi-equilibrium.   

 

Despite the fact that the Baltic Atlantis is forced with outputs from the high resolution HBM-ERGOM 
model system, the model framework may, to some extent, be limited in its ability to fully represent bio-
geo-chemical and primary production responses to changes in eutrophication pressures with very high  
resolution. On one hand, the separation of narrow coastal from larger offshore polygons in the Baltic 
Atlantis has the potential to resolve processes at a higher spatial resolution than other box ecosystem 
models such as BALTSEM (Savchuk et al., 2012). This enables Atlantis to better account for strong 
gradients in bathymetry, salinity, nutrients and biotic habitat distribution as well as better coupling 
between hydrographical and biological processes. On the other hand, fields and fluxes derived from HBM-

148



ERGOM, together with riverine and point sources of nutrients, when translated into the Atlantis polygon 
grid represent only box averages which have spatial limitations in simulating the full patchiness and 
coastal gradients in nutrients and primary production. 

 

2. Initial conditions 

While reliable accounts of the spatial distribution patterns of all vertebrate groups are found up to year 
2012, there is no coincident coverage of published distribution data on the majority of invertebrate 
groups. A comprehensive review of the contents of publicly available databases, reports and publications 
reveals 2005 as the most data rich year and, thus, the optimum reference year for the model information 
process. The decision to parameterize the model to a narrow time period is a conscious one, albeit in 
contrast to the long-term time period average approach applied in many previous end-2-end model set 
ups. The Baltic Sea ecosystem undergoes frequent and significant regime shifts during which large 
structural and functional ecosystem changes are detected both in the physical-chemical environment and 
in the biological environments and communities. One might argue that a longer than 10 year time period 
average of abundance/biomass distributions would, thus, produce a desirable mean representation of the 
ecosystem. However, there is also in this respect the danger that the rendered patterns, especially of 
vertebrate distributions, could not in such a case be interpreted in a physically meaningful way, thus 
extending the long model spin-up time even further. This is because the state of a given group would not 
necessarily be related to a particular pressure or state of another functional group that is a key prey or 
predator for a given group. Based on expert knowledge of the integrated ecosystem state in 2005 (e.g.: 
ICES WGIAM), that year is also described as quite typical year for the Baltic Sea in the recent period, that 
is without any significant anomalies in the physical or biological states. 

 

Quarterly abundance distribution of vertebrates 

Quarterly abundance/biomass distribution patterns from 2005 are used to inform the Baltic Atlantis 
model in two ways. Firstly, absolute numbers per age group from the first quarter or semester are used 
to determine the initial conditions for the model simulations. Secondly, the relative distribution patterns 
of juvenile and adult biomass are used to drive the forced seasonal migration. The latter allows for the 
redistribution of the current juvenile and adult biomass for each season according to a set fraction for 
each of the polygons, in order to mimic the movement of the vertebrates during model calibration. Spatial 
distribution plots will therefore often show much stronger seasonal fluctuations compared to the 
aggregated biomass time series. This is because the oscillations represent the migration between 
spawning and feeding grounds, on top of their natural biomass oscillations. The prescribed seasonal 
migration within the model domain is eventually replaced with density and forage-dependent 
movements, where the different functional groups will move according to physical conditions and/or 
seasonal changes in forage fields. 

 

 Quarterly estimates of the numbers at age of MHP (harbour porpoise), SEA (seals) and SBD (persuit-diving 
seabirds) groups in Baltic Atlantis polygons come from long-term annual monitoring programs performed 
by various institutions across the Baltic countries. Regional MHP abundance estimates are converted into 
polygon abundances through a relative surface area scaling. Numbers of SBD breeding pairs come from 
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the HELCOM database and additional publications. Abundances reported from coastal sites by country 
are translated onto the Atlantis polygon grid by comparing lengths of national coastlines with lengths of 
polygon borders within country's borders. The majority of the numbers of SEA pups and adults in the 
Western and Northern Baltic come from the Swedish Meteorological and Hydrological Institute (SMHI). 
Details of the sources of raw population numbers are listed in Table C.  

 

The primary sources for calculating fish abundance and/or fish biomass at age by polygon were: ICES IBAM 
acoustic surveys, ICES BITS trawl surveys, ICES stock assessments (www.ices.dk), national coastal fish 
surveys from Baltic coastal countries, and HELCOM coastal fish surveys, and from other models (e.g. EwE). 
While acoustic surveys give estimates of absolute numbers of fish on a spatially explicit scale, the BITS and 
coastal fish surveys only give estimates of relative density and distribution patterns on a spatially explicit 
scale, which then have to be applied to absolute stock abundances/biomasses using information from 
stock assessments or other sources if available, or using very gross assumptions. In general for the ICES 
assessed fish stocks and species (cod, herring, sprat, some flatfish) the abundances/biomasses have been 
obtained from the assessments (for 2005), and subsequently the abundances/biomasses have been 
spatially re-distributed based on the survey estimates. Abundance/biomass data available per ICES area 
was translated onto the Atlantis polygon grid. This is done using a precise area correction based on overlap 
of surface areas calculated in GIS. For demersal species, BITS Catch per Unit Effort (CPUE), expressed in 
numbers per trawl effort time, are applied to stock assessment population numbers/biomass, or in 
absence hereof converted into abundance estimates by using gear-specific swept areas based on wing 
spread. The procedures adopted to calculate distributions for each vertebrate group are briefly specified 
below. An example is the perch and roach distribution, derived from fish survey abundance level 
categories from catch indices from HELCOM (http://bio.helcom.fi/apex/f?p=108:11, 
http://bio.helcom.fi/apex/f?p=108:8, HELCOM 2017a, HELCOM 2017b).  

 

Table C: Summary of key sources used to inform the biological module of Baltic Atlantis in relation to abundance and 
biomass, demography, prey-predator interaction and other functions. 

Parameters 
/ Group 
code 

Abundance/biomass/concentration/flux Demography, reproduction, mortality Dietary interactions 

MHP Hammond et al. (2013) Koschinski (2001) Andreasen (pers. comm.) 
SEA SMHI; Harkonen et al. (2007); Vanhatalo et al. 

(2014) and sources therein; Ahola (pers. comm.) 
Kauhala et al. (2012)  Lundström (2010); Tomczak et al. 

(2009) and sources therein  
SBD HELCOM; Hentati-Sundberg (2011) Törnlund (2013)  Törnlund (2013); Tomczak et al. 

(2009) and sources therein 
FCD ICES Assesssments; ICES BITS surveys ICES; Bastardie et al. (2014)  Tomczak et al. (2012) and sources 

therein; SMS 
FHR ICES Acoustic surveys; ICES Assessments Acoustic surveys; ICES; Bastardie et al. 

(2014); SMS  
Tomczak et al. (2012) and sources 
therein; Möllmann et al. (2004)  

FSR ICES Acoustic surveys; ICES Assessments Acoustic surveys; ICES; Bastardie et al. 
(2014); SMS  

Tomczak et al. (2012) and sources 
therein; Möllmann et al. (2004)  

FFL ICES Assessments ICES; Bastardie et al. (2014)  Tomczak et al. (2012) and sources 
therein; 

FWH ICES BITS surveys Bastardie et al. (2014)  Lappalainen et al. (2001)  
FCP Coastal fish surveys; HELCOM FISHBASE Tomczak et al. (2009) and sources 

therein;  
FPR Coastal fish surveys; HELCOM FISHBASE Tomczak et al. (2009) and sources 

therein; Lappalainen et al. (2001)  
FSD HELCOM FISHBASE Bubinas and Ložys (2000); 

Ehrenberg et al. (2005)  
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FSP ICES BITS surveys  FISHBASE Peltonen et al. (2004)  
NE ICES Assessments ICES Johnson et al. (2013) 
MHP (harbour porpoise), SEA (seals), SBD (pursuit-diving seabirds), FCD (cod), FSR (sprat), FHR (herring), FFL (flat 
fish), FWH (whiting), FCP (cyprinids), FPR (perch), FSD (small demersals), FSP (small pelagics), NE (Nephrops) 

 

For the FHR and FSR groups, absolute abundances in numbers at age by polygon based on the area 
corrected acoustic survey abundance data are calculated. For FCD, population number by age by polygon 
is calculated by distributing the summed number by age for all 3 ICES cod assessments in the Baltic area 
(Cod SD21, Cod SD22-24, Cod SD25-32 in 2005 extracted from the 2013 assessment) according to the BITS 
survey relative spatial distributions. Consequently, the summed biomasses are redistributed 
geographically according to survey information on relative catch rate indices, i.e. biomasses are multiplied 
by the relative CPUE by age by polygon (relative to total CPUE by age for all polygons) from the BITS survey 
data. Assessment data are extracted from the ICES WGBFAS based on the XSA, SAM and SMS model 
assessments. Swept area estimates and CPUE by polygon by age from BITS (for 2005) are used to calculate 
FFL numbers by area by polygon. Because the key species in this group, flounder, is known to be 
distributed beyond the northern limit of the BITS survey, additional population number estimates from 
the WGBFAS reports are used to cover those areas. Distributions of FWH are obtained solely from the BITS 
survey data, converted to numbers per polygon using swept area information.  

 

Abundance of coastal freshwater fish in FCP and FPR groups require a more complicated calculation 
procedure involving much higher uncertainty because these groups are not detected representatively in 
the standard ICES surveys and their distribution areas are not covered in those surveys. Due to a lack of 
knowledge of the swept area in the coastal fish survey catch values (often non-standardized trap or gillnet 
surveys with only very limited data registration and with no effort estimate involved), the catch indices 
reported in HELCOM are for those groups scaled with independent but geographically approximate fish 
biomass density measurements. Assuming an average weight of an adult individual, biomass per unit area 
is first converted into density estimates. Dividing the catch index by the density estimate, a scaling factor 
is then obtained and applied uniformly to all available catch indices from all coastal fish surveys. 
Application of a uniform scaling factor (given effort and fishing method is very different) is a big 
assumption which carries along a large uncertainty on the total fish abundance estimates. While it is 
impossible to state whether these calculations are over- or underestimates of the true population, or even 
within an correct order of magnitude estimate in agreement with the actual population numbers in the 
Baltic, it is still important to include the group as this severely understudied and yet ecologically is 
anecdotally known to be a very significant ecosystem component. An order of magnitude agreement is 
found for this group in relation to an independent regional biomass calculation performed in the ECOPATH 
models, providing a first order validation of the basin-wide calculations made for the Baltic Atlantis 
implementation. The calculations were limited to coastal polygons and none of the FCP and FPR fish were 
allowed to distribute beyond their reported salinity tolerance range.  

 

Even more uncertain are the initial estimates of the FSD and FSP groups. Small demersals comprising 
mostly gobies, are assigned to an average density of 2 specimens per m2 for the majority of coastal 
polygons where species have been observed both in the HELCOM surveys and in the BITS surveys, and to 
a density of 0.2 individuals per square meter in the more offshore polygons where species have been 
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observed in the BITS surveys. Highest abundances of FSD are reported in the area around the Lolland 
island (polygon 4) and in the south-eastern Baltic coastal waters (polygon 17). Sticklebacks from the FSP 
group are known to occur with high abundance in offshore waters but migrate inshore during spawning 
season. Only a few site-specific estimates of their abundance are available in the Baltic and scaling the 
population densities based on these accounts is highly uncertain. As a consequence, the initial conditions 
specified for numbers at age for FSD and FSP are poor reference points. Only an order of magnitude 
agreement is expected from the calibrated model outputs.  

 

Biomass distribution patterns of invertebrates 

Biomass distribution patterns of all benthic invertebrate groups were obtained from a compilation of 
many sources of data. The most comprehensive and consistent in time and space samplings were 
recorded in: the Swedish Meterological and Hydrological Institute database (SMHI; 
http://www.smhi.se/en), Danish National Environmental Research Institute (DMU) National Database for 
Marine Data (MADS; http://www.dmu.dk/vand/havmiljoe/mads/), Finnish Environmental Institute (SYKE) 
national Hertta database (wwwp2.ymparisto.fi/scripts/oiva.asp) and the ICES database 
(http://ecosystemdata.ices.dk/).  

 

The majority of measurements were performed in units of abundance that needed to be converted into 
units of biomass. This task is achieved by applying an average weight per individual conversion rate which 
in most cases was available in the literature on a per species basis, but which sometimes has to be inferred 
from the dataset itself (provided that at least one coincident biomass estimate was available). All data 
points from the relevant time period are plotted on top of the Atlantis polygon grid in QGIS. A spatial 
average is calculated per polygon. In the frequent case that no estimates are available for a given polygon, 
and that polygon is not outside the known range of distribution for that group, a value from the 
ecologically most similar polygon is copied onto the empty polygon.  

 

Abundance/biomass model input files 

Complete information on initial abundance and/or biomass of all biological groups can be found in the 
three spreadsheet files attached to Supporting Information: 

1) File A  
a. Biomass of benthic invertebrate groups per box in mg-N/m2 written in as: [Group Long 

Name]_N 
b. Percentage cover per box of biotic habitats (i.e. occupied by benthic biological groups) 
c. Fraction of box surface area covered with an abiotic habitat (see SI 2.2 for the list of 

habitats) 
d. Other parameters given per box: number of wet depth layers (numlayers), depth of 

sediment penetration by biota (sedbiodepth), depth of sediment penetration by detritus 
(seddetdepth), depth of sediment oxygen profile (sedoxdepth), maximum density of 
biotic groups in the sediment (setbiodens), sediment irrigation enhancement rate 
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(sedirrgenh), sediment bioturbation enhancement rate (sedturbenh), erosion rate 
(erosion_rate), coefficient of eddy mixing (eddy).    

2) File B 
a. Vertebrate group abundance in numbers of individuals: [Group Long Name][Age 

Class]_Nums 
b. Vertebrate group structural/reserve biomass per individual per box per layer in mg-N: 

[Group Long Name][Age Class]_StructN/ResN 
c. Total vertebrate group population biomass per box per layer in mg-N/m-3: [Group Long 

Name]_N[Age Class] 
d. Total pelagic and epibenthic invertebrate group population biomass per box per layer in 

mg-N/m3: [Group Long Name]_N[Age Class] 
3) File C – Values used to fill all the parameters listed in the two files above whenever no initial 

conditions value was specified. 

 

Physiological and life-history traits 

Length-weight parameters, maximum potential growth rate, and length at infinity are the four key 
parameters taken from ICES data or model compilations, or from FISHBASE, to estimate age-specific 
weight, growth rate, and clearance rates assuming scaling laws from metabolic theory of ecology. For fish 
and other HTL groups, the maximum growth rate (Gmax) is derived by utilizing the weight-consumption 
relationship from fish bioenergetics (Hanson 1997).  

Gmax = CA × Weight ^ CB      

Weight estimates from von Bertalanffy curves are used to obtain maximum consumption for an average 
individual. The constants are generalized across functional groups, setting CA equal to 0.3 and CB equal 
to 0.7. Growth efficiency is assumed to be 10% (Pauly & Christensen 1995). 

Consumption rates from this equation represent daily averages, and assuming that individuals generally 
operate at about 30% of their potential maximum, the resulting Gmax is multiplied by three to obtain 
theoretical maxima. Similar scaling arguments are assumed to derive clearance rates for all age-structured 
vertebrates.  

The majority of maximum growth and clearance rates for pelagic invertebrates are taken from a recent 
data compilation performed by Kiørboe and Hirst (2014) who provide the largest contribution to the 
model parameterization in this context. In the case of benthic invertebrates, rates calibrated for a previous 
benthic model in the Baltic are used (Timmermann et al. 2012). Nutrient and light acquisition half-
saturation constants, maximum growth rates mortalities terms for all phytoplankton groups are taken 
from the ERGOM model (Maar et al. 2011).  

It should be noted that during calibration these rates were altered significantly, especially for vertebrates, 
sometimes by more than an order of magnitude. In the end, while the distribution of relative growth and 
consumption rates at age was maintained, the absolute values were adjusted freely in order to optimize 
the emerging structural and reserves weight of individual vertebrates on which there are well-defined 
observational constraints available (e.g. Figs. 5 and 7). 
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Demographic profiles, mortality rates & reproduction functions 

Although Atlantis is not an agent-based model because it does not model true individuals, it still enables 
us to simulate temporally dynamic age groups, with dynamic size-age relationships, where all individuals 
are identical for a certain age group and polygon cell at a given time. For mammals and seabirds literature-
based survival rates are used to constrain natural and predator mortalities and to estimate the initial 
demographic structures of the populations (sources listed in Table E). It should be noted that, in reality, 
there are very high inter-annual differences in mortality rates, which are also quite site specific. In order 
to have a density dependent reproduction, the reproduction of these groups was also modelled using the 
Beverton-Holt function instead of the constant reproductive rate of pups/calves/hatchings. 

The majority of the data on the 2005 initial population structure of fish groups comes from the ICES stock 
assessments. The SMS multi-species assessment model provides reliable estimates of natural, total 
predation and fishing mortality rates for the FCD, FSR and FHR groups. Other fish groups which are not 
assessed require a theoretical approach to mortality and demographic structure estimation. The 
calculations are based on species-specific von Bertalanffy growth parameters and stock-recruitment 
relationship parameter values compiled from other models or found in FISHBASE. For an overview of main 
sources and references used to collect these data see Table C.  

There are two types of reproduction functions currently used in the Baltic Atlantis model. For 
invertebrates, which are all single biomass pool groups, there is the simple growth rate which determines 
their division rate per day. For marine mammals, seabirds and fish groups recruitment processes are 
described in Baltic Atlantis using a standard Beverton-Holt function with parameters calibrated during this 
study. There is, on top of that, an effect of environmental change considered in the vertebrate 
recruitment, which scales the recruitment according to the environmental factors.  

The effect of temperature on recruitment is firstly scaled with the Tscalar parameter, which follows a 

simple q10 principle �𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝑞𝑞10
𝑇𝑇𝐻𝐻2𝑂𝑂−15

10 � (Audzijonyte et al., 2017). Secondly the model checks 

whether the temperature and salinity conditions in the cell are within the minimum and maximum spawn 
temperature and salinity ranges (Table D). If not, the scalar will accordingly be set to zero and there won’t 
be any recruitment in that cell. On top of the temperature and salinity dependencies, recruitment is also 
sensitive to the oxygen level. Recruits will die if they arrive into cells with oxygen concentrations lower 
than the set minimum.  

Besides recruitment, oxygen levels also affect the distribution of the species, their feeding rate and a 
stress related linear mortality. Two types of limitations are active, the ambient oxygen limitation and the 
depth based limitation. The first one uses the ambient oxygen levels (𝑂𝑂𝑠𝑠𝑎𝑎𝑎𝑎), the lethal oxygen 
concentration (𝐾𝐾𝑂𝑂2) and the limiting oxygen concentration (𝐾𝐾𝑂𝑂2𝐿𝐿𝐿𝐿𝐿𝐿) to calculate the oxygen scalar 
(Audzijonyte et al., 2017): 

𝛿𝛿𝑂𝑂2 =

⎩
⎨

⎧=
(𝑂𝑂𝑠𝑠𝑎𝑎𝑎𝑎 − 𝐾𝐾𝑂𝑂2)2

(𝑂𝑂𝑠𝑠𝑎𝑎𝑎𝑎 − 𝐾𝐾𝑂𝑂2)2 + (𝐾𝐾𝑂𝑂2𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐾𝐾𝑂𝑂2)2
     , 𝑖𝑖𝑖𝑖 𝑂𝑂𝑠𝑠𝑎𝑎𝑎𝑎 > 𝐾𝐾𝑂𝑂2 𝑎𝑎𝑎𝑎𝑎𝑎 𝐾𝐾𝑂𝑂2𝐿𝐿𝐿𝐿𝐿𝐿 > 𝐾𝐾𝑂𝑂2

= 1 ,                                                                          , 𝑖𝑖𝑖𝑖 𝑂𝑂𝑠𝑠𝑎𝑎𝑎𝑎 > 𝐾𝐾𝑂𝑂2 𝑎𝑎𝑎𝑎𝑎𝑎 𝐾𝐾𝑂𝑂2𝐿𝐿𝐿𝐿𝐿𝐿 < 𝐾𝐾𝑂𝑂2
= 0 ,                                                                          , 𝑖𝑖𝑖𝑖 𝑂𝑂𝑠𝑠𝑎𝑎𝑎𝑎 < 𝐾𝐾𝑂𝑂2                                          
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The 𝛿𝛿𝑂𝑂2 scalar is then applied to the oxygen mortality (𝑎𝑎𝑎𝑎𝑑𝑑−1), with an increased linear mortality when 
oxygen concentration levels are below the minimum oxygen level. Species that are able to move however, 
will contract to areas above the minimum oxygen level. Although if no suitable habitat is found (i.e. if the 
entire area was to become anoxic) they would be completely lost from the model. 

The second one, the depth based limitation, calculates the oxygen scalar based on the sediment depth of 
the half oxygen mortality parameter and the depth of the oxygenated sediment layer (Audzijonyte et al., 
2017): 

𝛿𝛿𝑂𝑂2 =
𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑖𝑖 𝑑𝑑ℎ𝑑𝑑 𝑜𝑜𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑎𝑎 𝑠𝑠𝑑𝑑𝑎𝑎 𝑙𝑙𝑎𝑎𝑑𝑑𝑑𝑑𝑙𝑙

𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑖𝑖 𝑑𝑑ℎ𝑑𝑑 𝑜𝑜𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑎𝑎 𝑠𝑠𝑑𝑑𝑎𝑎 𝑙𝑙𝑎𝑎𝑑𝑑𝑑𝑑𝑙𝑙 + 𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑖𝑖 𝑑𝑑ℎ𝑑𝑑 ℎ𝑎𝑎𝑙𝑙𝑖𝑖 𝑜𝑜𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑎𝑎 𝑚𝑚𝑜𝑜𝑙𝑙𝑑𝑑𝑎𝑎𝑙𝑙𝑖𝑖𝑑𝑑𝑑𝑑
 

 

The depth based oxygen limitation is only applied to the clearance rate as it will affect the feeding rate 
for the epibenthic groups that dig into the sediment.  

 

Tables D and E provide a summary of key biological parameters used for vertebrates in the Baltic Atlantis 
model, and Table F for invertebrates.  

Table D: Summary of key biological parameters used for vertebrates in the Baltic Atlantis model. 

Code Linf 
[cm] 

k a b Age Class First 
Mature 

Age Max 
[yrs] 

Age+ Class BHa BHb 

MHP 150 0.95 0.081 2.67 3 24 10 3.0E+5 3.0E+08 

SEA 220 0.4 0.001 3.63 3 25 10 5.0E+4 3.0E+08 

SBD 87 0.63 0.0345 3 3 20 10 10.0E+8 3.0E+08 

FCD 112,5 0.1 0.0099 2.965 4 25 10 8.0E+9 3.0E+08 

FSR 13.6 0.6 0.0041 3.22 3 10 10 11.2E+11 3.0E+08 

FHR 20 0.34 0.0062 3.019 4 25 10 9.1E+11 3.0E+08 

FFL 37 0.35 0.0079 3.089 4 16 10 1.0E+9 3.0E+08 

FWH 37.8 0.458 0.0089 2.926 3 20 10 4.0E+8 3.0E+08 

FSP 6.7 0.6 0.0068 3.28 2 8 5 141.6E+11 3.0E+08 

FSD 13.3 0.4 0.0174 2.96 3 6 5 9.0E+11 3.0E+08 

FPR 31.1 0.28 0.011 3.11 3 22 10 9.97E+10 3.0E+08 

FCP 35.5 0.2 0.0074 3.21 2 15 10 2.0E+11 3.0E+08 

 

Continue Table D 

Code Minimum 
spawning 
temperature 
[°C] 

Maximum 
spawning 
temperature 
[°C] 

Minimum 
spawning 
salinity 
[psu] 

Maximum 
spawning 
salinity 
[psu] 

Minimum 
tolerated 
oxygen 
[mg-O2] 
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MHP NA NA NA NA 0 

SEA NA NA NA NA 0 

SBD 2 25 0 40 32 

FCD 0.5 8.5 6 33 0 

FSR 2 25 0 40 0 

FHR 2 25 0 10 0 

FFL 3 25 0 40 0 

FWH 2 25 0 40 0 

FSP 2 25 0 10 0 

FSD 2 25 0 40 0 

FPR 2 25 0 10 0 

FCP 2 25 0 10 0 

 

Table E: Maximum potential growth rates and clearance rates per age class of all vertebrate biological groups.  

Code Growth (Gmax)  

[mg N d-1]  
clearance  
[mg3(mg N)-1 d-1   

Age Class 

1 2 3 4 5 6 7 8 9 10 

MHP Gmax 6204 3204 4300 6900 8900 9900 15900 21900 21900 21900 
 

C 4360 4480 4480 5480 5480 5480 5480 5480 5480 5480 

SEA Gmax 10500 8900 9900 9900 10000 11900 12900 18900 25900 25900 
 

C 4000 4480 4480 4480 5060 5060 5060 5060 5060 5060 

SBD Gmax 180 420 520 1020 1120 2020 2220 2220 3020 3020 
 

C 240 560 1160 1460 1660 1660 1660 2060 2060 2060 

FCD Gmax 3 18 35 65 107 129 142 200 220 230 
 

C 32 63 113 213 340 340 340 350 350 350 

FSR Gmax 0,52 2,50 3,50 5,70 5,90 5,95 5,95 5,95 5,95 5,95 
 

C 25,00 55,00 75,00 105,00 105,00 110,00 110,00 95,00 95,00 95,00 

FHR Gmax 0.46 1.708 28.329 3.0 3.5 3.5 3.5 3.5 3.5 3.5 
 

C 20,00 48,00 66,00 86,00 86,00 94,00 94,00 90,00 90,00 90,00 

FFL Gmax 0,58 2,20 2,93 3,10 4,40 53,20 53,20 53,30 53,40 53,40 
 

C 30,00 115,00 115,00 150,00 170,00 170,00 170,00 170,00 155,00 155,00 

FWH Gmax 0,70 1,20 2,30 5,90 10,60 10,70 10,70 10,70 10,70 10,70 
 

C 12,00 13,00 13,00 13,00 80,00 80,00 80,00 80,00 80,00 80,00 

FSP Gmax 0,07 0,10 0,16 0,16 0,16 
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C 2,50 3,00 4,00 5,50 7,00 

     

FSD Gmax 0,19 0,51 0,81 0,90 0,92 
     

 
C 5,00 13,00 18,00 24,00 30,00 

     

FPR Gmax 0,96 3,50 7,10 12,60 15,30 16,80 21,30 23,60 24,00 24,10 
 

C 15,00 55,00 70,00 100,00 180,00 180,00 180,00 180,00 180,00 180,00 

FCP Gmax 0,96 4,50 13,00 17,50 23,30 31,80 37,30 38,00 38,00 38,00 
 

C 10,00 40,00 68,00 76,00 74,00 110,00 114,00 114,00 114,00 114,00 

 

Table F: Key biological rates calibrated for the invertebrate groups. 

Code Growth rate 
[d-1] 

Clearance 
rate 

Linear 
mortality / 
lysis rate 

Quadratic 
mortality 

Light half-
saturation 

constant [Wm-2] 

Nitrogen half-
saturation 
constant  

[mg N m-3 ] 

SF 1.8 1.2 0.0000001 1.0e-9   

HF 0.15 0.3 0.0000001 1.0e-9   

BF 4.1 1.9 0.0000001 1.0e-11   

PO 2.0 0.8 0.0000001 1.0e-11   

NE 0.8 1.05 0.000196 1.0e-14   

MA 0.1  0.01  5 4 

SG 0.025  0.002  20 2 

MS 0.07 0.055 0.00001 1.0e-5   

ZG 0.06 0.045 0.0001 1.0e-4   

ZM 1.0 0.08 0.001 1.0e-5   

ZS 1.3 0.18 0.015 1.0e-4   

PL 1.85  0.00001  35 21 

PS 1.52  0.000001  45 28.5 

 

Continue Table F 

Code Lethal 
oxygen level  

(KO2)  

[mg O2 m-3] 

Minimum 
oxygen 

concentration 
(KO2LIM) 

[mg O2 m-3] 

Half oxygen 
mortality 

depth 

[m] 

Oxygen 
dependent 
mortality 

[d-1] 

SF 3.0 50 0.001 0.00001 

HF 3.0 50 0.001 0.00001 

BF 1.0 10 0.005 0.0001 

PO 1.0 10 0.005 0.0001 
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NE 1.0 10 0.005 0.0001 

MA NA 10 NA NA 

SG NA 10 NA NA 

MS NA 10 NA NA 

ZG NA 10 NA NA 

ZM NA 10 NA NA 

ZS NA 10 NA NA 

PL 1.0 10 1.0 0 

PS 1.0 10 1.0 0 

 

Dietary interactions 

The EwE models have a region-specific data-driven parameterization of fixed diet proportions, summing 
up to 1 per predator. The diet composition of the Baltic Atlantis model however, is an emergent property. 
This means it is not a priori determined. The amount of prey consumed by a predator depends on a 
number of factors such as functional response type, growth and consumption rate, gape size, assimilation 
efficiency and the so-called availability parameter which can not be directly measured and is somewhat 
akin (though not identical) to the vulnerability term in Ecopath with Ecosim. This parameter, ranging from 
0 to 1, describes the fraction of total prey biomass available to a given predator, i.e. it does not alone 
determine how much of the prey is consumed. Although there are means of converting stomach content 
data into the availability parameter, they were shown to require significant recalibrations. The initial 
values of the availability parameters, specific to juvenile and adult groups, are selected on an order of 
magnitude level corresponding to a very general classification of potential prey-predator interaction 
strength. Based on previous Atlantis model experience and data and expert knowledge from the Baltic 
system, the following scheme is adopted when specifying the availability parameter:  >0.3 – very strong 
interaction, 0.05-0.3 – strong interaction, 0.005-0.05 medium interaction, 0.0001-0.005 – weak 
interaction, 0.0 – no interaction. In order to maximize the flexibility in biological interactions, a wide 
envelope of interactions is allowed for by assigning for weak interactions whenever there is evidence of 
possible dietary interaction. While such a diet formulation was more challenging to parameterize and 
calibrate, its flexibility offered a unique opportunity to capture for example potential shifts in cod diet 
when available benthic food decreases – taking into account that cod is an opportunistic predator. The 
resulting diets remain flexible and this is part of the reason that the calibrated model does not project 
large scales shifts in total biomass for many functional groups, as they shift diets as needed when prey 
fluctuate. This is to make the model sensitive to possible new ecological states that might evolve under 
new environmental regimes favoring one biological group over another, investigating changed cascading 
dynamics or to including abrupt changes to bottleneck species.  

The primary source of information to validate the emerging dietary patterns (e.g. Fig. 6) comes from 
stomach content analysis. Much of the relevant data and expert knowledge has been assembled while 
developing the SMS and regional ECOPATH models. Very detailed regional information on diets of both 
juvenile and adult vertebrates is available for most fish and HTL groups. On the other hand, 
parameterization of some groups with a higher internal diversity of species, such as the FPR group, was 
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hindered by aggregating species with mutually exclusive diets. In this case, maximum model flexibility was 
given preference over tuning towards only the most representative species.  

Due to a largely ubiquitous spatial distribution of preferred prey items, feeding patterns of benthic and 
pelagic invertebrates are much simpler to parameterize compared to vertebrate groups. Initial values for 
the key parameters such as availability of phytoplankton groups to zooplankton groups are taken from 
previous Atlantis applications as a first order constrain.  

 

3. Species aggregation into biological functional groups 

Although grouping different species into a single biological functional group, e.g. flounder, plaice, dab and 
turbot into the flatfish group carries a trade-off of introducing a bias in choosing the representative 
growth, maturity and recruitment, and dietary parameters, this had to be done to reduce the complexity 
of the model. Species are aggregated into biological functional groups using the following criteria: (i) they 
are an important component of the food-web, (ii) they are known to possess similar physiological traits 
(e.g. size, growth rate), (iii) they primarily predate on and are prey to organisms from the same trophic 
level, and (iv) they share common life-history traits (life expectancy, reproductive mode). Aggregating 
species into functional groups is a common pragmatic approach to modeling complexity of ecosystem 
model interactions, and is a common practice in contemporary ecological models (e.g. Atlantis, satellite 
PFT algorithms, trait-based models). Potential overlap with biological structures of other ecosystem 
models in the Baltic is considered to foster the linking and potential future coupling capability. Models 
such as ERGOM (e.g. Maar et al., 2011), ERSEM (e.g. Vichi et al., 2004), the Stochastic Multispecies Model 
(SMS; Lewy & Vinther, 2004), the mass-balance ECOPATH (Tomczak et al., 2009; Tomczak et al., 2012) 
have the potential to provide regional information for initial conditions and/or biological parameters for 
those biological groups for which insufficient field information was available and where there is functional 
overlap between groups in the different models (e.g. small phytoplankton, cyanobacteria, seagrass). The 
same models also provide first order evaluation of the robustness of the Baltic Atlantis model 
parameterization.  

 

Table G: Biological functional group structure of the Baltic Atlantis model. Groups are categorized according to the 
ecosystem level they represent. Key species aggregated within a functional group are listed. The first species in each 
list is the representative one for that particular functional group. Groups that are currently “turned off”, and which 
do not play a role in the biological interactions, are marked with an asterisk (*). 

Ecosystem level Group name & model code Species names 

Marine mammals Harbour porpoise (MHP) Phocoena phocoena (Harbour porpoise) 

 Seals (SEA) Halichoerus grypus (Grey seal), Pusa hispida botnica (Ringed seal), Phoca vitulina 
(Harbour (common) seal) 

Seabirds Pursuit-diving seabirds (SBD) Phalacrocoracidae (Cormorants), Cepphus grylle grylle (Black guillemot), Alca torda torda 
(Razorbill), Uria aalge (Common guillemot) 

 *Surface-feeding seabirds (SBS) Laridae (Gulls), Sternidae (Terns), and many other 

Fish Cod (FCD) Gadus morhua (Atlantic cod) 

 Sprat (FSR) Sprattus sprattus (European sprat) 
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 Herring (FHR) Clupea harengus membras (Baltic herring) 

 Whiting (FWH) Merlangius merlangus (Whiting) 

 Flat fish (FFL) Platichtys flesus (Flounder), Pleuronectes platessa (Plaice), Limanda limanda (Dab), Psetta 
maxima (Turbot), Solea solea (Sole), Scopthalmus rhombus (Brill), Microstomus kitt 
(Lemon sole) 

 Perch (FPR) Perca fluviatilis (Perch), Sander lucioperca (Stizostedion lucioperca; Pikeperch 
(sander/zander)), Esox lucius (Northern pike), Gymocephalus certuus (Ruffe) 

 Cyprinids (FCP) Rutilus rutilus (Roach), Alburnus alburnus (Bleak), Leuciscu idus (Ide), Blicca bjoerkna 
(White (silver) bream), Abramis brama (Bream (common bream)), Vimba vimba (Vimba 
(vimba bream)), Scardinius erythropthalmus (Rudd), Leuciscus leuciscu (Dace), Carassius 
carassius (Crussian carp), Tinca tinca (Tench), Carassius gibelio (Prussian carp), Cyprinous 
carpio (Carp), Abramis ballerus (Blue bream) 

 Small demersal fish (FSD) Neogobius melanostomus (Round goby), Gobius niger (Black goby), Pomatoschistus 
microps (Common goby), Promatoschistus minutus (Sand goby), Cottus gobio (Bullhead) 

 Small pelagic fish (FSP) Gasterosteus aceluatus (Three-spined stickleback), Pungitus pungitus (Nine-spined 
stickleback), and other sticklebacks 

Benthic 
invertebrates 

Nephrops (NE) Nephrops norvegicus (Norway lobster) 

 Soft substrate filter feeders (SF) Macoma balthica, Mya arenaria, Mya truncata, Astarte borealis, Arctica islandica, 
Cerastoderma glaucum, Thyasira flexuosa, Musculus niger, Mysella bidentata, and many 
other bivales 

 Hard substrate filter feeder (HF) Mytilus edulis, Mytilus trossulus, Modiolus modiolus 

 Polychaetes (PO) Marenzelleria spp., Bylgides (Harmothoe) sarsi, Hediste diversicolor, Scoloplos armiger, 
Pholoe baltica, Polydora, Heteromastus filiformis, Lagis koreni (trumpet worm), Pygospio 
elegans, Terebellides stroemii 

 Benthic deposit feeders (DF) Amphipods, isopods and shrimp: Monoporeia affinis, Pontoporeia femorata, Leucothoe 
spp., Monoculodes, Diastylis spp., Corophium volutator, Caprellidae, Saduria entomon, 
Ideotea baltica, Idotea chelipes, Jaera albifrons, Asellus, aquaticus, Cyathura carinata, 
Bathyporeia pilosa, Lekanesphaera hookeri, Crangon crangon, Crangon allmani, 
Palaemon adspersus, Palaemon elegans, Palaemon serratus 

Benthic primary 
producers 

*Microphytobenthos (MB)  

 Macroalgae (MA) Fucus vesiculosus, Fucus radicans, Fucus serratus, Ascophyllum nodosum, Furcellaria 
lumbricalis 

 Seagrass (SG) Zostera marina (Eel grass), Zostera noltii 

Pelagic 
invertebrates 

Mysids (MS) Neomysis integer, Mysis mixta, Mysis relicta, Mesopodopsis slabberi, Praunus flexuosus 

 Gelatinous zooplankton (ZG) Aurelia aurita, Cyanea capillata, Pleurobrachia pileus, Mertensia ovum, Mniemiopsis 
leidyi 

 Mesozooplankton (ZM) Acartia tonsa, Temora longicoris, Cyclopidae, Limnocalanus, Pseudocalanus, Paracalanus, 
Oncaea, Corycaeidae, Centropages, Cladocera, Rotifera 

 Microzooplankton (ZS) heterotrophic flagellates, cilliates 

Pelagic primary 
producers 

Large phytoplankton (PL) diatoms 
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 Small phytoplankton (PS) autotrophic flagellates 

 *Cyanobacteria (PC)  

Bacteria Pelagic Bacteria (BP)  

 Sediment Bacteria (BB)  

Detritus Labile detritus (DL)  

 Refractory detritus (DR)  

 Carrion (DC)  

 

Table H provides a summary of the key general parameters assigned to each of the biological groups 
defined in the Baltic Atlantis model. For explanations of the functional behavior of each of the group types, 
i.e. FISH, SED_EP_FF, SM_PHY, etc., please refer to previous Atlantis publications (e.g. the Atlantis manual 
(Audzijonyte et al., 2017)). Mammals, seabirds and fish are age structured with a set amount of age groups 
(cohorts) and annual age classes within the age groups. Mammals, seabirds and whiting have two age 
classes within each age group, so for example age group 2 consists of age class 3 and 4. This is done to 
simplify the ecological processes. There is a maximum of 10 age groups (20 age classes). All fish, except 
whiting, only have one age class within each age group, with a maximum of 10 age groups (10 age classes). 
The current setting of the model allows for senescence, where the final age class dies into the following 
calendar year.  

 

Table H: Summary of basic parameters describing the general behavior of biological groups in the model, used as 
input to the model.  

Code Index Is 

Turned 

On 

Name Long 

Name 

Num 

Cohorts 

Num 

Gene 

Types 

Num 

Stages 

Num 

Spawns 

Num 

AgeClass 

Size 

Num 

Stocks 

Vertically 

Migrates 

 

MHP 0 1 Har_Porp Harbor Porpoise 10 1 2 1 2 1 1  

SEA 1 1 Seal Seals 10 1 2 1 2 1 1  

SBD 2 1 Diving_seabird Pursuit diving seabirds 10 1 2 1 2 1 1  

SBS 3 0 Surface_seabird Surface feeding seabirds 10 1 2 1 2 1 1  

FCD 4 1 Cod Cod 10 1 2 1 1 1 1  

FSR 5 1 Sprat Sprat 10 1 2 1 1 1 1  

FHR 6 1 Herring Herring 10 1 2 1 1 1 1  

FFL 7 1 Flat_Fish Flat Fish 10 1 2 1 1 1 1  

FWH 8 1 Whiting Whiting 10 1 2 1 2 1 1  

FSP 9 1 Small_Pel Small Pelagic Fish 5 1 2 1 1 1 1  

FSD 10 1 Small_Dem Small Demersal Fish 5 1 2 1 1 1 1  
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FPR 11 1 Perch Perch 10 1 2 1 1 1 1  

FCP 12 1 Carp Carp 10 1 2 1 1 1 1  

NE 13 1 Nephrop Nephrops 1 1 1 1 1 1 0  

HF 14 1 Filter_Hard Hard substrate filter feeders 1 1 1 1 1 1 0  

SF 15 1 Filter_Soft Soft substrate filter feeders 1 1 1 1 1 1 0  

BF 16 1 Dep_Feed Benthic deposit feeders 1 1 1 1 1 1 0  

PO 17 1 Polych Polychetes 1 1 1 1 1 1 0  

MB 18 0 MicroPB Microphtybenthos 1 1 1 1 1 1 0  

MA 19 1 Macroalgae Macroalgae 1 1 1 1 1 1 0  

SG 20 1 Seagrass Seagrass 1 1 1 1 1 1 0  

MS 21 1 Mysid Mysids 1 1 1 1 1 1 1  

ZG 22 1 Gelat_Zoo Gelatinous zooplankton 1 1 1 1 1 1 1  

ZM 23 1 MesoZoo Copepods 1 1 1 1 1 1 1  

ZS 24 1 MicroZoo Microzooplankton 1 1 1 1 1 1 1  

PL 25 1 Diatom Diatoms 1 1 1 1 1 1 0  

PS 26 1 Flag Autotrophic Flagellates 1 1 1 1 1 1 0  

PC 27 0 Cyanos Cyanobacteria 1 1 1 1 1 1 0  

BP 28 1 Pelag_Bact Pelagic Bacteria 1 1 1 1 1 1 0  

BB 29 1 Sed_Bact Sediment Bacteria 1 1 1 1 1 1 0  

DL 30 1 Lab_Det Labile detritus 1 1 1 1 1 1 0  

DR 31 1 Ref_Det Refractory detritus 1 1 1 1 1 1 0  

DC 32 1 Carrion Carrion 1 1 1 1 1 1 0  

 

Continue Table H 

Horizontally 

Migrates 

Is 

Fished 

Is 

Impacted 

Is 

TAC 

Group 

Type 

Is 

Predator 

Is 

Cover 

Is 

Silicon 

Dep 

Is 

Assessed 

Is 

Catch 

Grazer 

Is 

Over 

Winters 

Is 

Cultured 

Is 

Hab 

Depend 

Num 

Move 

Seaons 

1 1 1 0 MAMMAL 1 0 0 1 0 0 0 0 4 

1 1 1 0 MAMMAL 1 0 0 1 0 0 0 0 4 

1 1 1 0 BIRD 1 0 0 1 0 0 0 0 4 

1 1 1 0 BIRD 1 0 0 1 0 0 0 0 4 

1 1 1 1 FISH 1 0 0 1 0 0 0 0 4 

1 1 1 1 FISH 1 0 0 1 0 0 0 0 4 

1 1 1 1 FISH 1 0 0 1 0 0 0 0 4 

1 1 1 1 FISH 1 0 0 1 0 0 0 0 4 
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1 1 1 1 FISH 1 0 0 1 0 0 0 0 4 

1 1 1 1 FISH 1 0 0 1 0 0 0 0 4 

1 1 1 1 FISH 1 0 0 1 0 0 0 0 4 

1 1 1 1 FISH 1 0 0 1 0 0 0 0 4 

1 1 1 1 FISH 1 0 0 1 0 0 0 0 4 

0 1 1 0 SED_EP_OTHER 1 0 0 1 0 0 0 1 4 

0 0 1 0 SED_EP_FF 1 1 0 1 0 0 0 1 4 

0 0 1 0 SED_EP_FF 1 1 0 1 0 0 0 1 4 

0 0 1 0 SED_EP_OTHER 1 0 0 1 0 0 0 1 4 

0 0 1 0 SED_EP_OTHER 1 0 0 1 0 0 0 1 4 

0 0 1 1 
MICRO-
PHTYBENTHOS 0 1 1 1 0 0 0 1 4 

0 0 1 0 PHYTOBEN 0 1 0 1 0 0 0 1 4 

0 0 1 0 SEAGRASS 0 1 0 1 0 0 0 1 4 

0 0 0 0 LG_ZOO 1 0 0 1 0 0 0 1 4 

0 0 0 0 LG_ZOO 1 0 0 1 0 0 0 0 4 

0 0 0 0 MED_ZOO 1 0 0 1 0 0 0 0 4 

0 0 0 0 SM_ZOO 1 0 0 1 0 0 0 0 4 

0 0 0 0 LG_PHY 0 0 1 1 0 0 0 0 4 

0 0 0 0 SM_PHY 0 0 0 1 0 0 0 0 4 

0 0 0 0 SM_PHY 0 0 0 1 0 0 0 0 4 

0 0 0 0 PL_BACT 0 0 0 0 0 0 0 0 4 

0 0 0 0 SED_BACT 0 0 0 0 0 0 0 0 4 

0 0 0 0 LAB_DET 0 0 0 1 0 0 0 0 4 

0 0 0 0 REF_DET 0 0 0 1 0 0 0 0 4 

0 0 0 0 CARRION 0 0 0 1 0 0 0 0 4 

 

 

4. Habitat structure 

In the Baltic Atlantic model five substrate types identified and mapped by HELCOM 
(http://helcom.fi/baltic-sea-trends/data-maps/biodiversity/balance) are assigned to three default model 
abiotic habitat types according to the similarity in ecosystem function. The bedrock substrate is made 
equivalent to model's "reef" habitat, hard bottom complex and hard clay correspond to model's "flat" 
habitat, while mud and sand are assigned to model's "soft" habitat class. Additionally, we consider the 
surface area covered by man-made structures (e.g. wind-mill parks, other large marine constructions) as 
equivalent of the model's "canyon" class. Table I lists the relative percentage cover by substrate per 
polygon. There are also dynamic biotic habitat types formed by five benthic biological groups: seagrass, 
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macroalgae, microphytobenthos, soft-substrate filter feeders and hard-substrate filter feeders. All habitat 
classes are defined as % cover of each polygon, with the three basic abiotic adding up to 100% but canyon 
and biotic being calculated independently. Biotic habitat cover changes in time as a function of total 
biomass per box. Each biological group in the model is assigned a basic affinity (presence vs absence) to 
all habitats. 

Table I: Relative cover of each polygon with 3 types of bottom abiotic habitats: bedrock, sand, mud, and a fourth 
abiotic habitat which corresponds to man-made structures such as wind-mill parks, pipelines etc.  

Box_ID bedroc
k 

sand mu
d 

man-
made 

 Box_ID bedroc
k 

sand mu
d 

man-
made 

0 0.04 0.05 0.91 0.00  15 0.00 0.65 0.35 0.00 
1 0.02 0.26 0.72 0.00  16 0.00 0.17 0.83 0.00 
2 0.00 0.17 0.83 0.00  17 0.00 0.30 0.70 0.00 
3 0.00 0.14 0.85 0.00  18 0.00 0.14 0.86 0.00 
4 0.00 0.31 0.69 0.00  19 0.00 0.64 0.36 0.00 
5 0.01 0.21 0.77 0.00  20 0.03 0.35 0.62 0.00 
6 0.00 0.35 0.65 0.00  21 0.26 0.23 0.51 0.00 
7 0.00 0.51 0.49 0.00  22 0.12 0.38 0.50 0.00 
8 0.00 0.07 0.93 0.00  23 0.01 0.53 0.46 0.00 
9 0.08 0.49 0.43 0.00  24 0.01 0.76 0.22 0.00 

10 0.01 0.64 0.35 0.00  25 0.07 0.88 0.05 0.00 
11 0.00 0.33 0.67 0.00  26 0.00 0.31 0.69 0.00 
12 0.20 0.46 0.34 0.00  27 0.00 0.28 0.72 0.00 
13 0.00 0.22 0.78 0.00  28 0.00 0.29 0.71 0.00 
14 0.00 0.07 0.93 0.00       

 

 

5. Model calibration: spin-up and stability 

 

The time required to reach the state of equilibrium for the fish species reflects the time of moving one 
cohort through all the age groups, i.e. 10 years. The spin-up period of the lower trophic levels and the 
detritus groups was longest, this is despite their fast turnover times. Even though it is normally the higher 
trophic levels that determine the length of the spin-up, this is still a reflection of their food web role, 
where many groups depend on them, and the way in which they are influenced by many processes; 
together this means it takes some time for the aggregated conditions to stabilize (Fig 5). 

It is concluded that the comprehensive data collection effort resulted in a very robust first set of 
parameters which did not need to be altered significantly throughout the calibration process. The 
parameters which were initially described with very little confidence levels require time-consuming 
balancing. These key parameters - growth rate, mortality rates, consumption rate – constitute the typically 
most sensitive areas of the parameters space regardless of the complexity and model structure.  
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Calibrating the availability parameter presented the biggest obstacle in obtaining a balanced ecosystem 
state. During the calibration process these values were frequently and drastically adjusted, sometimes by 
orders of magnitude. Due to lack of a measurable equivalent of the availability parameters, the criterion 
for making these adjustments was subjective and required a trial and error approach. The iterative 
changes aimed at preventing a group from becoming extinct due to overconsumption, or to bring the 
emergent diet to a state matching the extensive in-house expert knowledge on the subject or published 
field and modeling records in other cases. It should be noted that in the absence of objective multi-
parameter optimization tools available, there are many possible alternative parameterization sets that 
would enable a balanced and steady ecosystem. Therefore, we cannot consider the current 
parameterization optimum. For instance, the same levels of primary production in the water column could 
be achieved by decreasing the availability of phytoplankton to zooplankton while simultaneously 
increasing natural mortality or decreasing nutrient and light acquisition parameter values. These rates are 
virtually non-measurable in the field and their published values are typically a product of mass balance 
calculations in NPZ type models. The majority of phytoplankton rate parameters we adopted from the 
ERGOM model and opted to keep them relatively unchanged, while focusing on adjusting the more 
arbitrary availability parameter. 

Another source of great uncertainty, and thus an area of intense parameter tuning, was that of growth 
and consumption rates of vertebrate groups. While the initial guesses were fairly well constrained using 
size-based scaling laws of metabolic theory, up to an order of magnitude adjustments had to be made for 
some groups. The two criteria used to adjust these rates were: (i) obtaining an expected (= initial) 
structural and reserve weight per age group and (ii) an expected diet composition which is a nonlinear 
product of availability, growth rate, consumption rate and assimilation rate among other less important 
parameters.  

Another difficulty is that there are likely several alternative sets of parameters which could describe the 
growth and reproduction dynamics of many biological groups. 

 

Table S: Annual average total Baltic Sea biomass [metric tons] of all active biological groups in the Baltic Atlantis 
model averaged over the last five years (from a total of year 60). For vertebrates, for which good constraints on 
abundance/biomass distributions were available, “x initial” factor difference as relative to initial/expected conditions 
is given as well.   

Group code 
Biomass  

Group code 
Biomass  

metric tons x initial  metric tons  

MHP 
1628 -0.05  

BF 
52624296  

SEA 
6976 0.00  

PO 
152441990  

SBD 
21544 0.26  

MA 
8825772  

FCD 
182379 0.14  

SG 
885008  

FSR 
7672327 2.72  

MS 
13289790  

FHR 
1709495 -0.05  

ZG 
5987087  

FFL 
78867 -0.16  

ZM 
73190896  

FWH 
133408 -0.02  

ZS 
13918001  
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FSP 
420132 0.27  

PL 
25904686  

FSD 
1030842 0.05  

PS 
14534864  

FPR 
1186766 0.15  

BP 
13093200  

FCP 
773445 0.05  

BB 
5016428  

NE 
75633   

DL 
7638727  

HF 
5840067   

DR 
10859636  

SF 
27103291   

DIN 
193152692  

 
   

Total Biomass 
444447181  

  

 

 

6. Result graphs 

 
Fig B. 120 year simulation run 
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Fig D. One-year cycle of Chl-a in the different polygons 
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Fig E. Relative biomass – initial condition values compared with simulation outcome 
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Fig F. Diet composition of all predators 

 

 

 

 

 

 

 

 

 

 

 

Fig G. Biomass per age group over time for all vertebrates (below) 
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Fig H. Demography distribution for all vertebrates - the number of individuals for each age group 

 

 

 

 

 

 

Fig I. Geographical distribution of all functional groups (below)  
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Fig J. Geographical distribution of oxygen in the different layers. Panel 1 = top layer, panel 7 = bottom layer (below) 
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Fig K. Total biomass of Cod for scenario 1 (baseline) compared to scenario 5 

 

 
Fig L. Relative prey biomass for predator cod, baseline compared to scenario 5 
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Fig M. One-year cycle of nutrients in the different polygons 
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C. The FISHRENT model 

 

FISHRENT is a robust bio-economic model with a long history of development (Cobb & Douglas, 1928; Salz 
et al., 2010). The model is a deterministic bio-economical model applying dynamic feedback between 
fisheries and exploited fish stocks in the sense that year-on-year changes observed for e.g. total fish stock 
biomass in the main stock areas (see below) are fed back into the model to update fishing opportunities, 
while at the same time year-to-year changes in fishing opportunities (represented by fishing capacity) will 
feed back into the model and affect stock development.  

The biological module in FISHRENT is founded on ICES published data (www.ices.dk) on exploited fish 
stock status, i.e. biomass (www.ices.dk) for the key stocks where production, growth and recruitment 
parameters are estimated externally to populate the necessary biological functions in the model that 
tracks the status of the fish stocks. The input of the different fish stocks is not spatially explicit according 
to main stock area, i.e. in the present context, the model covers only one stock unit per species per main 
area covering the Kattegat and the western Baltic Sea, respectively. FISHRENT uses a Cobb-Douglas 
production function [105] to estimate catch value year-on-year. A detailed outline of the equations 
included in the model is given below. 

 

Fig C. The FISHRENT model diagram, here applied to Kattegat and Western Baltic. 
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1. FISHRENT KWB 

Economic models are usually constructed as normative (thought) models i.e. models that recommend the 
best possible solutions from an economic point of view (also named what’s best), or as models that project 
what may happen when exogenous limitations are imposed onto the model (also named what if). Some 
economic models are positivistic i.e. what things are (Hausman, 1989). Therefore, economic projections 
are usually carried out and compared with a base line case. Validation of such models is therefore based 
on coherence with economic theory rather than correspondence with real life data.  

(Frost et al., 2011) aimed to validate FISHRENT in terms of coherence with economic theory, which in 
normative models may be of greater importance than empirical evidence. However, the latter must not 
be disregarded in real life assessments. In the EU-FP7 project MYFISH, the FISHRENT has been calibrated 
using real-life data and the base year output validated against real life data, with good correspondence.  

Arnason (2000) classifies fisheries economic models into three groups:  1) Analytical with no or little 
empirical content 2) Empirical with an empirical description of a fishery 3) Numerical and generally solved 
by numerical methods using computers. 

FISHRENT, in its basic version, covers all three model types of which type 3 is the most difficult to construct 
and operate. FISHRENT KWB is a combination of a type 2 and a type 3 model. An empirical/numerical 
model in the sense that it needs numerically estimated values for a large number of the input parameters, 
while some input parameters must be estimated empirically due to lack of data. A model like this is 
sensitive to initial data input and requires continuous data collection and data validation. As such the 
value of using FISHRENT KWB lies in relative rather than absolute outputs. 

 

2. Calibration of FISHRENT I: Danish fleet data 

The FISHRENT model has been calibrated with 2012 fisheries dynamics parameters as the initial year for 
forward projections, given nutrient load scenarios. This calibration year is chosen because adequate data 
for fisheries dynamics parameters to inform the FISHRENT model are not available for 2005 but only for 
the period from 2010 and onwards. Furthermore, significant changes in fisheries management and 
regulations were implemented for the Danish fishery in 2007-2008 with the introduction of the individual 
vessel based quotas for demersal stocks and fisheries similar to existing individual quota regulation for 
pelagic stocks and fisheries. Consequently, this regulation changed the fishing behavior significantly from 
2007 and in the following years for main fisheries in the Kattegat and western Baltic Sea area. Accordingly, 
2012 gives a more realistic and precise picture of the fishing patterns in the 60-year projection period 
compared to the 2005 fishing pattern. In addition, the compliance to regulations increased with 
introduction of the individual quotas in general which overall improved the quality of the fishery data. 
Finally, the river run-off of nutrients was at the same level in 2012 as in 2005, while for the intermediate 
years such as 2009-2010 the nutrient river runoff significantly deviated from this level. The implications 
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for choosing 2012 instead of 2005 as calibration year are described further below, as the initial biomass 
and fishing mortality will be different.  

Danish vessels that operated in 2012, in the Kattegat and/or in the Western Baltic, including the Sound 
and the Great Belt, have been extracted from the Danish logbook register (obtained from the Danish 
AgriFish Agencies database; www.naturerhverv.dk/fiskeri/erhvervsfiskeri/indberetning-og-foering-af-
logbog). In total, 259 vessels were selected and distributed on gear type and operating area as displayed 
in Table J. This covered 123 vessels that operated solely in the Kattegat and areas outside the western 
Baltic, 93 vessels that operated solely in the Western Baltic and areas outside Kattegat, and 43 vessels 
operated in both areas and other areas in 2012. Overall, 9 vessel segments are represented, defined by 
gear and vessel length. Total catch value and catch value distribution by segment in 2012, including 
catches in other areas than the Kattegat and the Western Baltic, are given in Table K. Of these 9 segments 
four (Netters and liners less than 12 meters, and Trawlers 12-15 meters, 15-18 meters and 18-24 meters) 
cover more than 85% of the total catch value. It was therefore decided to focus on these four fleet 
segments in the model evaluations.  

Table M displays the economic input data used to initialize the model (used in equations a4 to a9 in the 
model description below). The data is based on the 2012 account statistics data for the Danish fishing 
fleet. The ‘Revenue scaling’ parameter is the amount the revenue obtained from catching the 7 target 
species in the model is scaled up to get the full revenue of the fleet segment from catching all species in 
all waters the fleet operates in (corresponding to the OsFf  parameter in equation a4 below). This number 
is based on landings values (from the logbook register) obtained by each fleet in 2012.  

Table N displays the prices used to evaluate revenue in the model (cf. equation a4 below). These are also 
based on 2012 logbook data for catch weight and value for each included fleet segment and species. 

Output from FISHRENT comprises total revenues, costs, profits and the Net Present Values (NPVs) 
resulting from operating in all waters that the included fleets are active in, and not only in Kattegat and 
the Western Baltic. To evaluate an estimate of the revenues, costs and profits resulting from operating in 
the Kattegat and the Western Baltic alone, revenues and revenue-based costs are scaled down by revenue 
fractions in the Kattegat and the Western Baltic for each fleet, while effort dependent costs are scaled 
down by effort fractions in the Kattegat and the Western Baltic. Both the revenue and effort fractions, 
displayed in Table O, are based on 2012 data.  

 

3. Calibration of FISHRENT II: Biological data 

In the model evaluations, focus is on cod caught in the Kattegat (COD_KA), cod caught in the Western 
Baltic (COD_WB), and on Sprat, Herring, Whiting, Flatfish (represented by plaice and flounder) and 
Nephrops, all groups are aggregated over the Kattegat and the Western Baltic (SPR_KAWB, HER_KAWB, 
WHI_KAWB, FLAT_KAWB, NEP_KAWB). These species represent the most abundant, ecological important 
and commercially valuable species in the WBS. Table L shows how much the catch value of each of these 
species constituted of the total catch value for each of the four included fleet segments in 2012. Cod 
caught in the Western Baltic and Nephrops are the most important species followed by Sprat and Flatfish. 

Table J displays the initial biomasses used in FISHRENT (the ‘TSB Atlantis’ column), used to evaluate 
catches (cf. equation a10 below). These are equal to the equilibrium biomasses that have been estimated 
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by Atlantis (details of the calculation of the biomass levels in 2005 for ATLANTIS are given in section B.2.), 
together with the long term relative changes in these for the main fish stocks given the nutrient load 
scenarios. These relative changes in biomass have accordingly been applied to the initial biomasses used 
in FISHRENT. To limit the effects of bias due to differences in the two model calibrations, we explicitly use 
relative and not absolute changes in fish biomass as inputs to economic scenarios evaluated in FISHRENT, 
and as such the linking of the models are based on the relative changes in fish biomass estimated by 
ATLANTIS given eutrophication levels which accordingly are applied as similar relative changes in 
FISHRENT and projected forwards. Consequently, the presented analysis cannot be viewed as time series 
forecast but rather as a time slice scenario exploration approach.  

Table J moreover displays total allowable catches (TAC) in 2012 used to initialise the FISHRENT model for 
the seven species groups included in the model. The TACs are used in the catch constraint of the FISHRENT 
optimization (equation a2 below). 

It must be noticed that the initial levels of TAC for the most important fish stocks both in the ecosystem 
and for the fisheries main fish stocks are both in Atlantis and FISHRENT models held constant throughout 
the projection period, and equal to the values given in Table J. Moreover the TSBs are held constant in 
FISHRENT and equal to the ‘TSB Atlantis’ values. This has been done to distinguish and evaluate effects of 
different nutrient load scenarios which are not potentially confounded with effects of changes in fisheries 
dynamics, fisheries management, and fishing mortality. For the same reason recruitment has been set 
equal to zero in FISHRENT throughout the projection period. 

 

Table J. Total Stock Biomass, TSB (tonnes), and natural mortalities (M), target fishing mortalities (F) and 
TACs (tonnes) in 2012, for the seven species groups included in the FISHRENT model and TSB and F from 
the Atlantis model, also input for the FISHRENT model.  

Species TSB (2005 ICES/Atlantis) M Target F (2005 ICES/Atlantis) TAC 

COD_KA1 6625 (4823/6155) 0.266 0.4 (1.0/0.32) 133 
COD_WB2 58454 (48874/47608) 0.2 0.6 (1.1/0.32) 21300 
SPR_KAWB3 108368 (NA/422444) 0.34 0.3 (0.5/0.07) 44341 
HER_KAWB4 141883 (215654/118916) 0.244 0.26 (0.6/0.12) 25358 
WHI_KAWB5 7169 (NA/130682) 0.7 0.3 (0.3/0.10) 500 
FLAT_KAWB6 16545 (NA/33158) 0.15 0.25 (0.6/0.60) 2000 
NEP_KAWB7 44307 (NA/75633) 0.266 0.1 (0.1/0.07) 2766 

The corresponding values for 2005 is given in brackets originating from the same sources (where available) and used 
as inputs to Baltic Atlantis (either from ICES or based on the SMS model). For the F’s it is observed F’s rather than 
target F according to long term management plans. Sources for the data are given in table footers. M values are 
constant over years. KA = Kattegat, WB = Western Baltic Sea, SPR = sprat, HER = herring, WHI = whiting, FLAT = 
flatfish, NEP = Nephrops. 

1 [82], Cod in division IIIaS (Kattegat) 

2 [83]  

3 [84] 

4 [84] 

5 [85] 

6 [86] 
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7 [87] 

 

 

Finally, Table Q displays the TAC shares used in the model, i.e. the share each fleet segment has of the 
total TAC of each of the species groups (used in equation a2 below). 

 

4. Calibration of the Cobb Douglas Catch equations 

 

Landings are evaluated in FISHRENT using the Cobb-Douglas functions (Cobb & Douglas, 1928) (cf. 
equation a10 below). Constant returns to scale is assumed, i.e. that the sum of the effort and biomass 
elasticities is 1. This assumption is supported by a study of the Iberian-Atlantic hake fishery, where the 
catch-effort (alpha) and catch-stock coefficients (beta) in the Cobb-Douglas function are estimated at 0.59 
and 0.24, respectively, for the trawl fleet and 0.14 and 0.74 for the gill net fleet (Garza-Gil et al., 2003). 
Others find increasing returns to scale (IRS). (Eide et al., 2003) e.g. estimate alpha and beta to be 1.23 and 
0.42, respectively, for the Norwegian bottom trawlers targeting cod in a model with technical progress, 
and (Kronbak & Lindroos, 2005) estimates alpha and beta to be 0.75 and 0.64, respectively, for bottom 
trawlers in the Baltic Sea. It is reasonable to expect that the catch-effort elasticity is higher for trawlers 
than for gill netters and vice versa for the catch-stock elasticity. Therefore, the catch-effort elasticity alpha 
has been set to 0.6 for the trawlers and 0.4 for the netters in the present context, while the catch-stock 
elasticity beta has been set to 0.4 for the trawlers and 0.6 for the netters. The corresponding intercepts, 
i.e. the value of the Cobb-Douglas functions when both biomass and effort are unity, are given in Table R. 
These are based on average logbook effort and landings data for the included fleet segments in 2012. 

 

5. Calibration of FISHRENT vs. Calibration of Atlantis 

As outlined above the FISHRENT model is initiated with the long run equilibrium biomasses estimated 
from Atlantis, rather than the original 2012 biomasses (also listed in the Table J1), even though the model 
is calibrated for 2012 for the fishing fleets. Although the 2012 biological conditions are not the same as 
the 2005 conditions used to calibrate the Baltic Atlantis, the differences in TSBs for most fish groups are 
not very large, i.e. orders of magnitude. These values cover the main fish stocks being most important 
both in ecosystem and fisheries context in the Kattegat and the Western Baltic area and the values are 

1 The majority of the 2012 TSBs displayed in Table J are estimates based on ICES stock assessment data [74; 77; 79; 
112-114] for larger stock areas than the Kattegat and the Western Baltic, as stock estimates for these areas alone in 
most cases do not exist. Stock sizes have been scaled according to relative subarea sizes compared to the larger 
stock distribution and assessment areas (to match how initial stock biomasses in Atlantis have been re-distributed 
according to subareas). The natural mortalities and target fishing mortalities displayed in Table J are all based on 
ICES Working group estimates [74; 77; 79; 112-114], and, as for the TSB values, are for most species groups based 
on estimates for areas larger than Kattegat and the Western Baltic.  
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generally in the same order of magnitude and at comparable levels as the biomasses in 2005 used in the 
initialization of the ATLANTIS model (shown in brackets in Table J). However, there are exceptions with 
respect to whiting and flatfish whose biomasses appear to be higher in 2012, and sprat whose biomass 
appears to be lower in 2012 compared to 2005, in the initial inputs to the Baltic Atlantis model. In general, 
ICES assessments estimate extensive yearly variability in total stock biomasses for those stocks because 
of high recruitment variability and relatively few year classes in the cohorts (see references in Table J).  

The above are naturally quite strong assumptions, but for the present purpose of assessing how well the 

 

 

6. FISHRENT and linking to Atlantis 

An important limitation with using FISHRENT is the fact that there is no cyclic feedback between the 
economic and fisheries structural changes simulated by FISHRENT resulting in changing fishing mortality 
and the biological production evaluated by the Baltic Atlantis. The current configuration of the integrated 
modeling framework does not therefore allow for time series forecast simulations. Rather we 
demonstrate the capability of exploring time-slice long term scenario economic consequences in an 
ecosystem brought to a state of a new equilibrium under strong human-induced perturbations. Naturally, 
a time series forecast would require very different assumptions, both in terms of economic and biological 
feedbacks. 

More specifically, relative (%) change in annual average biomass of the selected commercially harvested 
biological groups per polygon is converted into relative biomass change of these groups in the two regions: 
the Kattegat and the Western Baltic, providing for exploratory bio-economic scenario analysis of effects 
on the fishery due to changed eutrophication. Consequently, there is at present no dynamic feedback 
between changes in the FISHRENT fishing and fleet economics back into the biological productivity 
simulated by Baltic Atlantis. The constant fishing pressure applied in Baltic Atlantis is not necessarily 
equivalent to the fishing pressure modeled in FISHRENT. To illustrate an example of the potential 
ecosystem impacts of using different F values, we analysed the sensitivity of the model using different F 
values on cod and sprat. Details of this sensitivity study are presented in the main paper (Fig 12).  

 

 

7. Model equations 

 

In the optimization scenarios run with the FISHRENT KWB model, the NPV of the total fishery represented 
by the four fleets, over a period of 25 years, is maximized, given the restriction that the total catches of 
target species are kept below the set TACs each year. Thus, the optimization scenarios can be 
characterized by Maximum Economic Yield (MEY) (Gordon, 1954; Scott, 1955) given long term 
sustainability of the included stocks.  

Thus, in the present context FISHRENT maximizes the total net present value (NPV) of the fishery (the 
objective function) over a given time period (set to 25 years in the present context):                                                                                                       
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𝑚𝑚𝑎𝑎𝑜𝑜𝑁𝑁𝑁𝑁𝑦𝑦,𝑓𝑓,𝐷𝐷𝐷𝐷𝐷𝐷𝑦𝑦,𝑓𝑓𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑚𝑚𝑎𝑎𝑜𝑜𝑁𝑁𝑁𝑁𝑦𝑦,𝑓𝑓,𝐷𝐷𝐷𝐷𝐷𝐷𝑦𝑦,𝑓𝑓�∑ 𝑁𝑁𝑦𝑦,𝑓𝑓 ∙ (1 + 𝜌𝜌)−𝑦𝑦𝑦𝑦,𝑓𝑓 �                                                          (a1) 

 

 

Where 𝑁𝑁𝑦𝑦,𝑓𝑓 is the profit obtained by fleet f (the sum over f being over the fleet segments included in the 
model, 4 in all in the present context, cf. the discussion of calibration below) in year y, and 𝜌𝜌 the discount 
rate, which is in the present context set to 3.5%. The independent variables in the maximization are the 
number of vessels 𝑁𝑁𝑁𝑁𝑦𝑦,𝑓𝑓 in fleet segment f in year y and the number of days at sea per vessel 𝐷𝐷𝐷𝐷𝐷𝐷𝑦𝑦,𝑓𝑓 
exerted by fleet segment f in year y. Thus, the actors in FISHRENT are the fishers, or more specifically fleet 
segments, choosing to use their DAS per vessel, and invest/disinvest in number of vessels, in an 
economically optimal way over the simulation period. It is assumed that the number of vessels of a given 
fleet segment can only change by ±4%-10% per year. Thus that a fleet cannot ‘sell out’ all vessels from 
one year to the next. 

In the model optimizations, total catches of each target species species are restricted under the TACs. 
‘Total catches’ refers both to the sum of the catches taken by the four fleet segments, and the catches 
taken by all other fleets. ‘Target species’ include all species, except for the cod in Kattegat (COD_KA) and 
the whiting in both Kattegat and the Western Baltic Sea (WHI_KAWB), seeing that these are not in the 
present context considered target species for the included fleets (a target species is currently defined in 
the model as a species for which the value share of the total fleet catch value in 2012 is more than 2%), 
and as such should not act as choke species (i.e. one particular species for which you finished your quota 
and prevents you from fishing any further out of risk to exceed the quota).  

Thus, the maximization given in equation (a1) is performed subject to the constraint that the total catch 
taken of target species s in year y by the total Danish fleet operating in Kattegat and the Western Baltic is 
less than the Danish quotas in these areas: 

∑ 𝐶𝐶𝑦𝑦,𝑓𝑓,𝑠𝑠𝑓𝑓
∑ 𝑇𝑇𝐷𝐷𝐶𝐶𝑠𝑠ℎ𝑓𝑓,𝑠𝑠𝑓𝑓

≤ 𝑇𝑇𝐷𝐷𝑇𝑇𝑦𝑦,𝑠𝑠                                                                                                                 (a2) 

Where 𝑇𝑇𝑦𝑦,𝑓𝑓,𝑠𝑠 is the catch, less high-grading2, of target species s taken by fleet segment f in year y (see 
equation a10), 𝑇𝑇𝐷𝐷𝑇𝑇𝑦𝑦,𝑠𝑠is the TAC of species s in year y (cf. Table J). This is assumed constant over the 
simulation period in the present context, as explained above. 𝑇𝑇𝐷𝐷𝑇𝑇𝑠𝑠ℎ𝑓𝑓,𝑠𝑠is the share of the TAC of species 
s historically taken by fleet segment s (cf. Table Q). The sum in the nominator on the left side of the 
equation is the catch of species s taken by the fleet segments included in the model, while the sum in the 
denominator is the historical fraction these segments takes of the TAC of species s, which is used to scale 
the catches determined by the model up to the full catches of species s in year y.  

The profit of fleet f in year y is given by: 

𝑁𝑁𝑦𝑦,𝑓𝑓 = 𝑅𝑅𝑦𝑦,𝑓𝑓 − 𝐹𝐹𝑇𝑇𝑦𝑦,𝑓𝑓 − 𝑇𝑇𝑇𝑇𝑦𝑦,𝑓𝑓 − 𝑁𝑁𝑇𝑇𝑦𝑦,𝑓𝑓 − 𝐹𝐹𝑜𝑜𝑇𝑇𝑦𝑦,𝑓𝑓 − 𝑇𝑇𝑎𝑎𝑇𝑇𝑦𝑦,𝑓𝑓                                                                    (a3) 

2 In the present context there will only be high-grading discard of fish below minimum landings size, and no 
overquota discards, as it is, given the maximization of the NPV, assumed that the fishers comply with the Danish 
quotas. 
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Where 𝑅𝑅𝑦𝑦,𝑓𝑓 is the revenue, fyFC , the fuel costs, fyCC , the crew costs, fyVC , the other variable costs, 

fyFxC , the fixed costs and fyCaC , the capital costs of fleet f in year y. 

The revenue is given by: 

𝑅𝑅𝑦𝑦,𝑓𝑓 = (∑ 𝑇𝑇𝑦𝑦,𝑓𝑓,𝑠𝑠 ∙ 𝑑𝑑𝑓𝑓,𝑠𝑠𝑠𝑠 ) ∙ (1 + 𝑂𝑂𝑠𝑠𝐹𝐹𝑖𝑖𝑓𝑓)                                                                                                 (a4) 

Where sfyp ,, is the price (cf. Table N) obtained by fleet f for species s in all years (prices are in the present 

context assumed constant over the simulation period). 

                                                                                                                      

The fuel costs are given by: 

ffyfy fcEFC ⋅= ,,                                                                                                                                  (a5) 

Where ffc are the fuel costs per sea day (cf. Table M), and 𝐸𝐸𝑦𝑦,𝑓𝑓 = 𝑁𝑁𝑁𝑁𝑦𝑦,𝑓𝑓 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷𝑦𝑦,𝑓𝑓 is the total effort 

(number of sea days) exerted by fleet segment f in year y 

 

The crew costs are given by: 

𝑇𝑇𝑇𝑇𝑦𝑦,𝑓𝑓 = 𝑅𝑅𝑦𝑦,𝑓𝑓 ∙ 𝑐𝑐𝑐𝑐𝑓𝑓                                                                                                                                 (a6) 

Where fcc is the fraction of the revenue used as wages (cf. Table M).  

 
The variable costs are given by: 

ffyfy vcRVC ⋅= ,,                                                                                                                                  (a7) 

Where fyvc ,  is the fraction that the variable costs will constitute of the revenue (cf. Table M).  

 

The fixed costs are given by: 

fyffy fcNVFxC ⋅= ,,                                                                                                                             (a8) 

Where ffc is the fixed cost per vessel in fleet f (cf. Table M).  

 

The capital costs are given by: 

ffyfy caNVCaC ⋅= ,,                                                                                                                             (a9) 

Where fca is the capital costs per vessel in fleet segment f (cf. Table M). 
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The catch, less highgrading, of species s taken by fleet f in year y is given by the Cobb-Douglas form: 

𝑇𝑇𝑦𝑦,𝑓𝑓,𝑠𝑠 = 𝑎𝑎0𝑓𝑓,𝑠𝑠 ∙ �𝐸𝐸𝑦𝑦,𝑓𝑓�
𝑠𝑠1𝑓𝑓,𝑠𝑠 ∙ (𝐵𝐵𝑦𝑦,𝑠𝑠)𝑠𝑠2𝑓𝑓,𝑠𝑠                                                                                                (a10) 

where 𝑎𝑎0𝑓𝑓,𝑠𝑠, 𝑎𝑎1𝑓𝑓,𝑠𝑠 and 𝑎𝑎2𝑓𝑓,𝑠𝑠 are the parameters of the Cobb-Douglas function (a0 given in Table R, a1 and 
a2 discussed in the section describing calibration above). 𝐵𝐵𝑦𝑦,𝑠𝑠 is the total stock biomass of species s in year 
y, which is in the present context assumed constant over the simulation period (‘TSB Atlantis’ in Table J). 

 

 

8. Tables 

 

Table K. Danish fleet segments operating either in the Kattegat (KA), the Western Baltic (WB) or in both areas (KAWB) 
in 2012.  
Fleet Segment Area Number of vessels 

GK1215m WB 2 

GK1518m KA 1 

GK1518m WB 3 

GKu12m KA 12 

GKu12m WB 42 

GKu12m KAWB 11 

JOLRUSu12m KA 3 

JOLRUSu12m WB 21 

JOLRUSu12m KAWB 1 

SNV1824m WB 4 

TRA1215m KA 36 

TRA1215m WB 10 

TRA1215m KAWB 14 

TRA1518m KA 41 

TRA1518m WB 7 

TRA1518m KAWB 13 

TRA1824m KA 22 

TRA1824m WB 1 

238



TRA1824m KAWB 2 

TRAu12m KA 8 

TRAu12m WB 3 

TRAu12m KAWB 2 

Note: ‘GK1215m’=Netters and Liners 12-15 meters, ‘GK1518m’=Netters and Liners 15-18 meters, ‘GKu12m’=Netters 
and Liners below 12 meters, ‘JOLRUSu12m’=Dinghies below 12 meters, ‘SNV1824m’=Danish Seine 18-24 meters, 
‘TRA1215m’=Trawlers 12-15 meters, ‘TRA1518m’=Trawlers 15-18 meters, ‘TRA1824m’=Trawlers 18-24 meters, 
‘TRAu12m’=Trawlers below 12 meters. 

 

Table L. Catch value and catch value distribution for the 9 Danish fleet segments operating in the Kattegat and/or 
the Western Baltic in 2012.The table shows that Netters and liners less than 12 meters, and Trawlers 12-15 meters, 
15-18 meters and 18-24 meters cover more than 85% of the total catch value. It has therefore been decided to 
focus on these four fleet segments in the model evaluations.  

Fleet segment Catch Value (1000 €) Catch value distribution 
(%) 

 

GK1215m 276 0.44 

GK1518m 2053 3.28 

GKu12m 6113 9.75 

JOLRUSu12m 1984 3.17 

SNV1824m 1971 3.14 

TRA1215m 11675 18.62 

TRA1518m 21666 34.56 

TRA1824m 15525 24.76 

TRAu12m 1427 2.28 

Note: ‘GK1215m’=Netters and Liners 12-15 meters, ‘GK1518m’=Netters and Liners 15-18 meters, ‘GKu12m’=Netters 
and Liners below 12 meters, ‘JOLRUSu12m’=Dinghies below 12 meters, ‘SNV1824m’=Danish Seine 18-24 meters, 
‘TRA1215m’=Trawlers 12-15 meters, ‘TRA1518m’=Trawlers 15-18 meters, ‘TRA1824m’=Trawlers 18-24 meters, 
‘TRAu12m’=Trawlers below 12 meters. 

Table M. Economic input data for the 4 fleet segments included in the FISHRENT model, based on 2012 data. 

 GKu12m TRA1215m TRA1518m TRA1824m 

Fuel cost per Day (1000 €) 0.0575 0.2975 0.4686 0.8129 

Crew Share of revenue 0.4963 0.3938 0.3711 0.3334 
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Variable cost share of revenue 0.1484 0.0913 0.0858 0.1008 

Fixed cost per vessel (1000 €) 29.80 56.24 93.56 166.28 

Capital cost per vessel (1000 €) 15.56 31.81 66.95 141.34 

Investment price (1000 €) 76.9 198.5 492.4 956.0 

Revenue scaling 1.76 1.72 2.11 3.14 

 

Table N. Species prices (1000 €/tonnes) based on 2012 landings data. 

Species GKu12m TRA1215m TRA1518m TRA1824m  

COD_KA 3.23 2.71 2.67 3.38 

COD_WB 2.46 1.65 1.48 1.84 

SPR_KAWB 0.00 0.26 0.26 0.26 

HER_KAWB 0.57 0.65 0.50 0.60 

WHI_KAWB 0.75 0.75 0.81 0.81 

FLAT_KAWB 1.12 0.85 0.80 0.88 

NEP_KAWB 18.10 8.52 8.37 8.58 

 

Table O. Revenue and effort Fractions in Kattegat and Western Baltic of total Revenue obtained and effort exerted 
in 2012 in all waters by the four fleet segments included in the FISHRENT model. 

 Kattegat Western Baltic 

Rev fraction Effort fraction Rev fraction Effort fraction 

GKu12m 0.08 0.06 0.62 0.61 

TRA1215m 0.44 0.58 0.21 0.11 

TRA1518m 0.32 0.49 0.20 0.08 

TRA1824m 0.28 0.16 0.02 0.005 

 

Table P. Catch value fraction (%) of species included in the FISHRENT model of total catch value in 2012 for the four 
fleet segments included in the model. 

 GKu12m TRA1215m TRA1518m TRA1824m  

COD_KA 0.1 0.2 0.2 0.2 
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COD_WB 44.62 13.54 9.23 0.63 

SPR_KAWB 0.00 4.04 7.14 14.75 

HER_KAWB 0.41 0.58 2.86 7.18 

WHI_KAWB 0.01 0.06 0.08 0.00 

FLAT_KAWB 11.38 3.71 2.92 0.34 

NEP_KAWB 0.02 35.83 25.02 8.75 

Total 57.65 65.37 53.19 32.00 

 

Table Q. TAC shares for the four fleet segments included in the FISHRENT model for each of the 7 species groups. 

Species GKu12m TRA1215m TRA1518m TRA1824m 

COD_KA 0.02 0.09 0.14 0.08 

COD_WB 0.05 0.06 0.00 0.05 

SPR_KAWB 0.04 0.13 0.20 0.00 

HER_KAWB 0.00 0.05 0.07 0.00 

WHI_KAWB 0.02 0.04 0.00 0.00 

FLAT_KAWB 0.25 0.40 0.03 0.31 

NEP_KAWB 0.18 0.23 0.06 0.00 

 

Table R. Cobb-Douglas intercept parameters (tonnes) used in the FISHRENT model 

Species GKu12m TRA1215m TRA1518m TRA1824m 

COD_KA 0.0006 0.0022 0.0028 0.0020 

COD_WB 0.0653 0.0732 0.0843 0.0045 

SPR_KAWB 0 0.1087 0.2891 0.5923 

HER_KAWB 0.0015 0.0055 0.0548 0.1110 

WHI_KAWB 0.0001 0.0017 0.0029 0.0001 

FLAT_KAWB 0.0778 0.0463 0.0817 0.0085 

NEP_KAWB 0 0.0419 0.0451 0.0151 
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9. FISHRENT results: 

 

Table T. Total revenue (mill EUR) over the period 2012-2037 for the four fleet segments in each of the four scenarios. 
Revenue is shown over all waters shown, together with revenue in Kattegat and in the Western Baltic 

Scenario Sea TRA1215m TRA1518m TRA1824m GKu12m 

Scenario 1 

Total 216,2 541,0 325,2 147,4 

Kattegat 95,1 173,1 91,0 11,8 

Western Baltic 45,4 108,2 6,5 91,4 

Scenario 2 

Total 216,3 540,8 325,2 147,4 

Kattegat 95,2 173,1 91,0 11,8 

Western Baltic 45,4 108,2 6,5 91,4 

Scenario 3 

Total 259,0 527,1 294,1 139,4 

Kattegat 113,9 168,7 82,3 11,2 

Western Baltic 54,4 105,4 5,9 86,4 

Scenario 4 

Total 227,6 535,2 326,0 143,4 

Kattegat 100,2 171,3 91,3 11,5 

Western Baltic 47,8 107,0 6,5 88,9 

 

 

Table U. Total fuel costs (mill EUR) over the period 2012-2037 for the four fleet segments in each of the four scenarios. 
Fuel costs are shown over all waters shown, together with fuel costs in Kattegat and in the Western Baltic 

Scenario Sea TRA1215m TRA1518m TRA1824m GKu12m 

Scenario 1 

Total 11,4 40,0 31,8 3,1 

Kattegat 6,6 19,6 5,1 0,2 

Western Baltic 1,3 3,2 0,2 1,9 

Scenario 2 

Total 11,4 40,0 31,8 3,1 

Kattegat 6,6 19,6 5,1 0,2 

Western Baltic 1,3 3,2 0,2 1,9 

Scenario 3 Total 16,5 41,7 28,4 2,7 
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Kattegat 9,6 20,4 4,5 0,2 

Western Baltic 1,8 3,3 0,1 1,6 

Scenario 4 

Total 12,9 41,4 33,7 2,9 

Kattegat 7,5 20,3 5,4 0,2 

Western Baltic 1,4 3,3 0,2 1,8 

 

 

Table V. Total crew costs (mill EUR) over the period 2012-2037 for the four fleet segments in each of the four 
scenarios. Crew costs are shown over all waters shown, together with crew costs in Kattegat and in the Western 
Baltic 

Scenario Sea TRA1215m TRA1518m TRA1824m GKu12m 

Scenario 1 

Total 85,1 200,8 108,4 73,1 

Kattegat 37,5 64,2 30,4 5,9 

Western Baltic 17,9 40,2 2,2 45,3 

Scenario 2 

Total 85,2 200,7 108,4 73,1 

Kattegat 37,5 64,2 30,4 5,9 

Western Baltic 17,9 40,1 2,2 45,3 

Scenario 3 

Total 102,0 195,6 98,0 69,2 

Kattegat 44,9 62,6 27,5 5,5 

Western Baltic 21,4 39,1 2,0 42,9 

Scenario 4 

Total 89,6 198,6 108,7 71,1 

Kattegat 39,4 63,6 30,4 5,7 

Western Baltic 18,8 39,7 2,2 44,1 

 

 

Table W. Total variable costs (mill EUR) over the period 2012-2037 for the four fleet segments in each of the four 
scenarios. Variable costs are shown over all waters shown, together with variable costs in Kattegat and in the 
Western Baltic 

Scenario Sea TRA1215m TRA1518m TRA1824m GKu12m 

Scenario 1 
Total 19,7 46,4 32,8 21,9 

Kattegat 8,7 14,8 9,2 1,7 
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Western Baltic 4,1 9,3 0,7 13,6 

Scenario 2 

Total 19,8 46,3 32,8 21,9 

Kattegat 8,7 14,8 9,2 1,7 

Western Baltic 4,1 9,3 0,7 13,6 

Scenario 3 

Total 23,6 45,2 29,6 20,7 

Kattegat 10,4 14,5 8,3 1,7 

Western Baltic 5,0 9,0 0,6 12,8 

Scenario 4 

Total 20,8 45,9 32,9 21,3 

Kattegat 9,1 14,7 9,2 1,7 

Western Baltic 4,4 9,2 0,7 13,2 

 

 

Table X. Total capital costs (mill EUR) over the period 2012-2037 for the four fleet segments in each of the four 
scenarios. Capital costs are shown over all waters shown, together with capital costs in Kattegat and in the Western 
Baltic 

Scenario Sea TRA1215m TRA1518m TRA1824m GKu12m 

Scenario 1 

Total 18,0 40,0 34,5 10,3 

Kattegat 7,9 12,8 9,7 0,8 

Western Baltic 3,8 8,0 0,7 6,4 

Scenario 2 

Total 18,0 40,0 34,5 10,3 

Kattegat 7,9 12,8 9,7 0,8 

Western Baltic 3,8 8,0 0,7 6,4 

Scenario 3 

Total 18,6 40,6 33,8 10,3 

Kattegat 8,2 13,0 9,5 0,8 

Western Baltic 3,9 8,1 0,7 6,4 

Scenario 4 

Total 18,1 40,5 34,8 10,3 

Kattegat 8,0 12,9 9,7 0,8 

Western Baltic 3,8 8,1 0,7 6,4 
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Table Y. Total fixed costs (mill EUR) over the period 2012-2037 for the four fleet segments in each of the four 
scenarios. Fixed costs are shown over all waters shown, together with fixed costs in Kattegat and in the Western 
Baltic 

Scenario Sea TRA1215m TRA1518m TRA1824m GKu12m 

Scenario 1 

Total 31,7 55,8 40,6 19,8 

Kattegat 14,0 17,9 11,4 1,6 

Western Baltic 6,7 11,2 0,8 12,3 

Scenario 2 

Total 31,7 55,8 40,6 19,8 

Kattegat 14,0 17,9 11,4 1,6 

Western Baltic 6,7 11,2 0,8 12,3 

Scenario 3 

Total 33,0 56,8 39,8 19,8 

Kattegat 14,5 18,2 11,1 1,6 

Western Baltic 6,9 11,4 0,8 12,3 

Scenario 4 

Total 32,0 56,5 40,9 19,8 

Kattegat 14,1 18,1 11,4 1,6 

Western Baltic 6,7 11,3 0,8 12,3 

 

 

Table Z. Total profits (1000 EUR) (mill EUR) over the period 2012-2037 for the four fleet segments in each of the four 
scenarios. ´Profits are shown over all waters shown, together with profit in Kattegat and in the Western Baltic 

Scenario Sea TRA1215m TRA1518m TRA1824m GKu12m 

Scenario 1 

Total 50,3 158,0 77,1 19,1 

Kattegat 20,5 43,8 25,4 1,6 

Western Baltic 11,7 36,4 2,0 11,9 

Scenario 2 

Total 50,3 158,0 77,2 19,1 

Kattegat 20,5 43,8 25,4 1,6 

Western Baltic 11,7 36,4 2,0 11,9 

Scenario 3 

Total 65,2 147,2 64,4 16,7 

Kattegat 26,4 40,0 21,4 1,4 

Western Baltic 15,4 34,4 1,7 10,4 
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Scenario 4 

Total 54,2 152,3 75,1 17,9 

Kattegat 22,0 41,7 25,1 1,5 

Western Baltic 12,7 35,4 2,0 11,2 
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Abstract
Marine	ecosystems	evolve	under	many	interconnected	and	area-	specific	pressures.	To	
fulfil	society’s	intensifying	and	diversifying	needs	while	ensuring	ecologically	sustainable	
development,	more	effective	marine	spatial	planning	and	broader-	scope	management	of	
marine	resources	is	necessary.	Integrated	ecological–economic	fisheries	models	(IEEFMs)	
of	marine	systems	are	needed	to	evaluate	impacts	and	sustainability	of	potential	man-
agement	actions	and	understand,	and	anticipate	ecological,	economic	and	social	dynam-
ics	at	a	range	of	scales	from	local	to	national	and	regional.	To	make	these	models	most	
effective,	it	is	important	to	determine	how	model	characteristics	and	methods	of	com-
municating	results	influence	the	model	implementation,	the	nature	of	the	advice	that	can	
be	provided	and	the	impact	on	decisions	taken	by	managers.	This	article	presents	a	global	
review	and	comparative	evaluation	of	35	IEEFMs	applied	to	marine	fisheries	and	marine	
ecosystem	resources	to	identify	the	characteristics	that	determine	their	usefulness,	ef-
fectiveness	and	implementation.	The	focus	is	on	fully	integrated	models	that	allow	for	
feedbacks	 between	 ecological	 and	 human	 processes	 although	 not	 all	 the	models	 re-
viewed	achieve	that.	Modellers	must	invest	more	time	to	make	models	user	friendly	and	
to	participate	in	management	fora	where	models	and	model	results	can	be	explained	and	
discussed.	Such	involvement	is	beneficial	to	all	parties,	leading	to	improvement	of	mo- 
dels	and	more	effective	 implementation	of	advice,	but	 	demands	substantial	 resources	
which	must	be	built	into	the	governance	process.	It	takes	time	to	develop	effective	pro-
cesses	for	using	IEEFMs	requiring	a	long-	term	commitment	to	integrating	multidiscipli-
nary	modelling	advice	into	management	decision-	making.

K E Y W O R D S

bio-economic	models,	comparative	model	evaluation,	fisheries	management	advice,	integrated	
ecological–economic	fisheries	models,	marine	spatial	planning	and	cross-sector	management,	
performance	criteria	and	scales	and	risks,	use	and	acceptance	and	implementation	and	
communication	and	flexibility	and	complexity
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1  | INTRODUCTION

There	is	a	growing	need	for	tools	to	evaluate	policies	and	assess	trade-	
offs	in	management	of	marine	resources	and	provision	of	ecosystem	
services	 such	 as	 fishing,	 aquaculture,	 renewable	 energy,	 shipping,	
conservation	and	recreation	 (Cormier,	Kannen,	Elliott,	&	Hall,	2015;	
Degnbol	&	Wilson,	2008;	EU	2014;	Langlois,	Fréon,	Steyer,	Delgenés,	
&	Hélias,	2014;	White	et	al.,	2012).	 It	 is	necessary	to	elaborate	and	
apply	common	principles	and	broader,	 interdisciplinary	management	
evaluation	in	the	use	of	marine	space	involving	several	types	of	activi-
ties	and	sectors	(Ramos	et	al.,	2013;	Soma	et	al.,	2013;	Stelzenmüller	
et	al.,	 2013;	Sundblad	et	al.,	 2014).	Policymakers	need	 to	know	 the	
costs	 and	 benefits	 of	 conserving	 ecosystem	 goods	 and	 services	 to	
manage	 them	 sustainably.	 Moreover,	 according	 to	 an	 ecosystem-	
based	 approach	 to	 management,	 specific	 pressures,	 associated	 un-
certainties	and	risks	need	to	be	taken	into	account	(Douvere,	2008;	
Ehler	&	Douvere,	2009;	Gilliland	&	Laffoley,	2008;	Hicks	et	al.,	2016;	
Stelzenmüller	et	al.,	2011).

To	meet	these	needs,	 there	has	been	 increasing	development	of	
Integrated	Ecological–Economic	Fisheries	Models	 (IEEFMs)	over	 the	
last	two	decades	(Bjørndal,	Lane,	&	Weintraub,	2004;	Conrad,	1995;	
Kaplan,	Holland,	&	Fulton,	2014;	Kaplan,	Horne,	&	Levin,	2012;	Kell	
et	al.,	 2007;	 Knowler,	 2002;	 Mullon	 et	al.,	 2009;	 Österblom	 et	al.,	
2013;	 Prellezo	 et	al.,	 2012;	 Punt	 et	al.,	 2011).	 These	models	 incor-
porate	 and	 integrate	 natural	 and	 human	 processes	 that	 have	 been	
the	 focus	of	various	disciplines	 such	 as	oceanography,	 fish	 ecology,	
fisheries	economics,	anthropology	and	sociology	 (Dichmont,	Pascoe,	
Kompas,	Punt,	&	Deng,	2010;	Heal	&	Schlenker,	2008;	Mullon,	2013;	
Nielsen	 &	 Limborg,	 2009;	 Ulrich	 et	al.,	 2012).	 Fundamentally,	 an	
IEEFM	 is	a	mathematical	 representation	of	ecological	and	economic	
systems	which	can	also	integrate	social	systems	in	some	cases	based	
on	linking	components,	parameters	and	processes	of	each	dimension	
(e.g.	De	Marchi,	 Funtowicz,	 Lo	Cascio,	 &	Munda,	 2000;	Österblom,	
Crona,	Folke,	Nyström,	Troell	2016;	Punt	et	al.,	2010;	Thébaud	et	al.,	
2013).

One	of	the	potential	benefits	of	IEEFMs	is	that	one	can	develop	
a	better	and	more	comprehensive	understanding	of	the	feedback	ef-
fects	between	human	multi-actor	activity,	human	economic	structures	
and	ecosystem	dynamics.	This	understanding	may	help	managers	 to	
avoid	 the	 well-	documented	 unintended	 consequences	 of	 manage-
ment	actions	that	might	not	be	predicted	by	simpler	models	that	do	
not	account	for	interactions	and	feedback	processes	between	system	
components	 (Beddington,	Agnew,	&	Clark,	2007;	Hicks	et	al.,	2016;	
Hilborn,	 2007;	 Hilborn,	 2011;	 Hilborn	 et	al.,	 2015;	 Holling,	 2001;	
Marchal	et	al.,	2016;	Ostrom,	2009;	Walters	1998;	Wilen	et	al.,	2002;	
Worm	et	al.,	2009).	Complex	feedbacks	and	impacts	between	ecosy-
stems,	exploited	species	and	fisheries	systems	have	been	investigated	
and	 discussed	 extensively	 (Branch	 et	al.,	 2010;	 Garcia	 &	 Cochrane,	
2005;	 Gascuel	 et	al.,	 2016;	 Hill	 et	al.,	 2007;	 Howarth,	 Roberts,	
Thurstan,	 &	 Stewart,	 2013;	 Marasco	 et	al.,	 2007;	 Murawski	 et	al.,	
2010;	 Neubauer,	 Jensen,	 Hutchhings,	 &	 Baum,	 2013;	 Österblom,	
Jouffray,	Spijkers,	2016;	Pauly	et	al.,	2013;	Plagányi	and	Butterworth	
2004;	Rose	 et	al.,	 2010).	 Comprehensive	 reviews	 of	 ecosystem	 and	

biological	 models	 have	 been	 conducted	 addressing	 this	 complex-
ity	 and	 feedback	 processes	 (e.g.	 Hyder	 et	al.,	 2015;	 Piroddi	 et	al.,	
2015;	Plagányi	 et	al.,	 2014;	Rose	et	al.,	 2010;	Tedesco	et	al.,	 2016).	
Holistic	 (“end-	to-	end”)	models	 have	been	developed	during	 the	 last	
decade	 including	 management	 and	 socio-	economic	 modules	 to	 si-
mulate	ecosystem	complexity	from	diverse	perspectives	(Christensen,	
Steenbeek,	 &	 Failler,	 2011;	 Fulton,	 Smith,	 Smith,	 &	 Johnson,	 2014;	
Fulton	 et	al.,	 2011;	Girardin	 et	al.,	 2016;	Kaplan	 et	al.,	 2012,	 2014)	
allowing	 both	 strategic	 (long	 term)	 and	 tactical	 (medium	 term)	ma-
nagement	advice	on	marine	resources	and	decisions	according	to	best	
practices	(FAO	2008;	Plagányi	2007).	However,	increased	complexity	
within	each	dimension	and	greater	integration	of	the	dimensions,	for	
example	including	economic	dynamics	in	ecosystem	models,	may	also	
increase	the	difficulty	of	parameterizing	the	models	and	understand-
ing	and	communicating	the	results	(e.g.	Stokes	et	al.,	1999;	McAllister,	
Starr,	 Restrepo,	 &	 Kirkwood,	 1999;	 Rochet	 and	 Rice	 2009,	 2010;	
Butterworth	et	al.,	2010;	Kraak,	Kelly,	Codling,	&	Rogan,	2010;	Fulton	
et	al.,	2011,	2014;	Christensen	et	al.,	2011).	There	are	always	trade-	
offs	involved	with	moving	to	these	more	complex	integrated	models	
in	management	advice.	This	 is	especially	the	case	when	several	sec-
tors	 and	 their	 markets	 are	 considered	 which	 increases	 complexity	
and	accordingly	 limits	model	 implementation	(e.g.	Hicks	et	al.,	2016;	
Österblom	et	al.,	2016).

While	 a	 variety	 of	 fisheries	 IEEFMs,	 often	 referred	 to	 as	 bio-	
economic	 models,	 have	 been	 developed	 in	 the	 past,	 only	 a	 small	
number	 of	 reviews	 comparing	 their	 capabilities	 and	 implementation	
in	 practice	 have	 been	 published.	 For	 example,	 Conrad	 (1995)	 and	
Knowler	(2002)	review	models	in	which	environmental	influences	are	
interlinked	with	economic	aspects.	A	general	 introduction	and	over-
view	 of	 bio-	economic	models	 can	 be	 found	 already	 in	 Seijo,	 Defeo,	
and	Salas	(1998),	but	applications	to	specific	empirical	cases	remain	li- 
mited.	 Reviews	 of	 more	 restricted	 types	 and	 coverage	 of	 models	
include	 the	 following:	 Bjørndal	 et	al.,	 (2004),	 which	 also	 includes	
aquaculture;	 the	 review	 conducted	 by	 the	 Scientific,	 Technical	 and	
Economic	 Committee	 for	 Fisheries	 (STECF)	 of	 the	 European	 Union	
(SEC,	2006);	and	the	review	of	regional	economic	models	for	fisheries	
management	 in	 the	USA	by	 Seung	 (2006).	 Finally,	 the	 reviews	 pro-
duced	in	Prellezo	et	al.,	(2012)	and	Lehuta,	Girardin,	Mahevas,	Travers-	
Trolet,	and	Vermard	(2016)	focused	on	European	operational	models.	
The	review	by	Lehuta	et	al.,	(2016)	concentrates	on	methodology	and	
model	 development	 on	 a	 subset	 of	 complex	 models	 that	 focus	 on	
European	fisheries	advice.	Other	types	of	models	based	on	network	
theory	such	as	Mullon	et	al.,	 (2009)	and	Mullon	(2013)	with	a	global	
fish	meal	model	have	emerged.	Individual-	based	and	fleet-	based	pre-
diction	models	on	fuel	consumption	and	trip	planning	evaluating	the	
carbon	footprint	and	energy	consumption	in	fisheries	have	also	pro-
gressed	recently	 (e.g.	Bastardie,	Nielsen,	Andersen,	&	Eigaard,	2013;	
Bastardie,	Nielsen,	&	Miethe,	 2014;	Bastardie,	Nielsen,	 et	al.,	 2015;	
Basurko,	 Gabina,	 &	 Uriondo,	 2013;	 Grimm	 et	al.,	 2010;	 Sala	 et	al.,	
2011;	Trenkel	et	al.,	2013;	Waldo	and	Paulrud	2016).	The	 latter	en-
ables	the	development	of	energy	efficient	approaches	for	fishing	ves-
sels	(e.g.	Suuronen	et	al.,	2012)	and	prediction	of	fuel	costs	(Daurès,	
Trenkel,	&	Guyader,	2013).
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We	 conduct	 a	 global	 comparative	 review	 and	 evaluation	 of	 35	
IEEFMs	 to	 provide	 potential	 users	 an	 overview	 of	 when	 and	 how	
IEEFMs	 can	 be	 and	 have	 been	 used	worldwide	 and	 to	 identify	 the	
characteristics	that	determine	their	usefulness,	effectiveness	and	im-
plementation	 in	fisheries	advice.	The	review	evaluates	model	design	
choices	 such	 as	 scope,	 spatial	 and	 temporal	 dimensions	 and	 scales,	
functions	and	processes	included,	level	of	complexity	and	realism,	the	
ability	 to	model	 uncertainty	 and	 stochastic	 process	 impact,	 and	 the	
type	and	robustness	of	advice	that	can	be	provided	as	well	as	the	data	
and	 expertise	 needed	 to	 develop	 and	 parameterize	 IEEFMs.	Model	
linking,	 coupling	and	 level	of	 integration	of	biological	 and	economic	
and,	to	some	extent,	social	components	in	the	models	are	considered.	
This	article	is	primarily	focused	on	fully	integrated	models	that	allow	
for	feedbacks	between	ecological	and	human	processes	although	not	
all	the	models	reviewed	achieve	that.

The	 review	 covers	 selected	 IEEFMs	 representing	 a	 range	of	 ap-
proaches	 and	 perspectives	 rather	 than	 providing	 a	 comprehensive	
analysis	of	all	existing	models	worldwide.	The	review	serves	to	iden-
tify	 some	 common	 features	 and	 failings	 of	 models	 and	 hence	 may	
guide	researchers	in	selecting	existing	models	and	further	developing	
them	rather	than	creating	a	completely	new	model.	It	also	highlights	
	modelling	challenges	and	future	directions	of	research	especially	when	
it	comes	to	implementation	of	the	models.	The	review	demonstrates	
that	 modellers	 face	 inevitable	 trade-	offs	 between	 complexity	 and	
comprehensiveness,	flexibility	and	user-	friendliness.	Those	trade-	offs	
impact	 model	 design,	 performance	 and	model	 acceptance	 and	 also	
must	be	considered	in	determining	the	best	approach	to	communicate	
model	results.	No	model	design	fits	all	cases	and	uses,	but	the	review	
provides	insights	that	may	help	both	developers	and	users	of	models	
to	determine	 the	model	characteristics	 that	best	 suit	 their	 intended	
implementation,	 uses	 and	 how	 to	 more	 effectively	 communicate	
model	results	to	ensure	uptake	in	management	advice	and	decisions.

The	article	 is	organized	as	 follows:	 initially,	 the	selected	 IEEFMs	
are	listed	with	relevant	references	for	their	development.	Second,	the	
analysis	methods	and	tools	used	for	evaluation	of	the	models	are	de-
scribed.	The	tools	are	used	to	describe,	categorize	and	evaluate	the	
different	type	of	models	according	to	a	set	of	specific	criteria	covering	
the	above	issues.	This	categorization	and	evaluation	is	summarized	in	
semi-	quantitative	spider	web	plots	to	compare	the	focus	and	capabi-
lity	of	the	different	models	and	what	main	directions	of	development	
the	different	models	represent.	The	results	of	 this	meta-	analysis	are	
then	discussed	with	a	focus	on	use	and	characteristics	that	contribute	
to	effective	implementation.	Needs	for	further	research	are	identified	
with	 emphasis	 on	 specific	 needs	 for	 further	model	 implementation.	
The	specific	objectives	of	the	study	are	to

-Provide	a	set	of	tools	and	criteria	to	make	a	comparative	evalua-
tion	of	IEEFMs;

-Evaluate	 use	 and	 implementation	 of	 different	 types	 of	 IEEFMs
through	selected	examples	from	around	the	world;

-Elucidate	limitations	and	progress	of	IEEFM	implementation	and
the	governance	process	including	necessary	stakeholder	involvement;

-Provide	potential	users	with	an	overview	and	framework	that	can
be	used	to	guide	in	selection	of	the	most	appropriate	models	according	

to	their	specific	needs,	purpose	and	questions	to	be	answered,	that	is	
providing	guidelines	for	good	practice	in	selection,	use	and	communi-
cation	of	the	models	according	to	requirements	and	trade-offs.

2  | MATERIALS AND METHODS

2.1 | Surveyed models

A	subset	of	models	has	been	selected	 to	provide	a	global	perspec-
tive	for	the	review.	These	models	represent	a	wide	range	of	different	
types	of	current	and	emerging	IEEFMs.	The	35	IEEFMs	evaluated	are	
listed	in	Table	1	with	name	and	abbreviation	and	the	model	character-
istics	detailed	in	the	annexes	(Supplementary	Material	Tables	S1,	S2	
and	S3).	A	geographical	overview	of	the	main	implementation	of	the	
different	models	is	given	in	Figure	1.	The	models	and	their	develop-
ment	are	published	 in	a	comprehensive	scientific	 literature	given	 in	
Table 2.

2.2 | Meta- analysis of bio- economic models

We	use	three	model	meta-	analysis	tools	to	compare	the	IEEFMs	on	a	
global	scale	according	to	model	type,	purpose,	coverage,	dimensions,	
scales,	 capacity,	 uses	 and	 level	 of	 implementation	 and	 to	 evaluate	
trade-	offs	associated	with	complexity	and	flexibility.	Those	tools	con-
sist	of	a	detailed	Model	Characteristics	and	Performance	Evaluation	
Matrix	(Table	S1)	completed	by	a	developer	of	each	model,	a	Model	
Categorization	and	Descriptors	Summary	Table	(Table	S2)	also	com-
pleted	by	a	developer	of	each	model,	 and	a	Model	Use	and	Trade-	
Off	Summary	Table	(Table	S3)	that	compiles	information	about	all	the	
models.	The	tools	and	their	structure	as	well	as	the	details	of	the	clas-
sification	are	given	in	the	Supplementary	Material	Tables	S1,	S2	and	
S3,	respectively.	Furthermore,	the	results	and	the	fourth	tool	of	the	
comparative	evaluation	and	meta-	analysis	are	given	in	summary	plots	
of	the	tabulations	in	the	results	section	(Figures	2–7).	This	fourth	tool	
is	in	the	form	of	spider	web	plots	with	frequency	classification	of	the	
different	types	of	models	with	respect	to	their	properties,	character-
istics,	uses	and	trade-	offs.

In	 drawing	 conclusions	 about	 the	 effectiveness	 of	 models	 and	
trade-	offs	faced	by	modellers,	we	also	relied	on	discussions	at	work-
shops,	working	 groups	 and	 special	 sessions	 organized	 at	 three	 sci-
entific	 conferences	 over	 four	 years	 in	which	 the	meta-	analysis	was	
evaluated,	several	of	these	models	were	presented,	and	where	general	
modelling	 issues	were	discussed	by	panels.	Since	2011,	yearly	mee-
tings	were	convened	 focusing	on	evaluating	and	comparing	 IEEFMs	
in	the	ICES	WGIMM	(International	Council	of	Exploration	of	the	Sea	
Working	Group	on	 Integrated	Management	Modelling,	www.ices.dk	
01Apr2017;	e.g.	 ICES	2015a).	The	 first	 two	conference	 special	 ses-
sions	were	special	sessions	of	the	International	Institute	for	Fisheries	
Economics	 and	 Trade	 (IIFET)	 held	 in	 Dar	 es	 Salaam,	 Tanzania	 and	
Brisbane,	Australia,	in	2012	and	2014,	respectively	(Nielsen,	Schmidt,	
et	al.,	 2014;	 Thébaud	 et	al.,	 2013;	 Thunberg,	 Holland,	 Nielsen,	 &	
Schmidt,	2013).	The	last	was	a	theme	session	held	at	the	ICES	Annual	
Science	Conference	in	Copenhagen,	Denmark,	in	2015	(ICES	2015b;	
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Nielsen,	 Thunberg,	 Schmidt,	 Holland	 et	al.,	 2015;	 Nielsen,	 Schmidt,	
Thunberg,	Holland	 2015)	 in	which	 the	meta-	analysis	 of	 the	models	
was	presented,	evaluated	and	discussed.

The	models	 evaluated	 cover	 a	 broad	 range	 of	 IEEFMs	 covering	
	aspects	of	commercial	marine	fisheries	and	associated	fish	stocks	and	
ecosystems.	A	very	broad	group	of	model	developers	of	the		different	
types	 of	 integrated	 ecological–economic	 marine	 models	 were	 con-
tacted	through	the	ICES	WGIMM	Working	Groups	and	IIFET	Special	
Sessions	 to	 complete	 this	work.	 All	 model	 developers	 filling	 in	 the	
meta-	analysis	 tools	 were	 directly	 involved	 in	 the	 review.	 Many	 of	
the	modellers	also	attended	one	or	more	of	the	workshops,	working	
groups	 or	 conference	 sessions	 in	which	 the	 models	 and	 the	 meta-	
analysis	were	discussed.	 In	 addition	 to	 the	actual	meta-	analysis,	we	
attempt	to	convey	some	of	the	 insights	gained	from	the	evaluations	
and	discussions	at	the	working	group	meetings	and	conference	theme	
sessions	to	help	us	draw	some	synthetic	conclusions	from	the	meta-	
analysis	 that	 are	 not	 readily	 apparent	 just	 from	 comparing	 model	
characteristics.

2.3 | Model Characteristics and Performance 
Evaluation Matrices

The	 Model	 Characteristics	 and	 Performance	 Evaluation	 Matrices	
given	 in	 SM	 Table	 S1	 compile	 collective	 experience	 with	 and	 col-
lective	 consensus	on	 the	models	 as	 given	by	 the	model	 developers	
including	feedback	to	the	developers	from	users	during	the	model	de-
velopment	 and	model	 implementation	processes.	A	 full	 compilation	
of	Model	 Evaluation	Matrices	 for	 all	models	 evaluated	 are	 given	 in	

TABLE  1 List	of	tabulated	models	and	model	abbreviations	used	
in	the	evaluation	and	for	reporting	results

No. Model name
Model 
abbreviation

1 Crab	Allowable	Biological	Catch	Model	
(CRAB	ABC)

CRAB	ABCa

2 Crab	Ocean	Acidification	Model	(CRAB	
ACID)

3 Multispecies	Stock	Production	Model MSPM

4 Ecological	Modeling	of	Multiannual	
Quota	(MAQ)

MAQ-	ADJb

5 Ecological	Modeling	of	Multiannual	
Quota	with	Adjustment	Restriction	
(MAD-	ADJ)

6 Economic	Interpretation	of	ICES	
Advisory	Committee	for	Fisheries	
Management

EIAA

7 Bio-	Economic	Model	of	European	Fleets	
(extended	EIAA)

BEMEF

8 Integrated	model	for	Australian	Torres	
Strait	Tropical	Rock	Lobster

IMATSTRL

9 Bio-	Economic	Module	Connecting	
Ecology	and	Economy

ECOb

10 Stochastic	Age-	Structure	Optimization	
Model	+	ITQ	Wealth	Model

STOCH	HCR

11 Individual	Vessel-	Based	Spatial	Planning	
and	Effort	Displacement

DISPLACE

12 Integration	of	Spatial	Information	for	
Simulation	of	Fisheries

ISIS-	FISH

13 Baltic	Coupled	Fisheries	Library	in	R	and	
Stochastic	Multi-	species	Model

BALTIC	FLR-	SMS

14 Impact	Assessment	Model	for	Fisheries	
Management

IAM

15 Spatial	Integrated	bio-	economic	Model	
for	Fisheries	(Wageningen	University,	
NL)

SIMFISH

16 FISHRENT	IFRO	University	of	
Copenhagen	(DK)

FISHRENTc

17 FISHRENT	TI	Thunen	Institute	(D)

18 Swedish	Resource	Rent	Model	for	the	
Commercial	Fisheries

SRRMCF

19 New	England	Coupled	Lobster	Model NECLH

20 20	Baltic	Sea	Ecological-	Economic	
Optimization	Model

B	SEA	
ECON-	ECOL

21 Effects	of	Line	Fishing	Simulator ELFSIM

22 Australia	Northern	Prawn	Fishery	Tiger	
Prawns	Bio-	economic	Model

NPFTPBEM

23 Simplified	Bio-	Economic	Model	for	the	
Australian	Northern	Prawn	Fishery

NPF	BIOECON

24 Mediterranean	Fisheries	Simulation	Tool MEFISTO

25 Bio-	economic	Impact	Assessment	using	
Fisheries	Library	in	R

FLBEIA

26 Fleets	and	Fisheries	Forecast	Model	
Fcube

FCUBE

(Continues)

No. Model name
Model 
abbreviation

27 Coupled	Georges	bank	Food	Web	and	
Computable	General	Equilibrium	Model

GBFWCGE

28 Baltic	Sea	Atlantis	Model B	SEA	ATL

29 California	Current	Atlantis	Model CA	CURRENT	
ATL

30 Southeast	Australia	Atlantis	Model SE	AUS	ATL

31 Size-	spectrum	bio-	climate	envelope	
model	&	input/output	tables

SS-	DBEM-	IOT

32 Generic	Ecosystem	Model GEM

33 Peruvian	Ecopath	with	Ecosim	Foodweb	
Model

PERU	EwE

34 Baltic	Sea	Ecopath	with	Ecosim	Foodweb	
Model

B	SEA	EwE

35 North	Sea	Ecopath	with	Ecosim	and	
Ecospace

N	SEA	EwE

aCrab	Ocean	Acidification	(CRAB	ACID)	is	based	on	the	Crab	ABC	model	so	
results	are	combined	for	reporting.
bMAQ-	ADJ	is	based	on	MAQ	with	an	added	restriction	on	quota	adjust-
ments	so	results	are	reported	only	for	MAQ-	ADJ.
cFISHRENT	TI	and	IFRO	have	nearly	identical	model	characteristics	and	are	
combined	for	purposes	of	reporting.

TABLE  1  (Continued)
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the	 Supplementary	Material	 Table	 S1	 including	 the	 explanations	 of	
the	categories	herein.	The	Model	Evaluation	Matrix	summarizes	the	
following	model	characteristics:	(i)	management	questions	the	model	
addressed	 or	 can	 address;	 (ii)	 corresponding	 advice	 (biological	 and	
economic)	the	model	provides;	(iii)	institutional	set-	up	and	platforms	
for	 the	 model	 including	 needed	 partners;	 (iv)	 type	 of	 model	 inclu-
ding	model	linking,	coupling	and	level	of	integration	(linked	to	type	of	
model);	(v)	model	dimensions	and	model	structure;	(vi)	usefulness	of	
the	model;	(vii)	focus	and	trade-	offs	(linked	to	usefulness	above);	(viii)	
data	requirements;	(ix)	status	of	the	development,	application,	imple-
mentation	and	use	of	the	model	in	case	studies;	(x)	dissemination	of	
the	model	 including	model	 platform,	 programming	 language,	 acces-
sibility;	and	(xi)	format	of	output.	For	each	of	the	above	bullets,	the	
answers	could	be	given	according	to	a	scaling	of	the	degree	or	level	of	
the	models,	that	is	low,	medium,	high.

2.4 | Model Categorization and Descriptors 
Summary Table

Each	of	the	above	bullets	is	used	as	an	axis	(row	or	column)	in	a	mul-
tidimensional	 diagram—the	 Model	 Categorization	 and	 Descriptors	
Summary	 Table	 shown	 in	 SM	 Table	 S2,	 which	 has	 been	 filled	 in	
for	 each	 model	 evaluated.	 Detailed	 descriptions	 of	 the	 Model	
Categorization	and	Descriptors	Summary	Table	and	an	example	for	

one	model	are	given	in	the	Table	S2.	Furthermore,	the	compiled	ma-
terial	is	shown	in	the	spider	web	summary	plots	in	the	results	section	
in	Figures	2–6.

In	the	summary	table,	the	primary-	level	descriptors	in	the	rows	are	
categorized	into	(i)	advisory	models	in	the	short	term	(fisheries	advice	
with	 fish	 stock	 assessment),	 (ii)	 assessment	of	 outcomes	of	 existing	
TAC	or	TAE	(short	term),	(iii)	management	strategy	evaluation	(medium	
term,	 long	 term),	 (iv)	 strategic	 long-	term	advice	and	 (v)	broader	bio-	
economic	advice	(medium-	long	term).	The	secondary-	level	descriptors	
in	the	columns	of	the	table	is	categorized	into	three	major	model	de-
scriptors	 covering	 (i)	model	 dimensions	 and	 structure/resolution,	 (ii)	
model	complexity	and	flexibility	and	(iii)	model	type	(see	further	de-
scriptions	and	detailing	of	this	in	the	Table	S2).

2.5 | The Model Use and Trade-Off Summary Table

The	Model	Use	and	Trade-	Off	Summary	Table	given	in	SM	Table	S3	
compiles	the	information	that	model	developers	provided	in	the	Model	
Characteristics	and	Performance	Evaluation	Matrices	and	the	Model	
Categorization	and	Descriptors	Summary	Table.	This	table	notes	the	
presence	or	absence	of	particular	model	characteristics	and	qualities	
in	an	overview	form	that	facilitates	comparison	across	models.	There	
is	a	 row	for	each	model	and	with	 the	columns	 indicating	 the	model	
characteristics	according	to	the	primary	use	and	types	of	use,	as	well	

F IGURE  1 Overview	of	main	model	applications	and	implementation
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TABLE  2 Dissemination	and	publication	of	evaluated	models

No Model abbreviation Model publication

1 CRAB	ABC Punt	et	al.,	2012.

2 CRAB	ACID Punt	et	al.,	2014;	Seung	et	al.,	2015;	Punt	et	al.,	2016.

3 MSPM Horbowy,	1996,	2005.

4 EIAA Frost,	Levring,	Hoff,	&	Thøgersen,	2009;.

5 BEMEF Frost	et	al.,	2009;	Carpenter	&	Esteban,	2015;	New	Economics	Foundation	2016.

6 MAQ Van	Dijk	et	al.,	2013.

7 MAQ-	ADJ Van	Dijk,	Hendrix,	Haijema,	Groeneveld,	&	van	Ierland,	2016.

8 IMATSTRL van	Putten	et	al.,	2012;	van	Putten,	Deng,	et	al.,	2013;	van	Putten,	Gorton,	Fulton,	Thebaud	2013;	Plagányi	
et	al.,	2012,	2013;	Pascoe,	Hutton,	van	Putten,	Dennis,	Plagányi,	et	al.,	2013;	Pascoe,	Hutton,	van	Putten,	
Dennis,	Skewes,	2013;	Hutton	et	al.,	(2016).

9 ECO² Bethke,	2013a,b,	2015,	2016;	Bethke,	Bernreuther,	&	Tallman,	2013;.

10 STOCH	HCR	(ITQ	
WEALTH)

Da	Rocha	&	Gutiérrez,	2011;	Da-	Rocha	&	Pujolas,	2011;		Da	Rocha	&	Mato-	Amboage,	2016;	Da	Rocha	&	
Sempere,	2016;	Da	Rocha,	Cerviño,	&	Gutiérrez,	2010;	Da	Rocha,	Gutiérrez,	&	Antelo,	2012;	Da	Rocha,	
Gutiérrez,	&	Cerviño,	2012;	Da	Rocha,	Gutiérrez,	Cerviño,	&	Antelo,	2012;	Da	Rocha,	Gutiérrez,	&	Antelo,	
2013;	Da	Rocha,	Gutiérrez,	Garcia-	Cutrin,	&	Jardim,	2015;	Da	Rocha,	Gutiérrez,	Garcia-	Cutrin,	&	Touza,	2016;	
Da	Rocha,	Gutiérrez,	&	Garcia-	Cutrin,	2016;	Da	Rocha,	Gutiérrez,	Garcia-	Cutrin,	&	Jardim,	2017;	Arnason,	
2002;	Weninger	and	Just,	2002;	Heaps,	2003;	Weninger	and	Waters,	2003;	Weninger,	2008;	Kitts	et	al.,	2011.

11 DISPLACE Bastardie,	Nielsen,	Andersen,	&	Eigaard,	2010;	Bastardie	et	al.,	2013,	2014;	Bastardie,	Nielsen,	Eigaard,	et	al.,	
2015;	Bastardie,	Nielsen,	Eero,	Fuga,	&	Rindorf,	2017;	Nielsen,	Kristensen,	Lewy,	&	Bastardie,	2014;	www.
displace-project.org	(01	Apr	2017).

12 ISIS-	FISH Mahevas	&	Pelletier,	2004;	Pelletier	et	al.,	2009;	Drouineau,	Mahévas,	Pelletier,	&	Beliaeff,	2006;	Drouineau,	
Mahévas,	Bertignac,	&	Duplisea,	2010;	Duplisea,	2010;	Lehuta,	Mahévas,	Petitgas,	&	Pelletier,	2010;	Rocklin,	
Pelletier,	Mouillot,	Tomasini,	&	Culioli,	2010;	Lehuta,	Mahévas,	&	Le	Floc’h,	2013;	Lehuta,	Petitgas,	et	al.,	2013;	
Lehuta,	Holland,	&	Pershing,	2014;	Lehuta,	Vermard,	&	Marchal,	2015;	Rochet	&	Rice,	2010;	Marchal,	Little,	&	
Thebaud,	2011;	Marchal,	De	Oliveira,	Lorance,	Baulier,	&	Pawlowski,	2013;	Hussein	et	al.,	2011a,b;	Vermard	
et	al.,	2012;	Gasche,	Mahevas,	&	Marchal,	2013;	Reecht	et	al.,	2015.

13 BALTIC	FLR-	SMS Bastardie	et	al.,	2009;	Bastardie,	Nielsen,	&	Kraus,	2010;	Bastardie,	Vinther,	Nielsen,	Ulrich,	&	Storr-	Paulsen,	
2010;	Bastardie,	Vinther,	&	Nielsen,	2012;	Bastardie,	Nielsen,	&	Vinther,	2015;	Bastardie	&	Nielsen,	2011;		
Nielsen	et	al.,	2011;	Feekings	et	al.,	(submitted).

14 IAM Macher,	Guyader,	Talidec,	&	Bertignac,	2008;	Macher	et	al.,	2013;	Merzéréaud,	Biais,	Lissardy,	Bertignac,	&	
Biseau,	2013;	Merzéréaud	et	al.,	2011;		Simmonds	et	al.,	2011;	Raveau	et	al.,	2012;	Guillén	et	al.,	2013;	Guillén,	
Macher,	Merzéréaud,	Fifas,	&	Guyader,	2014;	Guillén,	Macher,	Merzéréaud,	Boncoeur,	&	Guyader,	2015;		EU	
STECF,	2015a,b,c.

15 SIMFISH Bartelings,	Hamon,	Berkenhagen,	&	Buisman,	2015;	Kempf	et	al.,	2016.

16 FISHRENT	IFRO Frost,	Andersen,	&	Hoff,	2011,	2013;	Lassen,	Anker	Pedersen,	Frost,	&	Hoff,	2013;	Thøgersen	et	al.,	2012;	Salz	
et	al.,	2010.

17 FISHRENT	TI Salz	et	al.,	2011;	Simons,	Bartelings,	et	al.,	2014;	Simons,	Döring,	Temming	2014;	Simons,	Döring,	&	Temming,	
2015a;	Simons,	Döring,	&	Temming,	2015b.

18 SRRMCF Waldo	and	Paulrud	2013a,b;	2016;	Paulrud	&	Waldo,	2011.

19 NECLH Holland,	2011a,b;	Lehuta	et	al.,	2014;.

20 BAL.	ECON-	ECOL Tahvonen,	2009;	Voss,	et	al.,	2011;	Voss,	Quaas,	Schmidt,	Hoffmann	2014;	Voss,	Quaas,	Schmidt,	Tahvonen	et	
al.,	2014;	Skonhoft	et	al.,	2012;	Tahvonen	et	al.,	2013.

21 ELFSIM Little	et	al.,	2007;	Little,	Punt,	Mapstone,	Begg,	Goldman,	Ellis	2009;	Little,	Punt,	Mapstone,	Begg,	Goldman,	
Williams,	2009;.

22 NPFTPBEM Dichmont,	Punt,	Deng,	Dell,	&	Venables,	2003;	Dichmont	et	al.,	2010;	Dichmont,	Deng,	Punt,	Venables,	&	
Hutton,	2012;	Punt	et	al.,	2010;	2011;	Deng,	Punt,	Dichmont,	Buckworth,	&	Burridge,	2015;.

23 NPF	BIOECON Gourguet	et	al.,	2014,	2016;	Dichmont	et	al.,	2003,	2008;	Punt	et	al.,	2010,	2011.

24 MEFISTO Lleonart	et	al.,	1999,	2003;	Maynou,	Sardà,	Tudela,	&	Demestre,	2006;	Maynou,	Martínez-	Baños,	Demestre,	&	
Franquesa,	2014;	Mattos,	Maynou,	&	Franquesa,	2006;	Merino,	Karlou-	Riga,	Anastopoulou,	Maynou,	&	
Lleonart,	2007;	Tratnik	et	al.,	2007;	Silvestri	and	Maynou	2009;	Guillén	et	al.,	2012;		Maynou,	2014;	Maouel,	
Maynou,	&	Bedrani,	2014;	Maravelias,	Pantazi,	&	Maynou,	2014;.

(Continues)
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as	major	trade-	offs.	The	compiled	table	and	descriptions	to	it	are	given	
in	the	SM	Table	S3.	Also	for	this	table,	the	compiled	material	is	shown	
in	the	spider	web	summary	plots	in	the	results	section	in	Figures	2–6.

The	columns	of	the	table	categorize	each	model	 in	terms	of	six	
major	factors.	The	main	uses	and	focus	of	the	model	are	 identified	
including:	 whether	 it	 is	 used	 to	 evaluate	 data	 needs	 (e.g.	 specific	
types	of	data	or	specific	data	collection	programs);	whether	it	has	a	
single-	stock,	multispecies,	mixed	 fishery	 or	 ecosystem	 orientation;	
and	whether	it	provides	economic	and	social	advice	(main	coverage	
of	use).	Several	models	do	 include	some	social	parameters	such	as	
employment	 and	 distribution	 of	 impacts	 across	 fishing	 fleets	 and	
among	vessel	owners	and	crew.	Most	models	include	only	economic	
parameters	 but	 may	 be	 used	 to	 evaluate	 the	 implications	 of	 ma-
nagement	changes	on	broader	social	concerns	such	as	security	of	re-
source	supply	to	regional	or	local	community	industry.	Bio-	economic	
models	may	also	proxy	for	family	status	or	tradition	by	modifications	
to	 parameters	 affecting	 fishing	 trip	 duration	 or	 fishing	 effort	 allo-
cation.	The	matrix	 table	 specifies	what	 governance	body	 and	 level	
each	model	are	meant	to	provide	advice	to	 (e.g.	a	specific	country,	
ICES,	 EU,	Australian	 or	 North	American	 regional	 management	 bo-
dies)	and	the	degree	to	which	advice	from	the	model	has	been	im-
plemented	(management	advice).	The	matrix	table	indicates	whether	
a	paper	based	on	the	model	has	been	published	in	a	peer-	reviewed	
journal	or	only	a	 report	or	 internal	agency/department	documents,	
and	whether	 it	 has	been	 frequently	 cited.	The	age	of	 the	model	 is	
shown	along	with	the	level	of	model	development	(e.g.	is	it	only	for	

advance	users,	is	there	a	big	multiuser	development	group,	is	there	a	
website	for	the	model?).	This	covers	the	level	of	model	development,	
application	and	implementation.	Finally,	trade-	offs	in	model	use	are	
noted	according	to	whether	the	model	is	simple	or	complex,	whether	
it	is	specialized	or	flexible,	and	whether	the	model	is	usable	only	by	
model	developers	or	 is	open	access	and	user	 friendly.	 In	 the	Table	
S3,	further	details	and	descriptions	of	the	different	categories	in	the	
matrix	table	are	provided.

2.6 | Spider web charts with frequency 
classification of the models

A	set	of	semi-	quantitative	spider	web	plots	(Figures	2–7)	is	produced	
based	on	the	compiled	model	summary	and	descriptor	tables.	Here,	
each	of	 the	 rows	or	 columns	 in	 the	 summary	 tables	 is	depicted	 in	
spider	web	plots	 in	which	 the	 frequency	of	models	belonging	 to	a	
certain	 category	 with	 respect	 to	 model	 properties,	 characteristics	
or	type	of	model	can	be	summarized	according	to	criteria	used	for	
evaluating	the	models.	The	frequency	plots	are	used	to	compare	the	
focus	 and	 capability	of	 the	different	models	 and	what	main	direc-
tions	of	development	the	different	models	represent.	For	example,	
the	 figures	 summarize	 the	 findings	 in	 terms	 of	 the	 level	 of	 imple-
mentation	of	the	models	according	to	the	purpose	of	the	models,	for	
example	whether	 it	 is	 for	academic	purposes,	application	 in	advice	
and	management,	and	whether	the	model	is	fully	developed	and	in-
tegrated	or	not.

No Model abbreviation Model publication

25 FLBEIA Garcia,	Santurtun,	Prellezo,	Sanchez,	&	Andres,	2012;	Garcia,	Urtizberra,	Diez,	Gil,	&	Marchal,	2013;	García,	
Prellezo,	et	al.,	2016;	García,	Sanchez,	Prellezo,	Urtizberea,	Andres	2016;	Jardim	et	al.,	2013;	Prellezo	et	al.,	
2016.

26 FCUBE ICES	2006,	2014a,b;	Hoff	et	al.,	2010;	Ulrich	et	al.,	2011,	2017;	Iriondo	et	al.,	2012;	Maravelias,	Damalas,	Ulrich,	
Katsanevakis,	&	Hoff,	2012;	Jardim	et	al.,	2013;	EU	STECF,	2015b;	ICES	2015c,d.

27 GBFWCGE Seung	2006;	Steele	et	al.,	2007;	Pan,	Failler,	&	Floros,	2007;.

28 BALTIC	ATL Fulton	et	al.,	2011;	Palacz	et	al.,	2014,	2015,	In	Revision;	Nielsen,	Thunberg,	et	al.,	2015;	Nielsen	et	al.,	2015b;	
Nielsen,	Palacz,	et	al.,	2015.

29 CA	CURRENT	ATL Kaplan	et	al.,	2009,	2012,	2014;	Fulton	et	al.,	2011;	Kaplan	&	Leonard,	2012;.

30 SE	AUS	ATL Fulton	et	al.,	2011;	van	Putten,	Gorton,	Fulton,	Thebaud	2013;	van	Putten,	Deng,	et	al.,	2013;	Fulton	et	al.,	
2014;.

31 SS-	DBEM-	IOT Fernandes	et	al.,	2013;	Fernandes,	Kay,	et	al.,	2016;	Fernandes,	Papathanasopoulou,	et	al.,	2016;	Queirós	et	al.,	
2015.

32 GEM Ravn-	Jonsen	2011;	Andersen,	Brander,	Ravn-	Jonsen	2014;	Andersen,	Andersen,	Mardle	2014;	Ravn-	Jonsen	
et	al.,	2016.

33 PERU	EwE Polovina	1984;	Christensen	&	Pauly,	1992;	Christensen	&	Walters,	2004;	Walters	and	Martell	2004;	Walters	
and	Christensen	2007;	Walters	et	al.,	1997,	1999,	2000;	Christensen	et	al.,	2011,	2014;	Bevilacqua,	Carvalho,	
Angelini,	Steenbeek,	&	Christensen,	In	prep.

34 B	SEA	EwE Polovina	1984;	Christensen	&	Pauly,	1992;	Christensen	&	Walters,	2004;	Walters	and	Martell	2004;	Walters	
and	Christensen	2007;	Walters	et	al.,	1997,	1999,	2000;	Tomczak	et	al.,	2012,	2013.

35 N	SEA	EwE Polovina	1984;	Christensen	&	Pauly,	1992;	Christensen	&	Walters,	2004;	Walters	and	Martell	2004;	Walters	
and	Christensen	2007;	Walters	et	al.,	1997,	1999,	2000;	Plagányi	and	Butterworth	2004;	Mackinson,	2014;	
Mackinson	&	Daskalov,	2007;	Mackinson,	Deas,	Beveridge,	&	Casey,	2009;	Heymans,	Mackinson,	Sumaila,	
Dyck,	&	Little,	2011;	ICES	2011;	Romagnoni	et	al.,	2015;	Colléter	et	al.,	2015.

TABLE  2  (Continued)
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3  | RESULTS

The	results	of	 the	global	 review	cover	a	comparative	evaluation	of	
35	 IEEFMs	 (Tables	1–2,	Figure	1).	The	selected	models	represent	a	
broad	range	of	IEEFMs,	but	all	address	commercial	fisheries	and	as-
sociated	fish	stocks.	The	metadata	collected	for	each	model	provided	
information	 on	 capabilities,	 model	 structure,	 trade-	offs	 and	model	
uses.	Throughout	it	is	important	to	keep	in	mind	that	the	evaluations	
of	 model	 characteristics	 are	 primarily	 based	 on	 self-	assessments	
provided	 by	 the	modellers	 themselves.	 In	 this	 section,	we	 present	
summary	information	for	these	self-	assessments	across	all	models	on	
each	of	 these	aforementioned	dimensions.	Throughout	we	use	 the	
model	abbreviations	noted	in	Tables	1-2.	The	geographical	distribu-
tion	of	model	 implementation	 is	shown	 in	Figure	1.	Several	 	models	
have	 been	 widely	 implemented,	 for	 example	 Atlantis	 and	 EwE,	
and	only	a	 few	examples	of	specific	 implementations	are	shown	 in	
Figure	1.	Some	of	the	35	models	analysed	are	included	with	several	

implementations	and	similar	models	have	been	clustered	(Tables	1–
2) resulting	 in	 32	 categories	 in	 the	 model	 meta-	analysis	 plots	 in
Figures	2-8.	 The	 order	 and	 sequence	 of	 the	models	 in	 Tables	1–2
and	accordingly	 in	 the	Figures	2–8	was	determined	by	 type	of	 ad-
vice	 addressed	 and	 units	 included	 in	 the	 models	 (data	 collection,
single-	stock,	multispecies,	mixed	fishery,	bio-	economics,	ecosystem;
Figure	2	Panel	3)	as	well	as	according	to	completeness	and	integra-
tion	of	modules	(biological	such	as	single-	/multispecies	only,	single-	
stock	 economic,	 multispecies	 economic,	 multispecies	 ecosystem/
economic;	Figure	2	Panel	4).

Figure	2	reports	the	range	of	capabilities	in	terms	of	type	of	man-
agement	advice	 from	short	 to	 long	 term	 (Panel	1)	and	 input/output	
type	of	advice	(Panel	2),	structural	components	in	terms	of	advice	level	
(Panel	3)	and	structural	modules	and	linkages	included	in	the	models	
(Panel	4).

Panel	1	shows	the	management	advice	capabilities	as	concentric	
rings	where	the	innermost	ring	represents	models	that	may	be	used	

F IGURE  2 Model	capabilities	Panel	1—model	design	capabilities	to	provide	short-	term	tactical,	medium-	term	MSE	or	long-	term	strategic	
advice;	Panel	2—model	capability	to	provide	management	advice	on	setting	TACs,	effort	limits,	ITE	and	ITQ;	Panel	3—model	structural	
characteristics	in	terms	of	advice	on	data	collection,	stocks,	fleets,	economic	and	ecosystem	components;	Panel	4—model	use	index	in	terms	of	
included	modules	and	their	linkages	for	biology	(stocks),	economic	and	ecosystems
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to	provide	short-	term	advice	on	TACs	or	impacts,	and	the	outer	ring	
represents	models	 that	 are	designed	 to	provide	 long-	term	strategic	
advice.	For	any	given	model,	the	range	of	capabilities	can	be	traced	

along	 the	 ray	 emanating	 from	 the	origin	 to	 the	model	 abbreviation	
where	a	marker	on	each	ring	denotes	 the	presence	of	each	capability	
(short-	term	 tactical	 advice	 (1),	 medium-	term	 MSE	 advice	 (2)	 and	

F IGURE  3 Model	characteristics	Panel	1—model	fishing	fleet	characteristics	(entire	fishery,	métiers	or	agent-	based);	Panel	2—model	spatial	
resolution	characteristics	(VMS	track,	subarea,	stock	area,	regions,	or	ecosystem);	Panel	3—model	biological	characteristics	(age-	structured,	
size-	structured,	or	biomass);	Panel	4—model	time	step	(season,	year,	multiyear);	Panel	5—model	characteristics	in	terms	of	static,	dynamic	or	
equilibrium	with	respect	to	coupling;	Panel	6—model	characteristics	in	terms	of	simulation	and/or	optimization	algorithms
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long-	term	 strategic	 advice	 (3).	 For	 example,	 15	models	 include	 the	
capability	to	provide	short-	term,	medium-	term	MSE	and	longer-	term	
strategic	advice.	By	contrast,	MAQ-	ADJ	and	GEM	are	designed	only	

for	 long-	term	 strategic	 advice.	However,	 these	 two	models	 are	 the	
exception	as	all	other	models	are	constructed	to	provide	multiple	ad-
visory	capabilities.

F IGURE  4 Model	characteristics	Panel	1—fishing	sector	components	(catch	sector,	fishery	system	including	processing	and	distribution,	
communities,	and	multiple	sectors	of	a	local	or	regional	economy);	Panel	2—estimation	of	model	parameters	(qualitative	indicators,	deterministic	
or	stochastic	parameters),	Panel	3—model	characteristics	in	terms	of	use	of	market	prices,	consideration	of	the	value	chain	and	inclusion	of	non-	
market	values;	Panel	4—type	of	embedded	interactions	(linear,	nonlinear	or	both);	Panel	5—nature	of	embedded	economic	behavioural	model	
(tactical,	strategic	or	no	behavioural	module);	Panel	6—included	functions	(recruitment,	catchability,	fish	prices	and	harvest	costs)
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Panel	 2	 of	 Figure	2	 shows	 structural	 components	 of	 the	model	
capability	with	 respect	 to	 type	of	advice	provided	by	 the	model.	As	
was	the	case	for	Panel	1,	markers	on	each	concentric	ring	denote	the	
presence	of	each	of	four	components	such	as	output	advice	on	TAC	
and	quota	(1),	input	effort	advice	(2),	individual	tradeable	effort	quota	
advice	(3)	or	individual	transferable	quota	advice	(4).	Most	models	pro-
vide	TAC-	Quota	advice	(22	models).	Three	models	provide	advice	on	
all	 four	 levels.	Another	 three	models	provide	advice	on	three	 	le	vels,	
while	eight	provide	both	TAC-	quota	and	effort-	based	advice,	but	no	
advice	 relevant	 to	 individual	 effort	 or	 catch	 quotas.	 In	 total,	 three	
models	 provide	 only	 individual-	based	 advice	 covering	 both	 output	
(ITQ)	and	input	(ITE)	advice,	two	models	provide	only	ITQ	advice,	and	
one	model	provides	only	ITE	advice.	Finally,	one	model	provides	only	
effort-	based	advice.

Panel	3	of	Figure	2	shows	the	structural	components	included	in	
each	model	in	terms	of	advice	level.	Markers	on	each	concentric	ring	
denote	the	presence	of	each	of	six	components	with	advice	on	data	
collection	level	(1)	single-	stock	level	(2),	multispecies	level	(3),	mixed	

fishery	level	(4),	bio-	economic	level	(5)	and	ecosystem	level	(6).	With	
a	few	exceptions,	single-	species	models	can	be	scaled	up	to	multispe-
cies,	although	this	does	not	necessarily	mean	that	the	opposite	is	also	
true.	 In	 total,	 28	models	 include	multispecies,	25	 include	mixed	 fish-	 
eries,	 34	 include	 bio-	economic	 functions	 or	 parameters,	 and	 nine	
include	ecosystem	considerations.	All	nine	models	 that	 include	eco-
systems	also	 include	mixed	fisheries,	bio-	economic	and	multispecies	
structural	 components	except	 for	one	not	 including	mixed	 fisheries.	
The	Atlantis	model	does	include	the	capacity	to	cover	individual	spe-
cies	 and	 to	 have	 that	 in	 a	 food	web	with	 functional	 groups	 (either	
age	 or	 size	 	resolved	or	 biomass	 pools).	The	ECO2	 has	 the	 potential	
to		formulate	simple	biological	models	at	present	up	to	full	ecosystem	
models	 in	 	future.	The	 term	multispecies	 here	 should	 in	most	 cases	
(except	for	the	below	mentioned)	be	interpreted	as	multistock	where	
several	 species	 single-	stock	 assessments	 have	 been	 included.	 Only	
very	 few	 models	 include	 dynamic	 full	 feedback	 biological/trophic	
interactions	 and/or	 estimate	 fish	 natural	mortality	 (mortality	 due	 to	
natural	causes)	as	function	of,	for	example,	predation	pressure.	Such	

F IGURE  5 Model	trade-	offs	Panel	1—expertise	required	to	conduct	model	runs	(developer,	specialized	expertise	or	training,	or	general	
expertise);	Panel	2—model	applications	(specialized,	simple	or	flexible);	Panel	3—model	accessibility	to	end	users	(software	required,	open	access	
and	user-	friendliness);	Panel	4—relationship	between	model	complexity	and	data	needs	(simple	with	low	data	needs,	simple	with	high	data	needs	
and	complex	with	high	data	needs)
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F IGURE  6  : Summary of model use 
Panel	1—model	implementation	(none,	
low,	medium,	high);	Panel	2—academic	use	
(models	that	only	have	technical	reports,	
models	that	have	been	published	in	the	
peer-	reviewed	literature	and	models	that	
have	been	widely	cited),	Panel	3—level	of	
advice	for	models	(National,	EU,	National	
and	EU,	EU	and	ICES,	National,	EU	and	
ICES)
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explicit	 modelling	 of	 biological	 interactions	 is	 only	 performed	 by	 a	
few	ecosystem	and	multispecies-	interaction	models	such	as	Atlantis,	
EwE,	SS-	DBEM-	IOT,	GBFWCGE,	Baltic-	FLR-	SMS	and	the	Baltic-	Econ-	
Ecol	models.	The	GEM	explicit	models	a	bio-	energetic	budget	of	the	
	individual	predator	and	thereby	links	somatic	growth	with	the	preda-
tion	mortality	inflicted	on	its	prey.

Panel	4	of	Figure	2	provides	a	score	for	structural	linkages	in	terms	
of	single	or	multispecies,	bio-	economics	and	ecosystem.	In	this	case,	
the	 position	 of	 each	model	 on	 the	 concentric	 circles	 is	 interpreted	
as	 the	 level	of	structural	 linkage	where	a	score	of	1	means	that	 the	
model	only	includes	single	or	multiple	species;	the	model	has	neither	
bio-	economic	nor	ecosystem	linkages.	A	score	of	2	denotes	a	single-	
species	 model	 that	 is	 linked	 with	 bio-	economics.	 The	 majority	 of	
models	(17)	had	a	score	of	3,	which	denotes	models	that	include	multi-
species	and	bio-	economics	linkages.	Models	that	include	multispecies,	
bio-	economic	and	ecosystem	linkages	(9)	were	scored	a	4.

Model	characteristics	are	reported	in	Figure	3	in	terms	of	fishing	
fleet	(Panel	1),	spatial	resolution	and/or	coverage	of	advice	(Panel	2),	
biological	characteristics	(Panel	3),	time	step	and/or	coverage	in	advice	
(Panel	 4),	 dynamics	 (Panel	 5)	 and	 algorithm	used	 to	produce	model	
outputs	(Panel	6).	In	each	panel,	concentric	rings	with	markers	indicate	
the	presence	of	a	specific	model	characteristic.

Panel	1	of	Figure	3	shows	the	different	ways	models	incorporate	
fishing	fleets	where	the	treatment	of	fleets	in	each	model	can	be	as-
certained	 along	 the	 ray	 from	 the	 origin	 to	 the	model	 abbreviation.	
Nearly	all	models	 incorporate	full	 fishing	fleets,	while	24	models	 in-
corporate	multiple	métiers	and	only	two	incorporate	exclusively	single	
métier.	Only	three	models	(DISPLACE,	IAM	and	ELFSIM)	capture	fish-
ing	fleets	as	individual	vessels.

Panel	2	of	Figure	3	reports	the	spatial	resolution	and	coverage	in	
advice	supported	by	each	model	where	the	resolution	for	each	model	
(ecosystem	(1),	region	(2),	stock	areas	(3),	stock	subareas	(4)	and	VMS	
track	(5))	is	denoted	by	a	marker	in	each	concentric	circle.	Ecosystem	
is	a	more	complex	but	spatial	coarse	resolution	than	VMS	track.	Only	
DISPLACE	includes	a	spatial	resolution	at	the	level	of	VMS	track.	Note	

that	DISPLACE	may	also	be	applied	at	a	stock	area	or	regional	spatial	
resolution.	Twelve	models	have	a	spatial	resolution	needed	to	evaluate	
stock	subareas,	of	which	11	can	be	scaled	up	to	a	stock	area.	Nine	mod-
els	(all	Atlantis	and	EwE	applications,	GBFWCGE,	SS-	DBEM-	IOT,	GEM)	
support	an	ecosystem	spatial	resolution,	although	all	but	GEM	and	the	
EwE	applications	are	scalable	to	a	region,	stock	or	stock	area.	ISIS-	FISH	
is	scalable	to	a	region,	stock	or	stock	subarea.	This	classification	of	the	
models	enables	 the	user	 to	distinguish	whether	 the	models	 are	 spa-
tially	explicit	or	not,	that	is	do	they	only	cover	one	area	(region,	or	stock	
distribution	area,	or	fishery	area,	or	ecosystem)	or	do	they	contain	and	
cover	several	areas	and	spatial	units	 (stock	subareas,	ecosystem	sub-
areas,	other	spatial	distinction	such	as	 ICES	subareas,	statistical	rect-
angles)	or	do	they	follow	very	high	spatial	resolution	on	a	haul	to	haul	
basis	 (or	 similar)	or	on	an	agent-	based	 level	when	 for	example	using	
VMS	data.

Panel	3	of	Figure	3	shows	the	biological	characteristics	(biomass,	
e.g.,	production	models	(1),	size-	based	(2),	and	age-	based,	for	example	
virtual	population	analysis	(VPA)	(3))	embedded	in	each	model.	In	the	
majority	of	models	 (21),	stock	dynamics	were	of	the	age-	based	VPA	
type.	Of	these	age-	based	models,	10	models	(CRAB	ABC,	DISPLACE,	
ISIS-	FISH,	NECLH,	ELFSIM,	NECLH,	MEFISTO;	NPFTBEM,	SS-	DBEM-	
IOT	 and	 GEM)	 also	 include	 size-	based	 biological	 considerations.	 It	
should	be	noted	that	certain	ecosystem	models	such	as	the	Atlantis	
model	has	emergent	size-	at-	age,	that	is	not	a	fixed	growth	curve,	so	
it	 also	 takes	 size-	based	 interactions	 into	 account	 (e.g.	 through	gape	
limitation	and	size	constrained	reproduction).	Whether	age-	based	or	
size-	based,	most	 of	 these	models	 are	 scalable	 up	 to	 an	 estimate	of	
biomass.	 Age-	based	 models	 like	 DISPLACE,	 Baltic-	FLR-	SMS,	 IAM,	
NECLH,	MEFISTO,	Baltic-	Econ-	Ecol	and	GEM	certainly	do	include	bio-
mass	estimation.	Seven	of	the	models	included	in	this	study	(MSPM,	
MAQ-	ADJ,	EIAA,	BEMEF,	ECO2,	FISHRENT	IFRO	and	SRRMCF)	are	
production	models,	 for	 example	 of	 the	 Schaeffer	 or	 Cobb–Douglas	
type,	based	solely	on	biomass.

Panel	 4	 of	 Figure	3	 reports	 the	 time	 steps	 and	 time	 resolution	
and/or	temporal	coverage	in	advice	for	each	model	as	seasonal	(e.g.	

F IGURE  7 Effect	of	model	accessibility	
and	required	expertise	on	model	
implementation
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less	 than	 an	 annual	 time	 step)	 (1),	 a	 year	 (2)	 or	 multiyear	 (3)	 time	
	period,	 where	 the	 time	 step	 capability	 is	 indicated	 by	 a	 mark	 on	
each	concentric	circle.	All	but	five	of	the	IEEFMs	are	annually	based,	
that	is	with	yearly	time	steps	and	coverage,	and	many	(20)	of	those	
	operate	with	multiannual	aspects.	More	than	half	(18)	of	the	models	
are		seasonally	explicit	as	well	indicating	general	high	time	resolution.	
Several	of	 the	models	 that	can	be	run	and	provide	advisory	output	
for	a	year	or	multiple	years	have	finer	scale	time	steps/resolution	in	
their	modelling	process,	for	example	Atlantis	can	be	run	with	12-		to	
24-	hour	time	steps	that	is	then	run	out	to	year	or	multiple	years.	In
total,	20	models	can	be	run	for	multiple	years,	27	models	can	be	run
on	an	annual	basis	and	18	on	a	seasonal	basis.	MSPM	is	an	annual
model	but	 can	be	 run	over	multiple	years	while	FLBEIA,	 as	well	 as
several	others	(eight	models),	includes	season,	annual	and	multiyear
modelling	capabilities.

Panel	5	of	Figure	3	identifies	model	performance	in	terms	of	whether	
the	processes	considered	are	static	 (1),	equilibrium	(2)	or	dynamic	 (3).	
The	 majority	 of	 models	 (26)	 incorporate	 dynamic	 processes	 while	 3	
(MSPM,	STOCH	HCR	and	FISHRENT	IFRO)	also	incorporate	processes	
based	 on	 equilibrium	 conditions.	 Only	 two	 models	 (BALTIC	 ECON-	
ECOL	and	GBFWCGE)	have	processes	exclusively	based	on	equilibrium	
conditions.	ISIS-	FISH	has	elements	of	both	static	and	dynamic	processes	
while	EIAA,	BEMEF,	SS-	DBEM-	IOT	and	SRRMCF	are	static	models.

Panel	6	of	Figure	3	indicates	the	types	of	algorithms	used	to	pro-
duce	model	outputs.	A	marker	on	 the	 inner	 ring	 (1)	means	 that	 the	
model	uses	a	 simulation	algorithm.	A	marker	on	 the	 second	 ring	 (2)	
denotes	models	 that	 are	based	on	an	optimization	algorithm,	 and	a	
maker	on	 the	outer	 ring	 (3)	 indicates	models	 that	 incorporate	both,	
simulation	and	optimization	algorithms.	Less	than	half	of	the	models	
(14) are	simulation	models,	2	are	strict	optimization	models,	while	the
last	half	(16)	incorporate	both	types	of	algorithms.

Figure	4	 reports	 additional	 model	 characteristics	 of	 the	 IEEFMs	
with	focus	on	economic	characteristics	and	sector	coverage.

Panel	 1	 of	 Figure	4	 explores	 fishing	 sector	 components	 in	 the	
model	coverage	categorized	 into	catch	sector	 (1),	 fishery	system	 in-
cluding	processing	and	distribution	 (2),	 societal	communities	 (3)	and	
multiple	sectors	of	a	local	or	regional	economy	(4).	All	models	address	
the	catch	sector	and	of	those	21	also	address	the	wider	fishery	system	
and	8	 also	 address	 communities.	Only	 two	models	 (GBFWCGE	and	
SS-	DBEM-	IOT)	cover	multiple	sectors.

Panel	 2	 of	 Figure	4	 evaluates	 the	 estimation	 of	 model	 parame-
ters	 covering	 qualitative	 indicators	 (1),	 deterministic	 parameters	 (2)	
or	stochastic	(3).	Most	models	(25)	include	deterministic	parameters,	
while	12	of	the	25	also	include	stochastic	parameter	estimation.	A	few	
models	 include	both	qualitative	 indicators	and	 stochastic	parameter	
estimation	 (3)	 or	 deterministic	 parameters	 (1)	 while	 only	 five	 mo-
dels	 include	exclusively	 stochastic	 parameter	 estimation	 (MAC-	ADJ,	
STOCH	HCR,	DISPLACE,	BALTIC	FLR-	SMS	and	ELFSIM).

Panel	3	of	Figure	4	shows	model	characteristics	in	terms	of	use	of	
market	prices/values	(1),	consideration	of	the	value	chain	(2)	and	inclu-
sion	of	non-	market	values	(3).	All	models,	except	the	MSPM,	include	
market	values,	while	six	also	consider	the	value	chain	and	two	include	
both	market	and	non-	market	values.

Panel	4	of	Figure	4	explores	 the	 type	of	 embedded	 interactions	
covering	linear	(1),	nonlinear	(2)	or	both	(3).	Most	models	(23)	include	
nonlinear	 interactions,	while	eight	 include	both.	Only	one	model	 in-
cluded	only	linear	interactions.

Panel	5	of	Figure	4	investigates	the	nature	of	the	embedded	eco-
nomic	behavioural	model	covering	no	behavioural	module	(1),	a	stra-
tegic	module	(2)	or	a	tactical	module	(3)	included.	Most	models	include	
tactical	modules	(21)	and	of	those	nine	include	also	strategic	modules.	
Only	 four	models	 include	 only	 strategic	 behaviour,	 and	 five	models	
have	 no	 behavioural	module	 included	 (Crab	ABC,	MSPM,	 SRRMCF,	
NPF	BIOECON	and	FCUBE).

Panel	 6	 of	 Figure	4	 explores	 some	 basic	 functions	 included	 in	
the	models	in	relation	to	recruitment	(1),	catchability	(2),	fish	prices	
(3) and	 the	 harvest	 costs	 (4).	Most	models	 include	 indicators	 and
parameters	 for	 recruitment,	 catchability,	 costs	 and	 prices.	 Some
models	have	those	indicators	included	as	endogenous	relationships,
other	 models	 use	 exogenous	 relationships	 for	 those	 indicators,
while	other	models	include	linear	or	nonlinear	interactions	for	those
parameters.

Models	typically	require	trade-	offs	that	need	to	be	made	that	can	
affect	how	the	model	may	be	applied	to	address	a	management	ques-
tion.	Some	of	the	key	trade-	offs	among	models	that	were	evaluated	
for	 this	 study	are	 reported	 in	Figure	5.	Some	of	 these	 trade-	offs	 in-
clude	the	expertise	required	to	conduct	analyses	 (Panel	1),	 range	of	
applications	and	degree	of	specialization	(Panel	2),	accessibility	to	end	
users	 (Panel	3)	 and	 the	 relationship	between	model	 complexity	 and	
data	needs	(Panel	4).

A	marker	in	the	inner	ring	(1)	of	Figure	5,	Panel	1	denotes	models	
where	 analyses	 or	model	 runs	 need	 to	 be	 conducted	 by	 the	model	
developer.	There	are	15	models	that	fall	into	this	category.	A	marker	in	
the	second	ring	(2)	of	Panel	1	means	that	analyses	do	not	necessarily	
need	to	be	conducted	by	the	model	developer	but	require	specialized	
expertise	or	significant	training	before	obtaining	proficiency	in	using	
the	model.	Fourteen	models	require	specialized	expertise.	The	outer	
ring	(3)	denotes	models	that	can	be	used	with	some	training	but	can	
be	used	by	 individuals	with	general	expertise.	These	models	 include	
FLBEIA	and	MEFISTO.

Panel	 2	 of	 Figure	5	 reports	 trade-	offs	 along	 a	 continuum	 from	
specialized	 to	 flexible	 in	 terms	 of	 possible	 uses	 and	 management	
applications	 the	 model	 can	 address.	With	 very	 few	 exceptions,	 all	
models	were	self-	assessed	as	being	complex.	For	 this	 reason,	com-
plexity	was	not	included	in	Panel	2	since	doing	so	would	not	provide	
any	meaningful	 information	 for	 the	purpose	of	model	comparisons.	
A	marker	in	the	inner	ring	(1)	indicates	models	that	have	been	devel-
oped	to	address	a	specialized	fishery	or	specific	application	for	special	
management	issues.	These	models	(7)	include	CRAB	ABC,	IMATSTRL,	
BALTIC	 ECON-	ECOL,	 NPFTPBEM,	 SS-	DBEM-	IOT,	 MEFISTO	 and	
PERU	 EwE.	 Two	models	 (NECLH	 and	 STOCH	HCR)	 are	 placed	 on	
the	second	ring,	which	denotes	simple	models,	 that	 is	 less	complex	
	models	with	an	intermediate	level	of	application	with	respect	to	ap-
plication	and	management	 issues	that	can	be	addressed,	that	 is	be-
tween	the	specialized/specific	application	and	the	capability	of	general	
application	addressing	several	management	issues.	All	other	models	
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lie	on	the	outer	ring	(3),	which	denotes	models	that	may	be	applied	
in	a	wide	 range	of	 fisheries	and/or	 to	address	many	different	man-
agement	issues.

Panel	 3	 of	 Figure	5	 reports	 accessibility	 trade-	offs.	A	marker	 on	
the	inner	ring	(1)	of	Panel	3	denotes	models	that	would	require	user	to	
obtain	or	purchase	specialized	or	proprietary	software	prior	to	using	
the	model.	Many	models	belong	to	this	category	(10).	A	marker	on	the	
second	 ring	means	 that	 the	model	has,	on	 the	contrary,	been	made	
available	as	open	access	which	is	the	case	for	22	of	the	models.	In	a	
few	(5)	of	these	cases,	access	has	been	provided	as	a	free	download	
from	a	website,	and	sometimes	there	is	also	an	elaborated	user	manual	
available	at	the	public	website.	 In	this	case,	the	model	has	a	marker	
in	 the	 third	 ring	 (3).	A	marker	on	 the	outer	 ring	 (4)	denotes	models	
that	also	are	both	open	access	and	user	friendly.	These	models	include	
BEMEF,	ISIS-	FISH,	MEFISTO	and	the	EwE	applications.

Panel	4	of	Figure	5	shows	the	relationship	between	model	com-
plexity	and	data	needs	where	simple	with	low	data	needs	are	placed	
on	the	inner	ring	(1),	simple	with	high	data	needs	on	the	centre	ring	
(2) and	complex	with	high	data	needs	situated	on	the	outer	ring	(3).
By	 far,	 the	 majority	 of	 models	 are	 highly	 complex	 with	 high	 data
needs	 (23),	while	 two	are	 in	 the	 second	category	and	 seven	 in	 the
first	category.

An	 important	 consideration	 in	 the	 present	 model	 evaluation	 is	
whether	 and	 how	models	 are	 used.	Model	 use	may	 be	 conditional	
on	the	stage	of	model	 implementation.	 In	some	cases,	they	are	only	
used	in	an	academic	setting	to	further	develop	or	improve	modelling	
capabilities.	In	other	cases,	they	are	used	(or	intended	to	be	used)	to	
provide	advice	to	different	levels	of	management	organizations.	In	the	
SM	Table	S3,	a	Model	Use	and	Trade-Off	Summary	Table	is	given	with	
an	overview	of	all	IEEFMs	evaluated	according	to	main	use	and	types	
of	use,	as	well	as	major	trade-	offs	in	relation	to	the	use.	Based	among	
other	on	this	table,	the	Figure	6	gives	an	overview	and	reports	model	
comparisons	on	each	of	the	dimensions	of	model	use:	model	 imple-
mentation	(Panel	1),	academic	use	(Panel	2)	and	management	advice	
level	and	organizations	(Panel	3).

Panel	 1	 of	 Figure	6	 provides	 an	 ordinal	 rating	 of	 each	model	 in	
terms	 of	 level	 of	 implementation	 from	 models	 that	 have	 been	 de-
veloped	but	have	not	been	applied	to	any	specific	issue	(1)	to	levels	of	
low	(2),	medium	(3)	and	high	(4)	implementation.	Models	that	have	a	
high	level	of	implementation	include	EIAA,	IMATSTRL,	STOCH	HCR,	
ISIS-	FISH,	 ELFSIM,	 NPFTPBEM,	 FLBEIA,	 FCUBE,	 SEAUS	 ATL,	 SS-	
DBEM-	IOT	and	the	EwE	applications	(in	total	13).	By	contrast,	mod-
els	that	have	not	yet	been	implemented	include	CRAB	ACID,	BALTIC	
ECON-	ECOL,	 NPF	 BIOECON,	 GBFWCGE	 and	 BALTIC	 ATL	 (5).	 All	
other	models	were	rated	as	either	a	low	or	medium	level	of	implemen-
tation	with	seven	models	in	each	of	those	main	ratings.

Panel	2	of	Figure	6	is	an	ordinal	rating	of	each	model	in	terms	of	
academic	dissemination	and	use.	Models	where	a	technical	report	has	
been	prepared	but	not	 through	the	peer-	reviewed	 literature	are	de-
noted	as	1,	models	that	have	been	published	in	peer-	reviewed	journals	
are	denoted	as	2,	and	peer-	reviewed	models	that	have	been	frequently	
cited	are	denoted	as	3.	Both	BALT	ATL	and	BEMEF	provide	 techni-
cal	 reports	 but	 have	 not	 appeared	 in	 the	 peer-	reviewed	 literature;	

however,	a	paper	has	been	submitted	on	the	first.	Eight	models	have	
been	frequently	cited	in	peer-	reviewed	academic	journals.	These	fre-
quently	cited	models	include	IMATSTRL,	ISIS-	FISH,	ELFSIM,	FCUBE,	
SS-	DBEM-	IOT,	 GEM	 and	 EwE	 (8).	All	 other	models	 (22)	 have	 been	
documented	in	peer-	reviewed	literature.

Panel	3	of	Figure	6	reports	the	advice	level	and	types	of	manage-
ment	organizations	for	which	each	model	 is	designed	to	provide	ad-
vice.	Here,	we	 limit	 our	 focus	 to	models	 that	 have	been	developed	
to	provide	advice	to	European	management	 institutions.	For	 report-
ing	purposes,	we	assign	a	1	to	models	that	seek	to	provide	advice	to	
management	organizations	in	a	single	nation.	We	assign	a	2	to	models	
that	may	provide	 advice	 to	EU	nations	or	management	 institutions.	
A	3	is	assigned	to	models	that	address	both	single	nation	and	EU	ad-
vice;	a	4	is	assigned	to	models	that	may	provide	advice	to	both	the	EU	
and	to	ICES;	a	5	is	assigned	to	models	that	provide	advice	to	National	
management	bodies,	the	EU	and	ICES.	Seven	models	(MSPM,	ECO2,	
SRRMCF,	NECLH,	NPFTPBEM,	NPF	BIOECON	and	GBFWCGE)	have	
been	designed	to	only	provide	advice	to	National	management	bodies	
which	cover	to	high	extent	non-	EU	models.	Three	models	(MAQ-	ADJ,	
STOCH	HCR	and	BALTIC	ECON-	ECOL)	address	EU	management	con-
cerns	alone,	while	EIAA	and	MEFISTO	address	both	EU	and	National	
management	institutions.	The	BALTIC	ATL	and	SS-	DBEM-	IOT	address	
both	EU	and	 ICES	management	concerns,	and	all	other	models	 (11)	
are	designed	to	provide	advice	to	management	bodies	at	the	National,	
EU	and	ICES	levels.

The	use	of	a	model	is	dependent	on	the	combinations	and	trade-	
offs	in	relation	to	model	implementation	(experience	with	the	model),	
model	expertise	needed	to	use	the	model	and	the	accessibility	of	the	
model	to	users.	Figure	7	illustrates	the	integrated	categorization	of	the	
models	according	to	those	three	criteria	and	evaluates	the	effect	of	
model	accessibility	and	required	expertise	on	model	implementation.	
The	levels	of	categorization	of	the	rings	in	the	spider	web	chart	include	
0:	none,	1:	low,	2:	medium	and	3:	high.	There	are	no	strong	or	general	
trends	observed;	however,	there	is	a	tendency	towards	higher	imple-
mentation	when	accessibility	 is	higher	and	when	complexity	and	ex-
pertise	requirements	are	moderate.	Also,	there	is	a	trade-	off	in	model	
use	and	level	of	implementation	with	the	age	of	the	models	which	is	
analysed	in	Figure	8.	It	appears	that	all	models	with	no	implementa-
tion	have	an	age	of	5	years	or	less,	and	most	of	the	models	with	low	
or	medium	 implementation	 are	 also	 “young”	models	with	 an	 age	 of	
5	years	or	less.	However,	a	relatively	high	proportion	of	models	with	
high	implementation	also	have	a	low	age	of	5	years	or	less,	but	in	this	
category,	the	sum	of	models	with	higher	age	of	6-	10	and	11-	15	years	
is	higher	than	young	models.

4  | DISCUSSION AND CONCLUSIONS

This	study	compares	and	contrasts	35	IEEFMs	with	a	wide	diversity	
of	characteristics	and	uses.	This	diversity	reflects	recognition	by	mo-
dellers	that	no	single	model	approach,	structure	or	orientation	is	ap-
propriate	for	all	needs.	This	requires	modellers	to	make	trade-	offs	to	
best	meet	the	needs	of	the	intended	uses	and	users	for	each	model.	
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Our	 aim	 is	 to	 help	managers	 and	 scientists	 better	 understand	 how	
and	why	the	characteristics	of	IEEFMs	vary	so	much,	what	trade-	offs	
modellers	 face,	 and	 what	 they	 have	 learned	 from	 developing	 and	
communicating	 these	models.	The	documentation	of	 the	character-
istics	 of	 the	 specific	models,	 the	 development	 of	 the	methods	 and	
specific	 tools	 to	evaluate	 and	categorize	model	 characteristics,	 and	
what	 the	model	developers	 see	as	 the	model	 strengths	 capabilities	
and	limitations	also	provide	potential	users	and	other	modellers	with	
information	about	how	models	(and	modellers)	may	be	useful	to	them	
either	to	provide	management	advice	or	in	developing	new	models.	
Accordingly,	we	can	help	managers	and	scientists	choosing	the	most	
appropriate	models	for	their	specific	systems,	advisory	and	manage-
ment	needs,	and	questions	to	be	addressed.	Given	previous	experi-
ences	and	expert	knowledge,	we	can	provide	methods	and	 insights	
on	what	aspects	of	models	to	be	aware	of	and	implementation	issues	
of	the	models.

This	meta-	analysis,	based	on	self-	assessments	by	model	develop-
ers,	compiles	the	experience	of	many	different	modellers.	We	found	
that	 it	 was	 important	 to	 collect	 metadata	 from	 model	 developers	
rather	 than	 just	 use	 a	 “standard	 literature	 review”	because	many	of	
the	above	questions	can	only	be	answered	with	the	insight	the	model	
developers	have	on	their	own	models.	However,	responses	compiled	
in	the	developed	meta-	analysis	tools	depend	on	modellers’	perceived	
ideas	and	insight,	for	example	complexity	of	a	model	depends	partially	
on	 the	eye	of	 the	beholder.	 For	 this	 reason,	 it	 is	 important	 to	have	
the	same	type	of	people	(in	this	case	model	developers)	filling	in	the	
matrices	and	summary	tables.	At	the	same	time,	 it	has	been	import-
ant	to	have	a	balanced	group	evaluating	the	models	with	participation	
of	 economists,	 biologists,	 ecologists,	 theoretical	 people	 and	 people	
working	with	applied	advice	and	model	implementation.	The	present	
group	of	model	developers	represents	such	a	balanced	group,	and	it	
has	been	very	useful	to	have	group	discussions	during	working	group	
and	 conference	meetings	 among	 scientists	 of	 different	 fields	 in	 the	
present	evaluation.

4.1  | GENERAL CHARACTERISTICS OF THE 
EVALUATED IEEFMS OBTAINED FROM THE 
META- ANALYSIS

Most	of	the	models	reviewed	are	case-	specific—designed	or	at	least	
parameterized	for	specific	fisheries	and	areas	and	sometimes	to	ad-
dress	specific	management	questions.	However,	a	number	of	models	
are	 based	on	more	 generic	modelling	 platforms	 but	 are	 parameter-
ized	for	particular	areas	and	fisheries	and	may	also	focus	on	different	
op	erating	models	within	 the	more	 general	models	 (e.g.	 various	 ap-
plications	of	the	Atlantis	and	EwE	ecosystem	models).	Most	models	
reviewed	provide	short-	term	(tactical)	advice	and	medium-	term	man-
agement	strategy	evaluation	(MSE),	while	only	about	half	provide	both	
short-	term	and	medium-	term	advice,	as	well	as	medium-	term	MSE.	In	
many	situations,	adequate	detailed	ecosystem	data	and/or	long-	term	
time-	series	data	are	not	available	to	obtain	adequate	precision	to	pro-
vide	robust	parameters	for	short-	term	advice	with	these	models.	This	
is	particularly	true	for	the	more	complex	models	with	multiple	species	
or	fine-	scale	spatial	dynamics.	However,	nearly	all	models	can	provide	
long-	term	strategic	advice.

Most	 models	 were	 classified	 as	 multistock	 (multispecies)	 and	
mixed	fisheries	models	having	modules	that	also	considered	economics	in	 
relation	to	fisheries	(métiers).	Most	of	these	models	are	actually	mul-
tistock	 models,	 that	 is	 considering	 several	 stocks	 in	 a	 mixed	 fish-
eries	 context	 with	 technical	 interactions	 between	 fleets,	 but	 not	
multispecies	 in	 the	 sense	 that	 they	 integrate	biological	 interactions,	
for	 example	 predation,	 between	 the	 different	 fish	 stocks,	 or	 eco-
system	 interactions.	 Only	 a	 few	 IEEFMs	 include	 biological	 interac-
tions,	for	example	actual	fish	multispecies	prey–predator	interactions,	
and/or	 trophic	 dynamics	 and	 interactions	 (the	 Atlantis	 and	 EwE	 
applications,	 SS-	DBEM-	IOT,	 GBFWCGE,	 Baltic-	FLR-	SMS,	 Baltic-	
Econ-	Ecol	 and	 the	 GEM	 models).	 All	 models	 contain	 biological– 
economic	interactions	with	respect	to	stocks	and	fisheries,	except	the	

F IGURE  8 Relationship	between	model	
age	and	model	use

High

Medium

Low

None

0

1

2

3

4

5

6

7

8

5 years or less 6–10 years 11–15 years > 15 years

N
um

be
r o

f M
od

el
s

Model Age

High Medium Low None

268



18  |     NIELSEN Et aL.

MSPM	which	 is	an	example	of	a	stock	production	model	where	the	
economic	module	is	not	yet	implemented,	while	only	very	few	models	
(2)	are	also	multisector,	that	is	include	non-	fishery	sectors	to	allow	for	
marine	spatial	planning	(MSP).	The	focus	on	multistock	models	and	bi-
ological–economic	interaction	reflects	broad	interest	in	understanding	
the	technical	 interactions	that	connect	fisheries.	This	 is	 in	 large	part	
driven	by	concerns	about	by-	catch	and	discarding	that	have	been	an	
important	policy	focus	in	recent	years,	particularly	in	Europe.	Although	
the	importance	of	understanding	ecological	interactions	is	clearly	rec-
ognized,	parameterizing	these	models	accurately	in	a	way	that	enables	
provision	of	tactical	advice	is	often	still	not	possible,	and	the	end-	to-	
end	ecosystem	models	that	have	been	developed	tend	to	be	focused	
on	longer-	term	strategic	advice.

In	 relation	 to	model	 dimensions	 and	 scales,	 the	majority	of	mo-
dels	only	operate	with	one	geographical	area	and	unit,	that	is	they	are	
not	spatially	explicit.	Some	models	operate	with	several	areas	such	as	
stock	or	ecosystem	subareas	or	management	and	advisory	subregions,	
while	only	a	few	models	are	agent-	based	operating	at	very	high	spa-
tial	 (and	 time)	 resolution.	Modelling	 spatial	 dynamics	 at	 a	 fine	 scale	
not	only	greatly	increases	model	complexity,	but	it	also	requires	data	
on	 ecological	 and	 human	 processes	 that	 is	 often	 lacking	 or	 patchy.	
Management	advice	also	still	tends	to	focus	on	removals	at	the	stock	
level.	However,	the	increasing	amount	of	use	conflicts	in	marine	areas,	
not	just	between	fisheries,	but	between	other	uses	such	as	electricity	
production,	aquaculture	and	marine	transport	will	continue	to	create	
interest	in	developing	more	spatially	explicit	models.

Most	models	 are	 age-	based	 or	 both	 age-		 and	 size-	based,	while	
only	 a	 very	 few	 are	 exclusively	 size-	based.	 The	 broader	 ecosystem	
models	 usually	 operate	with	 age	 disaggregation	 for	 the	 vertebrates	
(fish,	 sea	mammals	 and	birds;	 higher	 trophic	 levels),	 but	 not	 for	 the	
invertebrates	and	lower	trophic	levels.	Age-		and	size-	structure	models	
are	 the	 standard	 for	 full	 analytical	 stock	 assessments,	 the	 data	 and	
information	to	parameterize	age	or	size-	structured	models	are	often	
available,	and	age	or	size-	structured	bio-	economic	models	are	neces-
sary	to	provide	advice	comparable	to	that	of	the	full	analytical	stock	
assessments.	Also,	as	management	is	often	focused	on	issues	of	by-	
catch	and	discarding	of	 juveniles,	age	and	size-	structure	models	are	
often	necessary	to	address	key	management	questions.

With	respect	to	the	types	of	processes	(and	functions)	considered	
in	the	IEEFMs	most	models	incorporate	dynamic	processes,	while	only	
a	 few	were	 static	 models.	Most	 models	 operate	with	 costs,	 prices,	
catchability	and	recruitment	as	exogenous	variables	or	functions.	Only	
a	few	models	include	equilibrium	processes.	About	half	of	the		models	
include	 both	 simulation	 and	 optimization	 routines	 with	 respect	 to	
estimation	of	output	parameters,	while	only	very	few	are	exclusively	
optimization	models.	The	rest	are	pure	simulation	models.	Among	the	
models	that	include	simulation	and	optimization	routines,	most	opti-
mize	over	fishing	effort	 (to	maximize	profit	or	minimize	costs),	while	
ecosystem	and	multispecies	biological	interactions	are	simulated.	This	
is	due	 to	 the	 fact	 that	 the	 complexity	of	biological	 interactions	 and	
ecosystem	dynamics	does	not	 lend	 itself	 to	optimization.	Most	eco-
system	and	multispecies	models	are	either	equilibrium	or	simulation	
models	where	different	scenarios	of	different	factors	(climate	change,	

eutrophication	pressure	 levels	and/or	 fishing	pressure	 levels	on	var-
ious	 fish	 species,	 etc.)	 can	 be	 evaluated	 through	 “what	 if”	 scenario	
evaluation.

Most	 models	 provide	 only	 deterministic	 quantitative	 estimates;	
however,	a	few	provide	output	parameters	with	confidence	limits	and	
uncertainty	indicated.	Given	their	role	in	decision	support	for	manage-
ment,	it	is	essential	to	know	how	the	models	incorporate	uncertainty,	
for	 example	 uncertainty	 from	 a	 distribution	 range	 of	 output	 from	
multiple	simulations,	stochastic	variables,	deterministic	processes	or	
variables	modelled	as	random	processes.	Communicating	uncertainty	
is	 clearly	 important,	but	also	a	major	challenge.	 It	may	 increase	 the	
complexity	 and	 computational	 needs	 of	models	 (e.g.	 requiring	 hun-
dreds	of	stochastic	runs).	Modellers	also	may	lack	information	on	the	
correlation	 of	 stochastic	 processes	 in	 different	 model	 components	
even	when	they	have	good	information	on	variation	of	individual	pro-
cesses.	 Even	when	modellers	 can	 provide	 estimates	 of	 uncertainty,	
users	often	focus	on	the	mean	or	median	results.	 It	can	be	difficult	
to	 convey	whether	 or	 how	 decisions	 should	 be	 adjusted	 to	 reflect	
uncertainty	and	doing	so	is	often	the	place	of	the	managers	not	the	
modeller.

With	respect	to	model	development,	complexity,	user-	friendliness	
and	flexibility,	for	example	to	what	extent	the	models	are	easily	used	
and	 informative	 for	 policymakers	 and	 stakeholders	 (i.e.	 industry,	
NGOs,	 other	 interest	 groups,	 science,	managers)—nearly	 half	 of	 the	
models	require	analyses	to	be	performed	by	the	developer	(due	to	dif-
ficulty	of	model	use).	The	remainder	of	the	models	(with	the	exception	
of	two	models	which	may	be	operated	with	general	expertise)	could	be	
analysed	by	someone	other	than	the	developer,	but	that	person	would	
require	 specialized	 training	 or	 expertise.	 Only	 four	 IEEFM	 	models	
are	 characterized	 as	user	 friendly.	The	majority	of	models	were	de-
veloped	using	open	access	software	but	a	few	have	specific	software	
requirements.	 Most	 IEEFMs	 are	 characterized	 as	 flexible,	 and	 only	
few	of	the	models	are	specialized,	and	very	few	are	considered	to	be	
	simple.	Most	models	have	high	data	needs,	which	adds	to	complexity	
of	 	implementation	 and	 the	 need	 for	 a	 higher	 level	 expertise	 to	 use	
them.	This	 complexity	 and	 lack	of	 user-	friendliness	 almost	 certainly	
limits	 the	use	of	many	models	unless	modellers	 are	able	 to	actively	
engage	 with	 users	 of	 the	 model	 information.	 However,	 developing	
user-	friendly	interfaces	for	models	can	be	costly	and	many	modellers	
do	not	have	those	skills.

Somewhat	 fewer	 than	half	of	 the	 IEEFMs	have	achieved	a	high	
level	 of	 implementation,	 that	 is	 several	 cases	 of	 implementation	
and	direct	use	 in	 fisheries	management	advice.	A	similar	proportion	
has	a	medium	or	low	level	of	implementation	in	advice,	while	only	a	
few	models	have	no	implementation	at	all,	that	is	only	scientific	de-
velopment.	For	many	of	the	implemented	models,	the	targeted	advice	
has	been	broader	regional,	ICES	or	EU,	while	only	a	few	models	have	
targeted	only	national	advice.	The	 latter	models	have	typically	been	
implemented	 in	 single	 jurisdiction	 systems,	 such	 as	 United	 States,	
Canada	or	Australia.	Most	of	 the	 IEEFMs	are	published	 in	 scientific	
peer-	reviewed	 journals;	 however,	 only	 about	 a	 fourth	 of	 the	 mo-
dels	have	frequent	citations.	A	few	models	have	their	own	websites	
that	 are	 frequently	 used	 and	 sometimes	 involve	 model	 download.	
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According	to	the	above	results	of	the	meta-	analysis,	there	are	several	
examples	of	IEEFMs	that	have	been	successful	according	to	purpose,	
because	the	models	have	been	used	in	real	advice	and	management	
decision,	 and	 they	 have	 been	 picked	 up	 by	 people	 other	 than	 the	
	original	developer.

4.2  | MAIN CONSIDERATIONS, TRADE- 
OFFS AND INSIGHTS GAINED FROM 
DISCUSSIONS OF THE META- ANALYSES 
AT CONFERENCE THEME SESSIONS AND 
WORKING GROUP MEETINGS CONCERNING 
MODEL IMPLEMENTATION AND USE

The	above	meta-	analysis	suggests	a	number	of	factors	that	determine	
the	usefulness	of	models	 in	providing	management	advice	and	con-
sequently	the	degree	to	which	model	advice	 informs	and	influences	
management	decisions.	Some	of	these	suggest	trade-	offs	for	model-
lers	to	consider.

In	general,	it	is	important	to	determine	and	assess	the	context	of	
the	use	of	the	model	in	order	to	have	a	well-	defined	problem	before	
designing	 and/or	 implementing	 a	 model,	 that	 is	 what	 management	
	objectives,	purposes	and	decisions	are	to	be	addressed	and	informed	
in	the	application	of	the	model,	or	whether	the	model	only	 intended	
for	theoretical	(academic)	use.	Here,	there	is	a	trade-	off	between	suc-
cessful	implementation	of	a	model	and	the	previous	effort	put	into	an-
alysis	of	the	context	the	model	should	be	used	in.	The	efforts	needed	
for	application	of	the	model	and	the	expected	outcomes	need	to	be	
considered	and	balanced	with	the	political	and	management	advisory	
needs	and	economic	importance	of	the	advice	in	order	to	be	cost	effi-
cient	because	implementation	of	models	is	very	resource	demanding.	
Similarly,	it	is	necessary	to	define	and	formulate	quantifiable	objectives	
and	make	these	a	priority	which	the	IEEFMs	directly	can	address.	The	
key	to	dissemination	and	transmission	has	often	been	advisory	work-
ing	groups	and	bodies,	larger	research	projects	and	dedicated	training	
courses	where	a	broader	range	of	model	experts	have	participated.	In	
most	cases,	the	developers	are	involved	in	providing	technical	support	
and	in	the	formal	use	of	the	model.	Expanded	use	of	model		websites	
and	 platforms	 show	 that	 model	 developers	 can	 more	 efficiently	
	communicate	their	work	and	models	through	cooperation	with	visual	
communications	experts	and	graphic	designers	and	by	participating	in	
communications	trainings.

More	complex	models	may	be	able	to	account	for	interconnected	
ecological	and	economic	processes	and	provide	more	nuanced	advice,	
but	unless	 the	modeller	 is	 involved	 in	 the	management	process	and	
can	tailor	the	outputs	and	model	scenarios	to	meet	managers’	needs,	
the	model	may	only	be	used	to	provide	general	strategic	advice	rather	
than	informing	specific	decisions.	A	simpler,	user-	friendly	model	may	
provide	less	nuanced	advice,	but	if	managers	and	stakeholders	can	use	
it	themselves,	it	may	have	more	influence	on	decisions.	Consequently,	
there	is	a	trade-	off	between	the	use	and	extent	of	inclusion	of	ecosystem	
or	 economic	 or	 social	 complexity	 in	 the	 IEEFMs	which	 gives	more	
	nuances	but	also	has	the	risk	of	reducing	likelihood	of	use.

There	is	a	trade-	off	between	the	model	projection	period,	that	is	
the	time	scale,	in	the	advice	or	management	evaluation	it	informs	and	
the	precision	of	 the	model	output	and	advice.	The	data	needed,	 the	
precision	of	the	data,	the	tools	used,	as	well	as	the	output	produced	
vary	 depending	 on	whether	 the	model	 deals	with	 a	 strategic	 (what	
should	be	done	in	the	long-	run),	versus	a	tactical	approach	(what	can	
be	done	in	the	short-	run).	Models	that	provide	useful	tactical	advice	
may	need	to	incorporate	single-	species	biological	models	compa	rable	
to	 stock	 assessment	 models	 and	 may	 need	 to	 incorporate	 techni-
cal	 interactions	 in	 fisheries.	Models	 useful	 for	 strategic	 advice	 need	
to	 consider	 how	 ecological	 and	 economic	 and	 social	 processes	may	
change	 and	 interact	 over	 time,	 but	 these	 processes	may	be	 hard	 to	
parameterize	 in	ways	 that	 provide	 both	 accurate	 short-	term	predic-
tions	and	longer-	term	insights.	For	example,	a	statistically	fitted	stock	
assessment	model	may	provide	accurate	short-	term	predictions,	while	
an	ecosystem	model	may	be	more	useful	for	considering	how	the	fish-
ery	 system	will	 react	 to	 changes	 in	 the	environment	over	 time.	This	
orientation	towards	tactical	vs.	strategic	advice	is	particularly	relevant	
with	 respect	 to	 human	 behavioural	 and	 social	 processes.	Modellers	
face	important	choices	about	whether	to	try	to	simulate	observed	be-
haviour	with	statistically	fitted	models,	use	theoretically	based	models	
or	specify	behaviour	in	the	model	to	achieve	some	objective	(e.g.	set	
effort	or	catch	to	maximize	profits	or	to	follow	historical	patterns	of	
effort	allocation).	Generally,	 the	 former	 is	most	useful	 for	models	 to	
be	used	for	tactical	advice,	while	models	aimed	at	providing	strategic	
advice	and	long-	term	insights	may	also	take	the	latter	approaches.	The	
choice	 is	 also	dependent	on	 the	management	 context.	For	example,	
does	the	model	assume	an	open	pool	resource,	effort	limitations,	indi-
vidual	transferable	quotas,	or	communal	management,	or	some	other	
representation.	Modelling	behaviour	in	ITQ	or	communal	management	
regimes	may	 require	modelling	strategic	behaviour	of	 fishermen	and	
group	 dynamics,	while	modelling	 behaviour	 in	 a	 common	 pool,	 par-
ticularly	one	observed	for	some	time,	may	be	simpler.	If	the	model	is	
expected	to	make	predictions	when	the	management	regime	is	funda-
mentally	changed,	statistically	fitted	behavioural	models	based	on	prior	
observed	behaviour	are	likely	to	do	a	poor	job	of	predicting	behaviour	
in	a	new	management	regime,	and	it	may	be	necessary	to	either	specify	
behaviour	or	incorporate	a	theoretically	based	behavioural	model.

It	 is	 important	 to	 use	 an	 appropriate	 spatial	 scale	 to	match	 the	
biological	scale	and	the	scale	of	key	human	processes.	For	example,	
the	management	areas	and	units	addressed	in	a	model	ideally	should	
match	the	resource	distribution	areas,	that	 is	distribution	of	the	fish	
stocks	to	be	managed.	If	the	management	area	and	the	model	domain	
only	cover	parts	of	the	stocks	distribution	areas,	important	ecological	
parameters	and	population	dynamics	may	not	be	captured	and	taken	
fully	into	account	in	the	models	(e.g.	migrations,	growth	and	recruit-
ment	 in	 relation	 to	 spawning	or	 feeding	 areas)	which	will	 bias	 their	
output.	On	the	other	hand,	boundaries	must	be	drawn	at	some	point	
and	enlarging	 them	will	 necessarily	 add	 complexity.	Modellers	must	
ultimately	decide	whether	processes	external	to	the	model	domain	are	
consequential	enough	to	require	modelling	or	can	be	specified	rather	
than	modelled	directly	(e.g.	a	certain	catch	or	natural	mortality	applied	
outside	the	model	domain).
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The	uptake	and	use	of	models	may	depend	on	how	flexible	they	
are.	While	models	built	from	scratch	tailored	to	specific	purposes	may	
provide	more	 accurate	 answers	 to	 the	 specific	 questions	 they	were	
designed	 for,	 models	 that	 enable	 users	 to	modify	 assumptions	 and	
processes	may	ultimately	be	more	useful	and	can	provide	users	 the	
ability	to	determine	the	sensitivity	of	results	to	assumptions	or	explore	
questions	not	originally	envisioned	by	 the	model	developer.	Models	
that	have	been	around	longer	and	are	more	familiar	to	managers	are	
probably	more	likely	to	be	used	because	they	are	more	likely	to	have	
been	reviewed	and	people	have	some	basis	for	deciding	whether	they	
provide	useful	and	accurate	advice.	The	number	of	times	the	model	
has	previously	been	implemented	or	brought	to	a	policy	institution	as	
a	decision	support	tool,	the	more	likely	the	advice	will	be	used	because	
policymakers	are	comfortable	with	it	and	perhaps	have	had	a	chance	
to	see	whether	prior	advice	was	useful.	Thus,	there	may	be	a	trade-	off	
between	introducing	a	new	model,	even	if	it	is	an	improvement,	and	
sticking	with	or	adapting	an	existing	model.

4.3  | GLOBAL EXPERIENCES IN 
IMPLEMENTATION AND USE OF IEEFMS—
ADDITIONAL INSIGHTS FROM THE 
CONFERENCE THEME SESSION AND 
WORKING GROUP DISCUSSIONS

The	effective	integration	of	IEEFMs	into	the	provision	of	management	
advice	can	be	driven	by	and	depend	on	having	advisory	and/or	ma-
nagement	bodies	and	fora	(institutional	set-	up)	where	the	models	can	
be	used	in	cooperation	with	stakeholders.	It	can	take	time	for	building	
trust	 in	these	fora,	for	the	bodies	to	develop	and	for	participants	to	
learn	to	use	models	effectively.	For	example,	in	the	Australian	fisher-
ies	management	and	advisory	system,	the	participatory	management	
and	advice	between	many	stakeholders	has	been	the	main	driver	of	
the	 implementation	 of	 the	models	 (Smith	 et	al.,	 1999,	 2001,	 2014;	
Sainsbury	et	al.,	2000;	Rayns	2007).	Such	a	system	requires	 the	es-
tablishment	of	appropriate	facilitating	legislation	and	comanagement	
bodies	 which	 can	 be	 a	 long	 process	 (5–10	 years).	 Importantly,	 the	
comanagement	structure	or	adaptive	management	process	needs	to	
be	cross-	sector	involving	a	number	of	parties,	including,	conservation	
and	 recreational	 fishery	 sectors	 along	with	 the	 commercial.	 Such	 a	
long-	term,	cross-	sectoral	view	has	been	taken	in	the	contested	envi-
ronment	on	the	Great	Barrier	Reef	(Mapstone	et	al.,	2008).

Effectively	 using	 IEEFMs	 to	 provide	 management	 advice	 can	
be	 enhanced	 by	 simulation	 tests	 of	 management	 plans	 to	 evaluate	
	trade-	offs	 and	 robustness	 to	 uncertainty,	 and	 it	 is	 important	 to	 in-
volve	stakeholders	in	this	process.	In	Australia,	formal	methods	of	the	
	management	 strategy	 evaluation	 have	 been	 used	 to	 assess	 impacts	
of	alternative	sets	of	measures	aimed	 to	meet	a	variety	of	manage-
ment	 goals	 (Fulton	 et	al.,	 2014).	 Involving	 stakeholders	 directly	 in	
management	and/or	advice	is	important	because	it	creates	incentives	
for	 	involvement	 in	 advance	 and	drives	 the	need	 for	 adequate	man-
agement	strategy	evaluation	 tools	 to	address	complex	questions	 in-
volving	many	stakeholders	and	both	ecological	and	economic	aspects	

of	 management	 and	 advice.	 Thus,	 it	 is	 important	 that	 governance	
	structures	 are	 in	place	 for	establishing	processes	 that	enable	 stake-
holders	 to	participate	 in	management	 strategy	evaluations	 (see,	 e.g.	
Fulton	et	al.,	2011,	2014).

The	preeminent	management	objectives	mandated	by	 legislation	
can	be	important	 in	determining	whether	and	how	IEEFMs	are	used	
to	provide	management	advice,	particularly	for	tactical	 	management	
decisions	 such	 as	 set	TACs	 each	year?	 For	 example,	while	manage-
ment	 of	 fisheries	 in	 Australia	 is	 supported	 through	 the	 application	
of	 bio-	economic	 models,	 these	 play	 virtually	 no	 role	 in	 fisheries	
management	 in	New	Zealand	 (Pascoe	et	al.,	2016).	This	discrepancy	
is	 a	direct	 result	of	 the	differing	emphasis	on	how	economic	objec-
tives	are	achieved,	with	Australia	targeting	maximum	economic	yield	
(MEY),	while	New	Zealand	targets	maximum	sustainable	yield	 (MSY)	
(Pascoe	et	al.,	2016).	Similar	to	New	Zealand,	fisheries	management	in	
Europe	and	USA	tends	to	be	driven	primarily	by	biological	targets	and	
	reference	 points	 related	 to	MSY.	 Economic	 and	 social	 factors	 enter	
mostly	in	allocation	decisions	and	designing	management	approaches	
to	achieve	desired	catch	levels.	In	contrast,	when	MEY	is	the	objective,	
it	becomes	necessary	to	 integrate	human	behaviour,	economics	and	
perhaps	social	 factors	 into	 integrated	models	 that	can	 identify	what	
MEY	is	and	how	it	can	be	achieved.

When	 integrating	 models	 into	 comanagement	 structures	 and	
processes,	 model	 flexibility,	 transparency,	 portability,	 build-	up	 time,	
expert	 knowledge	 of	 the	 system	 to	model	 and	 the	model	 interface	
available	can	be	critical	determinants	of	success.	 It	seems	necessary	
to	concentrate	more	on	making	models	flexible,	more	understandable	
to	stakeholders,	portable	and	more	user	friendly	to	increase	the	level	
of	implementation	and	use	by	stakeholders	in	general.	Here,	it	should	
be	noted	that	flexibility	to	be	implemented	in	different	cases	does	not	
necessarily	come	with	greater	complexity.

Involvement	of	stakeholders	and	establishing	suitable	advisory	and	
management	structures	to	enhance	implementation	of	IEEFMs	may	be	
particularly	challenging	in	the	EU	which	consists	of	a	variety	of	mem-
ber	countries	bound	together	with	several	supra-	national	institutions	
(Marchal	 et	al.,	 2016).	 The	 scientific	 management	 advice	 in	 the	 EU	
and	Iceland	for	conservation	and	utilization	of	the	resources	is	mainly	
conducted	by	scientists	using	 IEEFMs	 for	providing	advice	although	
there	are	informal	consultations	in	decision-	making.	In	contrast,	there	
are	mandatory	 and	 formalized	 consultations	with	 stakeholders	 both	
in	scientific	advice	and	in	decision-	making	in	Australia,	USA	and	New	
Zealand	allowing	IEEFMs	to	be	used	in	an	interactive	and	integrative	
way	for	providing	commonly	agreed	advice	for	management.	(Marchal	
et	al.,	2016).	In	USA,	there	have	been	some	problems	with	insufficient	
trust	 in	 the	management	 institutions	or	processes	or	 a	 lack	of	 trust	
between	 different	 stakeholders;	 in	 this	 case,	 integrated	models	will	
not	evolve	and	not	be	used.	 It	takes	a	 long	time	to	build	up	trust	 in	
the	management	structures	and	between	the	user	groups	in	order	to	
cooperate	on	 IEEFM	approaches.	 In	 a	 review	on	 implementation	of	
ecosystem	models,	Hyder	et	al.,	 (2015)	conclude	that	 it	 is	necessary	
to	establish	a	stronger	link	to	social	and	economic	systems	to	increase	
the	 range	 of	 policy-	related	 questions	 that	 the	models	 can	 address,	
and	 it	 is	 also	 important	 to	 improve	 communication	 between	 policy	
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and	modelling	communities	so	there	is	a	shared	understanding	of	the	
strengths	and	limitations	in	the	use	of	ecosystem	models.

The	EU	and	member	states	have	invested	considerable	resources	to	
develop	various	multispecies	and	ecosystem	models	for	different	ma-
rine	ecosystems	and	regional	seas	and,	in	parallel,	to	conduct	field	pro-
grams	advancing	process	knowledge	on	biological	and	trophodynamic	
interactions	and	the	response	of	food	webs	to	anthropogenic	changes	
in	environmental	conditions.	Strong	evidence	has	accumulated	across	
all	 EU	waters	 for	 the	 importance	of	 accounting	 for	 the	dynamics	of	
species	 interactions	when	attempting	 to	understand	and	predict	 the	
response	of	fisheries	resources	to	ecosystem	change.	As	a	result,	mul-
tispecies	and	ecosystem	models	exist	for	all	regions.	For	every	proposal	
of	a	new	EU	fisheries	regulation,	the	European	Commission	is	required	
to	provide	an	assessment	of	ecological,	economic	and	social	impacts	of	
the	regulation.	Over	the	last	decade,	several	impact	assessments	have	
been	undertaken	applying	the	available	bio-	economic	models.	In	par-
ticular,	in	EU	research	projects,	the	models	for	this	have	been	further	
developed	and	implemented	to	be	able	to	provide	the	necessary	tools	
for	the	assessments	(see	Supplementary	Material	S4	for	details	of	im-
plementation	of	various	IEEFMs	through	a	row	of	extensive	projects).

ICES	has	in	its	latest	Strategic	Plan	(www.ices.dk;05Apr2017)	ex-
plicitly	requested	integrated	fisheries	management	advice	and	defined	
advisory	needs	for	IEEFMs.	It	seems	that	adequate	methods	and	re-
levant	advanced	IEEFMs	are	already	developed	and	in	place	to	meet	
these	 advisory	 demands	 according	 to	 the	 management	 types	 used	
in	 ICES	 context.	Also,	 relevant	model	 developer	 expertise	 exists	 on	
national	basis	within	 the	 ICES	member	 countries	besides	 the	global	
experiences	and	methods	for	model	evaluation	outlined	in	this	paper	
which	can	be	directly	used	in	ICES	context.	Given	the	model	evalua-
tion	methods	developed	and	 the	experiences	outlined	above	 it	will,	
however,	be	necessary	to	formally	establish	integrated	ICES	working	
groups	where	economists,	biologists	and	sociologists	can	 interact.	 It	
will	also	be	important	to	allow	for	and	promote	involvement	of	stake-
holders	in	using	IEEFMs	for	management	advice.

4.4  | CONCLUSIONS

Managers	of	marine	resources	must	balance	diverse	and	often	com-
peting	 interests	and	must	make	decisions	about	highly	complex	sys-
tems	with	 limited	 and	 imprecise	 knowledge.	 IEEFMs	 are	 playing	 an	
increasingly	 important	 role	 in	 supporting	 this	 challenging	 task.	They	
can	provide	managers	with	a	better	and	more	explicit	understanding	
of	how	natural	and	human	processes	interact	to	influence	outcomes.	
IEEFMs	can	provide	a	means	to	quantify	the	trade-	offs	between	dif-
ferent	management	objectives	and	how	benefits	and	costs	for	differ-
ent	groups	of	stakeholders	are	affected	by	management	decisions.	If	
model	results	can	be	effectively	conveyed	to	stakeholders,	or	prefer-
ably	if	stakeholder	can	be	involved	in	development	and	use	of	IEEFMs,	
this	can	generate	greater	acceptance	of	management	actions	and	fa-
cilitate	more	effective	implementation.

IEEFMs	represent	complex	systems,	and	modellers	face	trade-	offs	
when	 attempting	 to	 limit	 complexity	 to	make	models	more	 tractable	

and	easier	for	managers	and	stakeholders	to	use.	Our	review	suggests	
that	modellers	are	sometimes	reticent	to	make	these	trade-	offs.	Many	
of	 the	models	 reviewed	 are	 extremely	 complex	 and	 are	 designed	 to	
provide	both	 short-	term	 tactical	 and	 long-	term	 strategic	 advice	 on	 a	
range	of	management	decisions.	Many	attempt	to	model	multiple	spe-
cies,	 sometimes	with	 both	 technical	 and	 ecological	 interactions.	This	
complexity	may	often	be	justified,	but	it	places	much	greater	demands	
on	 the	 modellers	 and	 the	 managers	 to	 use	 the	 models	 effectively.	
Modellers	need	 to	be	willing	 to	 invest	 time	 into	making	models	user	
friendly	or	be	prepared	to	participate	directly,	and	probably	repeatedly,	
in	management	fora	where	models	and	model	results	can	be	explained	
and	discussed.	This	involvement	can	be	beneficial	to	all	parties,	leading	
both	to	improvement	of	models	and	more	effective	implementation	of	
advice,	but	can	demand	substantial	time	and	resources	which	must	be	
built	 into	 the	 governance	 process.	 It	may	 also	 take	 time	 to	 develop	
effective	 processes	 for	 using	 IEEFMs	 requiring	 a	 long-	term	 commit-
ment	to	integrating	multidisciplinary	modelling	advice	into	management	
decision-	making.	Given	the	mismatch	between	the	time	required	for	a	
model	 to	become	mature	 (6	or	more	years)	and	the	funding	duration	
typically	available	(3–4	years),	there	is	a	need	for	new	funding	schemes	
that	 support	 development	 of	 models	with	 good	 documentation	 and	
user-	friendly,	 open-	source	 platforms	 that	 enable	 replicability	 and	
continuing	development	and	adaptation	of	the	models.

This	 article	 is	 a	 step	 towards	 developing	 methods	 and	 specific	
tools	to	evaluate	model	characteristics	and	applying	a	categorization	
system	for	these	complex	models.	Future	studies	should	standardize	
and	detail	 those	 tools	more,	 for	 example	 by	 quantifying	 and	detail-
ing	further	the	ranges	of	the	different	categorizations	in	the	classes,	
for	example	 level	of	 implementation	and	the	 time	ranges	 for	short-	,	
medium-		or	long-	term	management	advice.	The	evaluation,	discussion	
and	feedback	on	the	meta-	analysis	conducted	in	the	working	group,	
workshop	and	conference	meetings	 in	 ICES	and	 IIFET	context	have	
led	to	a	more	standardized	way	for	model	developers	to	conduct	self-	
assessments	of	their	models.
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Supplementairy material chapter 3: Trophic interactions and cascading 
control exemplified in its multitude of effects for the Baltic Sea 
ecosystem 

 
 

Cod and sprat perturbations 

The baseline used in this study is the previously published calibration (S. Bossier et al., 2018) from which 
the equilibrium state is shown in Fig. A1. All scenarios are compared against this baseline equilibrium. 

Figure A1. All 30 groups and total biomass and equilibrium of the published calibrated Baltic Atlantis model (Sieme 
Bossier et al., 2018). 

 

Cod perturbations (scenario 1-5) 

First, we show the results for all the cod perturbations for both cod compared to sprat (Fig. A2) and for 
cod compared to harbour porpoise (Fig. A3). Fig. 3 in the main paper consists of a selection of panels of 
Fig. A2.  
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Figure A2. Relative changes of cod (age 5) versus relative changes of sprat (age 3) for all five scenarios, i.e. the five 
columns, where a specific parameter of cod was changed according to the given levels (-95% until +95%). The rows 
show the different components: biomass [top], condition [middle] and abundance [lower]. A = a fixed point in time 
after spawning and ageing, B = a fixed point in time before spawning and ageing. Note the different scales of the 
different panels. 

When cod biomass decreases, then sprat biomass increases and vice versa, when cod biomass increases, 
sprat biomass decreases (Fig. A2). Three cases show an increase of sprat with an increase of cod, namely 
the natural mortality scenario with changes of -75% and -95% and the fishing mortality scenario with +95% 
level of change. The clearance rate and diet scenario show an intra-specific responses of the cod 
population in the form of a change in the condition, while the natural and fishing mortality and 
reproduction scenario show a bigger change in the number of cod individuals. Note that the scales of the 
graphs are different and therefore might give another perception when looking at the trend only (e.g. the 
condition panel for the natural mortality scenario). 
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Figure A3. Relative changes of cod (age 5) versus relative changes of harbour porpoise (age 10) for all five scenarios, 
i.e. the five columns, where a specific parameter of cod was changed according to the given levels (-95% until +95%). 
The rows show the different components: biomass [top], condition [middle] and abundance [lower]. A = a fixed point 
in time after spawning and ageing, B = a fixed point in time before spawning and ageing. Note the different scales of 
the different panels. 

The trends in the impacts of the higher trophic level, the harbour porpoise, follows a consistent pattern 
in relation to the changes in the cod population for all scenarios (Fig. A3). In the cases where harbour 
porpoise numbers increase, so does its condition and vice versa, i.e. its condition decreases when its 
numbers decrease. The changes in the condition are more extensive than the changes in the numbers. 
Consequently, the overall result is an increase of biomass of harbour porpoise when cod biomass 
increases, and the other way around. The A- and B-points follow again a similar trend across all scenarios.  

Sprat perturbations (scenario 6-10) 

Next, we show the results for all the sprat perturbations both for sprat compared to cod (Fig. A4) and for 
sprat compared to seabirds (Fig. A5). Fig. 4 in the main paper consists of a selection of panels of Fig. A4.  
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Figure A4. Relative changes of sprat (age 3) versus relative changes of cod (age 5) for all five scenarios, i.e. the five 
columns, where a specific parameter of sprat was changed according to the given levels (-95% until +95%). The rows 
show the different components: biomass [top], condition [middle] and abundance [lower]. A = a fixed point in time 
after spawning and ageing, B = a fixed point in time before spawning and ageing. Note the different scales of the 
different panels. 

In general, when sprat biomass increases, then cod biomass increases as well, and when sprat biomass 
decreases, cod biomass decreases (Fig. A4). However, in some cases cod biomass increases no matter how 
sprat biomass changes (e.g. the natural mortality and reproduction scenarios). For the intra-specific 
responses, the clearance rate and diet scenario respond by a change in the sprat condition, but no change 
– or at least only to a very limited extent - in the abundance of sprat. The other three scenarios (natural 
and fishing mortality and reproduction), do not show more profound changes in one of the components, 
but rather an equal change in both the condition and the abundance.  

The cod population is also affected because of the changes in its main prey species (Fig. A4). Generally, 
intra-specific responses makes the cod condition decrease together with a decrease in its abundance and 
vice versa. There are two exceptions, one in the reproduction scenario, level -95%, where the abundance 
of cod increases while their condition decreases, and another for the clearance rate scenario -95% where 
abundance decreases and condition increases. In the condition panel of the reproduction scenario, a 
tipping point is shown (i.e. in the meaning of ‘threshold-like changes’) where the condition of cod has a 
positive reaction until a certain level of change in sprat, hereafter the condition of cod decreased. 
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Figure A5. Relative changes of sprat (age 5) versus relative changes of seabirds (age 10) for all five scenarios, i.e. the 
five columns, where a specific parameter of sprat was changed according to the given levels (-95% until +95%). The 
rows show the different components: biomass [top], condition [middle] and abundance [lower]. A = a fixed point in 
time after spawning and ageing, B = a fixed point in time before spawning and ageing. Note the different scales of the 
different panels. 

Biomass of the seabirds responds only slightly to the change in the sprat population (Fig. A5). A consistent 
trend in the biomass is not obvious, nor for the abundance or the condition. The seabirds sometimes all 
react positively, despite how the sprat changes (e.g. the panel of the abundance for the reproduction 
scenario). In other cases, there is a tipping point where the effects are either negative or positive within 
the same scenario, depending on the magnitude of the level of change (e.g. the positive levels of change 
within the condition panel for the natural mortality scenario). 
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Editor's comments: 
 
Subject Editor comments:  
Dear authors, the two reviewers listed several points where improvements are recommended. Please attend to 
these, and provide a reply to each comment. Also, please mark the text in the manuscript that was 
changed/added, e.g. in a different colour, for ease of reference.   
Signed: Ursula Scharler  
 
 
 

REVIEWER #1 

 

Review of: Bossier et al., 2020. (Second submission) “Trophic interactions and cascading control 
exemplified in its multitude of effects for the Baltic Sea ecosystem” 

Submitted to Ecological Modelling, reviewed September 2019, reviewed resubmission in May 2020. 

 

 

Overall evaluation 

The larger ecological questions addressed in this paper are interesting, and the authors correctly 
argue that we should make use of our increasing abilities to incorporate complexity into ecosystem 
models, in order to better predict patterns in abundance and biomass across food webs. 

The revised paper is much improved in several ways. The authors’ primary goals are now clarified and 
effectively threaded throughout the manuscript. The reader is better able to maintain focus on these 
goals while following their deeper dives into the specifics of simulations and model predictions. In 
addition, the revised (and added) text more thoroughly describes the basic model structure sufficiently 
enough to comprehend the bases of their simulations and predictions. An interested reader will still 
have to track down other sources that explain the Baltic Atlantis model in greater detail, but doing this 
is no longer a necessity to read this paper and understand what the authors did and found. 

I am recommending this manuscript for publication, provided a few revisions are made; those are 
outlined below. I commend the authors for creating a significantly improved, much clearer, and far 
more compelling manuscript. 

 

Suggestions for major revisions 

• The authors make the argument that trophic interactions predicted by the Baltic Atlantis model 
are better understood by exploring more than simply annual changes in biomass. Their data 
support this assertion, and the figures and text now make this point far more easily digested for 
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the reader. 
That said, I’d recommend that the authors change their language from “trophic cascades” to the 
more broad, and more appropriate, “trophic interactions”. Their results are more consistent with 
this more inclusive term. While they can and should point out the evidence of a trophic cascade in 
at least one simulation (Fig. 6, right panel), the authors regularly argue that other trophic dynamics 
are important and are perhaps more prevalent than trophic cascades as traditionally studied. This 
point will be better made if they expand the language used to make their arguments, and if they 
then make any mention of “trophic cascades” simply one of many types of trophic interactions 
that occur. 

• The section on ‘tipping points’ in the Discussion section (starts at line 495) is not sufficiently 
supported by the previous text and results in this paper. If this is a significant point the authors 
wish to make, then their revisions should include more text leading into this concept, more text 
pointing out the evidence of ‘tipping points’ in their model predictions, and an expanded 
discussion of the importance of these abrupt shifts in ecosystem dynamics. These are indeed 
important issues, but in order to include them in this relatively short Discussion, the authors 
should make a stronger case for their importance in this particular model, in these particular 
simulations and results. 

• Have the authors done any verification of model predictions against raw data? Given the 
complexity of the food web, with so many interactions, it would be helpful to know if the 
dynamics predicted by the model as shown in this paper have been demonstrated to match 
ecosystem dynamics in this system. 

• The language is much improved, but there are still awkward or unclear phrases or word choices, 
and some minor formatting issues should be addressed to eliminate these distractions. I outline 
a few examples in the “minor suggestions” below. 

 

Minor suggestions and feedback 

• I’d change the title. It’s currently a bit awkwardly phrased (especially the middle), and doesn’t 
highlight the most important points you’re making in this paper. 

• Some citations in the text are incorrectly and inconsistently formatted, by including the first 
name or initial of the author. 

• Introduction, first paragraph: the quote used here makes for awkward reading, and the text in 
the quote is unnecessary. This first paragraph is critical to outlining your arguments, so I’d 
recommend paraphrasing the points you want the reader to get out of this quote, and citing it 
instead. 

• You use the term ‘trophic cascading’ several times, but this seems awkward and it’s not a version 
of the term I’m used to seeing. Same for ‘trophic cascade interactions’. 

• In this journal, many readers will not be familiar with fish. Define terms like ‘cluepids’ before using 
them. 

• Line 66 – ‘reallocations’ and ‘spill-over’ are either the wrong words, or else they need to be 
further explained to make sense in this context. 
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• Lines 82-84 – please reword. This sentence is unclear and awkwardly phrased. 

• Lines 108-109 – please reword this sentence (starts with “Depending on…”). The two halves, 
before and after the comma, are confusing to integrate. 

• Line 131 / Section heading 2.2 – reword this section heading title. It’s not particularly 
representative of what’s in this section. Something more along the lines of ‘model construction’ 
would be more informative about what follows 

• Line 136 – explain why these particular 5 parameters are the ones you chose to focus on. This 
is important, and yet not explained to the reader in this paper. 

• (Lines 144-165) Predator/prey interactions –write more about why it’s important that you 
modeled these interactions, in this particular way. The reader can figure some of this out for 
themselves by the end of the paper, but it would be clearer if you could provide some guidance 
here, in the Methods section. Give the reader a bit of a ‘road map’ as to why you’ve made these 
choices in the model framework. 

• Lines 170-172 – Beverton-Holt alpha parameter – explain why you’ve focused on changing this 
parameter. Just add a quick description for the reader who is not going to read other papers 
on the Baltic Atlantis model, so that reader can better understand why you’ve focused on 
varying this particular parameter. 

• Lines 175-176 – explain what ‘quadratic’ and ‘linear’ refer to here. What’s the other variable(s) 
involved, besides mortality rate? 

• Table 1, Scenario 11 – you wrote “Decreased with 1/3 for adults and with 1/20 for juveniles”. 
Do you mean “by” instead of “with” for both places in this phrase? If so, please change the 
wording. If not, please clarify; it’s hard to be sure what this treatment was, exactly, without 
knowing this. 

• Line 202 – you wrote “in which the system had reached equilibrium”. When did that happen? It’s 
hard to tell if you’re saying the simulation was run for 60 years after an equilibrium was reached, 
or if equilibrium was only reached in the last 2 years of a 60-year simulation. If the latter, was 
equilibrium reached in the last 2 years in ALL simulations? 

• Lines 225-231 – please reword these sentences. It’s difficult to be sure of what you did, or why 
you did it, from the current wording. One point of confusion is what you used to determine age 
groups which were ‘not highly driven’ (from line 228) by certain other variables. But in general, 
the basic rational for not following cohorts is unclear here. 

• Lines 232-242 – this paragraph is ok, but it’s a bit vague and I’m not sure what it adds to the 
paper. 

• Lines 264-267: explain how you calculated the ‘relative difference’ between the baseline and 
each scenario at points A and B. I’m trying to match the values you give in these sentences, 
and I’m not coming up with the same values. Without knowing how you did these 
calculations, it’s impossible to evaluate these values. 

• Line 487 – you write about increases in sprat leading to ‘indirect positive effects on zooplankton 
and phytoplankton’. This is confusing. Line 516 confirms that zooplankton are the primary prey 
of sprat, so shouldn’t there be a direct sprat- zooplankton interaction, and shouldn’t an increase 
in sprat lead to a decrease in zooplankton? And shouldn’t there then be an inverse effect on the 
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phytoplankton ingested by the zooplankton? 

• Line 495-505 – see my comments in the “Suggestions for major revisions” section above, 
concerning ‘tipping points’. 

• Lines 508-509 – the variables listed here haven’t been discussed much or, in some cases 
(cannibalism?), at all in this paper. So, it comes as a surprise to read here that trophic cascades 
are driven by these things, with the implication that this model supports this sentence. 

• Lines 515-519 – I’m not following why you say ‘sprat is responding with great complexity’, 
while describing this species’ links in the food web as being fairly straightforward. If this is an 
important point, please try to explain in greater detail. 

• Line 526 – rephrase ‘…are among other built to….’ 
 

 

 

REVIEWER #2 

 

The complexity of the work reflects the complexity of the subject treated. Marine ecosystems are complex 
and this kind of modeling is a useful tool to disentangle the multiple interactions and investigate the its 
possible response to a perturbation. I think this is an interesting work and generally well presented 
considering the number of interactions between 30 functional groups and the overwhelming amount of 
output generated. The paper states clearly the two main objectives of the study: 

- importance of considering explicitly condition as well as abundance to better represent trophic cascade, 

- importance of using of an holistic approach. In particular it showed that the model represents in a 
coherent way density dependent mechanisms, supported by some observations from the same area. 
These points are important to understand food web dynamics and if we want to move towards a more 
ecosystem-based approach to management of marine resources. 

 

Therefore, in my opinion, this manuscript is valuable for publishing in this journal. 

 

I suggest only a few minor revisions. In particular in the discussion model emergent results and processes 
(e.g. the strong density dependency in sprat) should be strengthened with more examples from 
observations documenting similar trends in the area. 

 

Minor revisions: 
- Although present in Bossier et al 2018, it would be advisable to have a map of the model domain and a 
figure showing the the trophic food web or at least repeat table 1 in Bossier et al. 2018 for ease of 
reading. 



 

292 
 

 
- Line 151: I find the explanation of the diet experiment set up confusing. For sprat and cod for each run 
you changed the index of diet interaction from +95% to -95% for each prey species of for all prey 
species? Can you provide a more detailed explanation of the set-up?  
- Do you have an ontogenetic feeding preference in your model? 
- It would be useful to have a diagram showing trophic interactions focused around cod and sprat. 
 
- LINE 257 and Fig.1 Please state the level of decrease in cod natural mortality. 
 
- LINE 271,428, 475, 520 check the verbs ... sprat decreases (or decreased) ... condition increases (or 
increased)... / biomass lead.../ needs .../ leads ... 
 
- FIG. 2 It looks that only scenarios of variation in cod natural mortality has a strong effect on sprat 
condition. Why does it not occur also in scenario of fishing mortality?  
It looks that scenarios of fishing mortality does not affect sprat condition. It is surprising that changes in 
fishing mortality do not have a strong effect on cod and sprat considering that fishing is considered to 
have contributed to the shift from a piscivorous to a planktivorous dominated environment in the Baltic. 
Do you have an explanation? Could it depend on ontogenetic diet preference of cod? 
It should be explained in more depth in the discussion. 
 
- LINE 461 Ciannelli et al. 2012 found a similar mechanism for flounder. I would add it explicitly. The 
construction of the next sentence (For instance) in which you talk about your results (sprat, cod) made 
me think if was still Ciannelli's work. 
 
- LINE 472 (Casini et al., 2006) no need to include the first name. 
 
- LINE 473-475 Not so clear. Rephrase and explain better the observation. Decrease cod, Increase sprat 
abundance, Decrease Sprat condition -> therefore less energy content of fish -> decrease in body mass 
at fledging... 
 
- LINE 495 Tipping points.  In discussion it is claimed that the model is suitable for detecting tipping 
points. However in the results section you only briefly show one example of tipping point i.e. scenario of 
sprat reproduction change on cod biomass and condition (Fig.4).  
1. in the discussion it would help if when you talk to tipping points you refer briefly to your findings. 
With such an amount of results I had to go back and look for section in which you had a tipping point. 
2. could you show other tipping point examples from your results. e.g scenario 9 (natural mortality 
sprat) biomass change for sprat at +25% and +50%. Is this drop another tipping point? 
 
- Density dependency for sprat  
leads to low increase in cod abundance but results show a strong intra-population density dependency 
(intra-specific regulations of sprat population)... lower predator pressure leads to more but smaller sprat 
individuals.  . Supported by the observations of Casini et al 2006 on the strong dependency of clupeids 
abundance and zooplankton biomass. 
 
- I like fig.6 it summarizes visually complex results. It shows that trophic cascade to show significantly 
require a strong perturbation. 
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- It would be beneficial if you could show in a table, or other means a summary of the variation in 
percentage of consumed species in the diet of cod and sprat, at least for the main preys? 
 
- Do you think the model, with such an internal complexity of feeding interactions, in a sense, damps the 
effect of a perturbation through feeding to other prey species? 
(Line 190: no effect of lower trophic level with cod perturbation scenarios). 
This is what generally occurs in resilient environments where after a perturbation species adapt to the 
change for instance by modifying the diet preference.  
If well represented by the model this aspect is a merit of this kind of modeling. If not, maybe it is a limit. 
This is difficult to assess and is a modeling dilemma. This aspect should be discussed more maybe in the 
model assumptions section. 
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Supplementairy material chapter 4: Integrated ecosystem impacts of 
climate change and eutrophication on main Baltic fishery resources 
 

1. Materials & Methods 

 

Table A1. Baltic Atlantis functional groups and abbreviations. 

Abbreviation Full name 
MHP Harbour porpoise 
SEA Seals 
SBD Seabirds 
FCD Cod 
FSR Sprat 
FHR Herring 
FFL  Flatfish 
FWH Whiting 
FSL Small pelagic fish 
FSD Small demersal fish 
FPR Perch 
FCP Carp 

 

 

1.1. Implemented Baltic Atlantis end-to-end ecosystem model  

Below are the time series shown of all functional groups comparing the modelled biomasses with the 
input data for the different calibrations. Only GCM A is shown because the patterns are similar for the 
other two GCMs B and D.  

For the RCO 2005 REF calibration we can see that all groups reach equilibrium within the +- 0.5, except 
for sprat, Nephrops, labile detritus, seabirds and harbour porpoise, although for harbour porpoise this is 
only the case for GCM A, for the other two GCMs, the relative biomass is just within the +0.5 border.  
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Figure A1. Relative biomass of all functional groups (see Table A1 for the abbreviations of the functional groups) – 
initial condition values compared with simulation outcome for RCO 2005 REF –  GCM A (scenario 001).  

 

For the RCO 2005 PLC 7 calibration we see the same pattern where all groups reach equilibrium within 
the +- 0.5, except for sprat, Nephrops, labile detritus, seabirds and harbour porpoise, although for harbour 
porpoise this is only the case for GCM A, for the other two GCMs, the relative biomass is just within the 
+0.5 border.  

Figure A2. Relative biomass of all functional groups (see Table A1) – initial condition values compared with simulation 
outcome for RCO 2005 PLC7 –  GCM A (scenario A008). 
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For the RCO 2005 REF – New sprat calibration we see a different pattern compared to the above. For this 
calibration, sprat is within the range of +- 50 % of initial input data, but small demersal fish, perch, 
Nephrops, mysids and harbour porpoise (only for GCM A) are not. 

Figure A3. Relative biomass of all functional groups (see Table A1) – initial condition values compared with simulation 
outcome for RCO 2005 REF - New sprat –  GCM A (scenario A011). 

 

In the figure below we compare the RCO 2005 REF (001) calibration with the RCO 2005 PLC 7 (008) to see 
the relative change in biomass for the different functional groups. RCO 2005 REF has a much higher sprat 
biomass and a much lower Nephrops biomass compared to the RCO 2005 PLC 7. 
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Figure A4. Percentage difference of biomass of the different functional groups of the RCO 2005 REF (001) calibration 
compared to the RCO 2005 PLC 7 (008) calibration. 
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1.2. Sensitivity to different threshold ranges of key physical parameters and climate specific 
functions in Atlantis 

Oxygen dependency for the vertebrates is modelled differently from temperature and salinity in the 
Atlantis framework and it does not affect their physiological processes, however it does affect recruitment 
and distribution. In Atlantis, the distribution of vertebrates is only minor impacted by oxygen limitations 
since the vertebrates will simply contract to the cells above where oxygen levels are high enough. In the 
unlikely situation where no cell in the entire domain has high enough oxygen concentration levels, then 
that entire functional group will die at once (Audzijonyte et al. 2019). The benthic invertebrates however, 
cannot always move away and will suffer when oxygen drops below their tolerances. Furthermore, we 
know that the oxygen levels have been critically low for several decades in the deeper basins of the Baltic 
Sea, e.g. Bornholm Basin and Gotland Basin (Hansson et al., 2018) and it is predicted that the areal extent 
and volume of hypoxia, i.e. here defined as oxygen concentrations < 2 ml/l, will further increase because 
of climate change and nutrient supply if no restrictions are taken (Saraiva et al., 2019a).  

In the Baltic Atlantis, there are five functional groups that will be affected by this: the hard- and soft-
substrate filter feeders, benthic deposit feeders, polychaets and Nephrops. The oxygen mortality for the 
benthic invertebrates is: (1 − 𝛿𝛿𝑂𝑂2) 𝑚𝑚𝑚𝑚 and depends on the oxygen limitation scalar 𝛿𝛿𝑂𝑂2 and the oxygen 
mortality rate  (𝑑𝑑𝑑𝑑𝑑𝑑−1). The initial oxygen mortality rate for these five groups is 0.00001 for the filter 
feeders and 0.0001 for the others. The lethal oxygen level for the five groups is 3 𝑚𝑚𝑚𝑚 𝑚𝑚2 𝑚𝑚−3 for the filter 
feeders and 1 𝑚𝑚𝑚𝑚 𝑚𝑚2 𝑚𝑚−3 for the others.  When the ambient oxygen concentration decreases below the 
lethal oxygen concentration, i.e. the level at which an organism would die, then the oxygen limitation 
scalar 𝛿𝛿𝑂𝑂2 is 0, resulting in the full mortality rate to be applied to the functional groups. When however 
the ambient oxygen levels are above the lethal oxygen concentration, but below the specific limiting 
oxygen concentration of the functional group, then the oxygen limitation scalar 𝛿𝛿𝑂𝑂2  is applied to the 
oxygen mortality rate resulting in a lower mortality rate. The oxygen limitation scalar 𝛿𝛿𝑂𝑂2 is calculated 

accordingly: 𝛿𝛿𝑂𝑂2 = (𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎−𝐾𝐾𝑂𝑂2)2

(𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎−𝐾𝐾𝑂𝑂2)2+(𝐾𝐾𝑂𝑂2𝐿𝐿𝐿𝐿𝐿𝐿− 𝐾𝐾𝑂𝑂2)2
, where 𝑚𝑚𝑠𝑠𝑎𝑎𝑎𝑎  is ambient oxygen levels, 𝐾𝐾𝑚𝑚2  lethal 

oxygen concentration (𝑚𝑚𝑚𝑚𝑚𝑚2𝑚𝑚−3) and 𝐾𝐾𝑚𝑚2𝐿𝐿𝐿𝐿𝐿𝐿  limiting oxygen concentration (𝑚𝑚𝑚𝑚𝑚𝑚2𝑚𝑚−3). Finally, 
the same oxygen limitation scalar is also applied to the clearance rate of the benthic invertebrates, 
resulting in a decrease in the amount of water searched when ambient oxygen levels drop.  

However, our model is not able to capture the hypoxia in the deeper, offshore basins. So instead of 
applying the existing Atlantis oxygen mortality function (as explained above), we will mimic oxygen 
mortality by increasing the already existing linear mortality rate for the benthic functional groups. 
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1.3. Fishery – Baltic Atlantis harvest module   

Fishing is modelled dynamically where the amount of catch is determined by the swept area of the fishery, 
its fishing effort, the biomass available of the resources (species) given its species specific selectivity, and 
the escapement and the catchability of the species (Audzijonyte et al., 2019). For this calibration, the 
selectivity curve used for all fisheries (métiers) is the knife-edge selectivity curve. The vertical distribution 
of the effort was based on the main area of the water column where the fishery was active in. For 
demersal fisheries, the distribution was more scattered over the depth layers to account for the fishing 
when hauling their gear. This parameter will indirectly determine the depth of the gear being used. The 
speed of an average fishing vessel is used to calculate the swept area and is set as 9260 m/hr.   
 

Table A2. Overview of the main Baltic fisheries (métiers), their placement in the water column, their specific swept 
area, their associated catches from ICES and STECF and their total effort. 

Fishery Fishery name 
(métier) 

Pelagic / 
Demersal 

Swept area*  
[m3 day-1] 

STECF catch [tons] 
(STECF, 2018) 

Total effort  
[days d-1] 

PTW Pelagic Trawlers Pelagic 230 000 000 445491 1775 
OTS Small meshed 

Otterboard 
Trawlers 

Pelagic 35 000 000 50223 407 

OTL Large meshed 
Otterboard 
Trawlers 

Demersal 16 000 000 38404 1736 

DSN Demersal Seiners / 
Danish Seiners 

Demersal 26 000 000 0 50 

GIL Gillnetters Pelagic / 
demersal 

3 500 000 22352 5216 

OTH Other - fyke nets, 
longlines, traps, etc 

Demersal 2 000 000 2029 603 

DRG Dredges Demersal 40 000 1486 0 
* Proportion of total volume of the cell (YYY_swept area) (day-1) the fishery can “sweep” (Eigaard et al., 2016) 
 
Table A3. Relative values (0-1) of the effort distributed over the vertical water layers (from 1 to 6, top to bottom 
water column respectively). 

 1 2 3 4 5 6  
PTW 0.0  0.2  0.2  0.2  0.2  0.1 
OTL 0.75  0.25  0 0 0 0 
OTS 0.1  0.2  0.2  0.2  0.1  0.1 
GIL 0.5 0.2  0.1  0.1  0.1 0 
DSN 0.4  0.2  0.2  0.1  0.1 0 
DRG 1 0 0 0 0 0 
OTH 0.75  0.25 0 0 0 0 

 
Table A4. Selectivity parameters for all functional groups for each fishery (L50 size in cm). 

 PTW OTL OTS GIL DSN OTH 
Cod 16 38 16 38 30 30 
Sprat 10 12 10 12 16 16 
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Herring 10 12 10 12 16 16 
Flatfish 12 25 25 25 25 25 
Whiting 16 38 16 38 30 30 
Perch 16 38 16 38 30 30 
References, 
adjusted 
from: 

(Suuronen 
and millar 
1992) 

 (Suuronen 
and millar 
1992) 

(Madsen 
2007) 

 (Madsen 
2007) 

 
Table A5. Catchability parameters for all functional groups for each fishery (no unit). The catchability value was 
initially set to 1.0 and was then adjusted during the calibration process to fit the modelled catches with the 
observations. 

 PTW OTL OTS GIL DSN OTH 
Cod 0.0134  0.58  0.032  0.7  0.64  0.74 
Sprat 0.155  0.00028  0.477  0.00019  0.0001  0.005 
Herring 0.234  0.0005  0.999  0.29   0.1 0.0001 
Flatfish 0.96  1.0  0.1334  0.6  0.43 0.64 
Whiting 0.008  0.035  0.0545  0.00485  0.0014 0.002 
Perch 0.0000048  0.00075  0.0148  0.047 0.07  0.0041 
NE 0.0  0.0014  0.016  0 0 0.022 

 
 

1.4. Skill assessment 

A skill assessment was carried out to evaluate the performance of the Atlantis model in relation to the 
trend and magnitude of the estimated compared to the observed catches, as was suggested by Olsen et 
al. (2016). Spearman Rank correlation, Model efficiency, and Reliability index were applied to the catch 
time series available, i.e. for cod, sprat and herring (see Table A5).  

A correlation assesses the relationship between two or more variables, it evaluates whether the model 
has a similar trend to the data. The Spearman correlation computes the correlation between the rank of 
the observations and the rank of prediction variables. The equation is as following: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑆𝑆𝑚𝑚𝑑𝑑𝑆𝑆 = ∑ (𝑂𝑂𝑖𝑖
′−𝑂𝑂�𝑖𝑖

′)(𝑃𝑃𝑖𝑖
′−𝑃𝑃�𝑖𝑖

′)𝑛𝑛
𝑖𝑖=1

�∑ (𝑂𝑂𝑖𝑖
′−𝑂𝑂�𝑖𝑖

′)2𝑛𝑛
𝑖𝑖=1 ∑ (𝑃𝑃𝑖𝑖

′−𝑃𝑃�𝑖𝑖
′)2𝑛𝑛

𝑖𝑖=1

. 

Model efficiency measures how well the model predicts relative to the average of the observations (Stow 
et al., 2009). 1 indicates a close match between observations and model predictions, 0 indicates no 
difference then using the average of the observations, and negative indicates that the average of the 
observations would be a better predictor than the model results. A model with a negative MEF is still 
useful if the trend of the predictions are similar to the one of the observations. The equation is as 
following: 

𝐿𝐿𝑀𝑀𝑀𝑀 = ∑ (𝑂𝑂𝑖𝑖−𝑂𝑂�)2−∑ (𝑃𝑃𝑖𝑖−𝑂𝑂𝑖𝑖)2𝑛𝑛
𝑖𝑖=1

𝑛𝑛
𝑖𝑖=1

∑ (𝑂𝑂𝑖𝑖−𝑂𝑂�)2𝑛𝑛
𝑖𝑖=1

. 
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The reliability index (Leggett and Williams, 1981) quantifies the average factor by which model predictions 
differ from observations (Stow et al., 2009). The smaller RI, the better. Ideally, the RI should be close to 
one. The equation is as following: 

𝑅𝑅𝐿𝐿 = 𝑆𝑆𝑒𝑒𝑆𝑆�1
𝑛𝑛
∑ �𝑙𝑙𝑙𝑙𝑚𝑚 𝑂𝑂𝑖𝑖

𝑃𝑃𝑖𝑖
�
2

𝑛𝑛
𝑖𝑖=1 . 

 

Table A6. Skill assessment, how does the model fits to data: 1) Spearman Rank correlation, 2) model efficiency (MEF), and 3) the 
reliability index (RI). 

Calibration Metrics Cod Sprat Herring 
A001 Correlation (Spearman) -0.08 (0.82) 0.56 (0.06) 0.20 (0.53) 

Model Efficiency (MEF) 0.92 -26.81 -0.85 
Reliability Index (RI) 1.44 2.18 1.74 

A008 Correlation (Spearman) 0.07 (0.83) 0.56 (0.06) 0.20 (0.53) 
Model Efficiency (MEF) -1.10 0.01 -1.46 
Reliability Index (RI) 1.48 1.27 2.06 

A011 Correlation (Spearman) 0 (1.0) 0.59 (<0.05) 0.20 (0.53) 
Model Efficiency (MEF) -3.65 -9.43 -0.88 
Reliability Index (RI) 2.19 3.65 1.64 
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2. Results 
 

2.1. Climate projections & eutrophication scenarios 

Below are the results for the climate and eutrophication scenarios (001 – 017) for each of the calibrations 
(RCO 2005 REF, RCO 2005 PLC 7 and RCO 2005 REF – New sprat) and for all three GCMs, showing all 
functional groups. 

Figure A5a. Ensemble model results, averaged for the last five years of the simulation period,  for the change of 
biomass, abundance and weight for the climate and eutrophication scenarios (scenario 002 to 007) for all higher 
trophic levels using the RCO 2005 REF calibration compared with its baseline scenario RCO present climate REF (001). 
See Table A1 for the abbreviations of the functional groups. See Table 1 and 2 for an overview of the scenarios. The 
x-axis shows the relative change in percent. The bars represent the ensemble modelling, i.e. the variation of the results 
of the different GCMs. Note that the different colours group the nutrient scenarios, and the intensity of the colour 
represents the climate scenario with a higher intensity, i.e. for a stronger climate scenario.  
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Figure A5b. Ensemble model results, averaged for the last five years of the simulation period,  for the change of 
biomass of the lower trophic levels for the climate scenarios (scenario 002 to 007) for all lower trophic levels using 
the RCO 2005 REF calibration compared with its baseline scenario RCO present climate REF (001). See Table 1 and 2 
for an overview of the scenarios. The x-axis shows the relative change in percent. The bars represent the ensemble 
modelling, i.e. the variation of the results of the different GCMs. Note that the different colours group the nutrient 
scenarios, and the intensity of the colour represents the climate scenario with a higher intensity, i.e. for a stronger 
climate scenario.  
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Figure A6a. Ensemble model results, averaged for the last five years of the simulation period,  for the change of 
biomass, abundance and weight for all higher trophic levels for the climate and eutrophication scenarios RCO 4.5 
PLC 7 (009) and RCO 8.5 PLC 7 (010) using the RCO 2005 PLC 7 calibration compared with its baseline scenario RCO 
present climate PLC 7 (008). See Table A1 for the abbreviations of the functional groups. See Table 1 and 2 for an 
overview of the scenarios. The x-axis shows the relative change in percent. The bars represent the ensemble 
modelling, i.e. the variation of the results of the different GCMs. Note that the different colours group the nutrient 
scenarios, and the intensity of the colour represents the climate scenario with a higher intensity, i.e. for a stronger 
climate scenario.  
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Figure A6b. Ensemble model results, averaged for the last five years of the simulation period,  for the change of 
biomass of the lower trophic levels for the climate scenarios RCO 4.5 PLC 7 (009) and RCO 8.5 PLC 7 (010) using the 
RCO 2005 PLC 7 calibration compared with its baseline scenario RCO present climate PLC 7 (008). See Table 1 and 2 
for an overview of the scenarios. The x-axis shows the relative change in percent. The bars represent the ensemble 
modelling, i.e. the variation of the results of the different GCMs. Note that the different colours group the nutrient 
scenarios, and the intensity of the colour represents the climate scenario with a higher intensity, i.e. for a stronger 
climate scenario.  
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Figure A7a. Ensemble model results, averaged for the last five years of the simulation period,  for the change of 
biomass, abundance and weight for the climate and eutrophication scenarios (002-007) for cod, sprat and herring 
using the RCO REF - New sprat calibration compared with its baseline scenario RCO – New sprat REF calibration. See 
Table A1 for the abbreviations of the functional groups. See Table 1 and 2 for an overview of the scenarios. The x-axis 
shows the relative change in percent. The bars represent the ensemble modelling, i.e. the variation of the results of 
the different GCMs. Note that the different colours group the nutrient scenarios, and the intensity of the colour 
represents the climate scenario with a higher intensity, i.e. for a stronger climate scenario.  
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Figure A7b. Ensemble model results, averaged for the last five years of the simulation period,  for the change of 
biomass of the lower trophic levels for the climate scenarios (002-007) for cod, sprat and herring using the RCO REF - 
New sprat calibration compared with its baseline scenario RCO – New sprat REF calibration. See Table 1 and 2 for an 
overview of the scenarios. The x-axis shows the relative change in percent. The bars represent the ensemble 
modelling, i.e. the variation of the results of the different GCMs. Note that the different colours group the nutrient 
scenarios, and the intensity of the colour represents the climate scenario with a higher intensity, i.e. for a stronger 
climate scenario.  
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2.2. Sensitivity to different threshold ranges of key physical parameters  

To test the sensitivity of the model regarding the environmental spawning thresholds, i.e. hydrographic  
tolerance limits and thresholds for the spawning of main commercial Baltic fish species, within Atlantis, 
i.e. maximum spawning temperature, minimum spawning salinity and minimum spawning oxygen, some 
additional simulations were run using the RCO 2005 REF calibration. Below is the simulation 002 s5 shown 
compared to 002 s6. For simulation 002 s6, salinity decreased as climate change evolved and at the end 
of the simulation, no recruitment was possible anymore for cod because the salinity was not high enough. 
When lowering the minimum salinity necessary for spawning, i.e. the 002 s5 simulation, then cod 
recruitment was possible. 

  

Figure A8. Results for the sensitivity analyses of the minimum spawning salinity threshold range (scenario s5 and s6). 
See Table 1 and 2 for an overview of the scenarios. The x-axis shows the time in years of the model run, i.e. 127 years, 
and the y-axis shows the biomass of cod. 
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2.3. Oxygen depletion mortality simulations 

To test the sensitivity of the model regarding oxygen depletion and its effect on benthic organisms and 
cod, 3 extra simulations were run with an increased linear mortality on the benthic functional groups, i.e. 
the hard- and soft-substrate filter feeders, benthic deposit feeders, and polychaetes. As the biomass 
decreased for the benthic functional groups because of the increased mortality, so did the biomass of cod 
with a slight decrease. However, besides a decrease in biomass, so did they also change in prey species 
composition (see Fig. A9) and their weight decreased (Fig. A10). 

 

Figure A9. Food composition in term of relative proportion of prey species for juvenile cod for the three oxygen 
simulations. 
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Figure A10. Weight in grams over time for a juvenile cod – age 4, for the different oxygen sensitivity simulations. 
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