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Abstract

Background: 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 to the movement ecology of a species can be gained. We demonstrate the
usability of HMMs on a widespread, iteroparous salmonid (sea trout, Salmo trutta) in a complex marine area with
highly variable temperatures and salinities within small geographic distances. Understanding how the highly adapt-
able sea trout cope with these complex conditions could shed new light on factors driving the movement ecology of
salmonids. Migration tracks of fish migrating at sea are reconstructed by applying an HMM on temperature and depth
records from eight wild post-spawned sea trout from four Danish rivers.

Results: The fish migrated 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.
Seven of eight individuals resided in or actively migrated into stratified or shallow marine areas that heat up fast dur-
ing spring, while all eight individuals resided in deeper and more heterogeneous areas that heat up slow during sum-
mer. All fish entered the Skagerrak (located between Denmark and Norway) at some stage during summer. Migrations
were directed into less saline areas during the first 15 days at sea for all individuals. Mean linear progression of the fish
was 16 km day™' (range 0-58 km day™").

Conclusions: The results corroborate the expectation that sea trout are more coastally orientated than other salmo-
nids, but also suggest that longer migrations occur in the seas surrounding Denmark compared to elsewhere. This
could be a consequence of the fish seeking out habitats with optimal conditions (e.g. salinity, temperature, predation
and foraging options) for growth in different parts of the year. The coinciding movement from shallow or stratified
marine areas that heat up fast during spring to deeper, more well-mixed areas that heat up slow during summer sug-
gested that some habitat selection had occurred. These results shed new light on factors influencing marine migra-
tions in salmonids and demonstrate how HMMs can expand our knowledge on behaviour and movement ecology of
marine fishes.
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Background

The ability to select environments favouring different
requirements through different parts of a lifecycle is a key
element to success for many marine species [1]. Detailed
knowledge of movement ecology is, therefore, para-
mount for understanding and managing fish and fisher-
ies [2]. Technological constraints have, however, made it
difficult to acquire such knowledge for many species [3].

Salmonids are prized target species among recreational
anglers and have high economical and societal impor-
tance in their distribution areas [4—6]. To successfully
manage and conserve them, basic knowledge regard-
ing their habitat preferences and ability of individuals to
seek out areas with more favourable predator/prey abun-
dances or specific ranges of metabolic influencers such as
food, temperature and salinity is needed [3, 7].

Although generally orientated towards the surface
during their marine period, substantial differences in
movement ecology and temperature use exist between
iteroparous salmonids such as Arctic charr Salveli-
nus alpinus, Atlantic salmon Salmo salar and steelhead
Oncorhynchus mykiss, potentially affecting their toler-
ance to environmental alterations and climate change [8].
Arctic charr generally have short (1-2 months) marine
periods in cold (<11 °C) water close to their natal river
[9], while Atlantic salmon from North America [10] and
Europe [11-13] tend to perform long migrations into the
relatively cold Labrador Sea or North Atlantic Ocean.
Steelhead also migrates into the open ocean, but disperse
across the Pacific into a wider temperature range [8].

Less is known about the behaviour at sea of sea-run
brown trout (hereafter termed as sea trout): an itero-
parous salmonid, dispersed across all continents except
Antarctica and known for exhibiting large variability and
adaptability to local conditions in terms of life strategy
and movement ecology [14]. Although scarcely described
in the sea, marine migration strategies in fjords and estu-
aries are known to be complex for sea trout [7]. Individu-
als may opt for a sedentary migration strategy and stay
within fjord and estuary systems during the entire marine
period in some regions [9, 15, 16] while estuaries and
fiords are used as short-term migration corridors to the
sea by sea trout in other areas [17-19]. Factors such as
predator/prey abundances, temperature and salinities
may influence the overall strategy employed by sea trout
populations in different regions [20].

Temperature and salinity affect the metabolism of fish
[21-23], although the metabolic cost associated with
osmoregulation in salmonids is still subject to debate [24,
25]. The seas surrounding Denmark respond to mete-
orological forcing at different speeds with some areas
warming up much faster than others during spring and
summer.
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Additionally, 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 [26].
Conditions in the seas surrounding Denmark, therefore,
provide sea trout with the option to migrate towards
marine areas with lower salinities and different tempera-
tures at different times of the year. Understanding how a
highly adaptable salmonid like sea trout copes with the
special conditions of the seas surrounding Denmark
may, therefore, shed new light on factors shaping marine
migrations in salmonids.

We used a Hidden Markov Model (HMM) to investi-
gate migration behaviour by reconstructing the migra-
tion tracks of eight sea trout kelts (individuals that had
spawned at least once). This is a follow-up study to inves-
tigate the geographical distribution of the fish, as a pre-
vious study documented that the tagged sea trout were
residing in waters warmer than the mean in the seas sur-
rounding Denmark during spring and colder than the
mean during summer [27]. By recreating the migration
tracks of the fish, we were able to investigate how indi-
viduals migrated in the complex seas surrounding Den-
mark and whether they used specific areas at different
times of the year. 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 temperatures favourable
for growth and possibly towards lower salinities.

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 [26]. The lim-
ited depths and lack of mixing to depths deeper than
5-15 m 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 [26, 28]. The south-
westernmost part of the North Sea (hereafter referred to
as the Wadden Sea) is shallow but well mixed by tidal and
wind force. Sea surface salinities in the Skagerrak, Katte-
gat and Belt seas depend on wind speed and direction in
the region, but generally decrease towards the Baltic Sea

(Fig. 1).

Tagging with DSTs

A total of 125 sea trout kelts were tagged with G5 long-
life DSTs (CEFAS Technology, http://www.cefastechn
ology.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 tag length with floats was
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Fig. 1 a Map of the seas surrounding Denmark. Outlets of the four rivers where tagging took place are given. Dashed lines represent the limits
between the Wadden sea, North Sea/Skagerrak and Kattegat Sea used in the analysis. 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. ¢ 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 marine.copernicus.eu

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 [29]. The tags recorded tempera-
ture and depth of the fish every 5 min. For a full descrip-
tion of the tags used, see [27].

Sea trout kelts were electro-fished or captured in
traps during downstream migration in the rivers Liver,
Gudenaa, Villestrup and Varde (Fig. 1) during winter or
spring. The fish were anesthetized with benzocaine and
the DST was implanted in the body cavity by an expe-
rienced fish surgeon in accordance with the permission

2012-DY-2934-00007 from the Danish Experimen-
tal Animal Committee. The surgical procedure lasted
1-2 min and is described in full in [27].

Eight tags were recovered from fish that had per-
formed a full marine cycle (Table 1). Six of these were
recovered by recreational anglers who had caught the
fish after it had returned to the river. The seventh tag
was found on a river bank (without the fish) while the
eighth tag was recovered from a fish that was electro-
fished. An additional 25 tags were recovered from fish
that had died or lost the tag at sea, but these datasets
are not included as their mean survival time at sea was
14.3 days [30].



Kristensen et al. Anim Biotelemetry (2019) 7:23

Page 4 of 13

Table 1 Tagging information from eight sea trouts and summary data from their marine period

Fishno. TagID River of origin Weight at release

Length at release

Gender Date of tagging Date of sea entry Time at sea (days)

(9 (em)

1 A08546 Liver 7150 91.5 Female 16-Mar-2012 27-Apr-2012 47

2 A08543 Gudenaa 2400 58 Female  27-Mar-2013 30-Apr-2013 89

3 A08549 Gudenaa 2480 58 Female 27-Mar-2013 09-May-2013 87

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

5 A08578 Gudenaa 1850 56.5 Male 27-Mar-2013 24-Apr-2013 105

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

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

8 A08640 Villestrup 1860 60.5 Female 13-Apr-2015 28-Apr-2015 118

Mean - - 2597 (SE: 660) 614 (SE:4.4) - - - 96.1 (SE: 9.7)

Fish from the Gudenaa, Varde and Villestrup rivers migrated through fjords or estuaries before entering the sea

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 m. For justi-
fication of the method, see [27]. Fjord and estuary resi-
dence 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 [31]. The model assumes that the fish performs
a random walk between discrete grid cells, and computes
the posterior probabilities of residence given observa-
tions of temperatures and depths. Specifically, displace-
ments between consecutive days in the longitudinal and
latitudinal direction were assumed to be independent
Gaussian random variables with zero mean and a vari-
ance which is estimated from data using the Maximum
Likelihood principle. 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
1x 1 km grid covering the area from —10° to 18° E and
50° to 66° 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 resi-
dence, 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, tempera-
tures 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
(Fig. 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 resi-
dence of the fish was obtained for each day as a mean
of measurements between 21:00 and 07:00 h. Only
measurements where the fish had resided at depths of

0-2 m for a minimum of 20 consecutive minutes were
included in the mean. The 20-min delay was necessary
to allow the temperature of the implanted DST to reach
ambient levels after visits to deeper waters by the fish
[32].

Depth charts were downloaded from http://www.
gebco.net and sea surface (0-2 m) temperatures for
the region were downloaded from marine.coper-
nicus.eu (product name: SST_BAL_SST_ L4 NRT_
OBSERVATIONS_010_007_b). The  temperatures
represented a mean of a series of infrared satellite
measurements from depths of 0-2 m between 21:00
and 07:00 h each day for a 1 x1 km grid. The uncer-
tainty of the temperature data was reported for each
cell for each day and was approximately 0.5 °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 bathym-
etry data, the dnorm() and pnorm() functions of the
stats package in R were used. This also avoided assign-
ment 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. Poten-
tial uncertainty in the temperatures measured by the
tag were not accounted for in the likelihood function.

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

Depth was included as all fish visited depths deeper
than 40 m 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 [27].

The overall likelihood for residence in each cell was cal-
culated by multiplying the respective temperature and
depth data frames together. The likelihood of residence in
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cells on land was set to 0. When done for each day in all
cells in the entire grid, probability distributions like those
on Fig. 2 were obtained.

A discrete state Hidden Markov Model (HMM) was
used to combine likelihoods from consecutive days and
reconstruct the migration track of each individual [31].
The HMM can filter out areas where probability of resi-
dence may have been high from a raw temperature/
depth-based assessment of data from the specific day
(Fig. 2) but where the fish could not possibly have resided
due to its natural restrictions in daily movement [33].
The method has previously been used on Atlantic cod
Gadus morhua [34], southern bluefin tuna Thunnus mac-
coyii [35] and Atlantic salmon [10, 13]. 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 distribu-
tions conditional on all data [31]. In essence, the HMM,
therefore, computes the migration track of the fish by a

1)

Fish 5 (Gudenaa River)
Day 43

Fig. 2 Likelihoods of residence on days 3, 43 and 83 after sea entry for Fishes 5 and 8 that both migrated towards the Norwegian coast. Positions
according to the reconstructed track on the same days are marked with red circles. Red areas represent high likelihood of residence while dark blue
areas represent~ 0 likelihood of residence. Likelihoods are calculated by multiplying temperature values from the dnorm function (values range
from 0 to infinity, but rarely exceed 2.0 in practice due to the uncertainty in the SST measurements) and depth likelihoods (ranging between 0 and
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stepwise assessment of raw, daily probability distribu-
tions and a subsequent smoothing of the track. We refer
to [31] for a full explanation of the mathematical back-
ground of the models. Filtering and smoothing was car-
ried out in Matlab R2019a.

The migration tracks from the HMM were inspected
for correlation with raw temperature/depth probabilities
(i.e. compare reconstructed positions with likelihood dis-
tributions in Fig. 2). 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 0.5 °C before calculating the
raw probabilities to see how this affected the subsequent
track.

Some of the fish avoided the surface for consecutive
days or weeks during their time spent at sea [27]. 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 sev-
eral 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 modelled salinity data down-
loaded from marine.copernicus.eu [36]. The downloaded
salinity data had a resolution of 1°/12° (approximately
5.2 x 9.2 km on 55° N) and reported the mean daily salin-
ity on a depth of 0.49 m (see example on Fig. 1b). Data
were downloaded for this relatively shallow depth, as the
kelts were generally surface orientated between dives in
the first weeks at sea [27].

Salinity at the estimated positions on the first 15 days
at sea were analysed using a generalized linear mixed
effect model from the glmmTMB package in R [37] using
fish ID as random effect. As seawater salinity is con-
tinuous and strictly positive, a gamma distribution was
used/assumed. Only the first 8 days of sea residency was
entered for Fish 5 due to a bimodal likelihood distribu-
tion (the fish could be on either side of an island) mak-
ing the estimated position of this fish uncertain after this
period (see later paragraph). The following model was fit-
ted, where salinity estimated from the position of fish i on
day j is modelled as the common intercept o, the covari-
ate (days since sea entry), a random intercept a; (assumed
to be normally distributed around zero):
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Salinityi}» ~ Gamma(uij, T)
log(uyj) = o + dayij + aj
a; ~ N(0,0?).

Diagnostic plots were inspected visually and ana-
lysed with a smoother from the mgcv package [38] to
test for patterns in Pearson residuals. Significance of
the smoother applied to the residuals was P=0.410
(adjusted R*=0.02), suggesting patterns were not sig-
nificant. Visual inspection of residuals (Additional file 1:
Fig. S1), however, indicated potential non-linear tempo-
ral 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 consider-
ing the inherent uncertainties in estimated positions and
thus experienced salinities.

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 and 60.5 cm when
tagged while one individual was 91.5 cm.

Performance of the HMM

Evaluation of the estimated positions and the raw likeli-
hoods revealed that the HMM created credible tracks.
Modelled tracks with or without endpoints added were
almost similar with the exception that the return migra-
tion from, e.g. the Skagerrak to the natal river was not
correctly reconstructed (Additional file 1: Figs. S2—S8).
The model was challenged here as several fish avoided
the warm surface waters on their way back and, there-
fore, provided poor data for the model to reconstruct
their return migration without knowing its endpoint.
Shifting temperatures up and down by 0.5 °C had lit-
tle effect on the overall migration tracks, but did lead to
minor (<50 km) adjustments of parts of the tracks. For
Fish 2 (Additional file 1: Fig. S9), shifting the tempera-
tures upwards by 0.5 °C resulted in a bimodal likelihood
distribution around the island of Zealand for a period of
10 days similar to that of Fish 5, but the track was similar
to the non-adjusted track otherwise.

The mean uncertainty (£ 1 standard deviation) of the
estimated daily positions was 0.21° for latitude (range
0.09°-0.58°) and 0.31° (range 0.11°-0.59°) for longitude,
corresponding to 23.1 km (9.9-63.8 km) and 19.2 km
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(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 suggest-
ing that the fish could have resided on either side of an
island.

Migrated distance

The daily progression was estimated from first differences
of the estimated position. This is the minimum variance
estimate of daily displacements, but tends to underesti-
mate distance travelled since it cannot capture move-
ments on finer scale than a single day, and due to the
smoothing in the HMM filter. The estimated values range
between 0 and 58 km day~! with several fish exhibiting
periods of days or weeks with very little horizontal move-
ment (Fig. 3). The mean progression was 16 km day ! 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 lin-
ear 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.

Migration routes

The migration tracks for all eight kelts are presented in
Fig. 4. No kelts migrated into the open ocean, although
fishes 5 and 8 were getting close to the Atlantic Ocean
before turning back. No fish apparently exceeded dis-
tances more than 100 km from land during the migra-
tion. The kelts migrated towards or stayed within 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 Wadden Sea before moving north-
wards. 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 dur-
ing summer and no fish resided in the warm Kattegat Sea
during summer, except when returning back towards the
natal river. The residence areas of the fish are summa-
rized on Fig. 5.

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 (Table 3, Fig. 6) that found a significantly negative
correlation between salinity of the estimated position and
days spent at sea (P<0.0001). This relationship was gen-
erally discontinued later in the season, where several fish
re-entered areas with higher salinities.
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Discussion

Fish included in the study

Although the number of fish in this study was small, it
is similar to other electronic tag studies on Atlantic
salmon (n=4 in [13] and n=16 in [10]. The tagged sea
trout were comparable in size (54—91 cm) with kelts from
other Danish studies (30—-87 c¢cm in [17] and 54-79 c¢cm
in [18] but larger than sea trout kelts studied elsewhere
(e.g. 29-59 cm in [19] and 28-58 cm in [39]. 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 [40, 41]. However,
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 far-
ther away. All individuals included in the present study,
therefore, appeared to have reached a size where other
factors than length defines the migratory strategy.

Migration behaviour

Migration patterns revealed an initial movement into
shallow or highly stratified marine areas (Kattegat or the
Wadden Sea) during the first weeks at sea followed by a
migration into deeper and more well-mixed areas (The
North Sea and Skagerrak) during the end of May and
beginning of June. The Kattegat and Wadden Sea heat
up more quickly than the North Sea and Skagerrak, and
the reconstructed tracks, therefore, provide a geographic
layer of explanation to the direct measurements reported
in [27] where the Kkelts resided in waters warmer than
the mean for the region when mean temperatures were
below 15 °C and colder than the mean when mean tem-
peratures were above 15 °C. Although the migrations are
on a different scale, this horizontal migration has similar-
ity with that observed for sea trout within a Norwegian
fjord system [9]. In addition, the kelts in the present study
migrated into areas with lower salinities during their first
15 days at sea (P<0.0001). The migration of the fish may,
thus, optimize their aerobic scope and support growth
[21-23].

The apparent preference for longer migrations in
Danish sea trout compared to the mainly fjord-bound
Norwegian trout [9, 15] could be 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 or poten-
tially a different availability of food items suiting the
fish at different times of the season. 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
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Table 2 Model summary data for the eight sea trout

Fishno. Days modelled Maxdist. Distance Daily
natalriver migrated  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

Max distance to the natal river represents the shortest possible route from the
natal river outlet to the estimated position farthest from the river outlet. Km
migrated is the total covered distance in the modelled period while the daily
progress is the mean daily horizontal progression in the modelled period

*Note that the migration route of Fish 4 was only reconstructed for 71 days as
the fish avoided the surface for too long to reconstruct a credible migration
track after this day

return rates of Norwegian sea trout (e.g. 86% in [42]
suggests that staying in the fjord is safe). This is contra-
dicted by Danish fjords, where 26% [17] and 57% [18]
of tagged sea trout kelts were lost in two fjord systems
although the kelts generally migrated through the sys-
tems 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
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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.

The salinity front in the Skagerrak results in complex
mixing of surface waters [26], and trawl surveys have
revealed that the area is home to a variety of demersal
and pelagic prey items for sea trout [43]. All kelts per-
formed dives deeper than 40 m in the Skagerrak [27],
suggesting that they were foraging there. With a com-
bination of available prey items, temperatures normally
closer to the range optimal for growth in sea trout during
summer and supposedly lower predation pressure than
in the fjords and more coastal habitats, residency in the
North Sea/Skagerrak or open seas in general may offer
the best overall conditions for the trout during summer
in this region. Investigation of detailed movement ecol-
ogy of other species in the region could shed light on
predator/prey interactions and identify potential reasons
for sea trout to reside in the shallow or stratified areas
during spring and the deeper and more well-mixed areas
during summer.

The reconstructed migration tracks reinforce the pic-
ture of sea trout not migrating far into open oceans as
opposed to other salmonids where HMMs have been
used to reconstruct migration routes [10, 13]. The sea

April
_._

Fig. 4 Reconstructed migration tracks for all eight fish
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Fig. 5 Summarized areas of residence of the eight fish. The fish reside
in the shallow Wadden Sea or Kattegat Sea during spring, but enter
the North Sea and Skagerrak during summer. Boundaries between
the areas are shown with dashed lines on Fig. 1

Table 3 Summary of the gamma distributed mixed model

Value SE zvalue P
Intercept 3.276 0.096 34.11 <0.0001
Days at sea —0.016 0.002 —0.62 <0.0001

The model analysed 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

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 [7], and especially compared to
the more northern conspecifics [9, 15]. 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 (K. Aarestrup, DTU Aqua,
Denmark, unpubl. results) and genetic origin assignment
of captured trout (D. Bekkevold, DTU Aqua, Denmark,
unpubl. results). Linear progression rates up to 59 km
day~! have been recorded in acoustically tagged sea trout
crossing the Kattegat, suggesting that sea trout are capa-
ble of navigating and progressing efficiently through the
region [18].

Actual migrated distance of the kelts may be substan-
tially longer than the linearly progressed distance [16],
making the migration energetically costly [44]. The sea
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trout in the present study appeared to be foraging (div-
ing) on their way [27] similar to observations in Atlantic
salmon [45]. 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, [16] found that
sea trout post-smolts entering a Norwegian fjord were
actively swimming with mean speeds of 0.68 bl s™* 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, the kelts of
the present study could have moved a mean of 36 km
day™!, which is well above the reported mean of 16 km
day ™! of the HMM. The longer migrations observed by
some salmonids could, therefore, reflect a more linear
movement pattern rather than more energy being allo-
cated for movement. Studies with accelerometers on
adult Pacific salmon found that the fish had progressed
farther than they actually swam (according to the acceler-
ometer data) during a long distance migration in the sea,
thus suggesting that the fish had used passive transporta-
tion from ocean currents and moved fairly unidirection-
ally [46]. Danish sea trout generally experience some of
the highest marine growth rates observed for the spe-
cies [47, 48] while apparently also having a preference for
longer migrations compared to their conspecifics else-
where. Future studies linking horizontal progression with
total marine growth in salmonids could, therefore, shed
new light on the cost associated with the highly variable
migration strategies observed between, e.g. Arctic charr
[9, 41], Atlantic salmon [10, 13], Steelhead [8] and sea
trout [7].

Performance of the HMM

Removing the endpoints of migration and shifting tem-
peratures of the fish up and down by 0.5 °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
make it suited for this type of analysis—particularly dur-
ing spring and early summer when temperature differ-
ences are greatest.

The mean linear distance between estimated daily posi-
tions according to the HMM was 16 km (SE: 1.34 km)
with daily linear progression ranging between 0 and
58 km. Actual movement may differ due to the uncer-
tainty 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
day ! [18]. Mean progression rates for 24 sea trout kelts
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Fig. 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. Dotted lines
represent trend lines for each of the eight kelts. Residuals for the model are presented in Additional file 1: Fig. S1. Salinity on the estimated position

migrating through an open (> 15 km wide) part of a Dan-
ish fjord system was 15.0 km day™' (SE: 1.26) [18]. 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 cred-
ible 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 recon-
structing fine-scale movements in areas with islands
or narrow passages [33]. Similar problems have not
occurred in other studies with HMMs that have been
carried out in more open marine areas [10, 13]. 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

[33]. 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 1 x 1 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 [27]
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.
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Conclusion

In total, we reconstructed credible migration tracks
for sea trout kelts migrating at sea using an HMM. The
tracks were credible for the entire time spent at sea in
six of the kelts while one track suffered from a bimodal
likelihood distribution in the initial part of the migra-
tion and one had to be discontinued after 74 days at
sea due to lack of data after this point in time. The kelts
were migrating farther away from their natal river out-
let (130-580 km) than generally expected for the spe-
cies 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 salini-
ties 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. Understanding
the cost of such migration versus the gain of performing
them is crucial to understand the movement ecology of
salmonids and assess their robustness to environmen-
tal changes. It remains unknown if Danish sea trout
move more than their conspecifics or if they move in
less random directions, thus covering larger areas dur-
ing their marine period. Additional studies on sea trout
in Denmark and elsewhere, coupling the observed
migration behaviour with physio-chemical conditions,
weight gained during the marine period and predator/
prey distributions could expand our knowledge on pre-
ferred habitats of sea trout in marine environments and
provide valuable inputs to managers and stakeholders.
Marine survival and behaviour of salmonids may vary
considerably, and we, therefore, call for further studies
of factors affecting the behaviour, success and survival
of salmonids at sea.
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