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Thesis summary 
The research presented in this thesis revolves around the migration behaviour and survival of wild 
sea trout (Salmo trutta L.) in the marine environment. This area of research has seen increasing 
academic and managerial interest recently, as several aspects of sea trout survival and behaviour 
in the marine environment remain unknown or scarcely described. Sea trout individuals returning to 
spawn in their natal stream can constitute a high proportion of the overall spawning biomass in a 
population and contribute a disproportionately large production of juveniles, thus making their 
success and survival in the marine environment important for population sustainability.  

We therefore used a combination of biotelemetry, morphological measurements and physical 
samples to study different aspects of the marine life of sea trout entering the marine environment 
for the first time (smolts) and veteran sea trout re-entering the marine environment after spawning 
(kelts).  

By using acoustic telemetry on smolts (MS I) and kelts (MS II) from Karup and Simested rivers, 
which enter the Danish Limfjord, we were able to document the lowest minimum survival observed 
in any fjord system for sea trout (20 % for smolts and 48 % for kelts). We also found specific 
behavioural traits suggesting that the fish were adapted to the unique conditions of the fjord. Both 
smolts and kelts left the fjord in the eastern direction within a short window of time. The kelts 
entered the fjord gradually during winter and spring, and resided in two southern compartments of 
the fjord, with 41 % of the fish re-entering the river several times before making their final 
movement into the fjord and subsequently into the Kattegat. In April, sudden increases in 
temperature appeared to spark the onset of the migration out of the fjord. Most tagged fish left the 
fjord within a period of two weeks with mean progression rates through the fjord being 14.7 km-1 in 
the first part and 31.8 km-1 in the narrower, eastern part of the fjord. Fish from both Karup and 
Simested rivers behaved similarly in terms of migration timing, movement rates and mortality in the 
fjord. This suggests that the observed behaviour of both smolts and kelts represents an adaptation, 
and is thus important for survival and success in the Limfjord.  

By using data storage tags on sea trout kelts from seven Danish rivers, we were able to provide 
the first detailed reports on survival and behaviour of sea trout at sea (MS III, IV and V). The tags 
measured temperature and depth of the fish every five minutes and revealed a characteristic diel 
behavioural pattern where the fish performed several dives deeper than 5.0 metres during daytime 
and resided almost constantly at shallow depths during nighttime. The fish appeared to reside in 
areas with temperatures warmer than the mean (for the seas surrounding Denmark) during spring 
when mean surface (0 – 2 m) temperatures were below 11o C, and in areas with temperatures 
colder than the mean during summer when surface temperatures started exceeding 15o C. The fish 
showed a marked response to sea surface temperatures exceeding 17o C and disrupted their 
characteristic diving behaviour to remain submerged to depths of 5-15 metres almost permanently 
during such conditions. The data suggested the fish were close to land during spring and had 
entered open sea during summer.  

We employed a new type of DST where a string of floats enabled the recovery of the tag. This 
approach provided us with the possibility, for the first time, to study the detailed behaviour of fish 
that did not survive. The data revealed mean survival times at sea of 14.3 days (excluding angled 
fish) for the fish that died at sea, suggesting that the early part of the marine period is particularly 
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dangerous for sea trout kelts. The fish that died at sea were also in significantly poorer condition (P 
= 0.005) when tagged than those that survived the marine period. They also appeared to behave 
differently by performing fewer dives and visiting more shallow depths than the survivors in the 
initial period at sea. This was particularly true for the fish that were caught by recreational anglers, 
which raises the possibility of harvest-induced selection in sea trout.    

By applying a Hidden Markov Model on temperature and depth data recorded by the DSTs, we 
were able to reconstruct kelt migration tracks at sea. These tracks corroborated the expectation 
that sea trout are more coastally orientated than e.g. Atlantic salmon Salmo salar that have been 
studied with similar methods in other studies. All estimated positions of tagged individuals were 
within 100 km from the nearest coastline, but individuals migrated up to 580 km away from their 
natal river along the coast. All reconstructed tracks suggested a movement into areas with less 
saline waters had occurred in the first 15 days at sea, which would increase the metabolic scope 
available for growth for the fish. In sum, the results from MS III, IV and V therefore suggest that 
sea trout may seek out different areas favourable for growth at different parts of their marine 
period. 

The results of the present PhD-project sheds new light on the behaviour and survival of sea trout in 
the marine environment, provides input for managers in the region and identifies new areas of 
interest for future investigations.   
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Background 
Brown trout (Salmo trutta L.) is a widespread adaptable species, capable of utilizing both 
freshwater and marine environments in different parts of its lifecycle (Klemetsen et al. 2003). Life 
strategies may vary between and within populations, and individuals may spend their entire life in 
freshwater or adopt a so-called anadromous life strategy with feeding migrations to the marine 
environment (Elliott 1994). Individuals choosing the anadromous strategy are termed sea trout, and 
may contribute with a disproportionately large production of juveniles due to their increased size 
after a successful marine feeding (Hendry et al. 2004). Regardless of their life strategy, brown trout 
individuals usually return to spawn in their natal river or stream, although straying to other rivers 
does occur (Berg and Jonsson 1990). This enables brown trout to form locally adapted 
populations, capable of handling local habitats and environments encountered by the population 
better than foreign, non-adapted fish introduced to the same habitat (Ruzzante et al. 2004; Jensen 
et al. 2008).  

Brown trout is native to Europe, but humans have introduced it on all continents except Antarctica, 
in most cases with the potential for recreational angling in mind (MacCrimmon et al. 1970). Danish 
populations of brown trout were under great pressure during the 20th century due to pollution and 
human manipulation of spawning and nursery habitats, but efforts to restore these habitats have 
been ongoing since the 1980’s. Wild populations have seen substantial growth from an estimated 
production of 200.000 smolts (trout that enters the marine environment for the first time) in the 80s 
to 600.000 in the 2010’s (ICES 2013).  

The increasing size of the Danish brown trout populations contradicts the general downward trend 
of sea trout population sizes elsewhere in the world (Milner et al. 2006; ICES 2013). The Danish 
restoration has been possible due to a strong generation of research in aspects related to brown 
trout behaviour, survival and habitat requirements in freshwater. The high degree of knowledge on 
these aspects has also enabled managers to include brown trout as an indicator for environmental 
quality of streams and rivers under EU’s Water Framework Directive (Vehanen et al. 2010). As a 
consequence, authorities are obligated to restore habitats in rivers and streams to improve the 
density of 0+ salmonids and hence improve environmental quality (see www.kort.fiskepleje.dk). 
These efforts go hand in hand with aims to strengthen angler tourism in Denmark, and sea trout 
angling from the coast and in rivers generate considerable economic revenue in rural parts of the 
country (Hasler et al. 2016). 

Brown trout attracts substantial (and increasing) attention from managers and stakeholders. The 
strong scientific advice given on aspects related to the freshwater phase of brown trout is however, 
opposed by the limited insights to what may be the optimal conditions to support growth and 
survival of the species in the marine environment (Drenner et al. 2012). This is problematic 
considering the importance of the life stage for the reproductive success of a given trout population 
(Jonsson and Jonsson 1993; Hendry et al. 2004). Significant loss in sea trout may reduce the 
spawning biomass and delay assignment of good ecological status to rivers and streams (as 
defined in the EU Water Framework Directive) if the spawning biomass is insufficient to fill the 
habitat with 0+ salmonids to its carrying capacity. Moreover, scientists have speculated that the 
recent declines in brown trout populations elsewhere in the world may, in part, be attributed to 
reduced marine survival and success of sea trout (Milner et al. 2006; ICES 2013).  

http://www.kort.fiskepleje.dk/
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The scarcity of knowledge regarding the marine life of sea trout has mainly occurred due to costs 
and limited availability of equipment suited for studies in the large and complex systems of the 
marine environment (Thorstad et al. 2016). Smolts are particularly vulnerable to predation (Jepsen 
et al. 2018) and existing studies have found high early mortality for smolts entering some marine 
systems (Thorstad et al. 2007; Middlemas et al. 2009), but not all (del Villar-Guerra et al. 2013; 
Flaten et al. 2016). For kelts (individuals that have spawned at least once), total marine survivals 
ranging between 18 % and 86 % have been found (Bendall et al. 2005; Bordeleau et al. 2018), 
where the fate of the lost fish remained unknown. Taken together, these results suggest that 
conditions in the marine environment can have a large impact on the number of individuals 
returning to spawn. Not knowing what may cause the observed differences in kelt return rates for 
example, may deprive managers and stakeholders from the opportunity to focus efforts to improve 
survival and success of sea trout in the marine environment and increase spawning biomasses in 
streams and rivers. A broader understanding of sea trout behaviour, survival and habitat 
requirements in the marine environment is therefore needed. 

In this context, my PhD research project explores the migratory behaviour and survival of wild sea 
trout at sea and in the largest fjord system of Denmark (the Limfjord). The primary method used is 
biotelemetry, where a number of fish are caught and tagged with an electronic tag that enables 
documentation of subsequent behaviour in the animal (Jepsen et al. 2002; Cooke et al. 2004). The 
documented behaviour is compared with samples of e.g. length, weight, age (scale readings) while 
the additional studies not included in this thesis analysed physiological parameters (hormone 
levels etc.).  

We have used acoustic telemetry to study the migration behaviour and survival of 160 sea trout 
kelts and 101 smolts in the Danish Limfjord system (MS I and II). These data have reinforced a 
previous hypothesis of the Limfjord being a dangerous system for sea trout and added new 
knowledge on the adaptability and migratory capability of sea trout. In MS III and IV we use data 
storage tags on 125 sea trout kelts from seven Danish rivers to provide continuous (5 minute 
intervals) measurements of temperature and depth experienced by the fish during their time at sea. 
These data have provided unique insights on the temperature and depth preferences of sea trout 
at sea, and has enabled us to report the circumstances regarding mortality of the fish that died at 
sea which has not yet been done for any salmonid. The temperature and depth data were also 
used to model the migration routes of the fish while at sea with a Hidden Markov Model (MS V) 
which has not previously been reported for sea trout.  

The overarching questions addressed in the thesis are: 

• If sea trout individuals (both smolts and kelts) leave the Limfjord, when do they do so and
how many die in the fjord?

• Are there any signs of specific local adaptations in sea trout from the Limfjord?
• Do sea trout show affinity towards specific temperatures or depths while at sea, and do

these differ during day and night or throughout the marine period as a whole?
• When does mortality occur in fish that enter the sea?
• Are fish in better condition (length/weight ratio) more likely to survive the marine period?
• Do fish that survive the marine period and fish that die at sea behave similarly while at sea?
• Are Danish sea trout confined to staying close to their natal river while in the marine

environment, and/or how frequent are long-distance (>100 km) migrations?
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In the following, an overview of existing knowledge regarding brown trout in various parts of its 
lifecycle is given and supplemented with additions from the present thesis. The implications and 
importance of the provided additions are discussed, and suggestions for the direction of future 
research projects are given.   

Telemetry methods 
The results from the present thesis rely mainly on biotelemetry, where individual fish are tagged 
with an electronic tag that transmits or stores information. Biotelemetry may come in different forms 
(Cooke et al. 2004), and has enabled researchers to study aquatic organisms in great detail 
(Hussey et al. 2015). In the present thesis, acoustic telemetry and data storage tags were used, 
both of which were surgically implanted in the body cavity of the fish (Jepsen et al. 2002; Cooke et 
al. 2011). Advantages of different types of telemetry are reviewed in Aarestrup et al. (2018a). 

With acoustic telemetry, individual fish are tagged with an acoustic transmitter, emitting a unique ID 
every 30-90 seconds that can be detected by strategically placed hydrophones within a distance of 
roughly 100-400 m (see description in Aarestrup et al. 2010). This method was used in MS I and II 
and works well in studies investigating overall migration patterns in confined areas. Acoustic 
telemetry is also emerging as an efficient method to carry out fine-scale 3D positioning of fish 
within confined areas (Baktoft et al. 2017). As with any type of telemetry, tag expulsions can occur 
within the first weeks after tagging, subsequently leading to over-estimation of early mortalities. 
The tagging method used for MS I and II has been thoroughly tested on sea trout, and previous 
experiences suggest that expulsions happen rarely when the tagging procedure is tailored to the 
species, and performed by an expert tagger (Jepsen et al. 2002). 

Data storage tag (DSTs) used in MS III, IV and V, can record different variables such as 
temperature and depth of the tagged fish with a given time-interval. The tags therefore provide 
valuable continuous measurements as opposed to acoustic telemetry where the fish has to be 
within range of a hydrophone to provide data. A disadvantage to DSTs however, is that the tags 
must to be recovered to obtain the data. The DSTs used in MS III, IV and V had a novel element; a 
string of attached floats that made the actual tag float if expelled from the fish. This feature has 
only been used in European eels Anguilla anguilla previously, where 9 % of the tags from eels 
migrating into the open ocean were recovered (Righton et al. 2016). The tags were used 
exclusively on kelts, as these fish are large enough to store the large tag in their body cavity after 
spawning. When used on eels, no tags were expulsed entirely during a test study, though some 
partial expulsions did occur (Thorstad et al. 2013). No partial expulsions were documented on the 
tagged sea trout caught alive in MS IV. One recaptured fish was dissected after completing a full 
marine cycle, which revealed no inflammatory response to the tag, which had been encapsulated 
in tissue. Although DSTs do not appear to affect growth in tagged fish, the subsequent effects on 
growth and survival of the tagging must be expected to be neutral at best (Righton et al. 2006).  

The present thesis therefore relies on electronic tag types that have been widely used and 
thoroughly tested in other studies with the string of floats attached to the DSTs being a novel 
addition for studies in salmonids. 

For a general review on the possible effects of biotelemetry (e.g. tag loss, infections etc.), see 
Jepsen et al. (2002).  
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The initial freshwater phase 
Brown trout is among the best studied species in the world (Birnie-Gauvin et al. in review), and 
overall aspects related to behaviour, survival and habitat requirements in freshwater have been 
relatively well described (e.g. Klemetsen et al. 2003; Harris and Milner 2006; Lobón-Cerviá and 
Sainz 2018). Yet, the species’ variable life strategy and adaptability means that surprises and new 
findings still emerge regularly. The present thesis mainly revolves around the marine phase of the 
sea trout lifecycle, but an overview of the main aspects of the freshwater phase is provided in this 
paragraph due to the linkage between the two phases. 

The variability and adaptability that characterizes brown trout has enabled it to succeed in different 
aquatic environments around the globe (Elliott 1994). The life of a brown trout begins after adult 
fish have converged to spawn on hard substrates like gravel or small rocks in rivers or streams 
during autumn or winter (Crisp 2000). The development of the fertilized eggs is temperature-
dependent (Ojanguren and Braña 2003), and the hatched fry will emerge from the gravel and start 
feeding exogenously shortly after hatching (Klemetsen et al. 2003). Juveniles will normally grow for 
a period of 1-8 years (Christensen et al. 1993) before migrating into the marine environment as so-
called smolts if their natal aquatic environment allows this (i.e. no barriers are present between 
hatchery site and the marine environment, Elliott 1994; Lucas and Baras, 2001). The adaptability of 
the species already at this very early life stage is exemplified in small streams in the Baltic region, 
where fry have been observed to drift to sea and grow there (i.e. they leave before turning into a 
smolt), likely as a consequence of low water levels in the streams during summer (Järvi et al. 
1996).  

The fish (fry) that stay and grow in the stream after hatching become territorial and develop a 
distinct coloration and are referred to as “parr” (Elliott 1994). During this parr-life stage, the habitat 
has a potentially strong bottleneck-effect on the number of surviving fish, and factors including 
substrate, depth, cover and the physio-chemical composition of the water are essential for the 
habitat’s ability to support a large population (Armstrong et al. 2003). Anthropogenic regulation, 
excavation and channelization of 98 % of Danish streams or rivers was therefore detrimental for 
the ability of Danish freshwater systems to provide suitable habitats for production of trout parr, 
leading to a decline in brown trout populations during the 19th and 20th century, until a turning 
point in the 1980’s (ICES, 2013). Restoration of freshwater habitats have since then focused on 
recreating substrate types, reducing water depths, removing barriers and increasing cover and 
refuges for the parr (Nielsen and Sivebæk 2015; www.fiskepleje.dk) which has succeeded in 
increasing parr-densities in many systems (Christensen 2006). The two river systems (Karup and 
Simested), which are the focus of MS I and II, have been through a similar development. The wild 
trout population was particularly diminished in River Karup until restoration projects and reduced 
pollution allowed the wild population to start increasing again (Holm 2012; Mikkelsen 2015).  

Even ideal freshwater habitats have limited space (i.e., carrying capacity) and are thus able to 
support a limited number of parr as the fish grow. The individual parr therefore eventually face the 
choice of whether to leave the relatively safe but food- and space-deprived freshwater habitat or 
perform a perilous journey to the promised food abundance of the marine environment (Hendry et 
al. 2004). The fish that take on the so-called anadromous life-strategy with migration into the 
marine environment are termed sea trout. Physiological parameters like growth rate (Økland et al. 
1993) and body lipid content (Jonsson and Jonsson 2005) may play a role in the life-strategy 
outcome for each individual. Hence, individuals with free access to the marine environment may 

http://www.fiskepleje.dk/
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still choose to reside permanently in the natal stream or exhibit partial migration to a larger river or 
lake before returning to the natal river to spawn at maturity (Elliott 1994, Chapman et al. 2012).  

Individuals migrating from fresh- to saltwater will have to inverse their osmoregulatory processes to 
excrete ions instead of retaining them, and the parr therefore undergo a series of physiological 
transformations before migrating (Tanguy et al. 1994). This process is called smoltification and 
prepares the individuals for migration to the marine environment (Jonsson and Jonsson 2011). The 
migrating smolts have a mean age of 1.8 – 2.2 years in Denmark (Christensen et al. 1993) which is 
less than more northern populations (1.5 – 5.6 years in Norway, L’Abée-lund et al. 1989) but more 
than more southern populations (1.1 – 1.6 years in France, Euzenat et al. 1999).  

Smoltification and migration to sea usually occur in spring (Elliott 1994), depending on latitude and 
river temperatures (L’Abée-lund et al. 1989) but autumn migrations are also common (Taal et al. 
2014; Winter et al. 2016; Aarestrup et al. 2018b). The 101 smolts tagged for MS I were tagged 
exclusively during spring, although locals claim that substantial outmigration occurs during autumn 
in Simested River. Autumn migrants would have to deal with different environmental characteristics 
and could potentially behave differently. The connectivity between behaviour in fresh- and 
saltwater therefore needs further investigation on this area. 

Once the smolt leave their hiding place and start migrating towards the sea, predation (Jepsen et 
al. 2018) or other obstacles (Aarestrup and Koed 2003) may pose a mortality risk to them. There 
were no physical obstacles between tagging locations and the fjord for the smolts of MS I, but 
predation could be the reason why 16 % of the tagged smolts disappeared before entering the fjord 
while de-smoltification and tag loss or malfunction are other possibilities (Jepsen et al. 2002). The 
distance-related mortality was 0.52 % km-1, which is within the range (0.1 % km-1 - 2.6 % km-1) 
observed in other Danish rivers (Nielsen 1997). Our results therefore align with previous findings of 
smolt loss during migration in rivers. Some of the adaptations that brown trout have adopted to 
decrease these risks include nocturnal migration and a preference for movement during periods 
with high water discharge (Aarestrup et al. 2002; Aldvén et al. 2015a). MS I mainly focuses on the 
events occurring in the fjord, but 88 % of last registrations of smolts in the river Karup occurred 
between 16:00 and 04:00, suggesting that the smolts also preferred nocturnal migration there.  

The smolts that make it to the marine environment are termed as post-smolts and they initiate a 
new part of their lifecycle with a focus on growth (Hendry et al. 2004) before returning to their natal 
river or stream to spawn as adults. Some individuals return before maturity, but the first marine 
phase usually lasts two summers in Danish sea trout (Frier 1993).  

Scientific efforts to provide detailed knowledge regarding brown trout behaviour, survival and 
habitat requirements in freshwater has enabled managers to address the threats that fish are 
facing while in freshwater. Addressing these threats is however opposed by the lack of knowledge 
regarding aspects of the marine life of sea trout, and the present thesis is therefore focused almost 
entirely on that phase.   
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Study area 
The studies included in the present thesis are based on behavioural records from fish migrating or 
residing in a Danish fjord system (the Limfjord, MS I and II) or in the marine areas surrounding 
Denmark (MS III, IV and V).  

The Limfjord 
The 180 km long Limfjord is the largest Danish fjord system, extending from a western opening to 
the saline (30-34 PSU) North Sea and an eastern opening to the less saline (17-29 PSU) Kattegat 
Sea. It receives a substantial proportion of the Danish production of brown trout smolts originating 
from a large number of streams and rivers, especially in the central/southern part of the fjord (see 
population size estimates on www.fiskepleje.dk) and is therefore an important aquatic environment 
for the management of Danish sea trout.  

The Limfjord technically became a sound in 1825 when the North Sea broke through to the 
western part of the fjord, creating the westward opening that has been maintained permanently 
since 1875 (Meesenburg 1996). The fjord is a shallow, eutrophicated  microtidal system with a 
mean depth of 4.5 metres, a tidal amplitude of 0.1 – 0.2 metres and a scarcity of submerged 
macrophytes due to eutrophication from the catchment area (Dolmer and Frandsen, 2002; Wiles et 
al. 2006). When the western opening to the saline North Sea was created, the flow-through 
dynamics of the shallow, mostly brackish Limfjord changed; increased salinity has for example, 
wiped out the population of fresh/brackish water species like pike Esox Lucius and allowed more 
salt-demanding species like Atlantic cod Gadus morhua, European plaice Pleuronectes platessa 
and common sole Solea solea to inhabit the system (Flintegaard et al. 1982; Wohlfart 1994). The 
Limfjord became an attractive and productive marine area for fish and fisheries, and it supported 
landings of 3000-5000 T of fish for human consumption, until a collapse in most fish species 
occurred in the 1970’s (Hoffmann 2000). Although reasons for the collapse (pollution, 
eutrophication, hypoxia, loss of eelgrass meadows, Olesen 1996; Markager et al. 2006) have 
somewhat improved since, an increase in predation from cormorants Phalacrocorax carbo 
sinensis, harbor seals Phoca vitulina and grey seals  Halichoerus grypus in the area have opposed 
the recovery of most fish stocks (Hoffmann 2000). Migratory species such as Atlantic herring 
Clupea harengus and sea trout are therefore the main fish species inhabiting the fjord at present. 
The Limfjord is, however, productive, and a comparison of stomach content in sea trout caught in 
the fjord between 1958-1963 and 1993-1996 indicated that there were still plenty of prey items for 
trout in the fjord though their diet appears to have changed from primarily crustaceans, insects and 
fish in 1958-1963 to polychaetes and fish in 1993-1996 (Ebert, 2004).  

An increasing number of wild sea trout is produced in the streams and rivers entering the Limfjord 
as seen elsewhere in Denmark (www.fiskepleje.dk), but this has not been reflected in the catches 
of adult, returned fish in the rivers which have decreased in recent years (non-published data from 
local angler’s associations). The reason for the decrease in returning fish is unknown but most 
likely reflects a reduced marine survival of post-smolts and kelts, likely due to increased predation. 
Sea trout from the Limfjord are caught by anglers all over the Kattegat Sea, Belt Sea and the 
Western Baltic region (Pedersen et al. 2006; Bekkevold et al. in prep) and are, thus, important for 
the fishery of the species in large areas of Denmark. The success and survival of sea trout entering 
the Limfjord is therefore also important for the continued public support to the habitat restoration 

http://www.fiskepleje.dk/
http://www.fiskepleje.dk/
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strategy in streams and rivers mentioned earlier, as people are less likely to spend time and money 
on restoration projects if the associated surplus of trout is lost for other reasons.  

From MS II. Map of the Limfjord (between the North Sea and Kattegat) with receiver sites (red dots) and tagging 
locations in the rivers (black dots) of smolts and kelts added. Different compartments used in the analysis are marked 
with different colors of blue. The small map displays the location of the study site and the additional receivers placed 
elsewhere (The Sound and Roskilde Fjord) in the region during the study.  

With the above in mind, the Limfjord is a good habitat to investigate aspects related to sea trout 
behaviour and mortality. The results provide inputs to managers and stakeholders in the area, but 
are also important from an academic perspective as fjord and estuary systems worldwide are 
prone to eutrophication and pollution due to anthropogenic activities (Smith 2003) or predation 
from protected species (Jepsen et al. 2018), which may affect the marine survival of sea trout. Sea 
trout may form their fjord migration strategy based on the characteristics of the fjord (e.g. see 
Bendall et al. 2005; Aarestrup et al. 2015; Eldøy et al. 2015 or later paragraph). The Limfjord was 
therefore also chosen as system to study potential local adaptations and homing ability of sea trout 
as will be described in the following paragraphs. 

The seas surrounding Denmark 
A substantial part of the present thesis revolves around sea trout behaviour and survival in the 
seas surrounding Denmark. Danish marine areas are generally shallow (<50 m except in the 
Skagerrak and Baltic Sea) and productive, and are characterized by an increasing salinity gradient 
stretching from the saline (30-35 PSU) North Sea towards the brackish (8-12 PSU) Baltic Sea 
(Rasmussen 1995). This results in the presence of a strong halocline from the Skagerrak in the 
north to the southern part of the Belt Seas (Rasmussen 1995). Temperatures below the halocline 
(5-15 m depth) are higher than that of the surface water during winter and lower during summer, 
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but waters below the halocline are nutrient rich throughout the year (Pedersen 1992, Jakobsen 
1997). The seas surrounding Denmark therefore offer a peculiar area to study sea trout behaviour 
at sea, as no other area in the distribution range of the species offers a similar vertical and 
horizontal salinity gradient. The area is also interesting for investigation of temperature preferences 
of sea trout at sea, as the shallow (particularly when considering the non-mixing regime at the 
halocline in 10-15 m) waters experience large fluctuations in sea surface temperatures in the 
Skagerrak/Kattegat/Belt Sea region with temperatures from 0-5o C in late March to 15-25o C in 
summer. The temperature and depth preferences, survival and migratory behaviour will therefore 
be explored in this region in MS III, IV and V. The temperature and depth preferences of sea trout 
are investigated thoroughly in MS III.  

From MS V. a) Map of the seas surrounding Denmark. Outlets of the rivers where tagging took place are given. b) 
Example of sea surface (0.49 m depth) salinity in the region with white cells representing land. The strong gradient in the 
area is notable. c) Sea surface (0-2 m) temperatures in the region on four different days of 2013 when six of the kelts 
were roaming the area. Note how the Kattegat has responded faster to meteorological forcing during spring compared to 
the North Sea (i.e. the Kattegat is warmer). Data downloaded from www.marine.copernicus.eu. 

http://www.marine.copernicus.eu/
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Why migrate?  
After surviving the dangers associated with the freshwater migration, newly descended sea trout 
post-smolts or kelts may also find themselves at particular risk in the early marine environment 
(Thorstad et al. 2007; Middlemas et al. 2009; Aarestrup et al. 2015). The shift from fresh- to 
saltwater requires physiological changes in the fish (Sakamoto et al. 1993), which may reduce their 
aerobic scope (Morgan and Iwama 1991) and make them more vulnerable to predation (Jepsen et 
al. 2018), while kelts may also die from exhaustion, infections or other late effects of spawning 
(Järvi 1989). This is exemplified by the mortality of 50 % of the tagged postsmolts of Middlemas et 
al. (2009) within the first 14 days after marine entry or 26 % of the tagged kelts of Aarestrup et al. 
(2015) in the early marine environment.  

The studies of the present thesis have documented some of the lowest early marine survivals 
reported in the scientific literature for sea trout. In MS I, 20 of the 51 tagged smolts (39 %) in 
Simested River survived from the tagging site and the receiver site 11.2 km into the fjord even with 
the majority (67 %) of the smolts tagged close to the river mouth (1.0 km). Only 20 % of the 101 
tagged smolts from both rivers survived through the entire Limfjord, while the remaining 80 % 
disappeared. For reference, 65 % of post-smolts survived their first marine period in a Norwegian 
fjord (Flaten et al. 2016) and 79 % survived migration through the 28.6 km long Danish Randers 
Fjord (Aarestrup et al. 2014).  

For the adult fish in MS II, 31 % of the Simested-fish entering the fjord were lost between the river 
mouth and the first receiver site 11.2 km into the fjord, while 44 % of the Karup-fish entering the 
fjord were lost between the river mouth and the receiver site located 17.3 km into the fjord. Only a 
total of 15 % of the 160 tagged adult fish returned to the rivers again after the marine phase, which 
is the lowest (assumed) marine survival documented for the species. For reference, 86 %, 82 % 
and 76 % of tagged kelts survived their marine period in Norwegian fjords in Bordeleau et al. 
(2018), Jensen et al. (2014) and Havn et al. (2018), respectively. In a Danish study, 74 % of the 
descending kelts survived their migration through Randers Fjord, and a total of 29 % returned after 
the entire marine period (Aarestrup et al. 2015). Yet, the anadromous strategy is widespread in 
Karup and Simested rivers, suggesting that the advantages of it must outweigh the high mortality 
given that the high mortalities observed in MS I and II are not abnormal on an evolutionary 
timescale. 

The basis of migration to new habitats is that fish may require different habitats to support 
requirements in different parts of their life (Lucas and Baras 2001). The cost of migration, including 
predation risk, energy allocated to swimming, time allocated to swimming rather than foraging, etc., 
should therefore be outweighed by the benefits of doing so, including increased growth and 
subsequent fecundity (Klemetsen et al. 2003). In temperate and polar regions, production in 
freshwater systems may be sufficient to support growth in juveniles, but productivity and growth 
potential is much greater in marine systems (Jonsson and L’Abée-Lund 1993). The anadromous 
strategy takes advantage of this, as juveniles may find sufficient food items to grow in relative 
safety in rivers and streams, while larger individuals require more and/or better quality food to 
continue growing, and thus migrate to marine environments (Klemetsen et al. 2003). Sea trout and 
other salmonids are opportunistic feeders (Knutsen et al. 2001; Rikardsen and Amundsen 2005) 
but grow faster and at potentially higher temperatures when feeding on high quality food such as 
other fish (Elliott and Hurley 2000). Larger individuals migrating to sea will therefore be able to feed 
on a larger number of high-quality food items and thus accelerate their growth (Hendry et al. 2004). 
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Anadromy is therefore a classic example of the advantages of migration, as the most suitable 
nursery ground may not offer the best food opportunities in later life stages. 

With the above in mind, it would be expected that advantages in terms of growth outweigh the high 
mortalities observed in the Limfjord. We did not apply an effort to recapture the tagged individuals 
of MS I and II, but two post-smolts were recaptured and measured by anglers. A tagged smolt that 
left Karup River on April 9th 2017 was recaptured on the island of Als (380 km from the river 
mouth) on May 5th 2018 and had increased its weight almost 20-fold from 61 g to 1200 g and its 
length from 19.7 to 47 cm in the 13 months it had spent in the fjord and sea. Another smolt tagged 
in Simested River and detected 11.2 km into the fjord on May 17th 2017 (the receiver at the actual 
river mouth was missing) was recaptured on Zealand (290 km from the river mouth) on March 31st 
2018. This fish had increased its weight 10-fold from 69 g to 700 g and increased its length from 
20.1 cm to 42 cm in the 10-11 months spent in the fjord and sea. According to the review of 
latitudal life traits in 102 brown trout populations (Jonsson and L’Abée-Lund 1993), post-smolts 
experienced a mean growth of 12.5 cm (range: 8.0 – 21.8 cm) during their first year in the marine 
environment. The two recaptured Limfjord-fish therefore managed to outgrow this by a substantial 
margin. Their growth is, however, close to the expected yearly marine growth of 20 cm for 
Simested-trout estimated from scale readings in returning fish (Frier 1993) and may therefore be 
normal for the population. Sea trout from the Limfjord therefore seem capable of growing fast in the 
marine environment, which may outweigh (at least) some of the risks associated with migrating 
through the fjord. 

Previous comparisons of scale readings from trout in Danish populations found that fish generally 
returned to spawn after spending two summers at sea, except in Karup and Simested rivers where 
large individuals spending 3-4 summers at sea before returning to spawn were more frequent 
(Frier 1993). Comparing those findings with those of MS I and II raises the possibility that trout 
from rivers Karup and Simested have adapted to high fjord-mortalities by growing faster and for a 
longer period of time before spawning, thus reducing the number of migrations each fish must 
perform through the fjord. Scale readings from the kelts in MS II, however, revealed that the tagged 
fish in that study had generally spent two summers at sea before spawning, while only a few had 
spent 3-4 years. This discrepancy from Frier (1993) could be related to the time of tagging in MS II 
(late January and February) as fish that had spent 3-4 summers at sea are expectedly larger, and 
therefore could have left freshwater earlier (Bendall et al. 2005; Jonsson and Jonsson 2012b) and 
not been tagged. Although still somewhat speculative, the sea trout from the Limfjord therefore 
seem to have adapted to dangerous conditions in the fjord and managed to make the anadromous 
strategy favourable. This supports the emerging picture of the adaptability of sea trout in different 
marine environments. 

The curious case of long distance migrations in Danish sea trout 
The apparent preference for migrating 120 km and leaving the Limfjord quickly in MS I and II is 
spectacular, as sea trout individuals have generally been described as coastal-oriented fish where 
most individuals stay within 100 km from their natal river outlet (Thorstad et al. 2016). Only few 
detailed studies exist on the area, but the preference is exemplified by 115 Central Norwegian sea 
trout kelts that spent 68 % of their time in the marine environment within 4 km from their natal river 
mouth, with 58 % of the kelts never being more than 13 km from the river mouth (Eldøy et al. 
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2015). Other Norwegian studies have observed a similar preference for staying in the fjords, 
usually within few kilometres from the mouth of their natal river (Finstad et al. 2005; Flaten et al. 
2016).There is a price associated with migrating a long distance (Hendry et al. 2004), but 
recaptures and detections in MS I and II along with findings from mark-recapture studies 
(Pedersen et al. 2006) and genetic origin analysis (Bekkevold et al. in prep) suggest that sea trout 
from the Limfjord disperse over a large area and thus continue migrating after leaving the fjord. 
While the preference for leaving the Limfjord could, in part, be rooted in dangers associated with 
staying in the fjord, other factors may therefore promote continued migration after reaching the 
sea.  

This is corroborated by the migration tracks modelled for individuals from other rivers in MS V, 
which suggested that all fish included in the study had performed migrations beyond 100 km from 
their natal river. The paragraph below reviews the observations of migratory behaviour of the 
Danish sea trout from MS I, II and V and explores the possible reasons for the observed 
behaviour. Migrations to areas farther than 100 km from the natal river outlet are termed as long 
distance migrations due to the rarity of such migrations in other studies (Thorstad et al. 2016). 

Although closely related, sea trout generally show a greater affinity towards near-coastal areas and 
have not been documented to migrate into the open ocean like its close relative, the Atlantic 
salmon Salmo salar L. (Klemetsen et al. 2003; Thorstad et al. 2011). Sea trout migrations are 
typically shorter, though some individuals have been documented to migrate farther than 500 km 
(Thorstad et al. 2016). A number of studies have corroborated the sedentary preference in some 
sea trout populations (see table below but migratory preferences of populations elsewhere may be 
underestimated due to the absence of knowledge regarding the fate of fish that leave the fjords but 
avoid recapture at sea. 
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From MS II. Metrics extracted from existing published records of post-spawned sea trout (Salmo trutta) horizontal 
migration behaviour in marine environments. The studies are listed based on the recorded minimum survival (for the 
entire marine period), displayed in decreasing order from the top and down. Note the negative correlation of this with 
reported progression rates that increase from the top and down. Bendall et al. (2005) took place in an estuary with tidal 
amplitudes of roughly 3 metres, enabling most fish to escape the estuary within a single ebbing tide. Note that these 
studies are not directly comparable to one another given differences in categorization, speed measurement approaches 
and study sites, but offer some perspective on the results from the present study. 

Minimum 
survival 

Mean 
progression Behaviour Location Study area n Study 

86% Not unidirectional 
48 % stayed in 
inner fjord (<21 

km) 

Central 
Norway 47 km fjord 32 Bordeleau et al. 

2018 

82% Not unidirectional 50 % stayed 
within 19 km 

Northern 
Norway 29 km fjord 20 Jensen et al. 2014 

56% Not unidirectional 58 % stayed 
within 13 km 

Central 
Norway 20 km fjord 115 Eldøy et al. 2015 

29% 2.4 km d-1 All survivors left Denmark 29 km fjord 49 Aarestrup et al. 
2015 

Not 
reported 

5.1 km d-1 (inner), 
14.7 km d-1 (outer) 

11.2 km d-1 
(coastal) 

All survivors left Sweden 

2.5 km 
estuary + 

1.5 km 
coastal 

40 Aldvén et al. 2015 

18% Roughly 32 km d-1 All survivors left England 
8 km 

estuary/tidal 
zone 

45 Bendall et al. 
2005 

15% 

1.1 km d-1 

(southern), 15.0 
km d-1  (central), 

32.6 km d-1 
(eastern1), 43.3 
km d-1 (eastern2) 

97 % of survivors 
left Denmark 180 km 

sound 160 MS II 

Sea trout show an affinity towards leaving some Danish fjord systems. Post-smolts and kelts in the 
small Danish Randers Fjord (Aarestrup et al. 2014; Aarestrup et al. 2015) left the fjord within a few 
weeks, while some Danish post-smolts stayed in the larger and more heterogeneous Mariager 
Fjord (del Villar-Guerra et al. 2013). When the studies of MS I and II were initiated, we expected 
some proportion of the trout to stay in the Limfjord due to energy costs and dangers associated 
with migrating to sea, and because it is the largest Danish fjord, similar in size with Norwegian 
systems where trout are relatively sedentary. 

This hypothesis was however rejected when the outmigration started. In MS I and II, two of the 261 
tagged fish (length of tagged smolts: 13.2 – 20.1 cm, length of tagged kelts: 46 – 80 cm) resided 
within the Limfjord. The remaining fish left the fjord or died (or potentially lost the tags) before 
conclusions about their habitat preferences could be made. The survivors left the fjord in the 
eastern direction (>120 km) and ten of them were subsequently recaptured or detected 290-380 
km from their natal river. The outmigration occurred mainly in April for the kelts as they moved 
through the last 103 km of the fjord in 4.5 days (range: 3.3 – 11.5 days), and progressed linearly 
with a mean velocity of 0.38 body lengths s-1 (range: 0.17 – 0.60 bl s-1). This migration would have 
been energetically costly for the fish (Hendry et al. 2004).  
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Only few studies have linked linear progression with actual distance moved, but Tanaka et al. 
(2005) found that actual distance moved was 24 – 1900 % greater than the linear distance for 
chum salmon Oncorhynchus keta moving through the Pacific towards their natal river. The adult 
sea trout of MS II migrated during daytime, and could have taken advantage of visual cues in the 
shallow fjord system (Ueda et al. 1998) to assist them in their navigation through the fjord and 
potentially move in a more direct manner than the ocean migrants of Tanaka et al. (2005). Sea 
trout are metabolic conformers with an optimal aerobic scope for growth or activity in temperatures 
between 12 and 18o C (Spigarelli et al. 1982; Larsson 2005) and optimal swimming endurance 
between 10-22oC (Ojanguren and Braña 2000). While the exact distance covered is uncertain, the 
sea trout kelts would have had to spend a substantial proportion of their aerobic scope during the 
migration towards the exit of the Limfjord in the 2-13 o C warm water (Norin and Malte 2011). 

The spectacular outmigration in MS I and II could be an adaptation to the dangers associated with 
staying in the fjord where the lowest survivals of sea trout in any fjord or estuary were documented. 
The tagged fish left the fjord before optimal growth temperatures were reached (Ojanguren and 
Braña 2000) and entered a colder Kattegat Sea (marine.copernicus.eu). Freshwater inflow to the 
southern fjord reduces salinities there compared to the central fjord and the Kattegat, and the sea 
trout therefore migrated into less favourable temperatures and salinities from a metabolic 
perspective in order to leave the fjord. The Limfjord has a scarcity of refuges (e.g. submerged 
macrophytes and stone reefs), making fish more vulnerable to predation (Peterson 1979) from the 
harbor seals and great cormorants inhabiting the area (Andersen et al. 2007). The Central Limfjord 
hosts a population of roughly 1000 harbor seals that are genetically distinct from other seal 
populations in Denmark and may have inhabited the system on an evolutionary timescale (Dept. of 
Bioscience, University of Aarhus, Denmark, unpubl. data). Seals (Wright et al. 2007) and 
cormorants (Jepsen et al. 2018) are efficient predators of salmonid fishes, and the presence of 
such predators on a long timescale along with a shortage of refuges in the fjord (Jørgensen 1977; 
Olesen 1996) could have shaped the behaviour of sea trout in the region to favour the fleeing-tactic 
where the majority of fish leave. Other factors such as potentially better foraging opportunities 
outside the fjord, avoidance of warm temperatures in the shallow fjord in summer and avoidance of 
anoxic conditions within the fjord may have also played a role (Hofmeister et al. 2009). For 
instance, sea surface (0-2 m) temperatures as warm as 23o C were measured in the central fjord in 
2018 (marine.copernicus.eu), which is well above the 12-17o C interval where optimal growth rates 
have been reported for sea trout (Ojanguren et al. 2001, Larsson 2005). 

The tagged fish entered the Kattegat at roughly the same time of year as the kelts from the 
Gudenaa (Aarestrup et al. 2015), suggesting that conditions in the Kattegat could be favourable at 
this time.  



19 

From MS II. Detections on the hydrophones of kelts throughout the Limfjord mainly occurred during daytime (white area) 
or civil twilight (light grey area). Each dot represents the first detection of a fish at a given receiver site.  

The migration of sea trout from the Limfjord appeared to continue after reaching the sea. The two 
post-smolts of MS I caught 290 km and 380 km from their respective natal river mouths have 
already been discussed, but eight kelts were also detected outside the fjord. Six of these were 
detected in The Sound (between Zealand and Sweden), roughly 300 km from the river mouths, 
and two were detected in the Roskilde Fjord (Zealand), 280 km from the river mouths. Five of 
these detections occurred between 12 – 29 days after the kelts had left the Limfjord, while the 
remaining three detections (all in The Sound) occurred 3 – 6 days before the fish re-entered the 
Limfjord. Mark-recapture studies of sea trout from Karup River (Pedersen et al. 2006) and genetic 
origin analysis of sea trout caught in the seas surrounding Denmark (Bekkevold et al. in prep) have 
previously observed that fish from the southern Limfjord were recaptured throughout the Kattegat 
Sea, Belt Sea and the Baltic Sea region. Migration into this region therefore seems to be 
somewhat typical for sea trout from Karup and Simested rivers, and the costs associated with this 
long distance migration must be expected to be outweighed by increased growth potential in the 
region (Hendry et al. 2004).  

MS I and II therefore provided evidence of continued migration at sea for some individuals, but 
their detailed migration patterns were still unknown. In MS V we therefore used a Hidden Markov 
Model (HMM) to reconstruct the full migration tracks of eight sea trout kelts (length at tagging: 54 – 
91.5 cm) in the seas surrounding Denmark. This enabled us to get novel insights to the migratory 
behaviour of sea trout kelts after leaving the fjords. In short, the HMM used temperatures and 
depths experienced by the fish to reconstruct their migration routes by comparing bathymetry data 
and satellite measured sea temperatures in the region. A similar method has been used to 
reconstruct migration tracks of Atlantic salmon (Strøm et al. 2017; Strøm et al. 2018) and is 
described in-depth in Pedersen (2010) and Thygesen et al. (2009). The HMM used in MS V 
provided credible migration tracks on an overall level; the daily positions were associated with 
some uncertainty however, though this will always be the case when using HMMs on this type of 
data (Thygesen et al. 2009; Pedersen 2010). The modelled tracks suggested that the kelts 
continued the migration immediately after reaching the sea when water temperatures were still 4 – 
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9o C. The kelts performed long distance migrations in the sea that peaked at 130 – 580 km from 
their natal river outlet and migrated an estimated mean of 1540 km while at sea (range: 550 – 1960 
km), with mean daily progression rates of 16 km (range of means: 7 – 23 km, range of daily 
progression: 0 – 58 km). The data presented in MS III and IV revealed that the kelts were diving 
(presumably foraging) during their migration at sea, as is also observed in Atlantic salmon 
migrating in the open ocean (Friedland et al. 2001). One sea trout kelt migrated along the 
Norwegian coast and came close to the Atlantic Ocean before turning back, but none of the kelts 
had estimated positions more than 100 km from the nearest shoreline at any time during their 
marine migration period. This contrasts the estimated routes from Strøm et al. (2018), where 
Atlantic salmon went far into the open ocean. In sum, the results from MS V suggest that sea trout 
may migrate relatively long distances while at sea and somewhat contradict the general 
expectation that sea trout stay within 100 km from their natal river mouth. The reconstructed 
behaviour is, however, still distinguishable from the Atlantic salmon, where HMMs reconstructed 
individual migration tracks extending far into open oceans.  

From MS V. Modelled migration track of eight sea trout kelts from Danish rivers. The track of Fish 4 is discontinued after 
71 days at sea as the fish did not enter sufficiently shallow depths to provide data for the HMM for some period after this 
(the fish spent 142 days at sea).  

The tracks of MS V and the results from MS III reveal that the movement of the kelts during their 
first 15 days at sea was directed towards areas with lower salinity (P < 0.0001, linear mixed effects 
model) and occurred in temperatures warmer than the mean for the region (in winter and spring). 
Seven individuals migrated towards or further into the Skagerrak -> Kattegat -> Belt Sea -> Baltic 
Sea region while one of the fish entered the southern North Sea migrated towards less saline 
waters in the south western North Sea.  

The movement towards less saline and warmer-than-average waters during the first 15 days at sea 
in MS V was discontinued as the season progressed. Some fish moved towards areas with higher 
salinity in summer, where temperature could be more important factor for predicting preferred 
areas of residence (see later paragraph or MS III). The cost of osmoregulation is subject to debate 
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(e.g. Morgan and Iwama 1991, 1999; Baeuf and Payan 2001) but the cost is relatively higher in 
cold water where the aerobic scope is smaller (Norin and Malte 2011). Movement towards areas 
with lower salinity and warmer waters (relative to the mean) during spring is therefore sensible in 
terms of optimizing the aerobic scope. This could also be a potential reason for Norwegian sea 
trout to stay close to their natal river where temperatures are higher and salinity is lower, and move 
further out in the fjord as temperatures start to increase (Jensen et al. 2014). Optimization of 
aerobic scope could also explain (at least in part) why sea trout appear to prefer migrating through 
the eastern exit out of the Limfjord despite the fact that the route to the colder and more saline 
North Sea is 10 km shorter. On the other hand, dangers associated with staying in the Limfjord 
appeared to outweigh the metabolic advantages associated with staying in the warmer and less 
saline southern fjord. Residence in the Kattegat Sea, Belt Sea and Baltic Sea could therefore 
provide the best mix of favourable predator/prey abundances and metabolic drivers like 
temperature and salinity for sea trout. 

In sum, sea trout appear to be able to adapt to complex environmental conditions and adjust their 
migratory behaviour in ways that improve their probability of survival and overall fitness. This ability 
and the special conditions in the sea surrounding Denmark may have promoted a special 
behaviour in Danish sea trout, where longer migrations are more frequent. Long distance 
migrations in sea trout are not consistently observed elsewhere, but may dominate in the Danish 
region, possibly due to metabolic advantages associated with reaching less saline and potentially 
warmer areas. Other dangers may, however, outweigh metabolic advantages in certain areas, as 
seen in the Limfjord. Future studies with DSTs measuring temperature, depth and salinity could not 
only provide precise modelled migration routes of tagged fish, but also reveal whether the fish are, 
in fact, seeking out areas with lower salinity or if other factors (e.g. predator/prey abundances) 
could play a more important role. With the unique conditions of the Limfjord and the general 
characteristics of the seas surrounding Denmark (mainly the salinity gradient), the region offers a 
promising site for future studies investigating the costs and benefits associated with sea trout 
migration.  
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From MS V. Mixed effects model of sea surface salinity (0.49 m depth) in estimated daily positions from the HMM for the 
first 15 days at sea for eight sea trout kelts. Shaded areas represent 95 % confidence intervals of the model and points 
represent the actual salinity estimates.  

Homing and straying 
Iteroparity, or the chance of repeat spawning, is the basis of much research on sea trout, 
especially as it pertains to behaviour at sea and the factors that may affect survival and migration 
success. The process of returning to the natal stream is referred to as homing and has been widely 
observed in salmonids (Harden-Jones 1968; Hendry et al. 2004). Homing allows populations to 
adapt to local spawning and juvenile habitats as well as the potential dangers they may face in 
their distribution area over time, as individuals that succeed are also the ones most likely to 
contribute to the spawning biomass (Taylor 1991; Hendry et al. 2004). The mechanisms behind 
homing are a complex interplay between olfactory, magnetic and visual cues imprinted upon 
downstream migrating smolts, enabling them to return home after the marine period (Quinn 1990; 
Hansen et al. 1993; Dat et al. 1995; Bracis and Andersson 2012; Putman et al. 2013).  

Some fish do not return home however, entering other freshwater systems and sometimes 
spawning there; a phenomenon termed as straying (Keefer and Caudil 2014). Straying into 
streams or rivers close to the natal river is more common than long distance straying which has 
mainly been documented in hatchery fish (Jonsson and Jonsson 2012a; Keefer and Caudill 2014). 
The consequence of higher straying rates to nearby streams is that genetic difference between 
populations increases with distance (Knutsen et al. 2001; Bekkevold et al. in review). 

Although straying fish are somewhat ‘failing’ (with respect to homing), their occurrence may be 
important for the success and adaptability of sea trout. Straying ensures and enables genetic 
resilience, demographic stability, recolonization, and range expansion into unexploited habitats 
(Keefer and Caudill 2014). The importance of straying is exemplified in small and unstable 
freshwater systems where the population may rely on straying individuals from nearby rivers to 
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survive (Ayllon et al. 2006). The assumed metapopulation of sea trout on the Danish island of 
Bornholm is a particularly clear example of this (Østergaard et al. 2003).  

As mentioned previously, sea trout from Karup and Simested rivers appear to be distributed widely 
along coastlines in the Kattegat Sea, Belt Sea and Western Baltic region (Bekkevold et al. in prep; 
Pedersen et al. 2006). Distributions fluctuate, but in a sample of sea trout caught from the coastline 
of the Stevns Peninsula (south east Zealand), genetic origin assignments estimated that 40 % of 
the fish in the sample originated from the Limfjord (Bekkevold et al. in review). Sea trout were not 
expected to perform a migration to an area this far (380 km) from home (Thorstad et al. 2016), and 
it was therefore discussed if long distance straying or skipped spawning occurred more frequently 
in sea trout originating from the southern Limfjord.  

The results from the present thesis point against such a particular high occurrence of long distance 
straying in sea trout from the Limfjord. Instead, the following arguments may explain why sea trout 
from the Limfjord are so numerous in the Kattegat Sea, Belt Sea and Baltic Sea region:  

• Rivers entering the southern Limfjord are productive and seem to export almost their entire
(surviving) production towards the east (MS I and II).

• Given the proportion of fish from the southern Limfjord that postpone their return to the river
(Frier 1993), we might expect an increase in the proportion of Limfjord-trout present in the
marine environment.

• Sea trout migrating back 280 km across the Kattegat towards the Limfjord with linear
progression rates up to 59 km d-1 (MS II) document that fish from Karup and Simested
rivers are capable of returning home from the Baltic.

• The number of fish that did not return to the Limfjord after migrating to sea in MS II was
lower (48 %) than that of the similar study performed in the Gudenaa/Randers Fjord by
Aarestrup et al. (2015) where 55 % of the kelts that left the fjord did not return.

In sum, the observations added by the present study suggest that long distance straying is not 
more widespread in fish from Karup and Simested rivers than in other Danish rivers. A study where 
fish are caught, genetically assigned to their natal river systems and subsequently tracked with 
telemetry could reveal the extent of straying and skipped spawning in sea trout. This could shed 
light on the fate of fish disappearing outside fjords and rivers (e.g. Bendall et al. 2005; Aarestrup et 
al. 2015) and provide new knowledge regarding population structure in the region.  

Homing and the ability to adapt to local conditions 
While straying was not the focus of the present thesis, aspects related to the advantages of 
homing did play an important role. The sea trout in MS I and II appeared to be adapted to local 
conditions and behaved in ways that were unique compared to sea trout elsewhere. The ability to 
form locally adapted populations is an advantage of the homing strategy which could be important 
for the success of sea trout in the marine environment (Fraser et al. 2011; Jonsson and Jonsson 
2012a). The plasticity in life strategies displayed by brown trout in freshwater is high, and the 
apparent preference for long distance migrations in Danish sea trout suggests that a similar 
adaptability is associated with sea trout behaviour in the marine environment.  
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The discovery of adaptations to local marine environments in sea trout is not novel, though 
telemetry enables us to study the phenomenon in more detail. Experiments with displacement of 
individuals from one system to another have shown that displaced fish appear to maintain the 
behaviour required for success in their natal system, suggesting that aspects of migratory 
behaviour can be inherited in salmonids (Svärdson and Fagerström 1982; Aarestrup et al. 2001; 
Jonsson and Jonsson 2012a; Birnie-Gauvin et al. 2018). Lack of knowledge on these inherited 
behaviours resulted in excessive stocking of brown trout smolts from a foreign hatchery strain into 
several Danish streams and rivers, including Karup River, in the second half of the 20th century 
when wild populations were smaller (Hansen et al. 1995; ICES 2013). This occurred over a long 
period of time, and genetic input to the DNA of the wild Karup population should have been 52-70 
% if the hatchery-reared, non-native trout had been able to obtain the same reproductive success 
as the wild Karup-fish (Hansen et al. 1995). Yet, the actual input was found to be 0-2 % after the 
stocking had stopped, suggesting that the foreign fish had almost entirely failed in reproducing in 
the Karup system (Hansen et al. 1995). The analysis also revealed that it was mainly non-
anadromous non-native individuals that had managed to spawn with wild fish, while the 
anadromous non-native individuals had disappeared (i.e. non-native DNA was absent from 
individuals returning from the marine environment, Ruzzante et al. 2004). Non-native fish migrating 
to the marine environment therefore appeared to have had poor survival in the Limfjord (Hansen 
and Nielsen 2000; Ruzzante et al. 2004).  

The special behaviour observed in MS I and II (leaving the system within a short window of time 
and leaving the fjord exclusively in the eastern direction, with the highest documented progression 
rates for the species) could reflect adaptations that foreign fish in Karup River lacked, which 
ultimately lead to their demise. The post-smolts in MS I appeared to migrate fairly directly through 
the Limfjord, all of them along the same route. The Limfjord is unlike any other Danish fjord system 
in terms of size and horizontal morphology, and this behaviour would therefore have been hard to 
mimic/display for a non-native fish, given the results from Svärdson and Fagerström (1982) and 
Jonsson and Jonsson (2012a). If the predation regime is the Limfjord is high and hatchery trout do 
not possess the adaptations necessary to successfully leave the fjord, the majority would likely die 
before maturing. 

The kelts of MS II also provided special and interesting displays of behaviour that were potentially 
local adaptations. Forty-one percent of the fish appeared to have revisited the rivers multiple times 
during winter and early spring, and there were only a handful of detections earlier than April on 
receiver sites 11.2 and 17.3 km out in the fjord. Data therefore suggested that the kelts had resided 
close to the river mouths during winter and early spring. Sudden increases in fjord temperatures 
correlated with initiation of the outmigration from the fjord in April, and most kelts left it within a 
short window of time (<14 days) with high progression rates (mean: 22.9 km d-1 on the last 103 
km).  
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From MS II. Fjord temperature (line) vs. time of last detection within the Limfjord for individual fish (bars). Most fish leave 
the fjord within a short window of time (particularly in 2018). Outmigration activity was correlated with increases in 
temperature, suggesting that temperatures could be a migration cue.  

Although individual sea trout kelts have been documented to move fast (e.g. Bendall et al. 2005 
and Aarestrup et al. 2015), no other sea trout populations have shown such a uniform and fast 
migration as the one observed in the Limfjord. This is particularly clear when compared to 
Norwegian sea trout that often stay within the fjords throughout their marine period (e.g. Eldøy et 
al. 2015; Flaten et al. 2016; Bordeleau et al. 2018). The kelts from Karup and Simested rivers are 
separated in different compartments of the fjord when migration is initiated, further supporting the 
idea that the observed behaviour is a result of necessary adaptations to succeed in the area 
(Bateson 2004). It is therefore hypothesized that these behavioural traits, coupled with the low 
survival observed in the Limfjord played a role when foreign, hatchery-reared sea trout stocked in 
the region were outcompeted by the wild fish (Hansen et al. 1995, Hansen and Nielsen 2000; 
Ruzzante et al. 2004).  

The studies in the Limfjord therefore provided new insights to the adaptability of sea trout in the 
marine environment and provides clues as to why stocked hatchery fish of a non-adapted origin 
previously failed in surviving their marine period.  
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From MS II.  Kelt progression rates in different compartments of the Limfjord in 2018 for fish that both entered and left 
the given compartment. Black horizontal line = median values, box hinges = interquartile ranges, whiskers = 1.5 times 
the interquartile range, open circles = data points outside this range. The fish move at increasing speed towards the 
eastern outlet.  

Survival and behaviour at sea 
The results from MS III and IV provide new insights regarding the survival and behaviour of sea 
trout at sea, documented with DSTs. This dissertation has previously covered some of the results 
of studies in fjords, but no studies have yet published detailed records of sea trout behaviour at 
sea.  

DSTs have been used to provide continuous measurements on sea trout from Iceland (not peer-
reviewed) and northern Norway, close to the northernmost distribution range of sea trout. 
Rikardsen et al. (2007) recorded dives down to 28 metres in northern Norway, while a report on the 
Icelandic results displayed dives down to 46 metres (Sturlaugsson 2016). In Rikardsen et al. 
(2007) the kelts spent > 90 % of their time in depths shallower than 3.0 m, and no diel activity 
patterns were recorded for the quite short (1 - 40 days) period the kelts resided in the fjord. The 
tagged trout resided slightly deeper in Sturlaugsson (2016), where 70.0 – 93.7 % of measurements 
were at depths of 0-5 m in the different years of the study while 0 – 6.4 % were in depths deeper 
than 10 m. The tagged trout from that study did not appear to perform a clear diel behavioural 
pattern either. A Norwegian study based on acoustic telemetry with depth sensor tags was carried 
out further south and found a similar preference for residency in shallow depths, but mean depths 
were deeper during day (1.9 m) than during night (1.2 m), suggesting that some diel behavioural 
pattern was present (Eldøy et al. 2017). These three studies contain the only publically available 
(at least in English) records of depth preferences of sea trout in the marine environment. They 
were all carried out relatively far north and in marine environments very different from those 
surrounding Denmark or several other parts of the sea trout distribution area.  

The results from the Danish sea trout of MS III and IV underline why it is necessary to carry out 
studies of sea trout in different environments before extrapolating knowledge about the behaviour 
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of this highly adaptive species from one area to another. Contrary to the above mentioned studies, 
the Danish sea trout exhibited a clear diel behavioural pattern with a repetitive series of dives 
(mean: 18.8 dives d-1) down to 88 m and a nightly pause with residency close to the surface. 
Diving activity increased gradually after the kelts reached the sea and peaked around summer 
solstice. The Danish sea trout also generally preferred residence close to the surface (63.8 % of 
measurements in depths of 0-3 m) but mean depths increased from 1.95 m in sea surface (0-2 m 
depth) temperatures of 5-7o C to 10.1 m in sea surface temperatures exceeding 17o C.  The 
increasing residence depth during summer is not necessarily unique for Danish sea trout (a similar 
phenomenon was also observed in Central Norway, Eldøy et al. 2017), but may reflect a response 
to special hydrographic conditions in the region with summer temperatures inducing this behaviour. 

The diel behavioural pattern was present in both individuals that survived the entire marine period 
and individuals that died at sea. The behaviour is similar to that of Atlantic salmon from NE 
America (Reddin et al. 2011) but different from Norwegian salmon that performed fewer but deeper 
dives while migrating in the open ocean (Hedger et al. 2017). Although speculative, the behaviour 
could – at least in part – be influenced or restricted by oceanographic structures.  

From MS III. Examples of marine behaviour with depth (blue) and temperature (red) records from individual sea trout. (a) 
The entire marine period in a fish. Dive depths increase for the first couple of months at sea, and recorded internal 
temperatures remain stable between 13 and 16°C for a long period until the last week before re-entering the river. (b) A 
closer look at an example of the frequently observed diel pattern with a nightly pause and a repetitive series of dives 
during daytime. The nightly pause in diving activity is evident on almost all days. (c) An example of the behaviour at the 
end of July during a period with warm waters. The fish resides at depths of 8−14 m and only pays a few short (<10 min) 
visits to the surface each day. (d) Depth recordings in a single day after 3 d at sea (10 May); diving activity is still quite 
scarce at this time. (e) Depth recordings from the same fish in a single day after 31 d at sea (10 June); diving activity has 
now increased.  
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The diel behaviour has been observed in several studies where data storage tags have provided 
continuous measurements in salmonids (e.g. Walker et al. 2000; Friedland et al. 2001; Reddin et 
al. 2004). Despite this observation being somewhat common in salmonids, the underlying cause 
for such behaviour remains unproven. Authors like Reddin et al. (2004, 2011) and Walker et al. 
(2000) hypothesized that the dives are feeding excursions to deeper waters, enabling the fish to 
arrive in deeper (colder) waters with a higher body temperature than prey animals residing there, 
thus improving their probability of catching prey (Watz and Piccolo 2011). Another suggestion is 
attraction to aggregations of prey items in deeper waters during daytime, as animals follow the diel 
vertical migrations of zooplankton (Stich and Lampert 1981; Bollens and Frost, 1989; Lampert, 
1989). This would eliminate the need for dives during night time, at which the visual predators such 
as salmonids would likely fail in catching prey (Fraser and Metcalfe 1997; Mazur and Beauchamp 
2003; Flamarique 2005). The results in MS III and IV reveal that kelts were exhibiting this diel 
behavioural pattern during periods when temperatures were expected to be similar throughout the 
water column, or higher in deeper waters (in winter and spring due to the halocline in the Kattegat 
region). This suggests that the temperature hypothesis cannot explain the behaviour alone, and 
future studies with accelerometers, salinity and temperature measurements in the seas 
surrounding Denmark could reveal if the fish are foraging at specific depths, salinities and times of 
day. 

In summary, the clear diel pattern observed for Danish sea trout aligns well with the behaviour 
observed in salmonids elsewhere. The reason for its absence or weak presence in existing studies 
of sea trout could be that these were mainly carried out during periods of midnight sun or with 
some light present during night (Rikardsen et al. 2007; Eldøy et al. 2017). Although speculative, 
sea trout in similar latitudes as Denmark may therefore exhibit similar diel behavioural patterns.  

From MS IV. Proportion of the 20 first days at sea where each individual fish performed at least one dive during a given 
hour of day. The eight rows in the bottom represent kelts that survived the entire marine period, the next four rows are 
fish caught by recreational anglers in the sea and the top 17 rows are kelts that died at sea. Activity is generally low 
during evening and night time.  
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An interesting aspect of the results in MS IV was that non-surviving fish (particularly those caught 
by recreational anglers) did not perform the (supposed) feeding excursions to deeper waters to the 
same extent as the surviving fish. The fish caught by recreational anglers generally preferred 
residency in shallower depths. The non-surviving (both due to unknown reasons and recreational 
angling) fish were in poorer condition and the less pronounced diving activity in these fish could be 
a consequence of them spending more time migrating towards better feeding grounds (Wysujack 
et al. 2009; Halttunen et al. 2013; Bordeleau et al. 2018). The non-surviving fish could also be too 
energy depleted to perform as many dives as the fish in better condition (Plait 2001) or they could 
reside in areas with less access to deep water.  

From MS IV. Modelled daily dives since sea entry for fish surviving the marine period (1), fish that died at sea where the 
tag floated immediately after mortality (2), fish that died at sea where the tag sunk after mortality (3) and fish caught by 
recreational anglers (4). Shaded areas represent 95 % confidence intervals of the model, while points represent actual 
observations. Diving activity is higher for fish that end up surviving the marine phase and gradually increases for all types 
after marine entry though less pronounced for fish caught by recreational anglers. 

The latter possibility would expose the fish to pound nets and recreational angling along the 
coastlines. Recreational angling for sea trout along the coast is very popular in Denmark where 32 
% of the produced smolts are estimated to end their life due to recreational angling in rivers or 
along the coastline (Nielsen and Koed 2016). The results from MS IV therefore raise the possibility 
of harvest-based selection pressure against specific behavioural phenotypes or possibly against 
fish in poorer condition. This conclusion should be taken lightly due to the small sample size and 
the uncertainty in the association between condition or genotype/phenotype, but provide an 
interesting avenue for future research. Harvest-based selection has previously been observed in 
other fish species (Philipp et al. 2008; Uusi-Heikkilä et al. 2008), and it is important to study this 
aspect for salmonids due to their popularity among recreational anglers.  

Another important finding from MS IV was the high early mortality observed for the kelts after 
reaching sea. The mean survival time at sea for the 21 natural (non-angling) mortalities was 14.3 
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days, and only two natural mortality events were documented later than 22 days into sea 
residence. The dangers and requirements associated with entering salt water are well known and 
described in the literature, but the apparent extension of the period of danger into sea is a new 
finding for sea trout. The extended period of danger probably occurs particularly for kelts as these 
are energy-depleted and may carry infections after spawning, which may be an even more serious 
risk for kelts in poor condition (Hostetter et al. 2011).  

The apparent low mortality for kelts in good condition and kelts surviving the first three weeks at 
sea could be used in the management of the species. Kelts in good condition appear to have a 
high probability of survival, and thus a likely high contribution to the future recruitment (L'abée-
Lund 1989). Encouraging recreational anglers to release sea trout in good condition could 
therefore likely have a positive effect on the spawning biomass if the fish survive being caught and 
released (Halttunen et al. 2010). This also the case for sea trout caught at sea after having spent 
some time there (i.e. a sea trout caught in summer would more likely have survived to spawn than 
a freshly descended kelt caught in spring).  

One of the main findings of MS III was the connectivity between temperature and depth 
preferences as temperatures increased. The seas surrounding Denmark offer a good site for 
investigation of this due to the large fluctuations in surface temperatures. Sea trout mainly enter 
the sea to grow (Hendry et al. 2004) and are metabolic conformers, meaning that temperature 
regulates metabolism and the aerobic scope available for growth and activity (Spigarelli et al. 1982; 
Gillooly et al. 2001; Norin and Malte 2011). For example, brown trout are reported to have higher 
feeding efficiency and better growth in increasing (and fluctuating) temperatures (Spigarelli et al. 
1982; Ojanguren et al. 2001; Watz and Piccolo 2011) which supports the diving behaviour 
previously described. Yet, the growth of sea trout is reported to be optimal in a temperature range 
between approximately 12-17o C (Elliott et al. 1995; Larsson 2005) depending on adaptation time 
and food availability and quality (Elliott and Hurley 2000). Sea surface temperatures around 
Denmark are well below 12o C until May but often surpass 17o C during summer. It was therefore 
hypothesized that temperatures could affect the behaviour of the sea trout kelts attempting to 
optimize their growth (Hendry et al. 2004; Larsson 2005). The results from MS III corroborated this 
hypothesis, as the kelts appeared to prefer residence in waters warmer than the mean (for the 
region) when mean temperatures were below ≈11o C and waters increasingly colder than the 
mean when this started exceeded ≈15o C. The kelts also started residing in gradually deeper (and 
colder) water when temperatures increased above 15o C. In spite of the continuous increase in sea 
surface temperatures in the distribution area, the kelts were remarkably good at regulating their 
behaviour so their body temperature was around 13-16o C. It is possible that other factors like 
predator/prey abundance also influence the observed behavioural patterns, but the alignment 
between observed temperatures and temperatures optimal for growth in the species is intriguing.  



31 

From MS III. (a) Observed mean temperatures during the season at daytime, night time and crepuscular hours (shaded 
areas: 1 SD of all measurements in each period). Temperatures are relatively stable between 13-16o C in spite of the 
increasing sea surface temperatures (b) Mean observed temperatures in tagged fish when residing at 0−2 m for a 
minimum of 20 min versus satellite measurements of sea temperatures at 0−2 m in the 53−59° N, 7−13.5° E area. All 
fish and satellite observations are from 21:00 to 07:00 h. Grey shaded area: 95% of the satellite measurements of sea 
surface temperatures within the area. (c) Fish temperature deviance (when residing at 0−2 m for a minimum of 20 min) 
from mean sea surface temperatures at 0−2 m in the 53−59° N, 7−13.5° E area. All fish and satellite measurements are 
from 21:00−07:00 h. 

The kelts also showed a marked response to surface temperatures increasing above 17o C. There 
were almost no records of fish temperatures exceeding 17o C, and the fish regulated their 
behaviour by residing in deeper depths or open/more mixed areas like the Skagerrak according to 
the results from MS V. The characteristic and stable foraging pattern observed at lower 
temperatures was discontinued when surface temperatures exceeded 17o C and replaced by 
almost constant residence at depths between 5 and 15 metres with a few short visits to the surface 
or greater depths each day. Eldøy et al (2017) did record an increase in mean residence depth of 
Central Norwegian sea trout during summer, but the abrupt behavioural change reported in MS III 
has not been observed in salmonids elsewhere.  
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From MS III. (a) Percentage of nightly measurements that recorded a depth shallower than 2.0 m. (b) Output of 
generalized additive model of mean nightly residence depth versus observed nightly mean temperatures in the fish when 
at 0−2 m for a minimum of 20 min. Each fish is only plotted in the temperature range they experienced while at sea. 
Shaded areas: 95% CI of the modelled curve for each fish. All fish reside at gradually greater depth as temperatures 
increase above 13°C.  

Salmonids have, however, previously been shown to regulate their temperature in freshwater 
(Berman and Quinn 1991; Baird and Krueger 2003). The preference for surface residency in more 
northern sea trout (Rikardsen et al. 2007) or the surface residency between dives in other 
salmonids may also be an adaptation to optimize body temperature (Reddin et al. 2004, 2011). 
Other fish species have shown behavioural responses to increasing temperatures by regulating 
residence depths or -areas (Walther et al. 2002; Hijmans and Graham 2006; Rijnsdorp et al. 2009). 
The potential adaptability to temperatures increasing above the range reported as optimal for 
growth has, however, not been documented for salmonids in marine environments elsewhere. It is 
a response that should be investigated further in light of climate change, as disturbance of the 
characteristic diel diving pattern could have an impact on the foraging efficiency and thus the 
growth ability of sea trout in the marine environment if prey items do not show a similar response.  

The results from MS III and IV have provided new insights about sea trout behaviour observed at 
sea, which contrasts existing literature (Rikardsen et al. 2007, Sturlaugsson 2016 and Eldøy et al. 
2017). They also provide new evidence supporting the adaptability and flexibility in behaviour that 
sea trout may exhibit in different environments. The results have provided the first detailed records 
of mortality at sea and documented that the first weeks after entering the sea are critical for sea 
trout kelts. Those results suggest that individuals in good condition when exiting the river were 
more likely to survive the marine period, while harvest induced selection against specific 
phenotypes could occur. This could serve as an argument for reconditioning brood-stock before 
release. 
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The freshwater phase of adult sea trout and its interaction with the marine phase 
When ready, sea trout individuals return from the marine environment to freshwater to spawn. Sea 
trout are iteroparous, and an interplay between events in freshwater and marine phases are 
therefore expected.  

Sea trout typically spawn during late autumn and winter in Denmark (Christensen et al. 1993) and 
adult sea trout normally enter the river during summer or autumn and leave again during winter or 
spring (Jonsson and Jonsson 2011). The first marine period lasts between 1 month and 5 years, 
but Danish sea trout normally return to spawn after one or two summers at sea (Frier 1993). The 
marine period of kelts is shorter in most individuals and usually less than 6 months long (Aarestrup 
et al. 2015; Eldøy et al. 2015). Adult sea trout may therefore spend a significant proportion of their 
life in freshwater between feeding migrations to the marine environment. The time spent in 
freshwater between feeding migrations appears to be positively correlated with latitude, and 
Danish sea trout are generally observed to spend shorter time in freshwater than more northern 
populations where marine periods down to 1-40 days have been reported (Rikardsen et al. 2007). 
This is corroborated by the data from MS III, where eight kelts spent 47-142 days at sea (mean = 
96.1) and MS II where kelts spent 54-163 days at sea (mean: 96.7 days) and 95-248 days (mean = 
148.0 days) in the marine environment. Food availability in the river may not be sufficient to 
support the requirements of large ascended individuals and reproduction is energetically costly, so 
kelts become energy-depleted after a long period of residency in freshwater (Elliott 1994). Re-
entering the marine environment is associated with physiological requirements (Sakamoto et al. 
1993) and risk of predation (Ward and Hvidsten 2010), and the physiological status of the kelts 
could therefore be an important parameter when forecasting the survival probability of kelts 
descending to the marine environment. In MS IV we show that the ability of kelts to survive after re-
entering the marine environment was positively correlated with their condition when tagged. 
Previous studies have shown that kelts in poorer condition were more likely to migrate sooner and 
possibly during less favourable conditions, thus leading to increased mortality risks in these 
individuals (Halttunen et al. 2013). Bordeleau et al. (2018) also documented a preference for 
migrations farther out through a Norwegian fjord system in kelts of poor condition, suggesting that 
these individuals were willing to risk a longer migration in order to reach better foraging areas.  

To investigate links between physiology and behaviour more thoroughly, blood samples were 
taken from the kelts of MS II in order to analyse whether physiological parameters like hormones 
and lipid stores at the time of tagging could be used to predict the subsequent migration timing and 
survival probability for descending kelts (Birnie-Gauvin et al. 2019; Birnie-Gauvin et al. in review). 
The results showed a significant (P = 0.02) negative effect of higher cortisol stress hormones 
(Birnie-Gauvin et al. 2019) and a significant positive (P = 0.005) effect of plasma triglyceride levels 
(Birnie-Gauvin et al. in review) on subsequent survival of the kelts in the marine environment. 
Individuals that were less stressed and had higher levels of lipids in their blood were more likely to 
survive the subsequent seaward migration. In addition, high cortisol levels were associated with 
earlier migration to the marine environment, highlighting the interconnectivity between the 
freshwater and marine phase. The emerging possibility of studying behaviour and survival in the 
marine environment may therefore benefit from being combining physiological samples and 
telemetry in the future. This would broaden our understanding of factors influencing salmonid 
survival during the first critical weeks in the marine environment. 
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A B S T R A C T

We examined the survival and progression rates of 101 anadromous brown trout Salmo trutta L. post-smolts from
two Danish river systems, Karup and Simested, with acoustic telemetry as they migrated through a large Danish
fjord system (the Limfjord). No fish were documented to residualize permanently within the fjord, and the
minimum survival in the fjord was low (26%) while the mortality per km of migrated linear distance (0.8%
km−1) was similar to that found in adjacent and smaller Danish fjords. Survival was positively correlated with
length (P=0.003) but not with condition and river of origin. The fjord has an eastern outlet into the Kattegat
and a western outlet into the North Sea, but the western outlet did not exist until 1825. No fish left the fjord in
the western direction in the study and all surviving fish (n=20) left the fjord in the eastern direction. The
results suggest that fish from rivers Karup and Simested may have over time become adapted for leaving the
Limfjord in the eastern direction and that predation rates and environmental characteristics of the fjord are more
important for the fjord's ability to function as a suitable growth habitat for post-smolts than size and the
availability of food within it.

1. Introduction

Salmonids are some of the best studied fish species in the world.
While our knowledge on their migratory behavior is quite extensive,
our understanding of the causes for individual survival at sea is limited.
Brown trout (Salmo trutta L.) are of particular interest as their stocks
have seen a decrease in recent decades likely due to high mortality at
sea for anadromous individuals (sea trout) (Butler and Walker, 2006;
Gargin et al., 2006). Mature adults spawn in freshwater, after which
alevins will emerge from the eggs and move up the water column to
begin feeding (Klemetsen et al., 2003). Individuals spend anywhere
between 1 and 8 years in freshwater streams or rivers before migrating
to marine environments as smolts where they spend between 0.5 and 4
years before returning to freshwater to spawn (Elliott, 1994; Crisp,
2000; Thorstad et al., 2016). The fish are termed post-smolts after en-
tering the marine environment. Growth at sea and survival of marine
stages is important for future recruitment, though large knowledge gaps
still remain in this area (Lucas and Baras, 2001; Klemetsen et al., 2003;
Drenner et al., 2012).

Seaward migration is energetically costly, and involves high pre-
dation risks. This is true for both smolts and mature individuals, though
the early marine stage is critical for post-smolt survival, and mortality
has been shown to be particularly high in this period (Nathan et al.,

2008; Koed et al., 2006; Jepsen et al., 2006; Middlemas et al., 2009;
Thorstad et al., 2012). Local adaptations may help individual fish
overcome the dangers associated with this migration, and have been
observed commonly in brown trout and other salmonids (Quinn and
Brannon, 1982; Svärdson and Fagerström, 1982; Fraser et al., 2011).
Svärdson and Fagerström (1982) found that sea trout from streams
entering the Baltic maintained their inherited migration strategy even
when transferred to other river systems, while Järvi et al. (1996) found
that newly emerged sea trout fry from small streams migrated directly
to sea in streams of the Baltic region, apparently as an adaptation to the
frequent occurrences of low summer water levels that characterized the
streams.

For post-smolts, migration success to marine waters and travel
speeds are thought to be affected by species and watershed size
(Melnychuk et al., 2010), fish size (Bohlin et al., 1993; Aarestrup et al.,
2015) as well as route choice, with especially high mortality in river
inlets and coastal regions (Healy et al., 2017). Migration route choice
and regions of high mortality are of particular interest for the man-
agement and conservation of these species. The Limfjord (Northern
Jutland, Denmark) offers a peculiar site to study these route-specific
movements and survival of post-smolts because it runs into both the
North Sea and the Kattegat on the western and eastern sides, respec-
tively, and because the western outlet to the sea did not exist until a
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stormflood created it in 1825 (Meesenburg, 1996). The post-smolts may
therefore be evolutionarily adapted for going east in the fjord, but as of
yet, the behavior of post-smolts within the Limfjord has not been well
described.

Brown trout post-smolts have been shown to leave the neighboring
fjords Randers and Mariager, though some individuals possibly stayed
in the larger Mariager fjord (del Villar-Guerra et al., 2013; Aarestrup
et al., 2014). In Norwegian fjords, which are significantly larger in size,
brown trout post-smolts and adult individuals have a greater tendency
to reside within the fjords in comparison to Danish fjords (Thorstad
et al., 2007; Jensen et al., 2014; Eldøy et al., 2015; Flaten et al., 2016).
Food resources in the Limfjord are reported to be plentiful for sea trout
(Ebert, 2004) despite a recent decline in the environmental quality of
the fjord (Olesen, 1996; Markager et al., 2006). An overall decision to
leave the fjord may therefore indicate that fjord size and food avail-
ability are not the most important factors determining whether brown
trout post-smolts reside in the fjord, or take the risk associated with
migrating out of it.

In the present study, we investigated the migration route of down-
stream migrating brown trout post-smolts through the Limfjord. We
aimed to investigate which outlet the post-smolts used to reach the sea
and whether they stayed in the fjord as seen in Norwegian fjords of
similar size, or left it as seen in smaller Danish fjords. We hypothesized
that smolts would migrate east as a result of adaptations developed over
time and that some of them would residualize in the fjord to forage for
extended periods given the abundance of food items. Furthermore, we
evaluated survival of the post-smolts and aimed to identify areas of
particularly high mortality, with the objective of providing valuable
information for the management of this brown trout population.

2. Materials and methods

2.1. Study area

The fish were caught and tagged in the rivers Karup and Simested in
Northern Jutland, Denmark. The rivers have respective catchment areas
of 763 km2 and 241 km2, and mean discharges of 9300 l s−1 and 2000 l
s−1. Both rivers run into the Limfjord; a 160 km long fjord with a
western outlet to the North Sea and an eastern outlet to the Kattegat
(Fig. 1). The Limfjord is generally shallow with depths rarely exceeding
15m and a maximum depth of 24m at Hvalpsund. The fjord was not
connected to the North Sea in the west until 1825 when a stormflood
created the western opening which has been maintained since
(Meesenburg, 1996). At present, the western opening is approximately
780m wide, while the eastern opening is approximately 450m wide.
The fjord therefore connects the saline North Sea (30–33 at the western
outlet using the Practical Salinity Scale) with the more brackish Kat-
tegat (20–25 at the eastern outlet) and as a consequence, salinity levels
generally decrease towards the eastern part of the fjord. The fjord
switches between stratified and mixed conditions as differences in sea
surface level, diffuse freshwater inflow and periodic events with inflow
of saline water from the North Sea during storms occur (Hofmeister
et al., 2009). There are no measurements of current speed and direction
in the fjord, but the flow pattern in the fjord is mainly chaotic with
wind-driven currents during strong easterly or westerly winds. Westerly
winds generally dominate the region, except during spring when

easterly winds are more frequent and wind speeds are generally less
intense (Sand-Jensen and Møller, 2010).

The fjord received a large influx of nutrients in the second half of
the 20th century and today, the Limfjord remains heavily eutrophicated
despite a reduced nutrient load in recent years (Olesen, 1996; Markager
et al., 2006). An investigation of anadromous brown trout stomach
content in the fjord compared stomach contents between years
1958–1963 and 1994–1996. Findings suggest that food was still plenty
in 1994–1996 despite reduced environmental quality in the fjord, but
that the sea trout diet had changed to consist of mainly polychaetes and
fish in 1994–1996 rather than crustaceans, insects and fish in
1958–1963 (Ebert, 2004).

The fjord has a population of harbor seal (Phoca vitulina) and great
cormorants (Phalacrocorax carbo) that likely predate on trout smolts
(Andersen et al., 2007). In recent years, grey seals (Halichoerus grypus)
have also started foraging in the fjord. The position of seal and cor-
morant colonies in or around the fjord has not been mapped, but the
areas surrounding RS3 and the river mouths of rivers Karup and Si-
mested (Fig. 1) are known to be very active predator areas; both harbor
seals and cormorants were spotted at RS3 on every visit to maintain the
equipment, while cormorants were spotted at each visit to the river
mouths.

2.2. Smolt capture and tagging

Brown trout smolts were captured via electrofishing. Selected fish
were above 13.0 cm in length, and had completely smoltified (i.e.,
silver in color and elongated pectoral fins). Fish were obtained from
two sites, rivers Karup and Simested, with 50 and 51 smolts tagged in
each river respectively (Table 1). In river Karup, smolts were caught at
a site located 31 km from the river mouth, while the smolts in Simested
were caught at three different sites: 1 km from the outlet (N=34),
31 km from the outlet (N= 10) and 37 km from the outlet (N=7).
Upon capture, fish were kept in freshly oxygenated water until pro-
cessing. They were then anesthetized (benzocaine at 300 ppm until
their opercular rate had slowed significantly), weighed (± 0.1 g), and
measured (± 0.1 cm). The fish were subsequently placed in a V-shape
surgical table and tagged with acoustic transmitters (Thelma Biotel, 7.3
by 18mm, 1.2 g in water, power output of 139 dB re 1 μPa at 1m, www.
thelmabiotel.com) inserted into the body cavity through a mid-ventral
incision (4 ± 2mm), anterior to the pelvic girdle. The incision was
then closed with 2–3 sutures. The entire operation lasted between 1 and
2min. Fish were then left to recover in fresh oxygenated water for
10–20min, before being returned to the river at their site of capture. All
procedures were carried out according to the Danish Experimental
Animal Committee (2017-15-0201-01164).

The average transmission delay for the tags was 60 s, giving the tags
a guaranteed battery life time of 114 days, meaning that tags were
guaranteed to last until 23rd of July. Thelma tags are not programmed
to stop and therefore continue to transmit until the battery runs out,
which was expected to happen after 190 days, on 10th of October.

2.3. Hydrophone deployment

A total of 20 Vemco VR2W-69 kHz receivers were deployed at the
river outlets and narrow parts of the Limfjord to track the migratory

Table 1
Mean body length (cm,± SD), weight (g,± SD), number that exited the Limfjord, and mean time (days) spent in the Limfjord for tagged brown trout (Salmo trutta)
from rivers Simested and Karup. Only fish that left the fjord are included in the calculations. Note that the fjord for the Simested-fish is defined as the compartment
between RS3 (11.2 km from the river mouth) and the fjord outlets as the hydrophone at the river outlet was lost.

River Fish tagged Length (cm) Mass (g), No. exiting fjord Time in fjord (days)

Simested 51 15.3 ± 1.8 (13.2–20.1) 33.5 ± 12.9 (19.0–69.2) 9 19.5
Karup 50 16.0 ± 1.8 (14.0–23.0) 40.9 ± 17.7 (25.6–111.8) 11 38.3
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patterns of the fish (Fig. 1). Two hydrophones were placed at each
receiver site except in the river mouths where only one hydrophone was
placed in each river (Table 2). The location of the hydrophones was
carefully planned to ensure that there were no “deaf zones” caused by
depth morphology or other obstacles across the site. Detailed bathy-
metry charts were therefore used to select sites where the depth profile
of the fjord was u- or v-shaped. Extensive sand drift occurs at some
sites, resulting in a frequently maintained navigation channel for larger
ships in the middle of the site. The receivers at these sites were there-
fore placed below buoys with one buoy being placed at the edge of the
navigation channel to enable it to hear if a tagged fish moved across in
the deeper waters of the navigation channel.

Some variability in detection range was to be expected as docu-
mented by Mathies et al. (2014), and several factors like stratification of
the water column, currents and bubbles suspended into the water
column by waves may cause these variations (Thorstad et al., 2000).
Based on site conditions like distance between receivers, depth, chance
of stratification and exposition to waves, we considered RS1 and RS2 as
the sites with the highest chance of not detecting a fish. Range testing
was therefore performed at RS2, to ensure that the lack of detections in
the western part of the fjord was not due to poor coverage across the
receiver sites. Range testing was carried out during the morning in 4–6
ms−1 south-westerly winds and waves at moderate size for this site.
Testing was done by deploying a 7mm Thelma test tag emitting a signal
at 139 dB every 10 s for 3min at 12 different positions across the fjord
with 50–100m between each station. The tag was deployed at a depth
of 1m below a floating device that was dragged 15m behind the boat.

The hydrophones at the river outlets were deployed in January
2017 and the receiver at the outlet of River Karup was emptied on 26th
of May while the hydrophone at the outlet of river Simested was found
missing on the same date. A new hydrophone was deployed at the
outlet of River Simested on 30th of May, but the old hydrophone with

the smolt-run data was not recovered and no smolts were registered on
the new hydrophone. Unfortunately, there was a substantial loss of
hydrophones during the migration season, and eight hydrophones were
lost within the Limfjord (Fig. 1). RS4 25 km from the eastern outlet of
the fjord was therefore used to determine if the fish had attempted to
leave the fjord in the eastern direction. All hydrophones in the Limfjord
were offloaded on 9-11th of August 2017 and again in November and
December 2017.

2.4. Environmental data

Water temperature was measured at the hydrophone position at the
outlet of river Karup during the study period to compare the tem-
perature during outmigration with other studies. Satellite measured
fjord and sea surface temperature was downloaded from www.marine.
copernicus.eu for the entire fjord and for a 10×10 km area outside the
western and eastern outlet of the Limfjord, respectively, to compare the
temperature at sea when the post-smolts entered it with that observed
in other studies. The sea surface temperatures were downloaded as
daily means from the top 2.0 m of the water column, measured at night
in the time period of 2100 to 0700 h.

2.5. Data analysis

Data was downloaded from the receivers and stored in a database.
For the analysis, the fjord was considered as the compartment between
the river outlet and the western outlet (RS1) and the eastern outlet
(RS4) for the Karup-fish while the lost hydrophone at the outlet of River
Simested meant that RS3 was considered as the fjord entry point for the
Simested-fish although it was located 11.2 km from the true river outlet
(Fig. 1). A registration on a hydrophone at a receiver site was inter-
preted as the fish having moved past the receiver if it was not subse-
quently detected on a receiver closer to the tagging location. Regis-
trations on the hydrophones at the eastern (RS4) or western (RS1)
outlets were similarly interpreted as the fish having left the fjord in that
direction. Migration speed was calculated as the shortest possible dis-
tance between two receiver sites divided by the time between the first
registrations at each receiver site, except at the Karup-outlet, where the
last registration counted, as several fish resided there for a few days
before moving into the fjord. The overall migration speeds and re-
sidence times of the post-smolts in the fjord was calculated for the fish
that survived through the fjord. This means that only fish that entered
the fjord and left it again were included in the calculation, while the
two fish that were detected on receivers within the fjord but who did
not leave the fjord later on were excluded from the overall calculation

Fig. 1. Water depths of the Limfjord (left) and map of Denmark with adjacent seas (right). Receiver stations (RS) are marked with crosses while lost receiver stations
during the study period are marked with circles. Bathymetry data was provided by the Danish Shellfish Centre.

Table 2
Receiver site information for the sites that were operational through the entire
study period with width at the site, number of receivers deployed, mounting
method and distance between the receivers.

RS1 RS2 RS3 RS4 Karup

Width at site 780m 1030m 190m 350m 20m
No. of receivers 2 2 2 2 1
Receivers mounted to Buoys Buoys Beacons Harbor

front
Bridge
pillar

Distance between
receivers

480m 470m 180m 350m NA
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of migration speeds and residence time.
A logistic regression was used to analyse whether stream of origin,

fish length and condition had an effect on the probability of fish leaving
the fjord. Condition was calculated using Fulton's K where condition
= 100 mass

length3 . The outcome (leaving the fjord or not) was entered as de-
pendent variable while stream of origin, fish length and condition were
entered as independent variables. The variables were tested for colli-
nearity visually and by using the vif-function from the car package in R.
VIF-values of 1.06 (length) 1.29 (condition) and 1.26 (stream) sug-
gested no problems with collinearity (Fox and Weisberg, 2011;
Dormann et al., 2012). The R2-value of the model was 0.33.

The currents in the fjord are mainly wind-driven (www.
danskhavnelods.dk), and the easterly or westerly wind speed and
strength was therefore considered as a proxy for current direction in the
fjord during May where the fish would have chosen which direction to
go. The daily mean east/west wind vectors were therefore calculated
with regional wind data from the Danish Meteorological Institute
(www.dmi.dk) consisting of daily mean wind strength and direction
which was split into the east/west vector using trigonometric functions.
The running mean east/west vector during the month was calculated
from the daily vectors to follow the development in mean direction and
speed of the wind.

All data was sorted and arranged in Microsoft Excel and treated and
analysed further in R Studio Version 1.0.136 (www.r-project.org).

3. Results

3.1. Range testing

A total of 77% of the emitted ID signals from the 12 positions across
the site were detected on the receivers, with 77–100% of emitted ID-
signals being detected at the 10 positions within the fjord. Coverage
was weaker on the shallow, 1m deep positions close to shore, and 28%
and 31% of detections emitted from these positions were detected. The
test tag was resting a few centimetres above the substrate at these po-
sitions, but we chose to keep it this way, as a post-smolt could have
migrated close to the fjord bed at this depth close to shore.

Range testing was not performed at RS3 and RS4 and at the river
mouths. One fish from River Karup was detected at RS4 without having
been detected at the Karup outlet previously, while no fish from River
Simested were detected beyond RS3 without previous detection there.

18 of the 20 post-smolts that were registered at RS3 and 11 of the 20
post-smolts that were registered at RS4 were detected on the receivers
on both sides of the fjord, indicating good coverage across the sites.

3.2. River phase

In River Karup, 42 of the tagged 50 smolts migrated downstream
and left the river. Unfortunately, the corresponding number for River
Simested is unknown due to the disappearance of the receiver at the
outlet. Nonetheless, a total of 20 individuals were detected at RS3
(11.2 km away from the outlet).

In river Karup, the 42 smolts left between April 9th and May 3rd
(Fig. 2a). The distance from the tagging site to the river outlet was
31 km, which the fish traveled with a mean velocity 2.4 km d−1 or 0.18
bl s−1 (SD= ±0.14 bl s−1). Minimum survival to the river outlet for
Karup-fish was 84% (42/50). The fish experienced a mean temperature
of 8.5° C at the river outlet as they left the river (individual range be-
tween 6.4° C and 11.8° C). The mean satellite measured temperature of
the centre of the fjord was 7.7° C as the fish entered it (Fig. 2b).

In river Simested, the 20 smolts registered at RS3 were detected
between April 23rd and May 20th. Of these 20 individuals, 14 (70%)
had been tagged 1 km from the outlet, 4 (20%) had been tagged 31 km
from the outlet and 2 (10%) had been tagged 37 km from the outlet.
The minimum survival to RS3 was therefore 41% (14/34) for the fish

tagged 1 km from the outlet, 40% (4/10) for the fish tagged 31 km from
the outlet and 29% (2/7) for the fish tagged 37 km from the outlet.

The 31 fish that did not make it to RS3 were assumed dead, as se-
vere hypoxia developed in the compartment between the river mouth
and RS3 during July (Hansen et al., 2017), and no fish were detected
moving back to the river after a receiver was re-installed there on May
30th.

3.3. Marine phase

The distance from the river outlets to RS4 (used as the eastern fjord
outlet) was 93 km for Karup-fish and 102 km for Simested-fish. RS3 was
the first receiver site encountered by the Simested-fish due to the loss of
the outlet-station in Simested, and the distance from RS3 to RS4 was
91 km. The distance from the river outlets to the actual eastern fjord
outlet was 121 km and 132 km for Karup and Simested, respectively,
while the distance to the western fjord outlet was 102 km and 113 km
for Karup and Simested-fish, respectively.

Two fish from River Karup were registered at RS3 9.5 and 43.1 days
after they had left the river. The first of these was not registered again
thereafter, while the other was registered at RS3 again 1.9 days later
and then at RS4 (eastern fjord outlet) 91 km away 5.2 days later. This
fish therefore spent 45.0 days in the region close to the river outlets
before migrating the 91 km from RS3 to RS4 with a velocity of
17.5 km d−1.

Only one fish was detected in the western end of the fjord. This fish
was from River Karup and was registered at RS2 on 3rd of May but was
not registered again thereafter. No fish were registered at the western
outlet of the fjord (RS1) or at RS5 which leads into a small compartment
where several smaller rivers and streams run into the fjord.

A total of 20 smolts left the fjord to the east, of which nine were
from River Simested and 11 were from River Karup. In total, 18 of these
left between May 19th and June 9th. The remaining 2 individuals left
the fjord later, on June 21st and July 4th. The registration at the eastern
outlet on July 4th was the last registration of any post-smolt in the
entire system in the study period that lasted until expected battery

Fig. 2. (a) Tag and registration dates of the post-smolts. Triangles are Simested-
fish (lowest 51) and circles are Karup-fish (highest 50). RS3 is used as fjord
entry for the Simested-fish on the figure although it is placed 11.2 km from the
river outlet. The transmitters were guaranteed to last until July 23rd but ex-
pected to last until October 10th and there were no registrations in the system
after July 4th. (b). Measured temperature in the river at the outlet and satellite
measured surface (0–2m) temperatures in the Limfjord and in 10× 10 km
areas at the eastern and western fjord-outlets to the Kattegat and North Sea. The
river is generally warmer than the fjord, and the fjord is generally warmer than
the sea. Temperatures are higher at the eastern sea outlet during May, but
otherwise similar in the study period.

M.L. Kristensen et al. Estuarine, Coastal and Shelf Science 209 (2018) 102–109

105
50 



depletion in mid-October.
The mean velocity through the 93 km of fjord between the river

mouth and the eastern fjord outlet at RS4 was 2.76 km d−1

(SD=0.75 km d−1) or 0.20 bl s−1 (SD=0.05 bl s−1) for the Karup-
fish (Fig. 3). The Simested-fish migrated the 91 km between RS3 and
the fjord outlet at RS4 with 6.9 km d−1 (SD=4.9 km d−1) or 0.44 bl
s−1 (SD=0.28 bl s−1). The mean residence times in the fjord for the
fish that made it to the outlet was 19.5 days (SD=10.0 days) for the
Simested-fish and 38.8 days (SD=13.5) for the Karup-fish. The values
are, however, not comparable, as RS3 is located 11.3 km from the outlet
of River Simested which means that the early marine phase is not in-
cluded in the migration speed for the Simested-fish.

The fish appeared to migrate mainly during the evening and night.
In total, 80.2% of all registrations on the hydrophones occurred be-
tween 16:00 and 4:00.

The wind data revealed generally easterly winds in the region in the
beginning of May 2017 and westerly in the end of the month (Fig. 4a)
resulting in a mean vectorial east/west component of almost zero
during the entire month (Fig. 4b).

The satellite measured daily mean temperature of the fjord showed
an increase in fjord temperature from 7.3° C as the first fish entered it
on April 9th to 15.9° C as the last fish left it on July 4th. The mean fjord
temperature during the period was 12.1° C. The mean temperature

experienced by the fish at sea as they entered the Kattegat was 12.4° C
with a range of 10.2° C to 15.1° C between individuals. If the fish had
left the fjord in the western direction on the same dates, the mean
temperature they would have experienced was 11.6° C with a range of
8.4° C to 14.9° C between individuals. Sea surface temperatures were
generally lower in the North Sea than in the Kattegat during May, but
similar during the rest of the study period (Fig. 2b).

3.4. Survival

The combined minimum survival in river and fjord was 18% for fish
originating from River Simested and 22% for River Karup when as-
suming that the remaining fish had died and had not expelled the tag or
experienced tag malfunction. The survival in the fjord was 26.2% (11/
42) for the Karup-fish while the survival between RS3 and RS4 was
45.0% (9/20) for the Simested-fish.

The mortality rate was 0.5% km−1 in the river and 0.8% km−1 in
the fjord for the Karup-fish while the Simested-fish had a mortality rate
of 0.6% km−1 in the fjord (between RS3 and RS4).

Length had a significant effect on the fate of fish in the fjord such
that larger fish tended to leave the fjord more (logistic regression,
P= 0.003; Fig. 5), but condition (P= 0.56) and stream of origin
(P= 0.68) had no significant effect.

The reason for mortality was not documented for the post-smolts,
except for two Simested-fish where the tags were found at a random
scan through cormorant nesting areas 19 and 36 km from the river
outlet. Both of these post-smolts had disappeared between their tagging
site 1.0 from the river outlet and RS3.

Fig. 3. Migration speed (3a) and residence time (3b) in the area between river
mouth and the eastern outlet at RS4 for the Karup-fish and between RS3 and
RS4 for the Simested-fish. Horizontal black lines represent medians, boxes re-
present values between the first and the third quartiles of the data and red
diamonds represent mean values. Only fish that made it out of the fjord are
included. Note that the Simested-fish have already migrated 11.2 km in the
fjord before reaching RS3, and the speeds and residence times are therefore not
directly comparable. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 4. a. Daily east/west wind vector (m s−1) in the region
during May 2017. Easterly winds are positive values while
westerly winds are negative values. Figure 4b. The running
mean east/westerly wind vector (m s−1) in the same period.
The winds were generally easterly in the beginning of the
month and westerly in the end of the month, resulting in the
mean wind movement ending close to zero in May 2017.

Fig. 5. Modelled survival probability at different lengths with 95% confidence
intervals (dotted lines).
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4. Discussion

We tracked wild brown trout post-smolts leaving the river systems
and migrating through a large fjord system with two possible exit routes
– one which has always existed (eastern) and another made in more
recent years (western). We provide evidence that the smolts migrated
out to sea through the eastern outlet of the Limfjord, and our results
suggest that the smolts either appeared to leave the fjord or die in it.

4.1. Range of the receivers

The coverage generally appeared strong at the Karup river mouth
and at RS3 and RS4, while post-smolts moving close to the bottom on
shallow waters at RS2 could have avoided detection if they moved di-
rectly past the site. The range determined by the test at RS2 may differ
in various environmental conditions or even on a daily basis (Payne
et al., 2010; Thorstad et al., 2000). It is therefore possible that some fish
may have migrated past RS2 and avoided detection. The fish would,
however, have to move through areas with water deeper than 2m to get
around the harbor and pier facilities present at the narrower RS1, and
since no fish were detected at this site, we find it unlikely that our setup
have failed to detect a westward movement in the population.

4.2. River and fjord behavior

The smolts left River Karup between April 9th and May 3rd (Fig. 2a)
in river temperatures ranging between 6.4° C and 11.8° C, which is
within the normal period and temperatures for spring-migration in
Danish smolts (Aarestrup et al., 2002; del Villar-Guerra et al., 2013).

It was expected that some of the post-smolts would residualize in
the relatively large Limfjord, as previous studies have showed variable
residency and migratory behavior for smolts in fjord systems. For ex-
ample, no smolts stayed in the small Randers fjord (Aarestrup et al.,
2014), few stayed in the larger and deeper Mariager Fjord (del Villar-
Guerra et al., 2013) while all or a large proportion of post-smolts and
adult fish stayed in the larger Norwegian fjords (Thorstad et al., 2007;
Jensen et al., 2014; Eldøy et al., 2015; Flaten et al., 2016). It was thus
expected that a proportion of post-smolts would stay in the Limfjord,
but we found no evidence of any post-smolts residing in fjord after July
4th despite evidence for an abundance of food items there (Ebert,
2004). In fact, only two post-smolt detections were made after June 9th,
and both of these were from fish that appeared to be leaving. The lack
of evidence for post-smolt residency in the fjord was surprising given
that the Limfjord is comparable to the Norwegian fjords in terms of
surface area, and the Danish Mariager Fjord in terms of depth. While it
is not impossible for individuals to have residualized in the fjord
without being detected, we find it unlikely that the fish would remain
undetected by one of the receiver stations before the expected battery-
lifetime ended in mid-October if a large proportion of the fish had
stayed. Of the 20 post-smolts detected to leave the compartment be-
tween the Simested-outlet and RS3, 11 disappeared between RS3 and
RS4 (the fjord outlet) and could have residualized permanently in the
fjord. Mortality per km was already low between RS3 and RS4 for the
Simested-fish, and we therefore find it unlikely that a large proportion
of these 11 post-smolts settled as permanent fjord-residents, though we
cannot make this conclusion for certain.

Temperatures in the fjord ranged between 7.3° C from the first entry
of a tagged fish to 15.9° C as the last fish left it, and fjord temperatures
were generally higher than temperatures at the sea outlets during the
study period (Fig. 2b). Brown trout growth is reported as optimal in
temperatures ranging between 12 and 17° C (Elliott and Hurley, 2000a;
b; Larsson, 2005) and individuals may seek areas with warmer tem-
peratures when residing in cold waters (Jensen et al., 2014). However,
with 18 of 20 fish leaving the fjord into colder sea water before fjord
temperatures reached 14.0° C in the present study, we suggest tem-
peratures are not the main driver in the decision to leave the Limfjord.

These results suggest that a shallow, highly productive and eu-
trophicated fjord environment may not provide a well-suited post-smolt
growth habitat for the fish to stay in, even if the mortality associated
with migrating through it may be high.

Studies with mark-recapture and genetic assignment techniques
reveal a high abundance of Limfjord-trout in the Kattegat-Western
Baltic region (data unpublished). Our findings support these observa-
tions: post-smolts appear to migrate eastward through the Limfjord into
the Kattegat, where they presumably undergo their somatic growth and
return to their native rivers through the Limfjord as sea trout.

Once beyond the river outlet, all but one fish headed in the eastern
direction towards the Kattegat even though the distance to the western
outlet is approximately 19 km shorter from both rivers. This clear
preference for migrating east occurred despite the net current in the
fjord being neutral during May 2017. We therefore hypothesize that the
choice to go east may be rooted in historical reasons, as the fish may be
evolutionarily adapted for going east as the western opening did not
exist until 1825 (Meesenburg, 1996).

Local adaptations are common in trout populations and may influ-
ence individual migratory behavior by conferring some advantages that
may help the fish survive the dangers that the populations have been
commonly exposed to (Quinn and Brannon, 1982; Fraser et al., 2011).
Analysis of scale samples from the 1910s and 1950s have revealed that
the gene pools of the Karup and Simested trout populations are almost
unaltered (6% for Karup and little or no change in Simested) by pre-
vious stockings with non-indigenous trout (unpublished). We therefore
find it likely that the anadromous brown trout populations in those
rivers are still genetically adapted for migrating east. Local adaptations
of this type have previously been documented in sea trout in the Baltic
region by Svärdson and Fagerström (1982) and Järvi et al. (1996), and
the preference of the Simested- and Karup-fish for going east suggests
that any advantage of taking the shorter western route to the sea has
not been large enough to modify the inherited preference of the po-
pulation, even though the opportunity to go west has existed since
1825.

It is possible that differences in osmoregulatory cost associated with
migrating west towards the more saline North Sea (30–33 versus 20–25
in the Kattegat) has helped maintaining the eastward movement to the
less saline Kattegat/Baltic seas. The advantage conferred by migrating
into a salinity of 8–10 units lower may not counterweigh the costs as-
sociated with migrating an additional 19 km in the fjord perhaps be-
cause osmoregulatory costs and mechanisms are complex, and thus
post-smolts may continue to choose the eastern outlet (Morgan and
Iwama 1991, 1999; Baeuf and Payan, 2001). Other factors, such as
differences in predation risk, may also be important drivers along the
different routes, but their extent along each route remain unknown.

4.3. Migration speed

Simested-fish migrated with a velocity of 6.9 km d−1 between RS3
and the eastern outlet at RS4, while the Karup-smolt migrated with a
velocity of 2.8 km−1 through the fjord (Fig. 3). As a consequence, the
residence time of the Simested-fish was shorter (19.5 days) than the
Karup-fish (38.8 days). The 11 Karup-fish and nine Simested-fish that
arrived at RS4 at the eastern outlet did, however, arrive at approxi-
mately the same time. The difference in migration speed between the
two populations is likely to be a result of slow initial migration after
leaving the river, as the speed of the Simested-fish in the first 11.2 km of
the fjord is not included in their average fjord migration speed due to
the loss of the receiver at the Simested river outlet. A similar slow initial
migration has previously been documented by Middlemas et al. (2009).
This is corroborated by the late arrival at RS3 for the Simested-fish,
which on average arrived at the RS3-site 11.2 km from the river outlet
20 days later than the Karup-fish had arrived at the Karup-outlet in
spite of 34/51 of the Simested-fish being released just 1.0 km from the
river-outlet. Adding 20 days and 11.2 km to the movement data on the
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Simested-fish, results in them having a mean velocity of 2.8 km−1,
which is exactly the same as the Karup-fish.

We acknowledge the limitations of the comparisons we can make
based on speed measurements given the loss of the Simested outlet
receiver. Nonetheless, the migration speed for Karup-fish is comparable
to those from previous studies with similar set ups. With a speed of
2.8 km d−1, Karup-fish migrated slower than fish from the nearby
Randers fjord (appr. 5 km d−1 in the outer fjord; Aarestrup et al., 2014)
where all smolts also left the fjord. This is likely due to the Limfjord
having a more chaotic flow pattern than the Randers fjord, which is
narrow and has a general outgoing current in the surface layers due to
the high outflow of freshwater into the fjord.

4.4. Survival

We further demonstrate that the period following marine entry is
associated with high mortality in anadromous brown trout in the
Limfjord. Only 20 of 51 smolts from River Simested made it to RS3
(11.2 km from the river mouth), despite 34 of the smolts having been
tagged 1.0 km from the river mouth. Furthermore, no post-smolts were
detected as returning to the Simested-river after the missing receiver
was replaced on 30th of May, although severe hypoxia developed in the
area between the Simested-outlet and RS3 during July (Hansen et al.,
2017). We suggest that early mortality was high, although the exact
reason for disappearing has only been documented for two fish, where
the tags have been found later in random searches through cormorant
nesting areas located 19 and 36 km from the river outlet.

In general, the obtained values for survival in the fjord must,
however, be considered minimum values, as tag malfunctioning, tag
expulsion, lack of detection or residency outside receiver range may
lead to under-estimation of survival. In addition, the tagging and
handling process may have affected the fish by inducing some degree of
stress, which may have had delayed consequences such as reduced
growth and survival of tagged individuals compared to untagged con-
specifics (Jepsen et al., 2008).

Minimum cumulative river and fjord survival was similar between
fish originating from either rivers (19% and 22%), suggesting that fish
from both populations sustain similar mortality rates in the rivers and
fjord. Minimum survival was relatively low (20%) in comparison to
those found in the adjacent Randers fjord by Aarestrup et al. (2014)
(79%) and Mariager Fjord by del Villar-Guerra et al., 2013 (53% left the
fjord, 47% stayed or died in the fjord). However, mortality per km was
found to be similar with a range of 0.6–0.9% km−1 in Randers fjord,
and 0.8% km−1 and 0.6% km−1 for Karup- and Simested-fish respec-
tively, when the post-smolts that disappeared in the fjord are assumed
dead. This suggests that the distance which must be traveled within a
fjord to reach the sea may be a key player in smolt marine survival and
potentially also a factor that can lead to locally adapted populations
that stay in the fjords like in the larger Norwegian fjords (Thorstad
et al., 2007; Jensen et al., 2014; Eldøy et al., 2015; Flaten et al., 2016).

We found that larger individuals had a higher probability of sur-
viving through the fjord than smaller individuals, perhaps due to pre-
dation as seen in other studies (e.g. Jepsen et al., 2006; Koed et al.,
2006; Nathan et al., 2008). Being smaller in size may reduce swimming
velocity (and thus a fish may be less likely to escape a predator), in-
crease the number of potential predators (based on gape size of pre-
dators) but also increases the tag burden (mass of body to tag ratio).
Together, these may have exposed fish to greater risks of predation, and
thus lower survival. Similar size-dependent survival has previously
been observed in studies investigating the migration of sea trout (e.g.,
Bohlin et al., 1993; Aarestrup et al., 2015) and other salmonids (e.g.
Kallio-Nyberg et al., 2006), though there is also evidence for no size-
dependent survival (e.g., del Villar-Guerra et al., 2013). The latter study
also found a very high initial survival of 76% after 30 days, which
contradicts the classical description of high mortality during the early
marine phase for post-smolts (Jepsen et al., 2006; Koed et al., 2006;

Nathan et al., 2008; Middlemas et al., 2009; Thorstad et al., 2012). The
same study (del Villar-Guerra et al., 2013) is also the only Danish study
where a part of the tagged sea trout have been documented to stay in
the fjords. This suggests that predation in Mariager Fjord is low com-
pared to other Danish fjords, and that low predation rates are crucial for
fjord residency to occur in shallow, highly productive and eu-
trophicated systems like the Danish fjords.

In conclusion, the present study identifies a crucial eastward route
for outmigrating brown trout post-smolts through the Limfjord. Our
findings suggest that post-smolts from rivers Simested and Karup do not
residualize in the fjord for long periods of time despite large food
abundance there, though some fish may have residualized without
being detected. Because adult return rates are highly dependent on the
survival of smolts and post-smolts, understanding the causes of low
survival is an important step for improving population survival, pro-
ductivity and sustainability. The preference for the eastward route calls
for further investigation to understand the drivers for such preference.
For example, the effect of salinity, predation pressure and evolutionary
adaptations would be interesting avenues of future research to under-
stand the underlying drivers behind the choice of migration route in
post-smolts. The investigation of important migratory routes using
telemetry provides a valuable approach to allocate conservation re-
sources. Performing similar studies in rivers of varying sizes may also
provide insight on population-specific routes, if any exist. The rivers
Karup and Simested are large, and fish from smaller rivers and streams
that enters the fjord may have other adaptations and behave differently.
However, findings obtained from studies carried out in the Limfjord and
other Danish fjords so far suggest that shallow and eutrophicated fjords
may not be suited for post-smolt growth if other factors like predation
pressures are unfavorable, even if the systems are large and have
abundant food resources within them. This could be of potential man-
agement interest elsewhere in the world where fjords and estuaries are
prone to eutrophication and predation.
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1. INTRODUCTION

Migratory behaviours are individuals’ responses to
interactions between environmental (e.g. food avail-
ability, predation or changes in temperatures) and
internal (e.g. stress levels, food assimilation) factors
(Lucas & Baras 2001). As such, migration is thought
to be an adaptive response to a changeable environ-
ment, which ultimately increases reproductive suc-
cess of individuals (Hendry et al. 2004, Cucherousset
et al. 2005). Sea trout Salmo trutta (also commonly
known as sea-run brown trout) exhibit anadromy,
where individuals move from freshwater to saltwater
to feed, and return to freshwater to spawn (Gross et
al. 1988). By exploiting better feeding habitats, sea
trout reach larger sizes and, thus, higher reproduc-
tive potential than conspecifics that remain in fresh-

water, especially in females (Jonsson & Jonsson 1993,
Hendry et al. 2004).

Sea trout populations are capable of adapting to lo-
cal conditions over time (Svärdson & Fagerström
1982, Fraser et al. 2011), and sea trout kelts (indi -
viduals that have spawned and are returning to sea)
show great variability in their migration timing, speed
and marine survival. Studies have reported marine
survival from 18 to 86% (Bendall et al. 2005, Borde-
leau et al. 2018) and speed of migration in  marine en-
vironments up to 32 km d−1 in an English estuary
where most sea trout used the ebbing tide to make a
fast progression (Bendall et al. 2005). In Norway, stud-
ies have documented that sea trout generally reside in
many of the fjords (Jensen et al. 2014, Flaten et al.
2016). For example, in a central Nor wegian fjord,
58% of post-spawned sea trout indi viduals were
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ABSTRACT: The behaviour and survival of sea trout Salmo trutta L. in marine environments
remains scarcely described despite the widespread ecological and cultural importance of the spe-
cies. We tracked 160 wild, post-spawned sea trout in 2 Danish river systems using acoustic tags to
examine their behaviour in a fjord system characterized by a scarcity of refuges and a high abun-
dance of mammalian and avian predators. The fjord has an eastern opening 120 km from the river
outlets and a western opening 110 km from the river outlets. All surviving fish left the fjord
through the eastern outlet, except for 2 surviving individuals that stayed in the fjord. We observed
the lowest marine survival (15%) and the fastest progression rates documented for the species in
marine environments. After a variable period of residency close to the river mouths, the fish
moved through the fjord within a short window of time at gradually increasing speeds (mean:
1.1 km d−1 in the fjord compartment they entered, mean: 43.4 km d−1 in the final fjord compart-
ment before reaching the sea). We found no statistically significant differences between exit tim-
ing, migration behaviour (speed and time) and survival of fish from the 2 river systems. The results
suggest that migrating quickly through the dangerous fjord system and exiting at a specific time
is important to succeed in the area. Our results distinguish themselves from those obtained in
 similar studies of sea trout elsewhere and provide new insights on factors influencing survival and
migration behaviour of salmonids.
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never more than 13 km away from their natal river
during their marine phase (Eldøy et al. 2015). The
overall preference for short marine migrations seems
common for the species, where detection or recapture
of individuals farther than 100 km from the natal river
is rare (Thorstad et al. 2016). Some sea trout popula-
tions, such as Danish sea trout, appear to favour
longer migrations towards the sea, and individuals
from these sea-bound populations could migrate far-
ther than 100 km away from the natal river mouth
while at sea, though no equipment has been in place
to document such migrations (Aarestrup et al. 2015,
Kristensen et al. 2018a). Long- distance migrations to
the sea, however, are ener getically costly due to the
resources needed for osmoregulation and swimming
and ecologically costly due to the increased risk of
predation, injury and encounters with gill- and pound
nets (Gross et al. 1988, Jonsson & Jonsson 1993, Ward
& Hvidsten 2010). Nonetheless, indi viduals that suc-
cessfully repeat spawning can constitute a large pro-
portion of the spawning population (L’Abée-Lund
1989, Aarestrup & Jepsen 1998) and contribute a dis-
proportionately high production of juveniles due to
the higher fecundity of large indi viduals that produce
larger eggs, which increases the subsequent chances
of survival of the fry (Pemberton 1976).

In the last few decades, the abundance of sea trout
has decreased considerably in many regions, and sci-
entists have speculated that this is due to low marine
survival (Milner et al. 2006). This decline is exacer-
bated by the fact that most sea trout are females, so
marine mortality has an accentuated effect on popula-
tion recruitment (Jensen et al. 2012). Furthermore,
given the iteroparous nature of this species, recruit-
ment depends considerably on the abundance of re-
peat spawners (Pemberton 1976), making the survival
of this life stage particularly crucial. Understanding
the factors that make kelts successful in their
outgoing and incoming migration is thus necessary to
focus management efforts. For this reason, the marine
phase of the brown trout lifecycle is of par ticular inter-
est, although it has received considerably less atten-
tion than the freshwater phase (Drenner et al. 2012).
The ecological drivers that may cause individual fish
to migrate further despite the costs that come with do-
ing so remain poorly understood. We currently lack
basic knowledge regarding migration speed and sur-
vival to identify potential risks and threats to be ad-
dressed in management schemes. Furthermore, few
attempts have been made to characterize environ-
mental and behavioural aspects that make individuals
successful in reaching the sea (but see Aarestrup et al.
2015, Eldøy et al. 2015, Bordeleau et al. 2018).

The Limfjord is the largest fjord in Denmark and
offers an interesting site for investigating adaptive
behavioural responses during the marine phase in
sea trout kelts. It is a soft-sediment system with a
scarcity of submerged macrophytes or other potential
refuges (Jørgensen 1977, Olesen 1996), making fish
more vulnerable to predation (Peterson 1979) from
harbour seals Phoca vitulina and great cormorants
Phalacrocorax carbo sinensis (Andersen et al. 2007).
Genetic analysis of the sea trout population in the
Karup River, the main river running into the fjord,
revealed that millions of stocked, non-native trout
failed to survive and reproduce sufficiently to have a
significant impact on the genetic composition of the
wild population (Ruzzante et al. 2004). This strong
selection against non-native individuals appeared to
have taken place in the marine environment. A study
of the behaviour and survival of sea trout smolts
(first-time marine migrants) from the fjord suggested
that all surviving individuals (20%) left the fjord in
the eastern direction (Kristensen et al. 2018b). It is
unknown if kelts from the same rivers behave simi-
larly or have different preferences in terms of prey
items and predator evasion, or if they exhibit a higher
preference for fjord residency as seen in Norwegian
fjord systems of similar size (Eldøy et al. 2015).

We acoustically tagged 160 mature sea trout kelts
to investigate the migratory behaviour and subse-
quent survival of these fish in different parts of the
Limfjord. Individuals were tagged in the Karup and
Simested Rivers, 2 important sea trout rivers in the
region which flow into the central/southern parts of
the Limfjord. Our hypothesis was that, in order to sur-
vive their relatively long seaward migration distance,
these fish would display unique behaviours in terms
of migration speed, timing and directionality com-
pared to sea trout from other fjord systems.

2. MATERIALS AND METHODS

2.1.  Study site

Post-spawned sea trout were captured and tagged
in the Karup and Simested Rivers (Fig. 1), 2 Danish
lowland rivers on the Jutland Peninsula with catch-
ment areas of 763 and 241 km2, respectively, and
mean discharge rates of 9300 and 2000 l s−1, respec-
tively. The rivers run into the central/southern part of
the 160 km long Limfjord, a shallow, microtidal fjord,
with a mean depth of 4.5 m, a tidal amplitude of
0.1−0.2 m and a scarcity of submerged macrophytes
due to eutrophication (Dolmer & Frandsen 2002,
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Wiles et al. 2006). The Limfjord has a western open-
ing to the saline (30−34 PSU) North Sea and an east-
ern opening to the more brackish (19−27 PSU) Katte-
gat. Water currents and mixing regimes in the fjord
are complex and influenced by meteorological forc-
ing (Wiles et al. 2006). Parts of the fjord frequently
switch between stratified and mixed conditions, with
anoxic conditions occurring near the bottom (Hof -
meister et al. 2009).

Total fisheries landings from the Limfjord were rel-
atively stable (3000−5000 t) during the 20th century
until the 1970s, when most fish stocks collapsed.
Trawl surveys found decreasing yields from 15 kg
30 min−1 in 1984 (after the collapse in commercial
landings) to a stable level of approximately 1 kg
30 min−1 in the 1990s (Hoffmann 2000). At present,
sea trout and Atlantic herring Clupea harengus are
the most abundant fish species in the fjord.

The fjord hosts a population of harbour seals and
grey seals Halichoerus grypus, while great cormo -
rants are also abundant in the region (Andersen et al.
2007). Grey seals mainly inhabit the western part of
the fjord, while the population of harbour seals in the
central fjord was estimated to be roughly 800 indi -
viduals in the early 1990s and 1000 individuals at
present (Dept. of Bioscience, University of Aarhus,
Denmark, unpubl. data). Seal predation is a reason
for conflict in the region, as seals have started forag-
ing well upstream (>30 km) in the rivers for sea trout.

This is particularly pronounced in Karup River, where
a permit to regulate seals entering the river has been
issued.

2.2.  Fish capture and tagging

In both 2017 and 2018, 40 post-spawned sea trout
were captured at different sites in each river (N =
160, length range 46−80 cm, Table 1) via electro -
fishing and immediately placed in a 500 l container of
fresh, oxygenated stream water. Within 3 min of cap-
ture, fish were sampled for blood (0.3 ml) at the cau-
dal vasculature using a 3.8 cm 25-gauge heparinized
needle for a separate study (unpubl. data). The fish
were held in freshly oxygenated water until further
processing. Some fish had minor damages and fun-
gus infections following spawning activities but were
still tagged to avoid possible bias of only selecting
fish in better condition.

Fish were anesthetized (300 ppm benzocaine) until
their opercular rate became slow and irregular
(2−4 min), and their total body length and wet body
mass were measured. Each fish was given an acoustic
tag (ID-LP13, ThelmaBiotel, 28 mm length by 13 mm
diameter, 9.2 g in air, 5.5 g in water) through a 2 cm
incision on the left side of the fish, anterior to the
pelvic fins. The gills of the fish were irrigated with
fresh water once or twice during surgery. The inci-
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Fig. 1. Study area in northern Denmark, showing the location of individual receivers (red circles), tagging locations (black
 circles) and the fjord compartments (different shades of blue). The Limfjord runs between site NS in the west and KG in the
east. Inset: locations (red dots) of receivers in another telemetry study conducted in Roskilde Fjord in 2017 and 2018 (unpubl. 

data) and in The Sound between Sweden and Denmark in 2017
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sions were closed with 2 sutures (4-0 vicryl ab -
sorbable sutures), and scales and a fin clip were also
obtained from each individual. The scales provided
information on the age, number of spawnings and
marine experience (years at sea) of individuals (Rif-
flart et al. 2006). Fish were then left to recover in a
200 l container of fresh stream water. All tagged fish
recovered from the procedure and were subse-
quently released at the site of capture. The operation
lasted between 1 and 2 min, and the recovery time
was 2−5 min. All procedures were carried out in
accordance with the Danish Experimental Animal
Committee (2017-15-0201-01164). The acoustic tags
transmitted their unique IDs at a random interval
between 30 and 90 s (mean: 60 s) at 150 dB re 1 μPa
at 1 m and had an expected battery life of 24 mo.

2.3.  Hydrophone deployment

Vemco VR2W-69 kHz or ThelmaBiotel TBR700
receivers were placed at the river mouths and at 7

transects on narrow parts of the fjord (Fig. 1) to track
the tagged sea trout as they moved from the rivers
into the fjord and out to sea. Receivers in both river
mouths were located roughly 200 m before the actual
fjord entry. The location of the transects was mainly
based on logistical considerations (narrow passages
are more easily covered with receivers). Detailed
bathymetry charts were used to assure that there
were no ‘deaf zones’ between the receivers, which
was unlikely since the depth profile of the fjord is
U- or V-shaped in most locations. When possible,
receivers were placed on permanent structures such
as beacons, bridge pillars or harbour fronts. The re -
maining hydrophones were placed on buoys in 2017
and deployed underwater in 2018, since the 2017
setup was subject to loss of hydrophones. Hydro -
phones that were deployed underwater were painted
with anti-fouling paint and mounted either on a Sub
Sea Sonic AR-50 automatic release system (n = 3) or
tied to an anchor and a float (n = 6). The hydrophones
that were deployed using the automatic release sys-
tem were positioned 2 m above the bottom, while the
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Year Date Distance n Length (cm) Mass (kg) Mean velocity Survival Mortality 
(km) (m s−1) (%) per km (%)

Simested
2017 01 Feb 1.0 7 64.3 (56−79) 2.2 (1.3−4.3)
2017 01 Feb 6.2 6 60.8 (55−64) 1.9 (1.5−2.3)
2017 02 Feb 9.1 4 60.3 (55−67) 1.7 (1.4−2.3)
2017 02 Feb 19.8 8 64.9 (55−75) 2.4 (1.3−3.6)
2017 06 Feb 10.9 8 55.9 (51−61) 1.6 (1.1−2.7)
2017 15 Feb 21.9 7 64.7 (52−78) 2.2 (1.2−3.6)
2018 05 Feb 6.3 6 57.3 (47−59) 1.5 (0.9−1.9) 17.5 (0.2−58.6) 83 2.7
2018 05 Feb 14.3 6 55.6 (51−67) 1.4 (1.1−2.5) 4.9 (0.2−25.3) 100 0.0
2018 20 Feb 31.8 3 64.3 (54−73) 2.0 (1.2−2.8) 29.4 (0.7−58.0) 67 1.0
2018 21 Feb 19.6 6 56.8 (49−73) 1.5 (0.9−2.9) 3.4 (0.6−13.4) 83 0.9
2018 21 Feb 28.5 5 58.0 (51−65) 1.6 (1.0−2.3) 1.5 (1.4−1.6) 80 0.7
2018 21 Feb 30.0 6 66.0 (56−80) 2.5 (1.4−4.1) 0.8 (0.7−0.9) 100 0.0
2018 22 Feb 28.1 8 63.6 (53−75) 2.1 (1.2−3.3) 1.2 (0.7−2.7) 100 0.0
Summary 80 61.0 (49−80) 1.9 (0.9−4.3) 5.9 (0.2- 58.7) 90 0.7

Karup
2017 30 Jan 15.3 9 59.7 (54−67) 1.9 (1.4−2.8) 13.7 (0.9−56.0) 89 0.7
2017 30 Jan 17.8 12 66.6 (56−78) 2.5 (1.4−4.7) 6.8 (0.5−51.3) 92 0.5
2017 31 Jan 29.9 7 68.9 (61−78) 2.8 (1.8−4.0) 15.9 (0.5−68.3) 71 1.0
2017 31 Jan 31.9 12 67.0 (59−76) 2.4 (1.5−4.1) 11.1 (0.5−91.2) 83 0.5
2018 07 Feb 11.8 1 74.3 3.5 0 8.5
2018 07 Feb 14.2 5 60.2 (51−73) 1.8 (1.2−3.2) 11.8 (0.2−56.7) 100 0
2018 08 Feb 29.5 1 58 1.37 0.5 100 0
2018 08 Feb 31.6 6 66.5 (55−73) 2.5 (1.3−3.6) 27.4 (0.6−54.8) 67 1.0
2018 08 Feb 33.8 6 56.8 (51−72) 1.6 (1.0−3.1) 14.4 (1.0−56.7) 83 0.5
2018 09 Feb 24.7 7 57.6 (55−65) 1.6 (1.1−2.5) 27.1 (0.4−66.9) 100 0
2018 09 Feb 26.5 8 56.3 (49−73) 1.5 (1.0−2.7) 14.0 (0.5−54.3) 75 0.9
2018 09 Feb 27.3 6 62.0 (54−78) 2.2 (1.4−4.6) 2.4 (0.4−10.0) 83 0.6
Summary 80 62.8 (51−78) 2.1 (1.0−4.7) 16.0 (0.4−91.2) 85 0.7

Table 1. Year, tagging date, distance from tagging site to river mouth, number of fish tagged (n), mean length and mass (parenthe-
ses: range), mean velocity from the river to fjord, survival to the fjord and mortality per km on the way to the fjord of acoustically
tagged post-spawned sea trout Salmo trutta in the Simested and Karup Rivers. Range is provided in brackets where applicable
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hydrophones deployed with anchor and floats were
positioned 2−3 m below the surface. The maximum
distance between hydrophones at any receiver gate
was 390 m. The receiver efficiency is reported in
Table S1 in the Supplement at www.int-res.com/
articles/ suppl/ m616 p141 _ supp. pdf.

The receiver at the mouth of the Simested River
was lost and replaced on 26 May 2017, resulting in
the loss of the outmigration data from that river in
that year. Several hydrophones were lost in 2017,
and site EF2 (see Fig. 1) was therefore used to deter-
mine whether a fish had left the fjord that year. No
fish were lost between sites EF2 and KG in 2018.
In 2018, 2 of the 3 hydrophones were lost at site
CF, likely due to trawl fishing. Despite this loss in
hydrophones, we were able to track sea trout with
high receiver coverage as the fish moved from the
river, through the fjord and out to sea.

2.4.  Environmental data

Water temperatures were measured in Karup River
at the receiver site, 200 m from the river mouth.
Satellite-measured fjord and sea temperatures were
downloaded from the Copernicus Marine Environ-
ment Monitoring Service (marine.copernicus.eu).
Temperatures were downloaded for the entire fjord
as daily means from the top 2.0 m of the water col-
umn during the night (21:00 and 07:00 h).

2.5.  Data analysis

The fjord was considered as the compartment
between the river mouths and site NS site in the west
and site EF2 in the east. For 2018, residence times,
migration speeds and survival were calculated for
each fjord compartment between the receiver gates:
Southern Fjord, Central Fjord, Eastern Fjord 1 and
Eastern Fjord 2 (Fig. 1). For the Southern and Central
Fjord compartments, values were estimated based on
the individuals that had been detected at site CF, as
receiver coverage was not 100% at this transect. A
registration on a receiver was interpreted as an indi-
vidual having moved past the receiver. The first
detection at a given transect was considered the time
of detection at the site. Absolute mortality was calcu-
lated by dividing the number of fish that disappeared
in a compartment by the total number of tagged fish.
Relative mortality was calculated by dividing the
number of fish that left a compartment by the num-
ber of fish that entered it.

A linear mixed effects model was used to test
whether river of origin, fish length and fjord compart-
ment affected progression speeds through the fjord
for the 24 fish (12 from each river) that were de -
tected in all 4 compartments and hence successfully
migrated to sea. Fish identification number was
entered as a random effect. A gamma distributed
model from the ‘glmmTMB’ package (Brooks et al.
2017) was used in order to allow for heteroscedas -
ticity in the data, as was necessary due to hetero-
geneity of variance between the compartments.
Diagnostic plots were inspected visually and ana-
lysed with a smoother from the ‘mgcv’ package
(Wood 2017) for each variable to test for patterns in
the residuals. Significance of the smoother was p =
0.950−0.973 (adjusted R2 = 0.03) for the compart-
ments, p = 0.737 (adjusted R2 = 0.01) for fish length
and p = 0.418 (adjusted R2 = 0.07) for river of origin,
suggesting no patterns in the residuals. Residuals are
reported in Fig. S1 in the Supplement. The following
model was fitted, where the j observed progression
speed of fish i is modelled as the common intercept α,
the covariates, a random intercept ai (accounting for
different intercepts between individuals and assumed
to be normally distributed around 0) and residuals εij:

speedij =  + compij + lengthij + riverij + ai + εij (1)

A binomial regression model was used to test
whether year, river of origin, fish length, condition
(K = 100 ), temperature at the fjord entry,
previous number of spawning migrations and fungus
or wounds on the fish when tagged had an effect on
the likeliness of survival through the fjord. The fol-
lowing model was fitted:

Logit(survival) = α + covariates (2)

where α denotes a common intercept and the re -
maining term represents the covariates of interest.
Year and river of origin were entered as factors and
the other terms as continuous variables. Model diag-
nostics showed no sign of under- or over-dispersion
(dispersion statistic = 1.29).

The vif-function and the visual plotting options
provided in the R-package ‘car’ (Fox & Weisberg
2011) were used to test for collinearity between
the variables. Variance inflation factor values of 1.08
(condition), 1.33 (length), 1.43 (year), 1.22 (tem -
perature), 1.08 (number of spawning events) and
1.13 (wounds or fungus) suggested no issues with
collinearity (Fox & Weisberg 2011). McFadden’s
pseudo-R2 value (0.10) of the model was calculated
with the ‘PR2’ function in the package ‘pscl’ (Jack-
man 2017).

mass (g)
length (cm)3
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All analyses and modelling of the data were per-
formed in R Studio version 1.0.136 running on basic R
version 3.5.1. (R Development Core Team 2013).

3. RESULTS

3.1.  River phase

In both 2017 and 2018, 34 of 40 tagged kelts outmi-
grated from the Karup River, suggesting a minimum
survival of 85% through the river phase (Table 2).
Outmigration from the river occurred between 2 Feb-
ruary and 31 March 2017 and between 31 January
and 22 April 2018. In 2018, 36 of 40 tagged kelts
(90%) migrated out of the Simested River between 6
February and 9 April. This information is not avail-
able for 2017 due to the lost receiver at the river
mouth.

Of 160 tagged individuals, 29 (18%) had fungus or
wounds. Eight of these fish disappeared in the rivers,
corresponding to 50% of the 16 fish that potentially
died in the river.

Pronounced activity occurred at the mouths of the
rivers (Fig. 2). Forty-one percent (28 of 68 individu-
als) of the Karup fish and 44% (16 of 36 individuals
in 2017) of the Simested fish did not make a direct
movement into the fjord. These individuals either
waited at the river mouth or left and returned multi-
ple times for an average of 17.3 d (Karup, median:
15.0 d, range: 2.1−43.5 d) and 20.3 d (Simested,
median: 14.5 d, range: 2.2−52 d) before the final
detection (assumed to represent the final movement
into the fjord).

3.2.  Marine phase

The fish entered the fjord when surface water tem-
peratures were between −1 and 5°C but showed little

activity during winter and early spring. Only 3 detec-
tions occurred at receiver sites within the actual fjord
until 26 March, when the fish started migrating
towards the exit.

There was no significant difference in progression
rates between fish from different rivers in 2018 (p =
0.70, n = 70) or among fish of different lengths (p =
0.26). Progression rates were lowest in the southern
fjord compartment and increased towards the fjord
exit (p < 0.001, Table 3).

Progression rates increased from the river through
the various fjord components (i.e. fish progressed
faster as they approached the Kattegat; Fig. 3). The
fastest progression rates in the study were observed
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Tagged Lost in Lost in Lost at Lost in Resided Survived river, Total 
river fjord out sea fjord returning in fjord sea, river survival

Simested
2017 40 Unknown Unknown 7 (17%) 7 (17%) 0 3 (8%) 3 (8%)
2018 40 4 (10%) 19 (48%) 7 (17%) 4 (10%) 1 (1%) 5 (13%) 6 (15%)

Karup
2017 40 6 (15%) 20 (50%) 7 (18%) 1 (1%) 1 (1%) 5 (15%) 6 (15%)
2018 40 6 (15%) 20 (50%) 8 (20%) 0 0 6 (15%) 6 (15%)

Table 2. Fate of the 160 acoustically tagged post-spawned sea trout Salmo trutta from the Simested and Karup Rivers. Shown 
are the number of individuals, with corresponding percentages in brackets

Fig. 2. Total number of detections of acoustically tagged
post-spawned sea trout Salmo trutta each day at river mouth
and fjord receivers in 2017 and 2018. Note that in 2017, the
Karup River was the only river with a receiver at the river
mouth during the outmigration. The movement into the fjord
and further out to sea occurred later in 2018. After the fish
leave the fjord, there is a period of ‘silence’ before they start 

returning again during summer
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in the 29 km long Eastern Fjord 2 compartment
(mean: 43.3 km d−1, range: 10.5−86.0 km d−1). Pro-
gression rates, survival and behaviour from the pres-
ent study are compared with reports from other
 studies of horizontal migration of sea trout kelts in
Table 4. The onset of migration toward the sea was
simultaneous among fish from both rivers, and coin-
cided with sudden increases in fjord temperatures
(Fig. 4). Outmigration from the fjord occurred when
temperatures were between 3.9° and 13.2°C, but
95% of all fish left at temperatures between 5.8° and
11.0°C.

Some individuals migrated together, particularly in
the early part of the outmigration through the fjord.
Fourteen of the 49 Simested fish detected at Sund-
strup were detected within 30 min of another tagged
fish, and 9 individuals had overlapping detections
with another tagged fish. Some of these fish both
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AIC Log-likelihood p

Full model 615.0 −299.5
Compartment 788.2 −389.1 <0.0001
Fish length 614.3 −300.1 0.257
River 613.2 −299.6 0.701

Table 3. Output for explanatory variables included in the
linear mixed effects model analysing progression rates of
acoustically tagged post-spawned sea trout Salmo trutta. 

AIC: Akaike’s information criterion

Fig. 3. Progression through different compartments in the
Limfjord (see Fig. 1) in 2018 for acoustically tagged post-
spawned sea trout Salmo trutta that both entered and left
a given compartment (River = from release site to river
mouth). The numbers of contributing individuals in each
compartment are noted along the x-axis. Fewer individuals
contributed in the Southern and Central Fjord due to the lack
of detections at site CF. Black horizontal line = median val-
ues, box hinges = interquartile range (IQR), whiskers = 1.5× 

IQR, black dots = data points outside the IQR
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entered and left the Sundstrup site only a few min-
utes apart, but were not detected together at sub -
sequent receiver sites.

Outmigration through the fjord took take place
mainly when daylight was present (Fig. 5). Ninety-
one percent of all first registrations at receiver sites
within the fjord occurred during daytime or civil
 twilight.

Fish spent an average of 88.6 d at sea in 2017
(median: 88.9 d, range: 54.4−123.1 d) and 98.4 d at
sea in 2018 (median: 102.7 d, range: 64.6−163.4 d),
before returning to the fjord. Receivers deployed in
The Sound (206 km from the last fjord receiver gate)
in 2017 detected 6 of the 30 fish (20%) that left
the Limfjord that year. Three fish were detected in
The Sound during summer and subsequently moved
across the Kattegat with linear progression rates of
33.1−58.6 km d−1. In addition, 2 fish from the Karup
River were detected in Roskilde Fjord, 165 km from
the Limfjord in 2018.

The fish returned gradually to the fjord during
summer and autumn and spent an average of 5.3 d

(median: 4.6 d, range: 2.2−14.9 d) migrating through
the fjord and back into the river. The progression
rates of individuals outmigrating and return mi -
grating through the fjord were not correlated (see
Fig. S2).

3.3.  Survival

Eighty-seven percent of the tagged kelts outmi-
grated from the rivers. In both 2017 and 2018, 34 of
the 40 tagged fish (85%) outmigrated from the Karup
River, corresponding to a mortality of 0.7% km−1 in
the freshwater phase (Tables 1 & 4). In the Simested
River, 36 of the 40 tagged fish outmigrated from the
river in 2018, corresponding to a similar mortality of
0.7% km−1 in the freshwater phase.

In both years, survival was lower in the fjord than
in freshwater. A total of 30 fish (16 from Simested and
14 from Karup) successfully outmigrated from the
fjord, and 1 individual spent its entire marine period
within the fjord in each study year, corresponding
to a total fjord survival of 44% of the 70 fish that
entered the fjord each year. Mortality was particu-
larly high in the early phase of the fjord migration for
both groups of fish (Table S2). Length was positively
correlated to the probability of survival through the
fjord (Table 5, Fig. 6). Survival at sea was also higher
than in the fjord. Fifty-two percent (46% for Karup
fish and 56% for Simested fish) returned from the sea
to the fjord in total.

4. DISCUSSION

Salmonids display great variation in their mi -
gratory tendency over spatial and temporal scales,
making them interesting organisms to explore how
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Fig. 4. Fjord surface water temperature (line) and the number (bars) of acoustically tagged post-spawned sea trout Salmo 
trutta leaving the fjord each day in spring 2017 and 2018. A total of 30 tagged fish left the fjord each year

Fig. 5. Time of first registrations for acoustically tagged post-
spawned sea trout Salmo trutta at the receiver sites in the
fjord during late February−May. White areas represent day-
time, light grey areas represent civil twilight time, and dark 

grey areas represent night-time
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and why migration has evolved (Hendry et al.
2004). Brown trout display a great deal of plasticity
in behaviour and life-history strategies in rivers,
which may extend into the marine environments
for sea-run individuals, making this species an
ideal candidate to explore factors shaping migra-
tion strategy (Aarestrup et al. 2018). We therefore
acoustically tagged 160 post-spawned sea trout
from 2 rivers in a unique fjord system where large
numbers of non-native sea trout had been stocked
but had failed to survive and reproduce at levels
significantly influencing the genetic composition
of the wild population (Ruzzante et al. 2004). We
hypothesized that wild fish from these rivers
exhibited specific, potentially adaptive behaviours
increasing their survival in the fjord. Our work
attempts to increase knowledge on how salmonids
may cope and adapt to different types of fjords
and estuarine systems.

4.1.  Receiver gate efficiency

No detected fish had escaped detection at previous
receiver sites except at Hvalpsund, where 2 of 3
receivers were lost during the time of outmigration.
Range testing revealed high detection efficiency at
WF, except at the outermost and shallow positions,
where fish could have avoided detection. However,
no fish were detected further west at NS. Conditions
at this receiver gate can be particularly difficult,
potentially creating windows for poor de tection where
individual fish could avoid detection (Thorstad et al.
2000). While single fish may have avoided detection
at both WF and NS going west, we find it unlikely
that our setup has failed to detect a significant move-
ment through the western part of the fjord during the
migration in and out of the fjord, especially given the
high efficiency at WF.

4.2.  River phase

The progression rates down the rivers were similar
to those observed for sea trout kelts in England
 (Bendall et al. 2005) and in the Gudenaa River in
Denmark (Aarestrup et al. 2002). Some tagged fish
appeared to leave and return to the rivers several
times during winter and early spring, a strategy that
to our knowledge has not been previously reported
for trout. Kelts are energy depleted, and the physio-
logical stress associated with residing in the cold
waters of the fjord (Sakamoto et al. 1993, Watz &
 Piccolo 2011) could make them more vulnerable to
predation, especially in the predator-rich environ-
ment of the southern Limfjord where seals are abun-
dant. We therefore hypothesize that this behaviour of
repeatedly leaving and returning may be a trade-off
between better feeding opportunities (Ebert 2004)
and greater risks of predation in the fjord compared
to the river.

4.3.  Marine phase

The vast majority of kelts outmigrated from the
fjord, and did so in the eastern direction, thus be -
having similarly to the sea trout smolts observed by
Kristensen et al. (2018b). We found no significant
 differences in terms of migration speed and timing
between fish from the Simested and Karup Rivers in
the Limfjord. The behaviour of trout in the fjord was
unlike that reported for this species in other systems.
After a period of residency close to the river mouth,

149

Estimate SE z p(<|z |)

Intercept −2.131 3.411 −0.625 0.532
K −5.245 3.291 −1.594 0.111
Length 0.085 0.032 2.664 0.008
Year 0.623 0.539 1.155 0.248
Temperature 0.113 0.165 0.686 0.493
Experience −0.015 0.584 −0.026 0.979
Damage 0.853 0.572 1.491 0.135

Table 5. Binomial regression modelling of the probability of
acoustically tagged post-spawned sea trout Salmo trutta sur-
viving through the fjord as a function of condition (K), body
length, year, temperature, experience and damage when
tagged (fungus or wounds). Parameter estimates are on the 

scale of the linear predictor

Fig. 6. Model-derived probability of survival as a proportion
between 0 and 1 (±95% CI, dashed lines) of acoustically
tagged post-spawned sea trout Salmo trutta through the 

fjord versus fish length
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the fish migrated 120 km to the eastern fjord exit in
relatively few days with the highest progression
speeds observed in marine environments for the spe-
cies. This strategy is unlike the directed movement
through the relatively short (~8 km) estuary at the
mouth of the Fowey River in south-west England
(Bendall et al. 2005) or the gradually decreasing
movement speed observed through a 29 km long
Danish fjord system (Aarestrup et al. 2015) and in
a Swedish estuary and coastal area (Aldvén et al.
2015). The strategy of trout in the Limfjord is also in
stark contrast to the preference to stay within fjords
or close to the river mouth during the entire marine
period observed in Norwegian fjords (Jensen et al.
2014, Eldøy et al. 2015). Previous mark−recapture
studies throughout Europe have indicated a prefer-
ence for sea trout to stay relatively close to their natal
river during the marine phase, with relatively few
trout being caught more than 100 km from home
(Thorstad et al. 2016). With nearly all individuals
(except 2) migrating a minimum of 120 km to leave
the Limfjord, the behaviour of the Karup and
Simested fish differs from what has typically been
described for sea trout migratory behaviour. Several
of the fish were detected at even further distances
away including The Sound (206 km from the eastern-
most receivers in the Limfjord, n = 6) and Roskilde
Fjord (165 km from the easternmost receivers in the
Limfjord, n = 2), although these sites only cover a few
of the potential areas of migration of Limfjord sea
trout.

Long-distance migrations to sea such as those per-
formed by the Karup and Simested trout are associ-
ated with high energetic demands, as well as
increased risks of predation and injury (Gross et al.
1988, Ward & Hvidsten 2010). However, these risks
may be outweighed by the higher risk of predation
in the Limfjord. Conditions in the fjord, including a
high concentration of predators, may have histori-
cally favoured fast progression rates as a kind of
‘fleeing’ tactic where individuals leave the system
quickly to avoid predation. Today, there are large
populations of seals and cormorants in the Limfjord,
and these predators have few fish species to target
due to the collapse of most of the other fish stocks in
the fjord in the 1970s (Hoffmann 2000). While preda-
tion pressure has likely played an important role in
shaping the migratory behaviour of sea trout through
the fjord, other factors such as potentially better
 foraging opportunities outside the fjord, avoidance of
warm temperatures in the shallow fjord in summer
and avoidance of anoxic conditions within the fjord
may have also played a role (Hofmeister et al. 2009).

For instance, sea surface (0−2 m) temperatures as
warm as 23°C were measured in the central fjord
in 2018 (http://marine.copernicus.eu), which is well
above the 12−17°C range where optimal growth
rates have been reported for sea trout (Ojanguren et
al. 2001, Larsson 2005).

The exclusive preference for leaving the fjord
through the eastern exit is identical to that of smolts
from the same rivers (Kristensen et al. 2018b), despite
the western exit being approximately 10 km closer.
This may be an inherited preference due to the his-
torical (pre-1865) lack of a western exit, which has
been maintained due to higher salinities to the west,
the location of predator colonies in the western fjord
and current directions.

The timing of migration was relatively consistent
between rivers, although it appeared to vary slightly
between years, extending later into spring in 2018. In
both years, outmigration activity through the fjord
increased during or directly after a sudden increase
in the temperature of fjord waters, perhaps to reach
the sea in times of particularly optimal feeding op -
portunities there (Satterthwaite et al. 2014). Although
speculative, this suggestion is also brought forward
by Aarestrup et al. (2015). In that study, sea trout
kelts gathered in the outer compartment of a fjord
located 40 km south of the Limfjord before entering
the Kattegat Sea at roughly the same time as the
kelts from the present study. Alternatively, it is possi-
ble that migration timing is a trade-off between opti-
mal migration temperature (the higher, the better for
the fish) and the risk of predation when staying in the
fjord for longer time. This may explain why some
individuals went back and forth between the river
and the fjord, and others appeared to migrate simul-
taneously, perhaps as a way to decrease the likeli-
hood of being detected by a predator (Magurran
1990). A similar behaviour was observed at Sund-
strup, where the fish have to move through a 26 m
wide passage before entering the next compartment.
Seals are often present in relatively great numbers at
this site, and the behaviour may have been a conse-
quence of fish postponing their passage due to pred-
ator activity at the site. This suggests that manmade
structures or narrow passages may cause delays or
make the fish more vulnerable to predation as seen
elsewhere in the marine environment (Yurk & Trites
2000) and in freshwater (Aarestrup & Koed 2003).

The observed preference for migration during day-
time or crepuscular hours is in line with other tele -
metry studies of sea trout kelts moving in the marine
environment (Aarestrup et al. 2015, Aldvén et al.
2015). However, it differs from the preference for
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movement during evening or night-time observed for
the Limfjord postsmolts, where 80.2% of all first
 registrations at receiver gates occurred between
16:00 and 04:00 h (Kristensen et al. 2018b). The
 different movement strategies could reflect a form of
adaptation by kelts to avoid predation from seals
that hunt efficiently during the night (Hobson 1966,
Renouf 1989). By being more active during the day,
kelts are more exposed to avian predators that prefer
hunting during daylight (White et al. 2008) but may
be more easily escaped compared to seals. These
results also suggest that kelts may rely more on the
angle of the sun to navigate compared to postsmolts
(Hasler et al. 1958).

The detection of a total of 6 tagged fish in The
Sound and 2 in Roskilde Fjord, 206 and 165 km from
the easternmost receiver gate, respectively, confirms
previous observations from mark−recapture studies,
where trout from the Limfjord were caught through-
out the Kattegat and western Baltic region (Pedersen
et al. 2006). The 6 fish detected at The Sound in 2017
were only detected on 1 occasion, suggesting that
the trout may follow different routes on their way
to and from the Baltic Sea, or that receiver effi-
ciency was poor at the site. The movement rate of
33.1−58.6 km d−1 between The Sound and the Lim-
fjord for the fish that were detected during summer
suggests that these individuals took a direct path
back toward the fjord. The horizontal progression
rates of the returning kelts are similar to, though
somewhat faster than, those documented by Tanaka
et al. (2005) for chum salmon Oncorhynchus keta
migrating through open sea to return to their native
river (36.4 ± 15.2 km d−1).

4.4.  Survival

Survival in the freshwater phase was relatively
high (85−90%), and comparable to what other stud-
ies have reported in Danish rivers (Aarestrup et al.
2002, 2015). Survival in the marine phase (from the
river to the sea, and back to the river) was similar
between years and rivers (15%), but was consider-
ably lower than that reported for other veteran
migrants (29%) in the area (Aarestrup et al. 2015). A
recent Norwegian study reported marine survival of
sea trout kelts as high as 86% (Bordeleau et al. 2018).
Survival at sea (52%) in the present study was similar
to the 45% reported by Aarestrup et al. (2015) that
was performed in a system just south of the Limfjord,
with an exit into the Kattegat. The particularly low
overall survival through the entire marine phase in

the current study, in combination with a relatively
large proportion of fish being lost in the fjord during
their outmigration, highlight the importance of
 mortality as a potential selective force acting in the
Limfjord. Mortality was particularly pronounced in
the southern fjord compartment, which aligns well
with previous studies documenting the dangers asso-
ciated with entering the marine environment (Thor -
stad et al. 2012). The much longer residence times
of trout in this southern compared to the central and
eastern compartments likely contributes to this high
mortality.

Although the exact extent of mortality from differ-
ent predators is unknown, harbour seals are known
to prey on adult salmonids (Wright et al. 2007), and
have started to enter the Karup River to forage there,
as has been reported in other rivers (Middlemas et
al. 2005). The large presence of seals in the Limfjord
may have resulted in some level of increased mortal-
ity in the present study, as seals can hear the 69 kHz
acoustic transmitters (Kastelein et al. 2009). The
effect of this is not well covered in the scientific
 literature. A study has found a survival ratio of
0.79−1.05 of acoustically-tagged versus passive inte-
grated transponder (small, non-transponding tags)
tagged salmonid smolts in systems with mammalian
predators (Columbia River, USA; M. Rubb unpubl.
data), although some of this difference could also
been attributed to increased tag-burden from the
larger and heavier acoustic tags.

The present study documents a special behaviour
in sea trout entering a dangerous fjord system.
Tagged individuals originated from 2 different rivers
entering different compartments of the fjord and
behaved almost identically, yet differently from sea
trout populations elsewhere. The tagged individuals
entered the fjord gradually but exited it towards the
sea within a short window of time and moved with
the highest progression rates documented for the
species in marine environments on their way out.
The fjord system has a western and an eastern open-
ing to the sea, but migration through the fjord
occurred exclusively along the longer, eastern route.
The special behaviour exhibited by the tagged indi-
viduals could reflect important local adaptations to
survive the marine phase in the region, potentially
explaining why wild fish outcompeted non-native
fish stocked in the region during the 20th century.
The results highlight the adaptability of sea trout
and increase our knowledge on factors influencing
behaviour and survival of salmonids in marine en -
vironments. Future studies should continue using
acoustic telemetry to investigate behavioural pat-
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terns in other systems, which may reveal the under-
pinnings of local adaptations in salmonid popula-
tions. Three-dimensional acoustic arrays may be of
particular interest, where specific aspects of survival
and behaviour including real distance covered, de -
lays at man-made barriers and exact locations and
magnitudes of predation can be documented.
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INTRODUCTION

The lifecycle of anadromous brown trout Salmo
trutta L. begins in freshwater streams and rivers
where juvenile fish hatch and grow for a period of
1−8 yr before smoltifying and migrating to sea
(Christensen et al. 1993, Elliott 1994). Brown trout
migrants feed and grow at sea for a period of 0.5−4 yr
before returning to the river to spawn (Crisp 2000,
Thorstad et al. 2016). Increased food abundance at
sea allows individuals to increase weight and length
substantially. In consequence, most of the lifetime
growth takes place in the marine phase of the sea
trout lifecycle (Gross et al. 1988, Klemetsen et al.

2003), but although the marine stage of the sea trout
lifecycle is fundamentally important for all individu-
als, detailed studies on behaviour at sea are still very
scarce (Drenner et al. 2012, Thorstad et al. 2016).

There is substantial variation between individuals
and populations in the time spent at sea for kelts
(adult trout that have spawned at least once). In gen-
eral, kelts spend 2−6 mo in the marine environment,
which is substantially shorter than the reported mar-
ine period for first-time migrants (Bendall et al. 2005,
Aarestrup et al. 2015). Most studies of sea trout be -
haviour suggest that a large proportion of individuals
stay in littoral zones while large individuals may
migrate into open sea (Klemetsen et al. 2003, del Vil-
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ABSTRACT: We tagged 125 sea trout kelts (length: 460−925 mm) in Danish rivers with positively
buoyant, depth- and temperature-sensing data storage tags. Eight tags were recovered from fish
that had completed a full marine cycle (exit and return to natal river). Mean duration of the post-
estuary marine cycle was 96.1 d (range: 47−142 d). The trout resided at depths of 0−3 m for 63.8%
of the time and exhibited a characteristic diurnal behavioural pattern with repetitive dives deeper
than 5.0 m during daytime and residency at the surface during night-time. The number of dives
increased with day length, but dive duration was unaffected. Mean dive duration increased with
water temperatures from 9.79 min at 5−7°C to 79.8 min at 17−19°C, and mean residence depth
increased with water temperatures from 1.95 m at 5−7°C to 10.1 m at 17−19°C. The fish showed a
marked response to temperatures above 17°C by residing at greater depths and by discontinuing
the characteristic dive/surface residency pattern for prolonged periods of time during warm peri-
ods. Temperature data indicated that the fish were generally close to land in the beginning of the
marine period and had migrated into open sea during summer. Our results suggest that Danish
sea trout kelts aim to optimize their growth at sea by exhibiting a characteristic foraging pattern
similar to that of Atlantic salmon and by seeking temperatures within the range reported as opti-
mal for growth in the species.
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lar-Guerra et al. 2013). Sea trout are generally oppor-
tunistic feeders, and studies have found a diet con-
sisting mainly of fish for long-distance migrants in
pelagic zones, while fish in the littoral zones feed on
polychaetes, insects, crustaceans and fish (Knutsen
et al. 2001, Klemetsen et al. 2003, Rikardsen &
Amundsen 2005).

Whilst at sea, trout experience a significantly dif-
ferent environment to that in freshwater, with
greater spatial freedom to choose their habitat. The
utilization of depth and thermal habitats at sea in
migratory fish is likely to reflect metabolic and eco-
logical factors at both broad and fine scales (Hansen
& Quinn 1998, Friedland et al. 2003, Reddin et al.
2004). Trout are metabolic conformers, and increas-
ing temperatures will therefore increase, to a certain
extent, their metabolic scope and alter the swimming
speed, foraging efficiency and digestive capability in
the fish (Spigarelli et al. 1982, Norin & Malte 2011,
Watz & Piccolo 2011). Migratory sea trout individuals
are expected to exhibit a preference for temperatures
that optimizes the scope for growth, reported to be
between 12 and 17°C depending on factors such as
fish size, food abundance and food quality (Elliott &
Hurley 2000a,b, Larsson 2005).

Despite the widespread presence of sea trout across
Europe (MacCrimmon et al. 1970), the depth and
temperature preferences of sea trout remain largely
unknown. Studies north of the Arctic Circle in Alta,
Norway, close to the northern boundary of the spe-
cies’ distribution, have shown that sea trout reside
close to the surface and seek higher temperatures
than Arctic charr Salvelinus alpinus L. in the marine
environment (Rikardsen et al. 2007, Jensen et al.
2014). While these findings suggest active habitat se-
lection when temperatures are in the low end of the
range reported as optimal for growth, the re sponse of
sea trout (and other salmonids) to sea temperatures
warmer than the range reported as optimal for
growth remain unknown. Their responses may, how-
ever, have important and far-reaching consequences
in the context of climate change. This could, for in-
stance, be geographical displacement (Walther et al.
2002, Hijmans & Graham 2006, Rijnsdorp et al. 2009),
or a combination of geographical displacement and
movement into deeper waters as observed for demer-
sal fish in the North Sea by Dulvy et al. (2008).

The aims of the present study were to investigate
the temperature and depth preferences of sea trout
kelts from Danish rivers by using surgically im -
planted data storage tags (DSTs) that log the temper-
ature and depth of individual trout every 5 min in an
area that provided the fish with a wide range of tem-

peratures during their marine period. The ob served
behavioural patterns in this environment were ex -
pected to reflect attempts from each individual to
optimize growth and reduce the risk of predation.
High-resolution data of 769 days of marine behaviour
from a total of 8 tags is presented, en abling the most
comprehensive analysis of marine behaviour in sea
trout reported in the literature to date.

MATERIALS AND METHODS

Experimental area

Tagging took place in rivers on the Jutland penin-
sula, Denmark, with outlets geographically dispersed
from the southern part of the North Sea to the central
part of the Kattegat (Fig. 1).

The seas surrounding Denmark are generally shal-
low, with depths rarely exceeding 50 m, except in the
Skagerrak region north of Denmark. There is a strong
halocline in the area at depths of 10−15 m between

210

Fig. 1. Denmark and surrounding waters. Dotted lines are
isoclines of the approximate surface salinities in the area,
which increase gradually from <12 in the Baltic to >32 in
the North Sea. Outlets of rivers where the study fish (see
Table 1 for fish numbers) came from are marked with black
circles where the rivers run into either fjords (Villestrup and 

Gudenaa), estuaries (Varde) or the sea (Liver)

71 



Kristensen et al.: Preferences of Salmo trutta during marine migration

the high-salinity North Sea and the brackish Baltic
Sea, reducing mixing of the water column throughout
the year in this region (Pedersen 1992, Rasmussen
1995, Jakobsen 1997). As a result of this constant
stratification, bottom waters of the Kattegat are
warmer than surface waters during winter and colder
during summer, but nutrient-rich throughout the year
(Rasmussen 1995).

In contrast, the southern part of the North Sea is
generally well mixed throughout the year due to
shallow waters and wind and tidally driven mixing,
while the deeper northern part of the North Sea is
stratified during summer (Bozec et al. 2005).

DSTs

A total of 125 sea trout kelts were tagged with G5
long-life archival tags (CEFAS Technology, www.
 cefastechnology.co.uk) fitted with a string of 11 mm
dia meter floats (the same diameter as the tag) to facili-
tate retrieval after shedding or death. The total length
with plus floats was approximately 140 mm, weight in
air was 9.8 g and the net buoyancy was 0.009 N, cor-
responding to a negative weight in water of 0.9 g. The
floats were covered in silicon rubber (Dow Corning,
734) that is biologically inactive and harmless to the
fish (Thorstad et al. 2013). The tag type has not been
used in salmonids before, but studies of tagged Euro-
pean eel Anguilla anguilla found only very few inci-
dents of initiation of tag expulsion (12%) after 6 mo of
implantation (Thorstad et al. 2013).

The tags were programmed to record temperatures
and pressure at 5 min intervals, all of which were
date- and time-stamped. Internal tag memory was
sufficient to record data for 2 yr. Temperature meas-
uring range for the tags was −5 to 35°C, with an accu-
racy of at least 0.1°C and resolution of 0.03°C. Pres-
sure, a proxy for depth, was measured in dbar (1 dbar
[100 hPa] is equivalent to approximately 1 m in
depth) to a maximum of 200 dbar (20 000 hPa), with
an accuracy of ±1% and resolution of 8 cm. Tags
were fitted with a reward notice and address asking
people to return the tag upon recovery. Data were
downloaded locally from the tags on their return.

Fish capture and tagging

The kelts were electro-fished or captured in traps
during downstream migration in the rivers Liver,
Gudenaa, Villestrup and Varde during winter or
spring (see Table 1). Fish were anaesthetized (benzo-

caine, 300 ppm); sedation was considered to be com-
plete when the opercular beat rate became slow and
irregular (2− 4 min). Once sedated, total body length
and body mass was measured. The fish were then
placed in a V-shaped surgical table and the DST was
inserted by an experienced fish surgeon in accor-
dance with the guidelines described in permission
2012-DY-2934-00007 from the Danish Experimental
Animal Committee. The DST was inserted into the
body cavity through a mid-ventral (8−10 mm) inci-
sion anterior to the pelvic girdle. The incision was
then closed with 2−3 separate sutures. The operation
lasted between 1 and 2 min. Recovery time was 2−5
min. After surgery and recovery (approximately 11
min), all fish were returned to the river.

The tag recovery strategy was entirely passive,
relying on citizens to find the tag on the beach or
river bank or to catch the fish and discover the tag.
This made the study less labour-intensive, but also
resulted in some limitations because the fish were
not weighed and measured after recapture. Some
tags were returned immediately after fish capture,
while others spent several months on the beach or
river bank before they were returned.

Data analysis

Most of the recovered tags were from fish that had
died shortly after entering the sea or before entering
it. To avoid bias associated with including incomplete
records, only the 8 tags that recorded a full marine
cycle were retained for the analysis of diving behav-
iour and environmental preference. The identifica-
tion numbers 1−8 assigned to these fish in Table 1 are
used throughout the paper. 

Internal temperature and depth measurements re -
corded by the returned DSTs were summarized and
compared to each other. The data treatment, analysis
and plotting took place in R Studio Version 1.0.136
(www.rstudio.com, www.r-project.org) using stan-
dard R functions and the packages ggplot2 (Wick -
ham 2009) and mgcv (Wood 2017).

Duration of the marine period

Due to heterogeneity of the rivers and some very
shallow fjords and estuaries, it was not possible to
distinguish fjord/estuary from rivers to a satisfactory
level by depth or temperature in the dataset. We
therefore set up a conservative criterion of first and
last visit to a depth that could only be achieved in
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the sea to ensure that the reported data was only
from the marine period. Since all fjords and estuar-
ies in the study are <10 m deep, a fish would only
certainly have entered the sea after visiting a depth
of >10 m. This is true for all the fjords and estuaries
except for the 30 m deep Mariager Fjord, fed by
the River Villestrup. Mariager Fjord is, however, al -
most permanently anoxic below 15 m, so a thresh -
old of residency below 15 m for more than 5 min
was used as a segregator for marine behaviour in
fish from River Villestrup (Fallesen et al. 2000). The
period between the day of the first and last regis-
tration between the thresholds of 10 or 15 m was
therefore considered the marine period in the data
analysis. Close inspection of the temperature pro-
files (see Fig. S2 in the Supplement at www. int-res.
com/ articles/ suppl/  m599 p209_ supp. pdf) revealed
that the 6 fish that did not enter the sea directly (as
fishes 1 and 6 from River Liver did) may have left
the fjord/estuary 0−4 d earlier (suggested by a drop
in the surface temperatures recorded) than when
using the depth criteria alone, while the tem per -
ature upon return to the fjord/estuary ap peared to
be the same except in fish 8 (from River Villestrup)
that may have returned 4 d later than when using
the depth criteria alone. We chose to maintain
the entirely quantitative assessment of the depth
thresh old in spite of these observations, and the
marine periods in the present dataset are therefore
defined solely on the 10 or 15 m threshold, and
only data within this period is included in the
 following.

Diving behaviour

The data revealed a characteristic pattern of resi-
dency close to the surface (usually at depths of 0−
3 m) interrupted by a repetitive series of dives to
greater depths. A dive was defined as an entry below
a depth of 5 m as in Reddin et al. (2011) in the analy-
sis of this behaviour. Each dive was logged at the
time of the first measurement below 5 m.

The diving activity and residence temperatures
were investigated graphically for diurnal differ-
ences by dividing each day into 3 groups (daytime,
crepuscular periods and night-time). The daytime
group represented the period from 1 h after sunrise
to 1 h before sunset, the crepuscular group repre-
sented the time from 1 h before and after sunset
and sunrise respectively, and the night-time group
represented the time from 1 h after sunset to 1 h
before sunrise.

Temperature preferences

Temperatures measured by the DST were com-
pared to satellite measurements of sea surface tem-
peratures in the area within 53−59° N, 7−13.5° E as
deviations between the 2 may indicate whether the
fish are close to land or have migrated out to sea. The
satellite measurements were downloaded from www.
marine.copernicus.eu, and consisted of mean tem-
peratures at 0−2 m in a 1 × 1 km grid from 21:00 to
07:00 h each day. Temperatures measured by the
DSTs were calculated for the same depth and time
span and compared to the satellite-measured tem-
peratures. Due to the considerable delay in internal
temperature change as documented by Reddin et al.
(2011) and displayed in an example on Fig. S1 in the
Supplement, temperature measurements from the
DSTs for this analysis were only used when the fish
had resided at depths of 0−2 m for a minimum of 20
consecutive minutes.

The effect of surface temperature on nightly resi-
dence depth was investigated with a generalized
additive model (GAM) with a gamma distribution in
the mgcv package in R (Wood 2016, 2017). Nightly
residence depth in the fish was entered as a response
variable, and nightly mean temperature recorded by
the DST (when the fish were at depths of 0−2 m for a
minimum of 20 consecutive minutes) was entered as
the dependent variable. The GAM included fish ID to
account for repeated measures on the 8 individuals.
Model diagnostics showed no signs of violation of
assumptions for the GAM, e.g. the residuals showed
no patterns when plotted against covariates.

RESULTS

Recaptures and duration of marine period

A total of 42% (53/125) of the tags deployed were
retrieved. Eight of the retrieved tags contained data
on a full marine cycle (fish leaving and returning to
the natal river) and were used in further analysis. Six
of these 8 tags were found in live fish caught by
anglers, 1 tag was from a fish that was electro-fished,
while 1 tag was found in the river separated from the
fish with tooth marks on the floats.

The remaining 45 recovered tags were either cor-
rupted (5 tags) or from fish that had died before
reaching the sea (15 tags) or while they were at sea
(25 tags). A total of 6 of these 45 tags were from
anglers who had caught the fish, while the remaining
39 tags were returned by people who had found the
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tag without the fish. Without flotation, the high pro-
portion of tags returned from the shoreline would
otherwise have remained unrecovered on the river-
or sea-bed, which highlights the benefits of our
approach.

The fish that died of natural reasons at sea did so
shortly after entering it, and had a mean survival
time of 14.3 d at sea. Data from these individuals are
not included in further analysis.

The mean marine period of the 8 returning fish was
96.1 d (range: 47−142 d), and all 8 fish entered the
sea between 10 April and 9 May (Table 1) and re -
turned to the river between 12 June (fish 1) and 21
September (fish 6).

The 96.1 d is a minimum duration of the marine pe-
riod that does not include the time spent in fjords and
estuaries, as it was not possible to segregate fjord/es-
tuary residency from rivers in the present dataset.
For comparative reasons with other studies and as an
alternative to the applied 10 or 15 m dive threshold,
we used movement rate data collected from sea trout
kelts from the Gudenaa (1.6 km d−1 outmigration and

7.2 km d−1 return migration; Aarestrup et al. 2015) to
approximate the additional time spent in fjords or es-
tuaries; the mean marine period was increased from
96.1 to 109.3 d (range of individuals: 47−142 d) as-
suming that similar travel speeds were maintained in
the present study through the 15 km long estuary
(fishes 2 and 3 from River Varde), the 28.7 km long
Randers Fjord (fishes 4, 5 and 7 from River Gudenaa)
and the 21 km long Mariager Fjord (fish 8 from River
Villestrup). The range of individuals is unchanged at
47−142 d in spite of this addition, as the fish with the
shortest (fish 1) and longest (fish 6) marine periods
entered the sea directly from River Liver.

Diving behaviour

The kelts generally resided close to the surface
during the marine cycle, with 63.8% of measure-
ments occurring in depths shallower than 3 m
(Fig. 2). The fish, however, left the surface regularly
to a maximum recorded depth of 88 m (fish 1), but
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Fish no.    Tag ID        River of    Weight    Length      Fulton’s     Gender      Date of          Date of    River/fjord     Marine 
origin          (g) (cm)       condition tagging        sea entry      time (d)       period (d)

1 A08546         Liver         7150         91.5            0.93         Female    16-3-2012     27-4-2012          42 47
2 A08609        Varde        1650          54 1.05         Female     8-4-2013 10-4-2013           2 94
3 A08634        Varde        1650          57 0.89         Female     8-4-2013 14-4-2013           6 87
4 A08578      Gudenaa      1850         56.5            1.03           Male      27-3-2013     24-4-2013          28                105
5 A08543      Gudenaa      2400          58 1.22         Female    27-3-2013      2-5-2013           36   89
6 A08577         Liver         1736          55 1.03           Male     12-12-2012     6-5-2013          145 142
7 A08549      Gudenaa      2480          58 1.27         Female    27-3-2013      9-5-2013           43   87
8 A08640     Villestrup     1860         60.5            0.84         Female    13-4-2015     28-4-2015          15   118

Mean            − − 2597         61.4            1.03 −                 −   − 39.6 96.1

Table 1. Data on the 8 seatrout Salmo trutta whose data storage tag recorded a full marine cycle, sorted by estimated date of 
sea entry. River/fjord period: the time between tagging and sea entry dates. Dates are d-mo-yr

Fig. 2. Residence depths of the 8 sea trout Salmo trutta (see Table 1 for fish numbers). Width of the shapes represents the amount
of measurements at a given depth. Fish generally spent most of their time in shallow depths. Fish 6 disrupted its normal behav-
iour for a long period during summer where it resided at depths of 8−14 m, which is shown here by an increased amount 

of observations at 10−15 m for fish 6
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usually to depths between 10 and 40 m (Fig. 3). Max-
imum recorded depth for the other 7 individuals was
66 m for fish 2, while fishes 3−8 all had maximum
recorded depths of 44−46 m (Fig. S2 in the Supple-
ment). Dive depth showed an increasing trend dur-
ing the first 1−2 mo at sea for all fish.

The mean depth through the entire marine period
of all fish was 5.98 m (range of mean for individuals:
3.29−7.44 m), while the median depth was 2.69 m
(range of median for individuals: 0.7−5.0 m). How-
ever, these overall values mask the differences in
diving activity between different times of day. Hence
the mean depth at daytime was 7.33 m, while mean
depth during crepuscular hours was 3.89 m and
mean depth during night-time was 2.73 m. The depth
preferences of the fish appeared to be linked with
surface water temperatures (see Fig. 6b) and there-
fore changed during the season (Figs. 3a & S2).

Diving activity generally ceased during night-time,
when the kelts remained close to the surface with lit-

tle or no depth change (Fig. 3d,e). The lack of diving
activity during night was a common phenomenon ob -
served in all fish, and the activity at night remained
low throughout the marine period (Fig. 4a). This was
in contrast to daytime and crepuscular periods,
where diving activity generally increased with day
length (Fig. 4a).

The general behaviour with repeated dives during
daytime and surface residency during evening and
night-time was representative for most of the dataset,
but did appear to be disrupted when surface water
temperatures increased above 17°C.

Depth change was not evenly distributed during the
dives. Most dives were initiated and completed with a
steeper phase, with mean depth changes of 0.028 m
s−1 during the first 5 min of descent and 0.033 m s−1

during the last 5 min of ascent, and a lower rate of
change whilst at depth. Excepting continuous move-
ments, these velocities are likely under-estimates of
depth change, because the 5 min logging interval of
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Fig. 3. Examples of marine behaviour with depth (blue) and temperature (red) records from individual sea trout Salmo trutta
(see Table 1 for fish numbers), measured by data storage tags. (a) The entire marine period in fish 4. Dive depths increase for
the first couple of months at sea, and recorded internal temperatures remain fairly stable between 13 and 16°C for a long pe-
riod until the last week before re-entering the river. (b) A closer look at an example of the frequently observed diurnal pattern
with a nightly pause and a repetitive series of dives during daytime from fish 5. The nightly pause in diving activity is evident
on almost all days. (c) An example of the behaviour in fish 6 at the end of July during a period with warm waters. The fish re-
sides at depths of 8−14 m and only pays a few short (<10 min) visits to the surface each day. (d) Depth recordings from fish 7 in
a single day after 3 d at sea (10 May); diving activity is still quite scarce at this time. (e) Depth recordings from fish 7 in a single 

day after 31 d at sea (10 June); diving activity has now increased
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the DST is coarse relative to the potential of the kelts
to move freely in the water column.

The highest dive velocities recorded were 0.22 m
s−1 descending and 0.23 m s−1 ascending, which cor-
responds to a depth change of 66.5 and 68 m, respec-
tively, within a single 5 min measuring interval.

Dive duration did not appear to restrict maximum
dive depth, and 3 of 18 recorded dives deeper than
50 m took only 5 min (Fig. 4b). All recorded dives

deeper than 50 m took <45 min and 15 of 18 recorded
dives deeper than 50 m took <30 min.

The mean number of dives per day was 18.8 (range
between individuals: 11.2−23.7 dives d−1). The mean
dive duration was 28.6 min (range between individu-
als: 16.9−34.3 min), while the median dive duration
was 10 min for all fish. Dive duration did not appear
to change with day length (Fig. 4c) but was affected
by temperature (Table 2).
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Fig. 4. Salmo trutta. (a) Mean diving activity at day, night and crepuscular (±1 h from sunset and sunrise) periods plotted
against day length during the period when a minimum of 3 fish are in the sea (24 April−1 August). Individual daily measure-
ments are included as points. Diving activity during daytime is consistently higher than during crepuscular periods and night-
time. (b) Dive depth versus dive duration. Note the lack of correlation between dive depth and duration for dives >20 min. (c)
Duration of dives performed at different day lengths (in both panels b and c: red diamond = mean; thick horizontal line =
 median; box limits = 1st and 3rd quartiles; whiskers = 1.5 times the interquartile range; dots = outliers). Note the log10 scale of 

the y-axis. Dive duration does not appear to be correlated with day length
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Temperature preferences

The mean temperature recorded by the DST
through the marine period of all 8 individuals was
12.6°C. Fish 1 returned to the river on 12 June and
had the lowest mean temperature of 10.4°C, while
fish 6 returned to the river on 20 September and had
the highest mean temperature of 13.0°C. The other
fish had mean temperatures of 11.3°C (fish 2), 11.1°C
(fish 3), 12.8°C (fish 4), 13.6°C (fish 5), 13.3°C (fish 7)

and 12.4°C (fish 8), which generally reflected the
length of the period at sea.

The DSTs documented variation in temperature
during the day and season (Fig. 5a). After a period
of general increase from the initial 5−8°C, temper-
atures stabilized between 13 and 16°C from early
June (day of the year [DOY] = 160). Temperatures
during daytime were consistently lower than
during night-time and crepuscular periods from
this date.
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Night temp.           Recorded       Contributing Depth Mean        Recorded  Dive duration
at 0−2 m (°C)        fish days in       individuals          Mean    Median        dives d−1         dives Mean       Median  

temp. interval (n) (m)           (m) (min)          (min)

5−7 31 6 1.95         1.20 2.26     70 9.79 5
7−9 46 8 2.54         1.30 9.11    328 18.7 5
9−11 137 8 3.77         1.64 16.5 2254 18.7 10
11−13 139 8 4.85         1.89 19.4 2693 22.0 10
13−15 144 8 5.92         2.51 24.9 3583 22.3 10
15−17 180 7 7.90         5.50 19.7 3546 33.8 15
17−19 73 6 10.1         9.00 16.6 1214 79.8 15

Table 2. Amount of recorded fish days, mean and median depth, mean dives per day, total recorded dives, and mean and median
dive duration versus observed internal temperatures in all 8 sea trout Salmo trutta when at 0−2 m during 19:00−03:00 h each night

Fig. 5. Salmo trutta. (a) Observed mean
temperatures recorded by data storage tags
during the season at daytime, night-time
and crepuscular hours (shaded areas: 1 SD
of all measurements in each period). Tem-
peratures are fairly similar across the day
until June (day of the year [DOY] = 150),
when elevated diving activity during day-
time into the now colder deeper waters
causes temperatures to be lower during the
day. (b) Mean observed temperatures in
fishes 2−7 (the fish that were at sea in 2013)
(see Table 1 for fish numbers) when resid-
ing at 0−2 m for a minimum of 20 min versus
satellite measurements of sea temperatures
at 0−2 m in the 53−59° N, 7−13.5° E area. All
fish and satellite observations are from
21:00 to 07:00 h. Grey shaded area: 95% of
the satellite measurements of sea surface
temperatures within the area. (c) Fish tem-
perature deviance (when residing at 0−2 m
for a minimum of 20 min) from mean sea
surface temperatures at 0−2 m in the 53−
59° N, 7−13.5° E area. All fish and satellite 

measurements are from 21:00−07:00 h
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The comparison of satellite-measured tempera-
tures and temperatures measured by the DSTs
showed that the fish generally resided in warmer
temperatures than the mean during spring and
colder than the mean during summer (Fig. 5b), i.e.
deviance between DSTs and satellite measurements
were generally positive during April and May when
sea surface temperatures were generally below 10°C
and negative during July and August when sea
 surface temperatures were generally above 15°C
(Fig. 5c).

Effect of temperature on behaviour

The general behaviour with repetitive dives during
daytime and a prolonged period of surface residency
during night-time appeared to shift when water tem-
peratures increased above a certain threshold. This
resulted in a changed behaviour where the fish
resided at depths of 5−20 m for days (fishes 4, 5 and 7
from River Gudenaa and fish 8 from River Villestrup)
or weeks (fish 6 from River Liver) with reduced verti-
cal movement (Fig. 3c, Fig. S3 in the Supplement).
This change in behaviour appeared to occur when
internal temperatures measured by the DSTs rose
above 17°C, and the behaviour was
not observed in fish 1 (from River
Liver) and fishes 2 and 3 (from River
Varde), which did not experience sur-
face temperatures above 17°C. The
be haviour was predominant during a
very warm period in late July and
August 2013, when temperatures at
0−2 m were above 17°C in 97−98% of
the area according to satellite meas-
urements (Fig. 5b). During this period,
95% of all measurements from fishes
4, 5, 6 and 7 that were still at sea were
from depths deeper than 2.0 m
(Fig. 6a). All visits to depths shallower
than 2.0 m that lasted >5 min in the
end of July 2013 are from fishes 4 and
5 (from River Gudenaa) which re-
entered rivers or estuaries on 31 July
and 3 August, respectively. The meas-
urements therefore occur in the last
days of return migration for these fish.
Fish 7 (from River Gudenaa) entered
depths of 0−2 m and experienced
internal temperatures between 17 and
20°C a few days later before re-enter-
ing the river on 6 August. Fish 6 (from

River Liver) continued to avoid the surface in August,
except for a period of a few days’ duration where the
recorded fish temperature decreased to 8−10°C and
the fish returned temporarily to the surface. The fish
gradually returned to the normal combination of
dives and surface residency in September before re-
entering its natal river on 21 September.

The change in behaviour during warm periods
resulted in some very long dives as the fish stayed
submerged at depths deeper than 5.0 m. These long
dives were atypical, as they were generally charac-
terized by limited vertical movement. A total of 60
long dives with durations of 500−2920 min were re -
corded during July and August, and while 1 of these
dives went to 37 m, none of the remaining 59 long
dives went deeper than 30 m, and most went to
depths of 5−20 m.

This behaviour affected the mean dive duration,
which increased from 9.79 min (range: 5−260 min)
when internal temperatures at the surface (0−2 m)
were 5−7°C, to between 18.7 and 22.3 min (range:
5–785 min) in the 9−15°C temperature intervals,
to 33.8 min (range: 5−1595 min) at 15−17°C, and
79.8 min at 17−19°C (range: 5−2920 min) (Table 2).
The median dive duration also increased from 5 min
when temperatures were 5−9°C, to 10 min in the 9−
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Fig. 6. Salmo trutta. (a) Percentage of nightly measurements that recorded a
depth shallower than 2.0 m in fishes 2−7 (the fishes that were at sea in 2013)
(see Table 1 for fish numbers). (b) Output of generalized additive model of
mean nightly residence depth versus observed nightly mean temperatures in
the fish when at 0−2 m for a minimum of 20 min. Each fish is only plotted in the
temperature range they experienced while at sea. Shaded areas: 95% CI of the
modelled curve for each fish. All fish reside at gradually greater depth as tem-
peratures increase above 13°C. The rare visits to depths shallower than 2.0 m in
warm waters results in the increased uncertainty in the model that is visible for 

the high-temperature area
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15°C interval, and 15 min when temperatures were
above 15°C.

Mean depths increased during the season from
1.95 m (range: 0−12.5 m) on days when mean internal
temperatures were 5−7°C at the surface (0−2 m), to
10.1 m (range: 0−35.5 m) when mean internal tem-
peratures were 17−19°C at the surface (Table 2).
Median depths increased from 1.2 m on days when
mean internal temperatures were 5−7°C at the sur-
face, to 9.0 m when mean internal temperatures were
17−19°C at the surface. This development was ac -
companied by an increase in diving activity as the
fish increased the diving frequency during the first
2 mo at sea (Fig. 4a). The residence depth of the fish
at night-time versus the temperature they experi-
enced when visiting depths of 0−2 m was modelled
with a GAM (Fig. 6b). The p-values for the smoother
of individual fish ranged from 0.001 in fish 3 (River
Varde) to between 1.08 × 10−10 and <2 × 10−16 for the
other fish. The R2-value of the model was 0.59. All
fish resided at gradually greater depths when tem-
peratures recorded at the surface by the DST started
to increase above 13°C.

DISCUSSION

Sea trout possibly adopt 2 strategies to optimize
growth at sea

The present study generated one of the most
detailed datasets on marine behaviour of sea trout
presented in the scientific literature, and it is the only
study in the literature to report sea trout behaviour
outside fjords and estuaries. The dataset provides a
unique possibility to investigate the marine behav-
iour in adult sea trout on a detailed level in an area
characterized by shallow seas exposed to widespread
warming during summer. The results suggest that
sea trout adopt 2 strategies to optimize their growth
at sea: first, through a diel behavioural pattern that
enables efficient foraging activity, and second, by
residing in water temperatures within the range
reported as optimal for growth in the species.

Recaptures and duration of marine period

In total, 53 tags (42%) were returned, but only 8
tags were from fish that had completed a marine
cycle and returned to the river. Eight tags (6.4% of all
tagged fish) is a low rate of return for fish that have
made it back to the river compared to Reddin et al.

(2011, return rate of 50% of 26 fish), Rikardsen et al.
(2007, return rate of 100% of 8 fish) and Jensen &
Rikardsen (2012, return rate of 33% of 96 fish), but
these studies also applied active recapture methods
(e.g. traps and nets) for the returning fish. A study
setup with positively buoyant DSTs and entirely pas-
sive recovery is therefore not ideal if the aim is to
recover a high number of tags from fish that made it
back to the river.

The study setup also only provided scarce informa-
tion on fish condition upon recapture, which would
be useful in future studies with positively buoyant
DSTs to determine possible tag effects on behaviour
and survival. Some of the returned tags from angled
fish did come with a short note regarding the condi-
tion of the fish, none of which suggested visual tag-
ging effects or similar negative effects caused by par-
ticipation in the study. The high early mortality that
was observed in the returned tags could indicate
post-tagging effects on the fish, but high early mor-
talities have also been observed in studies with
9.0 mm acoustic tags in downstream migrating Dan-
ish sea trout kelts, where mortalities ranging be -
tween 37% (the river Gudenaa; Aarestrup et al.
2015) and 62% (the River Karup; M. Kristensen
unpubl. data) have occurred before the fish had
made it to sea.

Although we cannot rule it out, we therefore see no
indications that the DSTs altered the behaviour and
survival of the tagged fish, and we encourage
researchers to consider positively buoyant DSTs for
future studies to utilize the new possibilities that
these tags provide, and to gain further knowledge
regarding the possible effects on the fish from using
them.

The observed mean marine period of 96.1 d (109.3 d
when estimated fjord/estuary time was in cluded) is
within the range of 2−6 mo reported in other studies
(Bendall et al. 2005, Jensen & Rikardsen 2012, Aare-
strup et al. 2015). The values are, however, not
directly comparable because those studies were able
to report the exact duration of the marine period
including the fjord/estuary component, which had to
be estimated in the present study.

The small number of individuals that contributed to
the dataset of the present study makes the results
more susceptible to individual variations, and it is
notable (Table 1) that fish 1 (River Liver) was much
larger (7150 g versus 1650−2480 g for the other 7
individuals) and had the shortest marine period (47 d
versus 87−142 d for the other 7 individuals). The
mean duration of the marine period was increased
from 96.1 to 103.1 d without fjords/estuaries and from
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109.3 to 118.2 d with fjords/estuaries if fish 1 is
excluded. By defining the marine period between the
first and last 10 m registration (15 m for River
Villestrup), the time spent at sea (outside fjords/estu-
aries) in the present study must be considered a min-
imum value. This is because some of the fish may
have entered the sea but not yet visited depths below
10 or 15 m. The fish generally visited depths below
10 m at least once every 2−4 d during the first month
at sea and almost every day from then on, while fish
8 (from River Villestrup) visited depths below 15 m
once every 3−4 d during the first month at sea and
every day from then on. This uncertainty aligns well
with the qualitative inspection of temperature pro-
files that suggested the marine entry may have oc -
curred 0−4 d earlier than established using the depth
criterion alone.

Diving behaviour

A total of 63.8% of all measurements in the dataset
were from depths shallower than 3.0 m (Fig. 2), and
this residence at the surface aligns well with other
findings of studies of sea trout behaviour in fjords
(Rikardsen et al. 2007, Eldøy et al. 2017). This may
therefore be a general behavioural characteristic for
sea trout in marine environments, as it is for Pacific
and Atlantic salmon (Walker et al. 2000, Friedland et
al. 2001, Reddin et al. 2004, 2011, Tanaka et al. 2005).

The observed behavioural pattern with repeated
dives during daytime and resting at the surface dur-
ing the night (Fig. 3) also has a commonality with
findings in DST studies of Atlantic salmon (Reddin et
al. 2004, 2011) and Pacific salmon (Walker et al. 2000,
Friedland et al. 2001, Tanaka et al. 2005), but the
behaviour has so far not been documented to a simi-
lar detail in sea trout. Eldøy et al. (2017) found a
slightly deeper mean depth during day (1.9 m) than
during night (1.2 m) in the Snillfjord in central Nor-
way, indicating the presence of some small-scale diel
vertical movements there, while Rikardsen et al.
(2007) found no difference in depths during daytime
and night-time in the Altafjord in northern Norway
during a period of continuous light.

Diving activity in the present study was highest
during daytime, reduced during crepuscular hours,
and low during night (Fig. 4a), and diving activity
generally increased with day length. The nightly
pause in diving activity is likely due to reduced feed-
ing opportunity in deep waters in low-light condi-
tions or because predator avoidance may not be
 necessary in such conditions. This aligns with the

absence of diurnal patterns in continuous light dur-
ing the studies of Rikardsen et al. (2007). Studies on
other trout species support the feeding hypothesis by
documenting a marked decrease in feeding effi-
ciency in darkness (Mazur & Beauchamp 2003),
which was also observed in Atlantic salmon by Fraser
& Metcalfe (1997) and Pacific salmon by Flamarique
(2005), and feeding is also the most common inter-
pretation of the behaviour in other studies of salmon
(Walker et al. 2000, Tanaka et al. 2005, Reddin et al.
2011). However, the nightly pause could also be a
response to prey items following a diel pattern and
entering shallower waters in the dark, thereby mak-
ing deep dives unnecessary for the sea trout at this
time of the day (Stich & Lampert 1981, Bollens &
Frost 1989, Neilson & Perry 1990, Brierley 2014).

The surface visits between dives (Fig. 3) may pro-
vide increased digestive capability in the warmer
surface waters and increase metabolism in the fish,
thereby providing an advantage during dives over
prey residing in deeper and colder waters, as dis-
cussed by Watz & Piccolo (2011), Norin & Malte
(2011), Reddin et al. (2011) and Rikardsen et al.
(2007). The fish in the present study did, however,
also reside close to the surface and dive from there
during spring when surface water temperatures were
similar to deeper water temperatures in the stratified
parts of the Danish waters (Rasmussen 1995, Jakob-
sen 1997). It can be seen on Fig. 5a that the tempera-
tures experienced by the fish are similar throughout
the day until June (DOY = 150), in spite of the in -
creased diving activity during daytime, which should
result in a different temperature during daytime if
temperatures change as the fish descend through the
water column. This suggests that the fish stay close to
the surface and dive from there even though the tem-
perature is similar at depth, and that the metabolism
hypothesis alone does not explain the tendency
towards surface residency.

Predator evasion is another factor that could affect
the behaviour of the trout. Harbour seals Phoca vitu -
lina have become quite abundant in the region over
the past decades (Larsen et al. 2015), and although
very limited data are available on this, seals are
believed to be the main predator of adult sea trout.
There is a substantial prey item overlap between
seals and sea trout kelts, as seals are known to hunt
along the sea bed for herring, gadoids and flatfish
(Härkönen 1988, Tollit et al. 1998, Lunneryd 2001).
Meetings between seals and kelts in the coastal
areas may therefore be quite frequent and cause
some of the rapid vertical movements in the dataset
as the trout seeks to avoid predation.
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The deepest recorded dive of 88 m in the present
study is the deepest recorded dive for sea trout
reported in the scientific literature; Eldøy et al. (2017)
observed dives down to 24 m and Rikardsen et al.
(2007) observed dives down to 28 m. All fish in the
present study visited depths deeper than 44 m, and
generally behaved like the Atlantic salmon studied
by Reddin et al. (2011) where the fish visited depths
down to 50 m.

The median dive duration of 10 min is also similar
to that found by Reddin et al. (2011), and the fact that
3 of 18 dives deeper than 50 m lasted only 1 measure-
ment (5 min), and maximum recorded depth changes
between 2 measurements were 66.5 m descending
and 68.0 m ascending (Fig. 4b), re veals that sea trout
are capable of performing rapid vertical movements
similar to that of Atlantic salmon. Future investiga-
tion with measurements on a finer scale may reveal
even faster vertical movements in sea trout, while
accelerometers with short logging intervals could
provide valuable information on what the fish are
doing during the dives. Diving activity has been ob -
served in previous studies with accelerometers on
salmonids (e.g. Tanaka et al. 2001, 2005, Wilson et al.
2014), but so far, no studies have uncovered the final
explanation as to the reason for the dives.

The observed increase in dive amplitudes during
the first 2 mo of the marine period may indicate that
the fish were close to land in the beginning of the sea-
son and migrated further into open sea with deeper
waters as the season progressed, as observed in other
studies (Klemetsen et al. 2003, del Villar-Guerra et al.
2013, Jensen et al. 2014, Eldøy et al. 2015).

Horizontal movement was not directly detected by
the DSTs of the present study, but with temperature
and depth data indicating that the sea trout of the
present study migrated into open sea, we suggest
that they have a constant migratory pattern, as
observed in Pacific salmon by Tanaka et al. (2005)
and Atlantic salmon and brown trout post-smolts by
Thorstad et al. (2004).

Temperature preferences

The relatively constant temperatures of 13−16°C re -
corded by the DSTs from June to the end of the marine
period (Fig. 5a) is in the high end compared to other
studies on salmonids, where temperatures during the
marineperiodrarelyexceeded15°C(Walkeretal.2000,
Friedland et al. 2001, 2003, Reddin et al. 2004, 2011,
Tanaka et al. 2005, Holm et al. 2006, Rikardsen et al.
2007, Jensen & Rikardsen 2012, Jensen et al. 2014).

The experienced temperatures align well with the
12−17°C range reported as optimal for growth in
brown trout (Elliott & Hurley 2000a,b, Larsson 2005),
and the fish resided frequently in temperatures
within that range in spite of a general increase in sea
surface temperatures until August (Fig. 5b). This ap -
peared to be a consequence of the fish actively avoid-
ing warm waters on a fine scale (see next section)
and because they resided in areas corresponding to
the warmer parts of the 53−59° N, 7−13.5° E area dur-
ing April and May and the colder parts of the area
during July (Fig. 5b). Several of the DST measure-
ments during May were 0−7°C warmer than the
2.5% warmest areas, and with a grid size of 1 × 1 km
in the satellite data, we suggest these fish may have
been very close to shore at night, as temperatures
were presumably warmer here during this period.

Similarly, the apparent nightly residence in tem-
peratures colder than the 2.5% coldest surface
waters in the area during July 2013 indicates that the
4 fish still at sea at this stage had migrated into open
sea by then. This image is corroborated by the
 temperature deviance plot on Fig. 5c, where DST-
measured temperature deviations from the satellite-
measured mean show a decreasing trend from posi-
tive in the early marine period to negative in the end.

A similar migration from shore areas to more open
waters during the marine period has previously
been observed in other studies of sea trout (Klemet-
sen et al. 2003, del Villar-Guerra et al. 2013, Jensen
et al. 2014, Eldøy et al. 2015). It is unknown if this
migration is driven by an adaptation to optimize the
temperature range experienced during the season
or if other factors such as prey or predator abun-
dance are the main drivers. It is, for instance, known
that seals mainly stay within 30 km from shore, and
migration into open sea would therefore reduce the
temporal ex tent of habitat overlap (Tollit et al. 1998,
McConnell et al. 1999). Temperature as a driver in
dia dro mous migrations has, however, been argued
for by Jensen et al. (2014), where sea trout only
started to visit the outer fjord when temperatures
reached 14°C, while Arctic charr Salvelinus alpinus
moved to the outer fjord at lower temperatures.
Studies of other salmonids in rivers have revealed
temperature-driven habitat selection on a finer
scale, as Chinook salmon Oncorhynchus tshawyt -
scha actively sought out colder waters than the
mean to conserve energy, and brook trout S. fonti-
nalis and rainbow trout O. mykiss sought out colder
waters to avoid near-lethal temperatures around
25°C (Berman & Quinn 1991, Baird & Krueger
2003).
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The seas surrounding Denmark do not provide a
similar temperature gradient as that of the Altafjord
in northern Norway (where Jensen et al. 2014 con-
ducted their experiments) to facilitate relatively fast
horizontal movements to colder water, and the area is
exposed to much more pronounced heating of the
surface during summer, where even the North Sea
reaches temperatures above 17°C in warm summers
like 2013. The fish therefore appeared to regulate
their temperature by utilizing a combination of hori-
zontal migration into open sea — possibly driven by
factors other than temperature — and behavioural ad-
justment to find cooler water at depth on a finer scale.

Effects of temperature on behaviour

The behavioural adjustment to temperatures con-
sisted of both a gradual increase in residence depth
as temperatures increased and a more marked and
sudden response where the normal dive/surface res-
idency behaviour was disrupted if internally meas-
ured temperatures rose above 17°C. Fig. 6a shows
quite clearly how the fish gradually avoided depths
shallower than 2.0 m as temperatures started to in -
crease, and the modelled nightly residence depths
versus sea surface temperature (Fig. 6b) reveals an
increase in residence depths with increasing temper-
atures for all fish.

The marked response to internal temperatures
above 17°C where the fish changed behaviour and
disrupted their characteristic dive/surface residency
behaviour to stay submerged at depths of 5−20 m,
usually only with a few short (<10 min) daily visits to
the surface, is visible on Figs. 3c & S3. The behav-
ioural response to surface temperatures drives the
mean dive duration up from 18.7 to 22.3 min in the
9−15°C range and further up to 79.8 min when inter-
nal temperatures increased above 17°C (Table 2).
This behavioural change appeared to be driven by
temperature (Fig. 6b) and not by day length, as only
diving activity (Fig. 4a) and not the duration of the
dives (Fig. 4c) appeared to increase with day length.

Other temperature and depth studies of sea trout
(Rikardsen et al. 2007, Jensen et al. 2014, Eldøy et al.
2017) or salmon (Walker et al. 2000, Reddin et al.
2004, 2011, Tanaka et al. 2005) have generally been
carried out in areas with cooler water and less
 summer-heating of the surface, and these studies
have not observed a similar behaviour.

For example, 90% of all observations on sea trout
in the northern Norwegian Altafjord (Rikardsen et al.
2007) were from depths shallower than 2.0 m and the

maximum recorded temperature there was 15°C.
Eldøy et al. (2017) did not measure temperature in
their study in the central Norwegian Snillfjord, but
did record a change in the mean depth for sea trout
during summer from 1.1 m in May to 4.0 m in August,
indicating that there may have been a similarity with
the behaviour observed in the present study. It is
therefore possible that sea trout adjust their resi-
dence depth to regulate their temperature, while the
marked behavioural change that was observed when
internal temperatures rose above 17°C is so unique
among sea trout and salmonids that it calls for further
investigation of the driver behind the behaviour.

We hypothesize that the observed behaviour with
residency at depths of 5−20 m during warm periods
may be a result of the fish seeking towards the halo-
cline, which is usually found at depths of 10−15 m in
the Kattegat region and closer to the surface in the
Skagerrak region (Pedersen 1992, Jakobsen 1997).
By positioning themselves close to the halocline, the
fish may be able to regulate their temperature and
physiological scope with a minimum of vertical
movement while they may also potentially be feed-
ing on food items aggregating at the halocline.

The observed response to internal temperatures
above 17°C also calls for further investigation in the
context of climate change to establish whether the
behavioural change occurs out of a physiological
need or other factors such as adjustment to prey
abundance. Much research on climatic effects on
marine fishes has focused on changes in geographi-
cal distribution (Walther et al. 2002, Hijmans & Gra-
ham 2006, Rijnsdorp et al. 2009), while Dulvy et al.
(2008) observed both geographical displacement and
a movement to deeper waters for demersal species in
the North Sea as temperatures increased. The results
of the present study show that the vertical distribu-
tion is affected by temperature for sea trout (Fig. 6b)
and adds that the behaviour on a finer scale may be
altered by increasing temperatures. This could have
potential consequences for the species in a warmer
future climate, but we believe further investigation
with a larger sample size and a comparison of behav-
iour during different years is preferable before any
final conclusions on this topic are drawn for sea trout.

Summary

The main findings of the present study such as the
characteristic dive/surface residency behaviour and
the apparent avoidance of internal temperatures
above 17°C generally appeared to be representative
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for the 8 individuals included, but there is a natural
uncertainty to this, given the low amount of individu-
als that were included in the study. Fish 1 (River Liver)
is the largest sea trout (7150 g) included in published
studies of marine behaviour in the species, and fish 1
had a shorter marine period (47 d) and also visited the
greatest depth (88 m) of all 8 individuals, but still had
a similar behaviour of surface residency at night and
dives during daytime. Fish 1 also ap peared to adjust
its nightly depth preferences when temperatures in-
creased (Fig. 6b) like the smaller individuals, although
it left the sea before temperatures increased above
15°C. We therefore find it likely that the main behav-
iour traits observed in the present study are fairly rep-
resentative of Danish sea trout, although differences
in fish size, age or river of origin could result in behav-
ioural differences that were not observed in the rela-
tively small sample size of the present study. This is
particularly true for individuals that were too small to
tag with the positively buoyant DST, as these fish may
stay closer to shore and feed on different prey items
and therefore exhibit a different behaviour than that
of the larger, tagged fish (Knutsen et al. 2001, Klemet-
sen et al. 2003, Rikardsen & Amundsen 2005).

In summary, we found marine behavioural patterns
in sea trout comparable to those observed in both
Pacific and Atlantic salmon, with a repetitive series of
dives preferably to depths of 20−40 m divided by
short periods of surface residency between the dives
and a long period of surface residency during night.
Diving activity generally increased with increasing
day length, and dive amplitude peaked a couple of
months into the marine period for 5 fish and only very
few days before re-entry to the fjord/estuary in 3 fish.
Dive duration did not appear to limit dive depth, and
dive duration increased with internal temperatures
above 15°C but did not appear to be correlated with
day length. The observed temperatures and dive
amplitudes suggest that the fish were close to shore
during April and May and migrated into open sea
later in the marine period. The fish appeared to avoid
internal temperatures above 17°C, which is the
upper range reported as optimal for growth in the
species, by residing at greater depths at night and
between dives and by discontinuing their character-
istic dive/surface residency pattern for prolonged
periods of time during warm periods.
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Abstract 
We tagged 125 sea trout kelts (460 – 925 mm) in seven Danish rivers with positively buoyant 
DSTs. Fifty-three (42 %) tags were recovered, enabling a comparison of behaviour in kelts that 
survived the marine period and kelts that did not. Data revealed an estimated mean survival time at 
sea of 14.3 days (range 1-65 days) for fish that died at sea. Fish that did not survive had lower 
weight/length ratios when tagged than survivors (P = 0.005) but exhibited a similar diel diving 
pattern while at sea. Both surviving and non-surviving fish gradually increased diving activity and 
visited daily maximum depths after sea entry, but fish caught by recreational anglers from the coast 
performed fewer dives and resided in shallower depths than the other fish. The results show that 
the first weeks at sea are critical for kelt survival and that physical status of kelts may affect 
behaviour and probability of survival. The different behaviour observed in kelts caught by anglers 
indicate that recreational angling can select against specific behavioural phenotypes which should 
be investigated more intensively.  

Key words:  

Sea trout; kelts; telemetry; survival; behaviour 

1. Introduction

The iteroparous nature of anadromous brown trout Salmo trutta L. (hereafter referred to as sea 
trout) allows individuals to enter freshwater multiple times to spawn (Klemetsen et al. 2003), and 
large repeat spawners may contribute with a disproportionately high production of juveniles 
(L'abée-Lund 1989). This makes survival and success of repeat spawners important for the overall 
success of a given brown trout population (Jensen et al. 2012). Spawning is energetically costly 
(Hendry et al. 2004), and the re-entry to marine environments may be associated with high 
mortality for post-spawned individuals (termed as kelts, Bendall et al. 2005; Thorstad et al. 2012; 
Aarestrup et al. 2015). Condition and physiology of kelts has been shown to affect their migratory 
behaviour during this phase (Bordeleau et al. 2018; Birnie-Gauvin et al. in press). Part of a decline 
in sea trout populations observed worldwide may be attributed to reduced marine survival (Butler 
and Walker, 2006; ICES 2013) but detailed reports on kelt mortality at sea have not been 
published so far (Thorstad et al. 2016). Studies have found overall marine survival of sea trout 
kelts ranging from 18 to 86% with high mortalities in the early marine habitats like fjords and 
estuaries while mortality at sea is unknown (Bendall et al. 2005; Bordeleau et al. 2018). It is 
estimated that 32 % of sea trout produced in Denmark eventually end up dying as a consequence 
of recreational angling from the coast or in rivers (Nielsen and Koed 2016). Predators may also 
play a crucial role in sea trout mortality in the early marine environment (Jepsen et al. 2018; 
Kristensen et al. 2018a) but their impact on kelts is unknown. Danish (Aarestrup et al. 2015), 
Swedish (Aldvén et al. 2015) and British (Bendall et al. 2005) generally migrate to sea in a 
relatively direct manner as opposed to their more northern conspecifics (e.g. Eldøy et al. 2015; 
Jensen et al. 2014) and knowledge of aspects related to their mortality at sea are therefore 
important for the management of the species (Drenner et al. 2012). 

We therefore tagged 125 sea trout kelts with positively buoyant data storage tags (DSTs). This 
enabled us to recover tags from fish that had died at sea (hereafter referred to as fish lost at sea) 
and compare the observed behaviour in these with the behaviour in surviving individuals (hereafter 
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referred to as returning fish). The tagged fish had survived at least one successful marine period 
and were large in size compared to sea trout studied elsewhere. The DSTs measured depth and 
temperature, and the aim of the study was to compare these measurements to document 
behavioural traits in returning fish and fish lost at sea to reveal possible differences between the 
two groups. We hypothesized that fish lost at sea would display different activity levels and 
migratory tactics than returning fish.  

2. Methods

2.1 Experimental area 

The fish were caught and tagged in seven Danish rivers (Figure 1). Five of the rivers ran into fjords 
or estuaries with outlets to either the southern North Sea or the Kattegat while rivers Liver and 
Uggerby ran directly into the Skagerrak (Table 1, Fig 1.). 

Table 1. River information. The distance from the river outlet to the sea, name of the sea of entry and the number of fish 
tagged in each river is given. 

River Runs into 
River mouth 

to sea 
outlet 

Outlet 
location 

Tagged 
individuals 

Ribe Estuary 14.9 km North Sea 4 

Varde Estuary 13.6 km North Sea 39 

Skjern Estuary 19.1 km North Sea 3 

Uggerby Sea 0 km North Sea 10 

Liver Sea 0 km North Sea 40 

Villestrup Fjord 22.1 km Kattegat 13 

Gudenaa Fjord 31.7 km Kattegat 16 

The seas surrounding Denmark are generally shallow with depths of 10-30 meters dominating the 
southern parts of the Kattegat and North Sea, while depths exceeding 100 meters can be found in 
the Northern North Sea, in Skagerrak and in the central Baltic Sea (Figure 1). A complex mixing 
regime and an almost constant stratification is present in the Kattegat-region due to differences in 
salinity between the saline North Sea (32-35 on the Practical Salinity Scale) and the brackish Baltic 
Sea (8-10 on the Practical Salinity Scale) (Rasmussen 1995).  
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Figure 1. Maps of the study area with depth contour lines for 30 and 100 metres (left panel). Open circles represent the 
location of the seven rivers where tagging took place. The 27 crosses on the right panel represent the pickup or capture 
location of the 25 recovered tags from fish lost at sea and the two corrupted tags that were found outside rivers and 
fjords. 

2.2 Data storage tags 

We used CEFAS Technology Ltd G5 long life archival tag (http://www.cefastechnology.co.uk/) 
fitted with a string of 11mm diameter floats (the same diameter as the tag). Total length with floats 
was approximately 140 mm, weight in air was 9.8 g and the net buoyancy in full salinity sea water 
was 0.009 N, corresponding to a negative weight in water of 0.9 g. The floating device was 
covered in silicon rubber (Dow Corning, 734) that is biologically inactive and harmless to the fish 
(Thorstad et al. 2013). The tag type has not been used in salmonids before, but studies of tagged 
European eel (Anguilla anguilla) found only few cases of partial tag expulsion (12 %, but none 
were actually expulsed) after six months (Thorstad et al. 2013). 

The tags were programmed to record temperatures and pressure at 5-min intervals. Internal tag 
memory was sufficient to record a two-year period. Temperature range for the tags was -5 C to 35o 

C with an accuracy of at least 0.1o C and resolution of 0.03o C. Pressure, a proxy for depth, was 
measured in dbars (1 dbar is equivalent to approximately 1 m in depth) to a maximum of 2000 
dbars and an accuracy of ±1% (20m) and resolution of 8 cm. Tags were fitted with a reward notice 
and address asking people to return the tag upon recovery. Data was downloaded from the tags on 
their return.  
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2.3 Fish capture and tagging 

Sea trout kelts were electro-fished or captured in traps during downstream migration in the rivers 
during winter or spring (Table 2). The tagging process is described in Kristensen et al. (2018b) and 
lasted 1-2 minutes and was carried out in accordance with the guidelines described in permission 
2012-DY-2934-00007 from the Danish Experimental Animal Committee. 

In total, 125 kelts were tagged: 45 were tagged November 28th and December 12th 2012, while 
the remaining 80 kelts were tagged between March 13th and April 13th in the years 2012-2015.  

Tagging data from fish that died before sea entry are presented in Table S1. 

Table 2. Tagging data for the eight returning fish, the 21 fish lost at sea due to unknown causes and the four fish caught 
by anglers from the coast. The table contains tag ID, origin of the fish, weight, length, condition, gender, date of tagging 
and sea entry along with marine period. Fulton’s condition is given by 𝐾𝐾 = 100 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡(𝑊𝑊)

𝐿𝐿𝑊𝑊𝐿𝐿𝑊𝑊𝑡𝑡ℎ(𝑐𝑐𝑐𝑐)3
. 

Tag ID Type Origin Weight  
(g) 

Length 
(cm) 

Fulton's 
condition Gender Date of 

tagging
Date of 

sea entry 

Marine 
period 

(d) 
A08546 Returning Liver 7150 91.5 0.93 F 16-03-2012 27-04-2012 47 

A08609 Returning Varde 1650 54 1.05 F 08-04-2013 10-04-2013 94 

A08634 Returning Varde 1650 57 0.89 F 08-04-2013 14-04-2013 87 

A08579 Returning Gudenaa 1850 56.5 1.03 M 27-03-2013 24-04-2013 105 

A08534 Returning Gudenaa 2400 58 1.22 F 27-03-2013 02-05-2013 89 

A08577 Returning Liver 1736 55 1.03 M 12-12-2012 06-05-2013 142 

A08549 Returning Gudenaa 2480 58 1.27 F 27-03-2013 09-05-2013 87 

A08640 Returning Villestrup 1860 60.5 0.84 F 13-04-2015 28-04-2015 118 
Mean, 

returning 
fish 

- 2597 61.4 1.03 - - - 96.1 

A08565 Lost Ribe 2525 67 0.84 F 14-03-2012 05-04-2012 19 

A08563 Lost Liver 4900 82.5 0.87 F 16-03-2012 10-04-2012 5 

A08553 Lost Liver 3190 71 0.89 F 16-03-2012 14-04-2012 4 

A08539 Lost Liver 1130 53 0.76 F 16-03-2012 20-04-2012 18 

A08544 Lost Ribe 1296 53 0.87 F 14-03-2012 20-04-2012 2 

A08636 Lost Varde 1550 58 0.79 F 08-04-2012 20-04-2012 10 

A08643 Lost Liver 3159 78 0.67 F 28-11-2012 17-12-2012 20 

A08573 Lost Liver 3630 75.5 0.84 F 28-11-2012 18-12-2012 2 

A08758 Lost Uggerby 2082 62 0.87 F 12-12-2012 21-12-2012 9 

A08576 Lost Liver 1289 54 0.81 F 12-12-2012 03-01-2013 1 

A08762 Lost Liver 2150 62.5 0.88 F 12-12-2012 15-01-2013 65 

A08620 Lost Varde 3900 73 1.00 F 08-04-2013 13-04-2013 17 

A08601 Lost Varde 2600 62 1.09 F 08-04-2013 15-04-2013 10 

A08615 Lost Varde 2620 64 1.00 F 10-04-2013 03-05-2013 46 

A08590 Lost Varde 1900 59 0.93 F 08-04-2013 05-05-2013 17 

A08552 Lost Gudenaa 1750 55 1.06 F 27-03-2013 11-05-2013 2 

A08556 Lost Varde 1823 57 0.98 F 04-04-2014 05-04-2014 22 

A08576 Lost Varde 2305 66 0.80 F 03-04-2014 06-04-2014 16 
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A08565 Lost Varde 3508 74 0.87 F 04-04-2014 07-04-2014 3 

A08556 Lost Villestrup 3488 73 0.90 F 06-05-2015 13-05-2015 11 

A08605 Lost Villestrup 902 49.5 0.74 F 13-04-2015 23-05-2015 1 
Mean, 

fish lost 
at sea 

- 2462 64.2 0.88 - - - 14.3 

A08549 Angled Skjern 4070 78 0.86 F 13-03-2012 04-04-2012 26 

A08640 Angled Varde 4220 74 1.04 F 08-04-2013 17-04-2013 42 

A08758 Angled Villestrup 1539 60.3 0.70 F 27-03-2015 18-04-2015 8 

A08543 Angled Villestrup 1526 54.5 0.94 F 27-03-2015 07-06-2015 75 
Mean, 
fish 

angled 
at sea 

- - 2839 66.7 0.89 - - - 37.8 

2.4 Determining the duration of the marine period 

Internal temperature and depth recorded by the recovered DSTs were downloaded from the tags 
and analysed in R Studio version1.0.136 (www.r-project.org).  

Time of entry and exit to the marine environment was based on analysis of depth measurements. 
The fish appeared to initiate the dive pattern described in Kristensen et al. (2018b) when reaching 
the marine environment. Some of the fjords and estuaries entered by the fish in the present study 
are, however, only a few metres deep, making it impossible for the fish to initiate the behaviour 
before reaching deeper waters. It was therefore not possible with certainty to segregate between 
residency in rivers or marine environments before the fish entered areas with deeper waters. We 
therefore focused on the sea, and defined entry to and exit from the sea as the period between the 
first and last visit to a depth of 10 metres. All fjords and estuaries except the fjord that River 
Villestrup runs into are shallower than this (a threshold of 15 metres was used for fish from this 
river).  

In some cases, fish would initiate their dive/surface residency behaviour with dives to 5-10 meters 
for 1-4 days before breaking the 10 metre threshold (Figure S1), indicating that the fish had 
entered the sea but was not yet residing in areas with depths exceeding 10 metres. Close 
inspection of temperature data for all fish revealed a decline in surface temperatures 0-4 days 
before sea entry (defined by the 10 metre threshold), suggesting that the fish may have entered 
the sea 0-4 days sooner. We maintained the uniform definition of first and last visit to a depth of 10 
metre in spite of the possible 0-4 days of error associated with doing so in order to maintain an 
unbiased data treatment.  

2.5 Determining mortality events 

Time of mortality of fish lost at sea was defined by visual inspection of temperature and depth 
plots. In three tags, temperatures increased to 37o C for 1-2 days, suggesting that the tags had 
been ingested by a marine mammal (Figure 2a). Eight tags sunk to the bottom and recorded small 
cyclic depth changes caused by the tide (Figure 2b), suggesting that the tag had sunk with the fish 
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or parts of it. Thirteen tags reported a constant depth of 0 metres (Figure 2c), leaving few clues as 
to the cause of mortality.  

Figure 2. Examples of mortality events with depth (blue line) and temperature (red line) records of different mortality 
profiles. 2a: Temperature increases to 37o C and returns to ambient levels 1-2 days later, suggesting marine mammal 
predation. 2b: The tag drops to the bottom where it records tidal amplitudes for two days before returning to the surface. 
2c: Recorded depths suddenly stabilizes at 0 m until the tag reaches shore a day later (temperature starts fluctuating). 

The timing of mortality was easily distinguishable with a precision of a few measurements (<15 
minutes) for 23 of the 25 recorded mortalities. For the remaining two records, it was hard to 
determine with accuracy when mortality occurred as the fish was resident very close to the surface 
around the time of death.     

2.6 Defining a dive 

All individuals appeared to initiate a characteristic diving pattern (Kristensen et al. 2018b) once 
they reached the sea. The present study follows the definition of a dive that was used by Reddin et 
al. (2011) and Kristensen et al. (2018b) where a dive is defined as an entry to depths deeper than 
5.0 metres, and each dive is logged at the time of the first measurement in depths deeper than 5.0 
metres. The duration of the dive is determined by the number of subsequent measurements at 
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depths deeper than 5.0 metres, while the dive is defined as terminated once the fish enters depths 
shallower than 5.0 metres again.  

2.7 Data analysis 

Weight/length relationships between different groups of fish were analysed with general linear 
models where weight of the fish in grams was entered as response variable and length and type of 
fish were entered as explanatory variables. Both weight and length were square root transformed 
to linearize the relationship and to ensure model assumptions were met.  

Generalised linear mixed effects models were used to analyse if returning fish behaved differently 
compared to fish caught by anglers and fish lost at sea in terms of daily dive frequency and daily 
maximum depths at sea. Only four fish were caught by anglers at sea, which technically is too few 
to include as a separate group. The models, however, displayed some behavioural differences 
between the groups well, and fish caught by anglers were therefore included as a separate group 
to illustrate this. 

The models included data from the first 20 days at sea, as most fish lost at sea died within this 
period. The 33 fish that entered the sea are divided into four groups: Returning fish (group 1), lost 
fish where the tag started floating after mortality or the fish was predated (group 2), lost fish where 
the tag sunk to the bottom after mortality (group 3) and fish caught by anglers (group 4). 

A negative binomial generalised linear mixed effects model was used to analyse for differences in 
diving frequencies among the four groups of fish. Number of dives per day was entered as 
response variable while days since marine entry and fish mortality type were entered as fixed 
effects and fish ID was entered as random effect. Negative binomial was used for the amount of 
dives per day since the conditional variance exceeded the conditional mean in Poisson-regression 
models due to high variation of the diving activity. Model diagnostic by visual inspection of 
residuals plotted against the data showed no signs of violation of model assumptions. The 
dispersion statistics of the model was 1.06, revealing no signs of over- or underdispersion of the 
model (Zuur et al. 2009). 

A gamma distributed generalised linear mixed effects model with a log link was used to analyse for 
differences in daily visited max depth among the four groups of fish. Daily depths were entered as 
response variable while days since marine entry and fish mortality type were entered as fixed 
effect and fish ID was entered as random effect. The diagnostics of this model showed no patterns 
when residuals were plotted against the data.  

The R-package glmmTMB (Brooks et al. 2017) was used to run the models. 
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3. Results

3.1 Tag return rates 

Seven of the 21 tags from fish lost at sea were found along Danish shorelines, nine tags were 
found along Swedish coastlines and the remaining five tags were found along Norwegian 
coastlines (Figure 1).  

All five tags that contained corrupted data were found in the water or along coastlines. 

Figure 3. Fate of the 125 tags. In total, 33 tags had recorded fish behaviour from the sea. 

Inspection of the data from the 21 fish lost at sea but where mortality reasons were unknown (as 
exemplified on Figure 2b and 2c) suggested that the tags had been drifting in the water for a mean 
period of 24 days (range: 0 – 101 days) before reaching shore. Some tags were found almost 
instantly after reaching shore, while extensive temperature fluctuations suggested that other tags 
had been deposited on dry land for weeks or months before recovery.  

3.2 Size and condition of the fish 

The mean weight of all 125 tagged fish was 2640 g (range: 760 – 7250 g), the mean length was 
65.3 cm (range: 46.0 – 92.5 cm) and the mean Fulton’s condition was 0.88 (range: 0.66 - 1.28). 
Fulton’s condition is given by 𝐾𝐾 = 100 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡(𝑊𝑊)

𝐿𝐿𝑊𝑊𝐿𝐿𝑊𝑊𝑡𝑡ℎ(𝑐𝑐𝑐𝑐)3
. The distribution of the tagged fish is presented in 

Figure 4. 
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Figure 4. Distribution of the 125 tagged fish. 4a: Weight (g) of the fish in 500 g intervals. 4b: Length of the fish (cm) in 5 
cm intervals, 4c: Fulton’s K in intervals of 0.06. 

Mean weight of the 72 fish where tags were not returned and the 53 fish where tags were returned 
was identical (2640 g) while mean length was nearly identical (65.3 cm for fish with non-returned 
tags and 65.2 cm for fish with returned tags). The weight/length relationship for the two groups of 
fish displayed on Figure 5a was not significantly different according to the general linear model (P 
= 0.24, R2 = 0.91). 

The present study mainly focuses on comparison of the eight returning fish, the 21 fish that were 
lost at sea and the four fish that were caught by anglers at sea. Fish lost at sea at had a 
significantly lower weight/length relationship (P = 0.005) than returning fish. Fish caught by anglers 
were similar to fish lost at sea, but the difference between fish caught by anglers and returning fish 
came out with a higher P-value of 0.089 (Figure 5b), likely due to the much smaller sample size of 
fish caught by anglers. The R2 of the model was 0.93.  

Figure 5. Linear model of weight/length relationship for different groups of fish. Shaded areas represent 95 % confidence 
intervals. 5a: Fish where the tag was returned vs. fish where it was not. 5b:: Returning fish vs. fish lost at sea and fish 
caught by anglers at sea. 
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3.3 Survival and duration of marine period 

Fifteen returned tags contained data suggesting mortality prior to sea entry. Eight of these tags did 
not record depths greater than 2.0 metres before the fish died, while four recorded max depths 
between 2-9 metres before fish mortality, suggesting that the fish could have reached the fjord or 
estuary. The remaining three tags had recorded max depths between 2-8 metres before the fish 
that carried them were caught by anglers in the fjords. A total of seven kelts could therefore have 
reached the marine environment without entering the sea before mortality. 

The present study only analyses data from fish that certainly made it to sea (based on the 10 metre 
threshold). It therefore disregards these seven fish that either could have or certainly did reach the 
marine environment due to the uncertainty associated with their fate and possible timing of marine 
entry. Including these seven fish in the analyses does not change the output and conclusions, but it 
introduces additional uncertainty.  

The tagged fish spent a mean of 26.3 days (range: 1-142 days) in the river or fjord/estuary 
between tagging and sea entry. Fish lost at sea spent a mean of 22.0 days (range: 1-72 days) in 
river/fjord/estuary before entering the sea, and survived for a mean period of 40.0 days (range: 6-
99 days) after tagging.  

Mean duration of the period spent at sea for the eight returning fish was 96.1 days (range: 47 – 
142 days, Table 2), while fish caught by anglers survived 37.8 days (range: 8-75 days) at sea and 
fish lost at sea survived 14.3 days (range: 1-65 days) at sea. It was not possible to determine the 
duration of the marine period (including fjords/estuaries) with the present dataset. Using kelt 
movement rates of Aarestrup et al. (2015) of 1.6 km d--1 during outmigration through a Danish fjord 
on the fish that had to migrate through fjords on estuaries adds 6.4 days to the mean time spent at 
sea, resulting in a mean marine survival time of 20.7 days for the present dataset.  

Three of 21 natural mortalities at sea had mortality profiles similar to Figure 2a, where a warm 
blooded animal presumably ingested the tag. Eight mortality profiles were similar to Figure 2b, 
where the tag sunk to the bottom for a period of time and 10 mortalities were similar to Figure 2c 
where the tag started floating.  

Of 21 natural mortalities at sea, 19 could be determined with a precision of 5-10 minutes. Eight of 
these mortalities (42 %) occurred during daytime, seven (37 %) occurred within one hour from 
sunrise and sunset and four mortalities (21 %) occurred during nighttime. Mean day length on the 
day of mortality was 13.7 hours for the 19 precisely determined natural mortality events at sea, 
corresponding to a mean of 57 % daytime, 17 % crepuscular hours and 26 % nighttime at the time 
of death. The three recorded predation events from warm-blooded animals occurred during 
daytime (n =1) or crepuscular hours (n = 2). 
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3.4 Behaviour at sea 

All fish exhibited a distinct diel behavioural pattern with repetitive dives during daytime and a period 
of residence at the surface during night time once they reached the sea (Figure 6). This behaviour 
has previously been described for returning fish by Kristensen et al. (2018b).  

Figure 6. Proportion of the 20 first days at sea where each individual fish performed at least one dive during a given hour 
of day. The eight rows in the bottom represent returning individuals, the next four rows are fish caught by anglers and the 
top 17 rows are fish lost at sea. Activity is generally low during evening and night time. Four fish resided <3 days at sea 
before dying and are not included. 

Mean number of dives per day for all kelts was 14.3 (range: 2.3 – 27.2) but this masks some 
underlying differences, as the diving activity generally increased with time after sea entry and some 
fish appeared to dive more than others. Inspection of the data revealed that the fish caught by 
anglers had dived less and resided at more shallow depths than the returning fish in particular 
(Figure 7). 
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Figure 7. Histograms of daily measurements at depths of 0-3 m (light blue), 3-6 m (medium blue) and deeper than 6 m 
(deep blue) for returning and fish caught by anglers during the first 40 days at sea. Fish caught by anglers reside more in 
shallow (0-3 m) waters than returning fish. 

We investigated the diving activity and daily visited max depth with generalized linear mixed 
models, although the sample size of the fish caught by anglers was not sufficient for an ideal 
investigation of this.  

The modelled output for diving activity (Figure 8) indicated a lower diving activity in fish caught by 
anglers (P = 0.035) while days since marine entry had an overall significantly positive effect on the 
diving activity (P < 2e-16, Table 3).  
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Figure 8. Modelled daily dives since sea entry (8a) and daily visited max depth (8b) for returning fish (1), fish lost at sea 
where the tag floated immediately after mortality (2), fish lost at sea where the tag sunk after mortality (3) and fish caught 
by anglers (4). Shaded areas represent 95 % confidence intervals of the model, while points represent actual 
observations. Diving activity is higher for returning fish and gradually increases for all types after marine entry though 
less pronounced for fish caught by anglers. The fish caught by anglers also visited more shallow max depths. 

The model for daily visited max depth (Figure S3) revealed a tendency for increasing max depths 
after marine entry, while the fish caught by anglers appeared to have visited the shallowest max 
depths (Table 3).  
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Table 3. Summary of the mixed models analyzing diving activity and daily max depths for the first 20 days at sea. Model 
parameter estimates, associated SE, z-values and p-values are given. A negative binomial distribution was used for the 
diving activity while a gamma distributed model was used for maximum depths. 

Diving activity Max depths 
Value SE z-value P Value SE z-value P 

Intercept 1.989 0.300 6.638 <0.0001 Intercept 2.285 0.169 13.546 <0.0001 

Days at sea 0.321 0.034 -2.110 <0.0001
Days at 

sea 0.008 0.005 1.472 0.141 
Returning 0 - - - Returning 0 - - - 

Lost, floats -0.125 0.378 -0.330 0.741 Lost, floats 0.353 0.206 1.714 0.087 
Lost, sinks -0.371 0.476 -0.778 0.436 Lost, sinks 0.039 0.242 0.162 0.872 

Angler -1.110 0.526 -2.110 0.035 Angler 
-

0.415 0.276 -1.502 0.133

4. Discussion

4.1 Return rate and effects of the positively buoyant DSTs 

The 6.4 % return rate (8/125 tagged fish) for tags from returning fish is low compared to other 
studies, while the total return rate of 42 % (53/125 tagged fish) is within the normal ranges 
achieved by other studies relying on active recapture methods for non-floating DSTs as discussed 
by Kristensen et al. (2018b).  

The method of the present study was, however, mainly passive, and a total of 43 tags (34 %) were 
returned by citizens who had found the tag without the fish. The floating characteristic of the tag 
therefore succeeded in enabling collection of a dataset with behavioural reports from both returning 
fish and fish lost at sea. This is unique compared to other DST-studies where the reported 
behaviour is based exclusively on surviving individuals and therefore does not contain analysis of 
behavioural differences between surviving and non-surviving fish.  

The number of tags returned due to the floating characteristic is high compared to Righton et al. 
(2016) that is the only existing study in the literature to have used positively buoyant DSTs on other 
species and recovered 9 % of tags from ocean-going European eels (Anguilla anguilla).  

A tag with the size of the DSTs used in the present study could have affected both fish behaviour 
and survival, and the reported mortalities should therefore be considered a pessimistic estimate. 
The tagged fish were, however, post-spawned with plenty of room in the body cavity for the tag, 
and there were no reports on tag-related wounds or infections from fish that were caught alive. The 
fish lost at sea spent 22.0 days in river/fjord/estuary before entering the sea, and the distribution of 
recorded mortalities in this phase (31 % or 15/48 recovered, non-corrupted tags) was below that 
observed in studies of kelts in Denmark using smaller acoustic tags. Aarestrup et al. (2015) 
recorded a loss of 37 % in the river/fjord phase for kelts from the River Gudenaa using 29 mm 
tags. A study from 2017 and 2018 recorded a river/fjord loss of 62 % in kelts from rivers entering a 
different fjord system (the Limfjord, Kristensen et al. in review) using 13 mm tags.  

A total of 17 tags were recovered from anglers who had caught the fish (n=3 from rivers, n=3 from 
fjords, n=4 from the sea, n=7 from returning fish back in the river), none of which had observed tag 
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related damage or disease in the fish. One of the returning fish was handed over for dissection, 
revealing no inflammatory response to the tag that had been encapsulated in tissue. We have 
therefore observed no particular negative effects related to using positively buoyant tags compared 
to other tag types, although future studies could ideally investigate this further. 

The high early mortality at sea observed in the present study could in principle be due to the fish 
most likely being closer to shore in the first weeks after reaching the sea (Kristensen et al. 2018b) 
if tags from fish that die here have a higher chance of being found. 67 % of the tags that were 
found from fish lost at sea were, however, found on Swedish or Norwegian coastlines, most likely 
after being moved there by dominating W-SW winds in the region. The mean drifting time from 
expel-time to reaching the shore was 24 days (range: 0 – 101 days), and tags therefore appeared 
to be capable of surviving marine conditions for long enough to reach shore and be found as long 
as the fish resided within the seas surrounding Denmark. The fish may have moved into open sea 
during July and August as suggested by Kristensen et al. (2018b) and Klemetsen et al. (2003) but 
likely not into the actual ocean as for Righton et al. (2016). 

4.2 Size and condition of the fish 

The size of the fish that were tagged in the present study (46.0 – 92.5 cm) have some size overlap 
with the kelts tagged by Aarestrup et al. (2015) that measured between 30 and 87 cm. The fish 
were, however, considerably larger than adult sea trout studied outside Denmark, e.g. 27.5 – 58.0 
cm in Eldøy et al. (2017) and 37.0 – 51.2 cm in Rikardsen et al. (2007). The difference is likely 
attributed to a general size difference between Danish and more northern sea trout populations. 

The low condition factor of the tagged fish (mean = 0.88) reflects that only post-spawned 
individuals were tagged to avoid spawning-related tag loss and to ensure that there was room for 
the tags in the body cavities. The statistically significant difference (P = 0.005) between condition 
factor of returning fish (mean = 1.03) and fish lost at sea (mean = 0.87) indicates that condition 
may influence chances of survival.  

Lipid content may play a role in life strategy decisions of salmonids (Jonsson and Jonsson 2005) 
while fish condition has previously been shown to affect the timing of outmigration to sea in Atlantic 
salmon (Salmo salar L.) (Halttunen et al. 2013). Other physiological parameters such as levels of 
cortisol stress hormones may also affect migration timing according to a recent study including 
Danish sea trout kelts (Birnie-Gauvin in press). Further investigation of the effect of physiology on 
behaviour may therefore broaden our understanding of drivers behind migratory behaviour and 
survival chances in salmonids.  

4.3 Survival and duration of marine period 

Timing of outmigration to the sea is within the normal period for fish that migrated during spring 
(Aarestrup et al. 2015). Migration timing of the 45 fish tagged on November 28th or December 12th 
are incomparable, as no other published or unpublished studies on Danish sea trout kelts have 
tagged fish during that time of year.  
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The early marine stage is generally risky for downstream migrating salmonids, and high early 
mortality is frequently observed in the marine environment (Thorstad et al. 2016). The present 
study reinforces previous findings on kelt survival, but also adds to it because no previous studies 
have identified at-sea mortality events. The 15 fish (31 % of the 48 returned, non-corrupted tags) 
that died before sea entry are the ones that should be compared with e.g. the early mortality of 
other studies, like the 37 % in Aarestrup et al. (2015) and 38 % in Bendall et al. (2005). Even these 
values are not entirely comparable, as the fish from rivers Liver and Uggerby entered the sea 
directly. Pre-sea mortality was, however, 26 % for the remaining systems as river-mortality was 
quite high in rivers Liver and Uggerby. Biases related to the likeliness of people finding tags from 
dead fish in rivers versus fjords and the sea, however, means that the setup used in the present 
study is not ideal for determining mortality rates.  

Early marine mortality appeared high with 19 of 21 mortalities (not including fish caught by angers) 
occurring within the first 22 days after reaching the sea and mean survival time at sea being 14.3 
days (excluding fish caught by anglers). Adding the calculated time spent in fjords and estuaries 
increases the marine survival time to 20.7 days excluding fish caught by anglers. This number is 
uncertain, but the first three weeks after entering the marine environment appears to be a critical 
period for Danish sea trout kelts. 

Data revealed three incidents of tags being ingested by warm-blooded animals. Harbour seals 
Phoca vitulina and grey seals Halichoerus grypus have become abundant in the seas surrounding 
Denmark (Larsen et al. 2015), and may potentially predate on sea trout kelts as appeared to have 
occurred for these three fish. Seals mainly hunt within 30 km from shore (McConnel et al. 1999, 
Tollit et al. 1998), and are therefore capable of covering most of the seas surrounding Denmark. 
Harbor porpoises Phocoena phocoena is another warm blooded predator that is present in the 
region, but these are not expected to catch prey items larger than 26 cm in size and are thus less 
likely to have predated on the trout kelts (Recchia and Read, 1989).  

Eight tags sunk (supposedly with the fish or parts of it) after mortality, while ten tags floated 
immediately after mortality, suggesting the tag was no longer in the body cavity of the fish after the 
final measurement. We consider it unlikely that these are all tag expulsions, as the size of the tag 
and the floats used in the present study is quite large, and full expulsion were not documented in 
eels (Thorstad et al. 2013). Single incidents of expulsion could, however, have occurred. Seal-
predation cannot be ruled out as the final fate of these fish either, as seals do not swallow large 
fish like sea trout kelts whole, but will tend to open the fish and eat parts of it (Larsen et al 2015). 
Fish sinking with the tag could also be a consequence of mortality due to energy depletion, 
infections or other late effects of spawning or the tagging procedure.  

Four of 25 mortalities in fish that reached the sea were due to anglers catching the fish. Angling for 
sea trout from the coast is popular in Denmark, and 32 % of produced wild sea trout are estimated 
to eventually end their life due to angling (Nielsen and Koed, 2016). This makes angling an 
important factor to consider in the management of the species. 

With the above uncertainties in mind, we therefore call for further research in sea trout behaviour 
and mortality during the marine phase.  
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4.4 Behaviour at sea 

The behaviour with repetitive dives during daytime and a pause at the surface during night time 
described for the returning fish in Kristensen et al. (2018b) was generally observed for all fish, 
although some of the fish lost at sea fish had unstable diving patterns. The possibility that fish that 
die does not establish good diel movements and stay closer to the surface, thus making them more 
vulnerable to predators and anglers and potentially less able to find food, should be investigated 
further.  

With 33 fish from seven Danish rivers following this diel behavioural pattern to a more or less 
pronounced degree, we hypothesise that this behaviour could be widespread for sea trout outside 
the arctic region where continuous light during summer may be responsible for the absence of diel 
patterns in sea trout there (Rikardsen et al. 2007).  

Although not finally proven, the repetitive diving strategy observed in sea trout kelts of the present 
study and for other anadromous fishes in the Atlantic (Reddin et al. 2011) and Pacific (Walker et al. 
2000) is likely related to foraging, thus making it important for acquiring food leading to success  at 
sea. If the energetic status of the fish is too low to enable this behaviour, it may compromise the 
chance of survival. According to the GLMM, the number of dives per day increased with date after 
sea entry for all fish as in Reddin et al. (2011). Returning fish appeared to be more active, and 
were also significantly more active than fish caught by anglers.  

This difference could be related to foraging strategy or predator avoidance and suggests that 
returning fish and fish lost at sea may behave differently in the marine environment as observed by 
Bordeleau et al. (2018). In that study, fish condition was negatively correlated with the likeliness of 
it migrating to the outer parts of the fjord. The data from the present study were, however, not 
conclusive in this sense, possibly due to the complexity and general shallowness of the seas 
surrounding Denmark. A similar study with fish from a single river with direct access to a sea area 
with deep waters close to shore may be more suited for future investigation of differences in 
behaviour related to condition or physiological parameters. 

The apparent preference for shallow depths and fewer foraging dives in fish caught by anglers 
raises the possibility of angler induced selection due to the pronounced angling effort from 
coastlines in the region. Harvest based selection has been observed for other species (Philipp et 
al. 2008; Uusi-Heikkilä et al. 2008), and could over time affect the distribution of sea trout 
phenotypes and have negative effects for ongoing efforts to increase angling for sea trout from 
Danish coasts. The dataset from the present study is too small to determine if residency in shallow 
depths occurs randomly or is a particular preference of some individuals, thus possibly exposing 
sea trout to selection from coastal-based angling. A more confined study setup with fish from a 
single river in collaboration with people angling on nearby shorelines could generate a larger 
dataset on this. 

In summary, we observed high early marine mortality in Danish sea trout kelts, consistent with 
other studies on salmonids, but we also recorded mortality in the sea after a considerable period of 
time had passed. Mortality appeared high for the first three weeks at sea, confirming that this 
period is critical for the survival of salmonid kelts. Fish caught by anglers or fish lost at sea due to 
natural reasons were in poorer condition when tagged than fish that survived the marine period 
and returned to the rivers again. Once in the sea, the fish gradually increased their diving activity 
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and to some extent also their daily visited max depths. Surviving fish appeared to be more active in 
terms of diving activity, particularly when comparing with fish caught by anglers that also appeared 
to prefer residency on shallower depths. This is the first study to provide detailed behavioural data 
of surviving and dying salmonid kelts, and the results suggest the physical status of kelts prior to 
entering the marine environment may affect their behaviour and survival chances at sea.  
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Abstract 

Understanding fish movements and migrations are paramount for management and conservation 
efforts. By applying Hidden Markov Models (HMMs) on records from electronic tags, migration 
routes of tagged fish can be reconstructed and new insights into movement ecology of a species 
can be gained. We demonstrate this by applying an HMM on temperature and depth records from 
eight sea trout (Salmo trutta) kelts migrating at sea for 47-142 days. Estimated positions of all fish 
were close to the coast (< 100 km) throughout the marine period, but migrations along coastlines 
up to 580 km away from the natal river occurred. Migrations were directed into less saline areas 
during the first 15 days at sea for all individuals. Mean linear progression of the kelts (16 km d-1, 
range: 0 – 58 km d-1) was within the range documented for sea trout kelts with acoustic telemetry. 
The results corroborate the expectation that sea trout stay in near-coastal areas compared to other 
salmonids and demonstrate how HMMs can expand our knowledge on migration behaviour of 
marine fishes. 
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Introduction 

The ability to seek out environments favoring different requirements through different parts of a 
lifecycle is a key element to succeed for many marine species (Harden Jones 1968). Detailed 
knowledge of movement ecology is therefore paramount for understanding and managing fish and 
fisheries (Allen and Singh 2016). Technological constraints have, however, reduced the acquisition 
of such knowledge for many species (Drenner et al. 2012). This is also true for anadromous brown 
trout Salmo trutta (termed sea trout) where the movement ecology of individuals that enter the sea 
as first-time marine migrants (termed smolts) or after spawning in streams and rivers (termed kelts) 
has only been scarcely described in the scientific literature (Thorstad et al. 2016).  

Sea trout is a priced target species among recreational anglers and is used as indicator for 
environmental quality under the EU water framework directive (Vehanen et al. 2010). In spite of 
this, existing knowledge on the movement ecology of sea trout at sea is based on recaptures of 
marked fish (Jonsson and Jonsson 2012) or genetic origin assignment of captured fish (Knutsen et 
al. 2001a) while non-harvest based studies with detailed migration routes have not been reported. 
Migratory tactics of sea trout avoiding recapture at sea or behaviour of recaptured sea trout up to 
the point of recapture is therefore unknown.  

In order to successfully manage and conserve sea trout, basic knowledge regarding its habitat 
preferences in terms of the ability of individuals to seek out areas with more favorable 
predator/prey abundances or specific ranges of metabolic influencers like food, temperature and 
salinity is needed (Drenner et al. 2012; ICES 2013). Sea trout is not expected to migrate into the 
open ocean like Atlantic salmon Salmo salar L. (Finstad et al. 2004; Hedger et al. 2017; Strøm et 
al. 2018) and few individuals are expected to migrate farther than 100 km away from the natal river 
(Thorstad et al. 2016).  

Sea trout have been shown to reside in waters warmer than the mean in the seas surrounding 
Denmark during spring and colder than the mean during summer (Kristensen et al. 2018). In 
Norway, sea trout have been documented to move towards outer regions of a fjord system when 
temperatures increased (Jensen et al. 2014). Sea trout movements towards specific salinities have 
not been documented. The cost associated with osmoregulation in salmonids is subject to debate 
(Morgan and Iwama 1991, 1999) but the relative cost is higher in cold waters  when deviation from 
temperatures providing the optimal aerobic scope of sea trout (12-17o C) is larger (Baeuf and 
Payan 2001; Ojanguren et al. 2001; Larsson 2005).  

A salinity gradient stretches between the North Sea (30-35 PSU) on the western side of Denmark 
and the Baltic Sea (8-14 PSU) on the eastern side (Rasmussen 1995) providing Danish sea trout 
with the option to migrate towards marine areas with lower salinities. The seas surrounding 
Denmark therefore offer a unique site for investigation of movement ecology and osmotic 
preferences of sea trout. 

We used a Hidden Markov Model to investigate migration behaviour by recreating the migration 
tracks of eight sea trout kelts. This enabled us to investigate how individuals migrated in the 
complex seas surrounding Denmark and what salinities the fish experienced. The HMM computed 
the tracks based on temperature and depth measurements from the fish recorded by data storage 
tags. We expected the kelts to be mainly shelf-sea orientated and that migrations would generally 
be towards areas with lower salinity in the early marine phase.  
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Materials and methods 

Study site 

The seas surrounding Denmark are generally shallow (<50 m deep) and characterized by a strong 
halocline between the North Sea and the Baltic Sea (Rasmussen 1995). The limited depths and 
lack of mixing to depths deeper than 5-15 metres enables sea surface temperatures to change 
quickly in the Kattegat and Belt Sea area, while surface temperatures in the North Sea and Baltic 
Sea respond slower to meteorological forcing (Pedersen 1992; Rasmussen 1995). Sea surface 
salinities in the Skagerrak, Kattegat and Belt seas depend on wind speed and direction in the 
region, but generally decrease towards the Baltic Sea (Figure 1).  

Figure 1. a) Map of the seas surrounding Denmark. Outlets of the four rivers where tagging took place are given. b) 
Example of sea surface (0.49 m depth) salinity in the region (white cells represent land). The strong gradient in the area 
is clear. c) Sea surface (0-2 m) temperatures in the region on four different days of 2013 when six of the kelts were at 
liberty. Note the fast response to meteorological forcing in the Kattegat during spring compared to the North Sea and that 
the Skagerrak and North Sea heat up slower than the Baltic in July and August. Data downloaded from 
www.marine.copernicus.eu.  
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Tagging with DSTs 

A total of 125 sea trout kelts were tagged with G5 long-life DSTs (CEFAS Technology, 
www.cefastechnology.co.uk) fitted with a string of 11 mm diameter floats (the same diameter as 
the tag) to facilitate retrieval after shedding or death. The total length with plus floats was 
approximately 140 mm, weight in air was 9.8 g and the net buoyancy was 0.009 N, corresponding 
to a negative weight in water of 0.9 g. The floats were covered in silicon rubber (Dow Corning, 734) 
that is biologically inactive and harmless to the fish (Thorstad et al. 2013). The tags recorded 
temperature and depth of the fish every 5 minutes. For a full description of the tags used, see 
Kristensen et al. (2018).  

Sea trout kelts were electro-fished or captured in traps during downstream migration in the rivers 
Liver, Gudenaa, Villestrup and Varde during winter or spring. The fish were anesthetized and the 
DST was implanted in the body cavity by an experienced fish surgeon in accordance with the 
permission 2012-DY-2934-00007 from the Danish Experimental Animal Committee. The surgical 
procedure lasted 1-2 minutes and is described in full in Kristensen et al. (2018).  

Table 1. Tag ID, river of origin, weight and length when tagged, gender, date of tagging, presumed day of sea entry and 
time spent at sea for the eight kelts. 

Fish no. Tag ID River of 
origin 

Weight  
(g) 

Length 
(cm) Gender Date of 

tagging 
Date of sea 

entry 

Time 
at 

sea 
(d) 

1 A08546 Liver 7150 91.5 Female 16-03-2012 27-04-2012 47

2 A08543 Gudenaa 2400 58 Female 27-03-2013 02-05-2013 89

3 A08549  Gudenaa 2480 58 Female 27-03-2013 09-05-2013 87

4 A08577 Liver 1736 55 Male 12-12-2012 06-05-2013 142

5 A08578 Gudenaa 1850 56.5 Male 27-03-2013 24-04-2013 105

6 A08609 Varde 1650 54 Female 08-04-2013 10-04-2013 94

7 A08634 Varde 1650 57 Female 08-04-2013 14-04-2013 87

8 A08640 Villestrup 1860 60.5 Female 13-04-2015 28-04-2015 118
Mean - - 2597 61.4 - - - 96.1 

Data analysis 

The day of sea entry and exit was defined as the first and last day of entry to depths deeper than 
10.0 metres. For justification of the method, see Kristensen et al. (2018). Fjord and estuary 
residence was discarded from the present dataset. 

A Hidden Markov Model (HMM) was used to compute discrete probabilities of kelts residing in a 
given area on a given day (Pedersen 2010). The model assumes that the fish performs a random 
walk between discrete grid cells, and computes the posterior probabilities of residence given 
observations of temperatures and depths. Specifically, temperature and maximum visited depths 
experienced by the kelts vs. satellite measured temperatures and bathymetry charts of the region 
were used to compute the likelihood of residence in cells of a 1x1 km grid covering the area from -
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10 to 18o E and 50 to 66o N. The relatively large area was included to ensure that modelled 
migration tracks were not restricted by the geographical extent of the dataset.  

Conceptually, depth measurements constrain the residence, in that the model assumes that the 
fish could not reside in areas with shallower depths than the maximum visited depth on a given 
day. At the same time, temperatures experienced by the fish should be close to that of the satellite 
measured sea surface temperatures. The heterogeneity of sea surface temperatures in the area 
(Figure 1c) made it a suitable region for this type of analysis.  

Maximum visited daily depth was extracted for each day from each individual fish during its 
residence at sea. Temperature at the surface (0-2 m) in the area of residence of the fish was 
obtained for each day as a mean of measurements between 21:00 – 07:00 hours. Only 
measurements where the fish had resided at depths of 0-2 metres for a minimum of 20 
consecutive minutes were included in the mean. The 20 minute delay was necessary to allow the 
temperature of the implanted DST to reach ambient levels after visits to deeper waters by the fish 
(Reddin et al. 2011).  

Depth charts were downloaded from www.gebco.net and sea surface (0-2 m) temperatures for the 
region were downloaded from marine.copernicus.eu. The temperatures represented a mean of a 
series of infrared satellite measurements from depths of 0-2 metres between 21:00 – 07:00 hours 
each day for a 1x1 km grid. The uncertainty of the temperature data was reported for each cell for 
each day and was approximately 0.5o C in general. 

To assign gradually decreasing chances of residence in a cell the farther the measurements from 
the fish deviated from the satellite measurements and bathymetry data, the dnorm() and pnorm() 
functions of the stats package in R were used. This also avoided assignment of strictly binary 
outcomes for the cells. 

The dnorm function was used for temperature with the error of the satellite measured temperatures 
entered as the standard deviation. Assigned likelihood of residence in a cell was, thus, closer to 1 
the closer the mean satellite measured temperatures was to the temperature measured in the fish 
and the smaller the error was for the satellite data of the given cell.  

The pnorm function was used for depth where standard deviation was defined as the standard 
deviation of depths in the cells surrounding a given cell in the bathymetry chart. This assigned 
likelihoods of residence close to 1 in cells deeper than the maximum daily visited depth of the fish 
and values close to zero for cells shallower than the maximum visited depth with a gradual 
transition between 1 and 0 from depths 1-3 metres deeper to 1-3 metres shallower than the 
maximum visited depth.  

Depth was included as all fish visited depths deeper than 40 metres at some stage, thus enabling 
the exclusion of residence in large areas on some days. Including both depth and temperature, 
however, also introduced some uncertainty to the modelled position due to the discrete nature of 
the dataset (i.e. the fish could have visited deep water in the morning and moved into shallower 
and warmer waters during night when temperatures were measured). This could introduce an 
overestimation of the modelled distance to land, particularly in the early part of the marine 
migration phase when the fish sought out warm waters, likely found closer to the coast (Kristensen 
et al. 2018).  
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The overall likelihood for residence in each cell was calculated by multiplying the respective 
temperature and depth data frames together. The likelihood of residence in cells on land was set to 
0. When done for each day in all cells in the entire grid, probability distributions like those on Figure
2 were obtained.

Figure 2. Likelihoods of residence on different days for fish 8 that entered the Kattegat on April 28th 2015. Red areas 
represent high likelihood of residence while dark blue areas represent ≈0 likelihood of residence. Likelihoods of 
residence are generally high in the Kattegat-region for days 3-5, the Skagerrak-region for days 39-41, the North Sea for 
days 81-83 and the Skagerrak again on days 114-116. The fish re-entered the fjord on day 118.  
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A discrete state Hidden Markov Model (HMM) was used to combine likelihoods from consecutive 
days and reconstruct the migration track of each individual (Pedersen 2010). The HMM can filter 
out areas where probability of residence may have been high from a raw temperature/depth-based 
assessment of data from the specific day (Figure 2) but where the fish could not possibly have 
resided due to its natural restrictions in daily movement (Thygesen et al. 2009). The method has 
previously been used on Atlantic cod Gadus morhua (Pedersen et al. 2008), southern bluefin tuna 
Thunnus maccoyii (Pedersen et al. 2011) and Atlantic salmon (Strøm et al. 2017). HMMs estimate 
the posterior distribution at each discrete time step by a two-step forward running Bayesian filter, 
followed by a backward smoothing step refining marginal distributions conditional on all data 
(Pedersen, 2010). In essence, the HMM therefore computes the migration track of the fish by a 
stepwise assessment of raw, daily probability distributions and a subsequent smoothing of the 
track. We refer to Pedersen (2010) for a full explanation of the mathematical background of the 
models. Filtering and smoothing was carried out in Matlab R2016a.  

The migration tracks from the HMM were inspected for correlation with raw temperature/depth 
probabilities (i.e. compare Figure 2 with Figure 3). To further evaluate the performance of the 
model, endpoints at the natal river were removed to see how this affected the track, and fish 
temperatures were shifted up and down by 0.5o C before calculating the raw probabilities to see 
how this affected the subsequent track.  

Figure 3. Reconstructed migration track of a sea trout kelt from River Villestrup, entering the Kattegat on April 28th 2015. 
Positions and movement on days for which the raw temperature/depth-based probability is presented on Figure 2 is 
marked with black bars.  
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Some of the fish avoided the surface for consecutive days or weeks during their time spent at sea 
(Kristensen et al. 2018). This mostly occurred in the last week of the marine period of the kelts. At 
this stage, the impact on the modelled tracks was minor, as the position on the last day at sea was 
known (fjord/estuary entry point or natal river mouth). Fish 4 was an exception to this, as it stayed 
at sea until September and generally avoided the sea surface for several consecutive weeks 
during July and August when sea surface temperatures were high. The track was therefore only 
reconstructed for the first 71 days at sea for Fish 4 as the surface avoidance became pronounced 
after this. 

Estimated salinities 

Daily positions from the migration track were used to estimate the salinity experienced by the fish. 
This was done by extracting the mean salinity for each estimated position of the fish from salinity 
data downloaded from www.marine.copernicus.eu. The downloaded salinity data had a resolution 
of 1/12o (approximately 5.2x9.2 km on 55o N) and reported the mean daily salinity on a depth of 
0.49 metres (see example on Figure 1b). Data was downloaded for this relatively shallow depth, as 
the kelts were generally surface orientated between dives in the first weeks at sea (Kristensen et 
al. 2018).  

A gamma distributed linear mixed effects model from the glmmTMB package in R (Brooks et al. 
2017) was used to analyze salinity of the estimated position for the first 15 days at sea. Fish 
identification number was entered as random effect. Only the first 8 days of sea residency was 
entered for Fish 5 due to a bimodal likelihood distribution (the fish could be on either side of an 
island) making the estimated position of this fish uncertain after this period (see later paragraph). 
The following model was fitted, where observed salinity of fish i on day j is modelled as the 
common intercept α, the covariate (days since sea entry), a random intercept ai (assumed to be 
normally distributed around zero) and residuals εij: 

salinityij = α + dayij + ai + εij 

salinityij ~ Gamma(µij, τ) 

log(µij) = α + dayij + ai 

ai ~N(0, σ2) 

Diagnostic plots were inspected visually and analyzed with a smoother from the mgcv package 
(Wood, 2017) to test for patterns in Pearson residuals. Significance of the smoother applied to the 
residuals was P = 0.410 (adjusted R2 = 0.02), suggesting patterns were not significant. Visual 
inspection of residuals (Figure S1), however, indicated potential non-linear temporal patterns not 
captured by the model, suggesting that the effect of days at sea on experienced salinity might not 
be linear and a more complex model such as a GAMM might be more appropriate. However, we 
refrain from applying more complex models as we believe a larger dataset would be required for 
doing so when considering the inherent uncertainties in estimated positions and thus experienced 
salinities. 
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Results 

Individuals included in the study 

Of 125 tagged individuals, 53 tags (42 %) were recovered, in most cases due to the floating 
characteristic of the tag. Eight kelts survived the full marine period (i.e. returned to their natal river) 
and are included in the present study. Seven of these kelts were between 54.0 – 60.5 cm when 
tagged while one individual was 91.5 cm.  

Performance of the HMM 

Evaluation of the estimated positions and the raw likelihoods revealed that the HMM created 
credible tracks for all fish. Modelled tracks with or without endpoints added were almost similar with 
the exception that some of the fish ended up to 100 km from their natal river. This error occurred in 
the fish that avoided the surface on their way back and therefore provided poor data for the model 
to reconstruct their return migration without knowing its endpoint. Shifting temperatures up and 
down by 0.5o C had little effect on the overall migration tracks, but did lead to minor (<30 km) 
adjustments of daily positions.  

The mean uncertainty (± 1 standard deviation) of the estimated daily positions was 0.21o for 
latitude (range: 0.09 – 0.58o) and 0.31o (range: 0.11 – 0.59o) for longitude, corresponding to 23.1 
km (9.9 – 63.8 km) and 19.2 km (range: 6.8 – 36.6 km), respectively. The position of Fish 5 was 
particularly uncertain for days 8-13 after reaching the sea due to a bimodal likelihood distribution 
suggesting that the fish could have resided on either side of an island. 

Migrated distance 

The daily progression is subject to the movement scheme of the HMM and are estimates reflecting 
a movement trend rather than precise values of progression. The estimated values range between 
0 and 58 km d-1 with several fish exhibiting periods of days or weeks with very little horizontal 
movement (Figure 4). The mean progression was 16 km d-1 for the entire modelled period in all 
kelts. The kelts migrated a mean of 1540 km during their entire marine period (range 550 – 1960 
km, Fish 4 is excluded). Maximum linear distance away from the natal river was 580 km in fish 6 
while fish 1 peaked at a distance of 130 km from the natal river (Table 2). Progression during the 
first and last day of sea residence is associated with some uncertainty due to lack of knowledge on 
the exact timing of sea entry and exit for the kelts. 
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Table 2. Days modelled, maximum distance from the natal river during the marine migration phase, km migrated in total 
in linear distance and daily linear progression for the eight kelts. Days modelled is equal to the number of days spent at 
sea except for Fish 4 where the model track is calculated for 71 days.   

Fish no. Days 
modelled 

Max dist. 
natal river 

Km 
migrated 

Daily 
progress 

(km) 

1 47 130 550 12 

2 89 290 1590 18 

3 87 250 1380 16 

4 71* - 480 7 

5 105 410 1960 19 

6 94 580 1680 18 

7 87 410 1960 23 

8 118 490 1640 14 
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Figure 4. Daily horizontal progression in all eight fish. Fish 4 spent 142 days at sea, but only modelled for 71 days at it 
avoided the surface for several weeks during summer, thus disenabling a credible track to be modelled after 71 days. All 
eight kelts have periods of several consecutive days of weeks with relatively small movement rates (<10 km).  
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Migration routes 

The migration tracks for all eight kelts are presented on Figure 5. No kelts migrated into the open 
ocean, although Fish 8 was getting close to the Atlantic Ocean before turning back. Fish 7 had 
estimated positions roughly 100 km from land during a southward migration through the North Sea, 
which was the farthest any estimated position was from land. The kelts generally migrated towards 
the Kattegat region in the beginning of the marine period except Fish 1 that stayed in the 
Skagerrak and Fish 7 that moved towards the South Western North Sea before moving 
northwards. Note that the track from Fish 4 is terminated after 71 days due to the changed 
behaviour described in a previous paragraph. All fish visited the Skagerrak during summer and no 
fish resided in the warm Kattegat Sea during summer, except when returning home. 

Figure 5. Reconstructed migration tracks for all eight fish.  

Estimated salinities 

Movement during the first 15 days at sea revealed that the kelts moved towards less saline areas 
in all or part of the period. This was corroborated by the mixed effects model (Figure 6) that found 
a significantly negative correlation between salinity of the estimated position and days spent at sea 
(P < 0.0001). This relationship was generally discontinued later in the season, where several fish 
re-entered areas with higher salinities. 

Table 3. Summary of the gamma distributed mixed model analysing salinity for the estimated positions of the first 15 
days at sea for the sea trout kelts. Model parameter estimate, associated SE, z-values and p-values are given. 

Value SE z-value P 
Intercept 3.276 0.096 34.11 <0.0001 
Days at 
sea -0.016 0.002 -6.62 <0.0001

121 



13 

Figure 6. Relationship between salinity of the estimated position and days spent at sea for the eight kelts during the first 
15 days at sea, modelled with a mixed effects model. Shaded areas represent 95 % confidence intervals of the model, 
while points represent actual observations. Regression lines of individual fish and residuals for the model are presented 
in the supplementary file (Figure S1). Salinity on the estimated position after 15 days at sea was lower than at sea entry 
for all eight kelts.  

Discussion 

Fish included in the study 

The number of fish included in the study was within the normal for similar studies on Atlantic 
salmon (n = 16 in Strøm et al. 2017 and n = 4 in Strøm et al. 2018). The tagged sea trout were 
comparable in size (54 – 91 cm) with kelts from other Danish studies (30 – 87 cm in Aarestrup et 
al. 2015 and 54 – 79 cm in Kristensen et al. in press) but larger than sea trout kelts studied 
elsewhere (e.g. 29 – 59 cm in Bendall et al. 2005 and 28 – 58 cm in Eldøy et al. 2017). Seven of 
the tagged kelts were, however, comparable in size (54 – 60 cm) with the large individuals included 
in studies of sea trout elsewhere while Fish 1 was substantially larger (91 cm). Larger sea trout 
individuals are expected to take on longer migrations into pelagic areas (Knutsen et al. 2001b; 
Klemetsen et al. 2003). The large Fish 1 appeared to have spent its entire marine period in the 
Skagerrak, relatively close (<130 km) to its natal river unlike the other individuals that migrated 
farther away. All individuals included in the present study therefore appeared to have reached a 
size where other factors than length defines the migratory strategy. 
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Migration behaviour 

Results from the HMM reinforces the picture of sea trout not migrating far into open oceans as 
opposed to other salmonids where HMMs have been used to reconstruct migration routes (Strøm 
et al. 2017; Strøm et al. 2018). The sea trout from the present study were, however migrating long 
distances compared to the general expectation of individuals of the species to reside within 100 km 
from the natal river mouth (Thorstad et al. 2016). The migration tracks suggested that all eight fish 
had resided more than 100 km from their natal river at some point, while Fish 6 peaked at a 
distance of 580 km from the natal river. Although this opposes the expected preference for shorter 
migrations of sea trout in general, it was not unexpected for Danish sea trout considering the 
results from mark-recapture studies (unpublished data) and genetic origin assignment of captured 
trout (unpublished data). The tracks from the HMM therefore reinforce the picture of Danish sea 
trout migrating longer distances, particularly when comparing with more northern conspecifics 
(Eldøy et al. 2015; Jensen et al. 2014).  

Actual migrated distance of the kelts may be substantially longer than the linearly progressed 
distance (Tanaka et al. 2005), making the migration energetically costly (Hendry et al. 2004). The 
sea trout in the present study appeared to be foraging (diving) on their way (Kristensen et al. 2018) 
similar to observations in Atlantic salmon (Friedland et al. 2001). Although migrating farther, it is 
possible that the kelts from the present study were not swimming more than sea trout elsewhere, 
but that their movements were more unidirectional. For example, Thorstad et al. (2004) found that 
sea trout post-smolts entering a Norwegian fjord were actively swimming with mean speeds of 0.68 
bl s-1 but that their swimming direction was chaotic as opposed to Atlantic salmon smolts entering 
the same fjord and swimming more directly through it and into the ocean. If moving with similar 
speeds of 0.68 bl s-1, the kelts of the present study could have moved a mean of 36 km d-1, which 
is well above the reported mean of 16 km d-1 of the HMM.  

All kelts entered the Skagerrak at some stage during summer, possibly to seek out colder waters 
(Kristensen et al. 2018) or areas with more favorable predator/prey abundances. All kelts 
performed dives deeper than 40 metres in the Skagerrak (Kristensen et al. 2018), suggesting that 
they were foraging there. The salinity front in the area results in complex mixing of surface waters 
in the Skagerrak (Rasmussen 1995), and trawl surveys have revealed that the area is home to a 
variety of demersal and pelagic prey items for sea trout (Casini et al. 2005). Investigation of 
detailed movement ecology of other species in the region could shed light on predator/prey 
interactions and improve the management of fisheries there.   

The kelts in the present study entered areas with lower salinities during their first 15 days at sea (P 
< 0.0001), while also seeking out temperatures warmer than the mean for the area (Kristensen et 
al. 2018). Both of these preferences may optimize the aerobic scope of the fish and support growth 
(Baeuf and Payan 2001; Ojanguren et al. 2001; Larsson 2005). It could be hypothesized that the 
preference for longer migrations in Danish sea trout compared to the mainly fjord-bound 
Norwegian trout (Eldøy et al. 2015; Jensen et al. 2014) is a consequence of Danish sea trout 
migrating farther to utilize the unique possibilities of the seas surrounding Denmark in terms of 
highly variable salinities and temperatures. Norwegian trout entering a fjord system with higher 
temperatures and lower salinities close to the river outlet may have no metabolic advantage of 
leaving the fjord, and the high return rates of Norwegian sea trout (e.g. 86 % in Bordeleau et al. 
2018) suggests that staying in the fjord is safe. This is contradicted by Danish fjords, where 26 % 
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(Aarestrup et al. 2015) and 57 % (Kristensen et al. in press) of tagged sea trout kelts were lost in 
two fjord systems although the kelts generally migrated through the systems within a month. We 
are not able to determine if the tracks reflect a movement to optimize metabolic scope or if other 
factors e.g. predator/prey abundances could also drive the migrations. The fact that the fish left the 
warmer and less saline (but supposedly also more dangerous) fjords in the first place provides an 
indication that migratory behaviour of sea trout can be shaped by complex interactions between 
predator/prey abundances and temperature and salinity preferences.  

Performance of the HMM 

Removing the endpoints of migration and shifting temperatures of the fish up and down by 0.5o C 
only had minor effects on the migration tracks. This suggests that the method was robust and that 
the vast temperature differences occurring over small distances in the region makes it suited for 
this type of analysis – particularly during spring and early summer when temperature differences 
are greatest.  

The mean linear distance between estimated daily positions according to the HMM was 16 km with 
daily linear progression ranging between 0 – 58 km.  Actual movement may differ due to the 
uncertainty associated with each daily position. There are no published records of linear 
progression speeds of sea trout at sea, but eight acoustically tagged Danish sea trout have been 
documented to move 280 km across the Kattegat Sea with linear progression rates of 9 – 59 km d-

1 (Kristensen et al. in press). Mean progression rates for 24 sea trout kelts migrating through an 
open (>15 km wide) part of a Danish fjord system was 15.0 km d-1 (Kristensen et al. in press). The 
underlying movement scheme of the HMM therefore appeared realistic for sea trout. 

Inspection of the tracks in comparison with the raw likelihoods suggested that the HMM provided a 
credible way of reconstructing migration tracks of sea trout. The problems with bimodal likelihoods 
distributed on each side of an island on days 8-12 in fish 5, however, also reveal that this type of 
model is challenged in reconstructing fine-scale movements in areas with islands or narrow 
passages (Thygesen et al. 2009). Similar problems have not occurred in other studies with HMMs 
that have been carried out in more open marine areas (Strøm et al. 2017; Strøm et al. 2018). The 
Belt seas connecting the Kattegat to the Baltic Sea are narrow, which decreases the chance of a 
reconstructed migration track going through the Belt Sea with the approach used in the present 
study. As a consequence, sea trout kelts may utilize the Baltic region to a higher extent in reality 
than reflected by the reconstructed tracks of the present study. A different mathematical approach 
could be used to investigate the probability of fish migrating on either side of an island or e.g. into 
the Baltic as described by Thygesen et al. (2009). Future studies with salinity measurements 
included in the data storage tags would also provide an efficient method to improve the 
performance of the HMM, as salinity measurements would remove any questions as to whether a 
fish was in the North Sea, Kattegat, Belt Seas or Baltic  Sea, due to the general high salinity 
gradient. 

Another challenge of using HMMs on a near-coastal species like sea trout is that the fish could 
seek out areas within few metres from land where temperatures could deviate from measurements 
in the 1x1 km satellite grid. This could lead to discrepancies in the raw likelihood grid and 
subsequently cause the HMM to miscalculate the migration track. The temperature reports from 
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Kristensen et al. (2018) suggest that this would mainly be a challenge in the early marine phase 
but not later on when the fish appeared to have entered open sea. Again, a repetitive study with 
salinity measurements could establish whether this was a problem or if the fish were actually 
migrating as reported by the HMM. 

In total, we found credible migration tracks for the entire time spent at sea in six of eight Danish 
sea trout kelts using a HMM. The kelts were migrating farther away from their natal river outlet 
(130-580 km) than generally expected for the species but stayed in near-coastal areas (<100 km 
from land). This was particularly true in the early marine phase, where the kelts entered areas with 
lower salinities and higher temperatures, possibly to increase their aerobic scope. The unique 
hydrographic conditions of the sea surrounding Denmark may cause the fish to migrate farther to 
utilize habitats that provides optimal conditions in different parts of the year. It remains unknown if 
Danish sea trout move more than their conspecifics or if they move in less random directions, thus 
covering larger areas during their marine period. Additional studies on sea trout in Denmark and 
elsewhere, coupling the observed migration behaviour with physio-chemical conditions and 
predator/prey distributions could expand our knowledge on preferred habitats of sea trout in marine 
environments and provide valuable inputs to managers and stakeholders. Marine survival of sea 
trout kelts may vary considerably, and we therefore call for further studies of factors affecting the 
behaviour, success and survival of sea trout at sea, considering the importance of returning sea 
trout for the spawning biomass of brown trout populations. 
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Supplementary material 

Supplementary material to Manuscript II: 

Figure S1. Diagnostic plots of the linear mixed effects model of migration speed in different 
compartments of the fjord. a) Residuals vs. fitted values for the full model. b) Distribution of 
residuals for each fjord compartment (1 = Southern Fjord, 2 = Central Fjord, 3 = Eastern Fjord1 
and 4 = Eastern Fjord2). The model was gamma distributed and therefore tolerates variance 
heterogeneity. 

Table S2. Evaluation of receiver performance 

Receiver site Method of evaluation Outcome 

River Karup 
Were fish detected at subsequent sites 
without being detected at the exit of river 
Karup? 

No fish were detected at subsequent sites 
without prior detection at Karup. Efficiency at 
Karup considered close to 100 %. 

River Simested 
Were fish detected at subsequent sites 
without being detected at the exit of river 
Simested? 

No fish were detected at subsequent sites 
without prior detection at Simested. Efficiency at 
Simested considered close to 100 % (2018 only). 

Sundstrup 

Were fish detected at subsequent sites 
without being detected at Sundstrup? Was 
there overlap in the detections on receivers 
placed on both sides of the site? 

No fish were detected at subsequent sites 
without prior detection at Sundstrup. 100 % 
overlap between fish detected on receivers 
located on either side of the site. Efficiency 
considered close to 100 %.  

CF site Were fish detected at subsequent sites 
without being detected at CF site? 

Four of 32 fish detected at subsequent site had 
avoided prior detection at CF. Efficiency at CF 
estimated to be 80-90 %. 
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WF site Range test on 12 positions across the site in 
April 2017 and October 2018. 

77-80 % of emitted signals detected in 2017. 80
% emitted signals detected in 2018. 83 - 100 %
of emitted signals detected on 10 positions in the
fjord and 22 % of emitted signals detected at the
two outermost positions close to land on shallow
(roughly 1 m) water. Detection range
approximately 500 metres during both tests.

NS site None 
Receiver efficiency not evaluated. No fish were 
detected at this site and the prior site (WF site). 

EF1 site Were fish detected at subsequent sites 
without prior detection at EF1? 

All 31 fish detected at subsequent site had been 
detected at EF1. Efficiency considered close to 
100 %. 

EF2 site 

Were fish detected at subsequent sites 
without prior detection at EF2? Was there 
overlap in the detections on receivers placed 
on both sides of the site? 

All 30 fish detected at subsequent site had been 
detected at EF2. 94 % overlap between fish 
detected on either side of the site. Efficiency 
considered close to 100 %. 

KG site Was there overlap in the detections on 
receivers placed on both sides of the site? 

97 % overlap between fish detected on either 
side of the site. Efficiency considered close to 
100 %. 

S3. Analysis of individual progression rates. 

The progression rates of each acoustically-tagged sea trout during their migration out of the fjord in 
spring and back through it again in summer or autumn was analysed with a general linear model. 
Progression rates were derived from the time of the last detection at the river mouth to the time of 
detection at the fjord exit upon seaward migration, and the other way around upon their return 
migration. Progression rates for seaward migration were entered into the model as independent 
variable and progression rates for return migration were entered as dependent variable. Both 
variables were log transformed to account for the large variability in progression rates among 
individuals. 

The model revealed no significant effect of progression rates during seaward on the progression 
rates of return migration (P = 0.56, multiple R2 = 0.013). 
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Figure S3. General linear model of the relationship between progression rates during seaward and return migration. 

Table S4. Relative and distance-wise mortalities in the river and between receiver sites in 2018. 

Freshwater 
phase 

Simested - 
Sundstrup 

Sundstrup - 
CF Karup - CF CF – EF1 EF1 - KG 

Simested 
10 %  

0.7 % km-1 
31 %  

3.0 % km-1 
20 %  

1.3 % km-1 - 
10 %  

0.3 % km-1 
0 %    

0 % km -1 

Karup 
15 %  

0.7 % km-1 - - 
44 %  

2.5 % km-1 
21 %  

0.6 % km-1 
7%     

0.1 % km-1 
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Supplementary material to Manuscript III 

Figure S1. Example of a delayed temperature response during a dive into warmer waters below the halocline in a fish 
that entered the sea during winter. The red line represents temperature while the blue line represents depth. 
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Figure S2. Marine periods for all eight fish with blue lines representing depth and red lines representing temperatures. 
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Figure S3. Examples of anomalous behaviour in fishes 3-8 during warm periods. 
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Supplementary material to Manuscript IV 

Table S1. Tagging data for the 15 fish that died before reaching the sea. Six fish were caught by recreational anglers in 
rivers (n =3) or fjords (n = 3). The table contains tag ID, origin of the fish, weight, length, condition, gender and date of 
tagging. 

Tag ID Type Origin Weight  
(g) 

Length 
(cm) 

Fulton's 
condition Gender Date of 

tagging
A08561 Pre-sea Liver 4051 80.2 0.78 F 28-11-2012

A08760 Pre-sea Liver 2713 69.4 0.81 F 28-11-2012

A08613 Pre-sea Uggerby 3099 70.4 0.89 F 12-12-2012

A08623 Pre-sea Uggerby 1301 50.5 1.01 F 12-12-2012

A08624 Pre-sea Liver 3332 71.8 0.90 F 12-12-2012

A08635 Pre-sea Uggerby 5750 86.0 0.90 F 12-12-2012

A08544 Pre-sea Lille 3320 73.0 0.85 F 27-03-2013

A08581 Pre-sea Lille 2110 62.1 0.88 F 08-04-2013

A08563 Pre-sea Varde 3320 71.0 0.93 F 04-04-2014
Mean, 

died pre-
sea 

- - 3221 70.5 0.78 - - 

A08579 Angler Lille 2570 62.0 1.07 F 27-03-2013

A08562 Angler Uggerby 4069 80.4 0.78 F 12-12-2014

A08608 Angler Varde 3300 65.0 1.20 F 08-04-2013

A08553 Angler Villestrup 1136 51.5 0.83 F 23-03-2015

A08539 Angler Villestrup 2779 64.5 1.03 F 25-03-2015

A08549 Angler Villestrup 3377 75.5 0.78 F 27-03-2015

Mean, 
angler 

pre-sea 
- - 2871 66.5 0.95 - - 
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Figure S1. Example of depth (blue) and temperature (red) records from the returning fish carrying tag A08534. The 
temperature drops 2.5 days prior to sea entry (as defined by the 10 m threshold), suggesting that the fish had entered 
the sea earlier than defined by the 10 m threshold but was not yet residing in waters deeper than 10 m.  
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Supplementary material to Manuscript V 

Figure S1. Residuals from the gamma distributed GLMM of salinity versus days spent at sea. The apparent correlation 
structure is insignificant (P = 0.41) when applying a GAM to the residuals.  
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