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ABSTRACT

The global decline in salmonid stocks has increased the need for knowledge of local adaptations and life history strategies of
salmonids. In this study, we used radio-telemetry tracking data from sea trout populations in two large high-latitude rivers to
model upstream spawning migration speed of trout in response to prevailing environmental conditions and different stages of
the migration. The results indicate that studied populations had similar responses to environmental changes, as trout inhabiting
both rivers displayed similar responses to variation in discharge, temperature, and migrated distance covered. Higher discharge
and temperature had a positive influence on trout migration speed, as did moderate discharge fluctuations. Migration distance
influenced movements, as speed increased as trout moved upstream, while speed decreased late in the migration prior to spawn-
ing. These results highlight the adaptability of sea trout populations, underlining the importance of stock-specific information
on habitat use and migration strategies for targeted management.

1 | Introduction throughout their life cycle (Birnie-Gauvin et al. 2021; Klemetsen
et al. 2003; Waldman and Quinn 2022).

Salmonid species have endured global declines due to a vari-

ety of anthropogenic pressures related to climate change, river
alterations and unsustainable fishing practices (e.g., Dadswell
et al. 2022; Gargan et al. 2006; Waldman and Quinn 2022).
These global declines have increased the need for knowledge
of populations adaptations to local conditions, their habitat
utilisation, and life history strategies which are important for
implementing targeted management, conservation efforts and
fisheries regulation. This is especially important considering
endangered or threatened migrant populations since their life
history includes habitat shifts, exposing individuals to differ-
ing habitats, predation pressures and environmental conditions

Migration strategies of animals can be defined as the out-
come of several actions taken during movements between
habitats, with each action having different fitness implica-
tions (Houston and McNamara 1999; Winkler et al. 2014).
Migrations of iteroparous, anadromous salmonids generally
include long-distance spatiotemporal movements between
freshwater and marine habitats, with species and popula-
tions displaying diverse and presumably adaptive strategies
in terms of migration timing, overwintering behaviour and
choice of spawning periods (Birnie-Gauvin et al. 2023; Jensen
and Rikardsen 2012; Jonsson and Jonsson 2011; Klemetsen
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et al. 2003; Rikardsen et al. 2021). Migration strategies are
displayed on a population level, as salmonids predominantly
return to spawn in their natal river systems (Nall 1930). All
individuals choosing a specific migration strategy do not nec-
essarily share the same migration tactics, which are defined as
variations in population response patterns to environmental
fluctuations (Rochet 2000; Wootton 1984). Individuals within
a population can also display plasticity and interpopulation
variation in reaction norms to environmental drivers such as
discharge and temperature (e.g., Campbell 1977; Jonsson and
Jonsson 2011), leading to individuals expressing differing tac-
tics and behaviours through variable degrees of phenotypic
plasticity.

Brown trout (Salmo trutta L. 1758) populations show high diver-
sity in terms of life histories (Klemetsen 2013). Some populations
are non-migrant, staying resident in freshwater throughout their
life cycles, while others are facultative migrants, as part of the
population migrates between fluvial areas and more productive
habitats such as lakes or the sea (Ferguson et al. 2019; Jonsson
and Jonsson 1993). Anadromous brown trout (sea trout) migrate
from natal rivers out to sea as smolts and return to freshwater
for spawning as mature adults (Jonsson and Jonsson 2002).
This life history strategy benefits anadromous individuals by
increasing growth potential which is directly linked to fitness
benefits (Bronmark et al. 2014; Ferguson et al. 2019; Rikardsen
et al. 2004). Migrant populations have developed in various river
systems of differing morphologies and geographical locations
throughout the species distribution, displaying a wide diversity
in life histories and migration strategies (Klemetsen et al. 2003).

Sea age at first spawning varies with latitude as growth oppor-
tunities at sea influence timing of maturation and subsequent
return migrations of sea trout (Jonsson and LAbée-Lund 1993;
LAbée-Lund et al. 1989). For example, a study by Jonsson and
LAbée-Lund (1993) reported that sea age at maturation in-
creased with latitude, as 50% of trout from southern populations
(between latitudes 54°-58°) reached maturation after 1 year
at sea while it took almost 3years for populations in northern
Norway (64°-70°). Mature trout mainly return to the natal riv-
ers for spawning in spring/summer (Elliott 1994; Jonsson 1985)
or autumn (Campbell 1977; Klemetsen et al. 2003), while some
populations ascend throughout the year for spawning (Jonsson
and Jonsson 2011). Spawning takes place in autumn/early win-
ter (Klemetsen et al. 2003), after which spent trout (called kelts)
either overwinter in-river or return to sea (Kennedy et al. 2022;
Ostergren and Rivinoja 2008). Recent studies have reported an
alternative migration strategy which involves overwintering in-
river prior to migration upstream in the following year, caus-
ing the spawning migration to last for up to 2years (Huusko
et al. 2023; Lihteenmiki et al. 2025; Orell et al. 2017). These
differences in migration strategies have been proposed to reflect
population-specific adaptations to conditions of the natal river
systems (Jensen et al. 2015; Jonsson and Jonsson 2009a).

Fish movements in cold climate rivers are impacted by the an-
nual ice-cover (Thellman et al. 2021), which shortens the open
water season and restricts migration in winter and early spring.
Populations inhabiting cold climate rivers have developed mi-
gration strategies and behaviours in response to these sea-
sonal differences in conditions. Seasonal changes in discharge,

temperature and photoperiod are important in triggering river
ascent in migratory salmonids (Dahl et al. 2004; Garcia-Vega
et al. 2022; Jensen et al. 2012). Furthermore, salmonid spawn-
ing, the endpoint of upstream migration, is influenced by de-
creasing temperature in autumn, as embryonic development and
time of emergence of juveniles is highly temperature dependent
(Crisp 1981; Elliott and Hurley 1998). Adaptations of migration
strategies and the behaviour of migrants may reflect the natal
river conditions, as migrating salmonids have been reported
to alter behaviour during the migration in response to changes
in environmental conditions (Jonsson and Jonsson 2002;
Liahteenmiki et al. 2023). Furthermore, salmonids have also
been observed to alter behaviour in response to spawning peri-
ods drawing closer, and as they enter spawning habitats (Finstad
et al. 2005; @kland et al. 2001). Swimming performance is also
impacted by environmental conditions, as changes in tempera-
ture and discharge influence energy expenditure (Booth 1998;
Fenkes et al. 2016; Svendsen et al. 2004).

The sea trout life cycle has been extensively studied (Jonsson
and Jonsson 2011), but there is limited information available on
how environmental conditions impact spawning migration be-
haviour and strategies of mature sea trout inhabiting large, free-
flowing river systems in the subarctic. Based on primary field
data from two previous tracking studies (Huusko et al. 2023;
Orell et al. 2017), the present study generates exploratory mod-
els of the migration patterns and behaviour of sea trout during
upstream spawning migrations in two large, high-latitude river
systems (the Teno and Tornio River) in the northernmost areas
of the species distribution. Sea trout in both systems have been
reported to display a 2-year spawning migration strategy, spend-
ing almost two calendar years in-river during spawning migra-
tions (Lahteenmaki et al. 2025; Orell et al. 2017), which has not
been reported for sea trout populations from other river sys-
tems. Previous studies conducted in these rivers have primar-
ily described spawning migration patterns of sea trout (Huusko
et al. 2023; Lahteenmiki et al. 2025; Orell et al. 2017); yet these
studies have not evaluated how experienced environmental
conditions and individual characteristics influence movements
during migrations in these large river systems. Furthermore,
studies evaluating spatiotemporal movements of sea trout in
relation to environmental conditions in large rivers are scarce,
especially in cold climates where seasonal variations in tem-
perature are likely to alter movements. The two main aims of
the study were therefore to (1) use exploratory models to anal-
yse the effect of observed environmental conditions, individual
characteristics and migrated distances on migration speed of sea
trout during upstream spawning migration, and to (2) describe
migration timing, patterns, and habitat use of mature sea trout
during the migration. We expected to observe similar responses
to ambient temperature conditions during the open water sea-
son, since both river systems are subarctic and have similar sea-
sonal ice conditions. Experienced discharge has been reported
to influence upstream movements of salmonids and was there-
fore expected to be important for the swimming speed of trout
in both systems, especially in the Teno which has lower annual
discharge than the larger Tornio River. Furthermore, we aimed
to evaluate critical habitat use patterns to identify areas where
fisheries management measures may be most effective, high-
light key migration conditions influencing sea trout movements,
and propose corresponding management measures.
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2 | Materials and Methods
2.1 | Study Area

The Teno River (70.5° N, 28.4° E) isalarge subarctic border river
system, located between Finland and Norway (catchment area
of 16,386 km?), draining into the Barents Sea on the northeast
coast of Norway (Figure 1, Table 1). The Tornio River (coor-
dinates of estuary: 65.8° N, 24.1° E) is a subarctic border river
between Finland and Sweden (catchment area of 40,157 km?),
draining into the northern Bothnian Bay in the Baltic Sea, and
it is one of the largest free-flowing rivers in Europe (Figure 1,

Table 1). Several genetically distinct sea trout populations in-
habit both rivers (Palm et al. 2019; Natural Resources Institute
Finland, unpublished). Both river systems are free-flowing,
and catchments are largely pristine. They have relatively lit-
tle human influence and are also economically and culturally
important for the local communities as they host large and
diverse populations of Atlantic salmon (Salmo salar L. 1758;
Erkinaro et al. 2019; Miettinen et al. 2021). The open water
season extends between May/June and October/November
in both river systems. Seasonal differences in environmental
conditions are extreme with major variation in discharge and
water temperature (Figures 2 and 3). The mean temperatures

FIGURE1 | Map of the studied river systems: Tornio River and Teno River. Placement of automated listening stations (ALS) is shown. Drainage

basin data obtained from Linsstyrelserna Geodatakatalogen open database (dataset collected and distributed by Vattenmyndigheterna, SWE), from

the Finnish Environmental Institute (SYKE, FI), and from Norges vassdrags- og energidirektorat (NVE, NO).

TABLE 1 | River characteristics of the study river systems and measured environmental conditions during study periods. River characteristics:
Coordinates, and location of the river outlet, drainage area (km?), and river length (km). Environmental conditions: daily discharge (m3 s™!) and

water temperature (°C).

Drainage River
River system  Study period Coordinates Outlet area length m3s1 °C
River characteristics
Teno 2011-2014 70.5° N, 28.4°E  Barents Sea 16,386 350 156 (38-1228)  12.8 (1-20.2)
Tornio 2018-2021 65.8°N, 24.1°E Baltic Sea 40,157 520 466 (92-3024)  14.1 (1-24.4)
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FIGURE 2 | Median daily water temperature (°C) during the data collection periods (day number) in Teno River (2011-2014, black) and Tornio
River (2018-2021, grey). No measurements from the season of ice-cover are included.
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FIGURE 3 | Median daily river discharges (m? s™!) during the data collection periods (day number) in Teno River (2011-2014, black) and Tornio

River (2018-2021, grey).

stay < 1°C during winter months, while temperatures can ex-
ceed 20°C during summers. Information about the rivers and
tracking data on the sea trout populations are summarised in
Tables 1 and 2.

2.2 | Fish Capture and Tagging Methods

Data from two radio telemetry tracking studies were gath-
ered for the purpose of analysing sea trout migration be-
haviour within the two rivers (Teno River: Orell et al. 2017,
Tornio River: Huusko et al. 2023; Table 2). Sea trout in both
systems were caught using rod and reel in early summer and
in late summer/autumn in the lower river reaches of both

systems. However, some individuals were also caught as far
upstream as >100km from sea in both rivers. Each caught
individual was visually inspected prior to tagging to ensure
that all tagged individuals were in good condition and of suit-
able size for tagging. The length (total length, cm) and weight
(wet mass, g) of trout were measured prior to tagging, and
scale samples were taken for age analysis and estimation of
previous spawning experience (maiden vs. repeat spawner).
Individuals were given anaesthesia (buffered MS-222 solu-
tion, <100mg/L) before being placed in a custom tagging
cradle for the surgical procedure. The radio tags (Advanced
Telemetry Systems Inc., models F1580 and F1835 in Teno;
Lotek Wireless Inc., model MCFT2-3A in Tornio) were placed
in the body cavity through a 20-30mm longitudinal incision

Fisheries Management and Ecology, 2026
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TABLE 2 | Characteristics of tracked sea trout: Number of tracked individuals (n), number of observations (n), total length (total length TL, cm),
mass (wet mass, kg), age (total age, years), and distance migrated upstream from the sea (km). All measurements given as medians with ranges

(min-max).
River system  Study period Trout Obs. (n) TL (cm) M (kg) Age Distance migrated (km)
Trout characteristics
Teno 2011-2014 22 512 52(36-69) 1.2(0.5-2.4)2 8 (6-11) 192 (43-274)
Tornio 2018-2021 32 373 63 (52-85)  2.5(1.3-6.5)  6(5-11)* 241 (113-343)

aWeight and total age are not available for all tagged trout.

on the ventral skin posterior to the pectoral fins, and the tag
antennae were brought through the skin using a hypodermic
needle (1.5x50mm/17Gx2) picked caudally to the incision.
The incision was closed using monofilament sutures. The tag-
ging took an estimated 2-3min, whereafter tagged individu-
als were placed in recovery containers. Once tagged trout had
visually recovered from tagging, the trout was released back
to the location where it was caught, whereafter tracking of
movements commenced.

2.3 | Tracking Design

Similar tagging and tracking protocols were used in both stud-
ies, tracking sea trout throughout the riverine migration using
active and automated tracking arrays, allowing comparison
of behaviour between and within the river systems. Tracking
was performed using automated listening stations consist-
ing of radio receivers (Models: R4500S (Advanced Telemetry
Systems Inc.) in Teno; SRX-DL or SRX800 (Lotek Wireless Inc.)
in Tornio) connected to a four-, six-, or nine-elements Yagi-
antennae placed strategically in the river systems (Figure 1),
which allowed continuous monitoring of sea trout movements
upstream. The automated tracking was supplemented with
weekly manual tracking by foot and car during the open water
season (May-October) and once per month during winter
(November-April), allowing tracking of movements in loca-
tions between automated stations and in areas outside of their
reach. Tracking was also conducted on a few occasions by boat
(twice in autumn 2018, and once in 2019 in Tornio) and plane
(in autumn of 2012 and 2013 in Teno; in autumn of 2018 and
2021 in Tornio). Tracking was continuous from 27th May 2011
to 15th October 2014 in the Teno and June 1st 2018 —December
31st 2021 in Tornio, respectively. Tagged trout included both
immature trout that were caught in autumn prior to overwin-
tering and trout caught in spring in freshwater overwintering
habitats. In this study, only individuals that were observed
to have successfully migrated to a spawning habitat were in-
cluded in the analysis to ensure comparability of behaviour.
Individuals that stayed in the lower river sections or in the
estuaries without migrating upstream to potential spawning
habitats were thus excluded from the dataset. Information on
tagged sea trout age and size was included in the dataset and
used to highlight population specific differences (Table 2).
The vast majority of tagged individuals (100% in Teno, 91% in
Tornio) that were included in the final dataset were tracked
from the lower reaches of the river system (<30km from sea),
while three individuals were tracked from tagging locations
further upstream in the Tornio River.

2.4 | Environmental Data

To analyse the effect of environmental conditions on the be-
haviour of trout, river discharge (m?s™') and temperature (°C)
data were gathered in the field during the studies (Table 1).
Temperature measurements were gathered in the main
stem of both rivers (55km and 20km from the sea for Teno
and Tornio, respectively) throughout the study periods, and
these data were further supplemented with river specific en-
vironmental data from the Finnish Environmental Institutes
(SYKE) environmental database. We used the daily discharge
and temperature measurements in these fixed locations as a
proxy for river specific variation in environmental and sea-
sonal conditions, due to the vast size of the river systems
limiting observation and location specific measurements.
Measurements of river discharge (daily m3 s7!) and tempera-
ture (daily °C) at each observation were included and used to
calculate the change in the conditions between fish observa-
tions (given as a percentage increase/decrease). We used daily
averages in discharge and temperature for the analysis since
most trout movement observations were made on a daily/
weekly basis rather than on a smaller hourly basis, limiting
interpretation of small-scale triggers in movements caused by
changes in conditions. However, using daily averages allowed
modelling of environmental conditions influence on large-
scale spatiotemporal upstream movements.

2.5 | Radio Telemetry Data Processing

Radio telemetry tracking data from the two river systems
included coordinate data for observations of sea trout move-
ments, estimated spawning- and overwintering locations in
the river systems as well as time and date of each observa-
tion. A total of 22 trout (providing 512 unique observations
of trout movements within the river system) were observed
to have completed the spawning migration in the Teno River
with the median number of observations per trout being 25
observations (SD +11.0), while median number of observa-
tions for 32 trout (373 observations) in the Tornio River was
13 observations (SD =+ 5.8; Table 2). The data was used to eval-
uate the migration speed of sea trout in relation to observed
environmental conditions and measured biological variables.
Furthermore, the data was used to evaluate migration tactics
used by trout, including habitat use during the migration,
choice of overwintering location, timing of upstream move-
ment post-wintering, and migration distance (from sea to
spawning habitats). Estimated spawning locations were used
as the end destination of the migration. The coordinate data
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were used to calculate migration distances (migrated km up-
stream from the sea), movement distance between observa-
tions (km) and migrated proportion (%) of the total distance
migrated. Time and date of observations were used to calcu-
late elapsed time between observations (days). A migration
speed measure (kmday™') was calculated for each observa-
tion by dividing migrated distance between observations (km)
with the elapsed time (days). The migration speed measures
provide a measure of spatiotemporal movements of trout, al-
lowing analysis of how actively individuals moved upstream,
and comparison of movements of individuals that migrated
varying distances to spawning habitats. Furthermore, only
the observations made during the open water season were
included in the analysis, due to the small spatial movements
observed during periods of ice-cover, as trout were mainly sta-
tionary in freshwater overwintering habitats and made only
minor short-range movements within said habitats. Therefore,
the final dataset contained observations between day num-
bers 100-350 (10 April-16 December). Kolmogorov-Smirnov
tests were used to assess whether environmental conditions
(i.e., temperature and discharge) in the studied rivers had sim-
ilar underlying distribution. Migration speed measurements
were log transformed prior to analysis, and Wilcoxon rank-
sum tests were used to analyse for differences in measured
migration speed between the studied populations.

2.6 | Data and Statistical Analysis

The migration speed measurements (kmday~!) were used as
the response variable in the river specific migration speed mod-
els, while the environmental predictors used in model genera-
tion were discharge (m? s™!), temperature at observation (°C),
change in discharge between observations (%), change in tem-
perature between observations (absolute value), and proportion
of total distance migrated at observation (%). All predictors were
log transformed prior to analysis, except for temperature, to re-
duce skewness of the data. Percentage change (discharge) vari-
able was log (+1) transformed. We included migration year and
tagging location (km from sea) as factors to separate potential
influence of yearly- and tagging location dependent variation in
migration speed. Furthermore, we included the following char-
acteristics to allow assessment of potential influence of individ-
ual condition, age, and spawning experience: length-at-tagging
(cm), sea age at tagging (years), and previous spawning experi-
ence (maiden or repeat spawner). Generalised additive mixed
models (GAMM) were used to identify potential drivers of sea
trout migration speed in the studied river systems. GAM models
are a useful tool for analysing non-normally distributed data and
for modelling non-linear relationships between response and
predictor variables (Hastie 2017; Hastie and Tibshirani 1990).
Furthermore, we developed a mixed model to treat Individual
as a random effect to account for pseudo-replication due to re-
peated measures at the level of individual. The modelling also
included potential predictor interactions. GAMM models were
generated for both river systems separately, applying the follow-
ing model:

Log(A,) =s(V;) +s(V)) + ... +s(V)) @

where A, is the migration speed measurement (kmday™), s
the spline smoother function, and V; , the predictor variables.
The models were generated with variable exclusions to re-
move variables that had no significant impact on model re-
sults. All models were inspected for normal distribution of the
residuals using the DHARMa residual diagnostics package
(Hartig 2022), the models were checked for autocorrelation
(Durbin Watson test), concurvity between predictors and het-
erogeneity to ensure that model criteria were met. Concurvity
was assessed using mgcv package (version 1.9-1; Wood 2011)
diagnostics and considered acceptable where pairwise values
were <0.5, and smooth-level estimates did not compromise
smooth stability. Number of knots (k-values) for each variable
was estimated using the gam.check-function included in mgcv
package. Akaike Information Criterion (AIC) (Burnham and
Anderson 2002) values were used to evaluate model fit, and for
the choice of the best fitting model. Models that did not meet
the criteria were discarded in cases where transformations did
not allow model criteria to be met. The validation of the final
models was conducted using generalised cross-validation
scores (gCV), deviance explained percentage and R?-values.
All GAMM models were generated using the mgcv package.
We used the predict function in the car package (Fox and
Weisberg 2019) to generate predictions from the fitted GAMM
models, by increasing predictive variables over the observed
range, while keeping other model variables at their means.
These predictions allowed calculation of predicted migration
speed at varying conditions of the predictive variables, and
calculation of confidence intervals. All analyses presented in
this study were conducted using R statistical software, R ver-
sion 4.3.2 (R Core Team 2023).

3 | Results

3.1 | Migration Characteristics of Studied Sea
Trout Populations

Most tagged trout included in this study (57% of tagged
trout; 95% of tracked trout in Teno and 28% in Tornio) were
observed to have entered freshwater in autumn in the year
prior to spawning and were observed to have overwintered
in freshwater habitats, prior to migrating upstream to spawn-
ing habitats in the following year. The rest of tagged individ-
uals were tagged at in-river overwintering habitats prior to
migration upstream (5% in Teno and 72% in Tornio). Most
sea trout migrating in the Teno River (Figure 4) chose pre-
spawning overwintering habitats further upstream in the river
(Median + SD=63.6+ 51.2km from sea), while overwintering
generally occurred in the lower reaches of the Tornio River
(14.9 £75.2; Figure 4; Figure S1). Movements during winter
were limited as tagged trout displayed sedentary holding be-
haviour in the overwintering habitats. Median water tempera-
tures during overwintering periods were close to 0°C in all
tracking years, in both river systems. Both river water tempera-
ture conditions (Kolmogorov-Smirnov test, D=0.16, p <0.05;
Figure 2) and discharge conditions (Kolmogorov-Smirnov test,
D=0.53, p<0.0005; Figure 3) differed significantly between
the rivers during the open water season. Tagged sea trout
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FIGURE4 | Example of the most common upstream spawning migration patterns of three sea trout tagged in Teno River (upper) and Tornio River

(lower). All fish were caught in the lower reaches of the studied river systems. Dots represent observations, while migrated distance at observation

(km from the sea, y-axis), and day-of-year of the observation. (y-axis) are shown on the axis. Colours are used to separate individual trout movements.

Last observations (end destination of migration) are of trout entering estimated spawning habitat or spawning tributaries.

generally initiated migration upstream from overwintering
habitats in mid- to late May, and the movements upstream were
rapid once migration was initiated from overwintering habitats
(Figure 4). Estimated median day of initiated migration was
May 17th (+10days) in the Teno- and May 23rd (£17 days) in
the Tornio River, based on observations of the first movements
upstream from overwintering habitats (Figure S1). Estimated
median water temperature at initiation of upstream migration
was 5°C (+3.7°C) in Teno and 8°C (+3.6°C) in the Tornio River,
respectively (Figure S1). Individuals in both river systems
were observed to spend more than 300days in-river prior to
entering spawning habitats (Figure 4; S2 and S3), which were
located exclusively in tributaries (Huusko et al. 2023; Orell
et al. 2017; Figure S4). Median distance from sea to spawning
habitats of trout was 192km (+77.8) and 241 km (£56.5), while
median distance from pre-spawning overwintering habitats to
spawning habitats was 111 km (+73.1) and 175 (£88.3) for trout
tagged in Teno and Tornio rivers, respectively (Figure S1).
Overall, migration speed (kmday™) of sea trout during the
open water season was significantly higher in the larger

TABLE 3 | Summary of best fitting General additive Mixes models
(GAMM) for explaining migration speed of sea trout (Salmo trutta
L.). Summary includes best fitting model (GAMM), coefficient of
determination for goodness of fit (R squared (R?), and estimated
deviance in migration speed explained by model (Deviance exp.), as well
as minimised generalised cross-validation values (GCV) and number of
observations included in generation of each model (n).

Deviance
River Model R? exp. GCV n
Teno GAMM 0.38 42.4% 0.53 512
River
Tornio GAMM 0.56 60.9% 0.57 373
River

Tornio River (1.3+12.0kmday™!) than in the smaller Teno
River (0.6 +7.8 kmday~!; Wilcoxon test, W=81,431, Z=-3.7,
p<0.0005).
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3.2 | Modelling of Sea Trout Migration Speed

The best fitting GAMM models for sea trout migration speed of the
Teno- and Tornio River populations explained roughly 42% and
61% of the deviance, respectively (Table 3). The best fitting model
for the Teno River system was a model which included discharge
(m3s71), temperature (°C), change in discharge (log %), proportion
of the migrated distance (%), and trout length-at-tagging (cm) as
predictive variables (Table 4). The same environmental variables
were also included in the best fitting model for the Tornio River
system, but individual characteristics were not significantly in-
fluencing the results in the Tornio and were therefore excluded
(Table 4). Tagging location and year-of-migration did not signifi-
cantly influence modelling results in either system; neither did
changing temperature (°C), sea age (years), or previous spawning
experience (maiden vs. repeat spawner). Interactions between
environmental variables failed to improve either model's results;
therefore, the final models did not include interactions.

Increased discharge had a positive, non-linear impact on migra-
tion speed in both the Teno (Figure 5A) and Tornio River systems
(Figure 6A; Table 4). Migration speed increased sharply with dis-
charge in the Teno River until reaching a peak at ~1000 m? s,
after which speed plateaued (Figure 5A). Model predictions sug-
gests that migration speed would be 0.7kmday~! (95% C1=0.4-1.4)
at 100 m? s7!, increasing to 1.1kmday~" (0.6-2.0) at 250 m3 s7,
and to 2.82kmday~" (1.5-5.3) at 500 m? s~!. Peak migration speed
of ~7.9kmday! (3.6-17.4) would be reached at discharges of 1000
m?3 s7L. Similarly, discharge had generally a positive effect on pre-
dicted speed in the Tornio River (Figure 6A). During low discharge

TABLE 4 | Fitted GAMM model results for migration speed of the
sea trout (Salmo trutta L.) populations.

Model Variable edf F P
Teno River
GAMM Discharge (m?s7, log) 3.7 12,1
Temperature (°C) 2.8 9.1 ok
Proportion of migrated 8.7 4.0 ok
distance (log)
Percentage change 4.7 5.1 ok
in discharge (log)
Lenght-at-tagging 3.6 33 *

Tornio River

GAMM Discharge (m? s, log) 4.8 18.0
Temperature (°C) 5.6 33 ok
Proportion of migrated 6.5 3.6 o

distance (log)

Percentage change 6.2 5.3 ok
in discharge (log)

Note: Variables included in model generation with effective degrees of freedom
(edf), F-values and p-values for each variable. Variables include discharge
conditions at observation (log m?®s™), temperature (°C), proportion of total
migrated distance at observation (log), percentage change in discharge (log m?
s71) between observations, and length-at-tagging (cm). Statistical significance
levels: *p <0.05, **p <0.005, ***p <0.0005.

conditions (~200 m? s71) trout migration speed was predicted to be
0.6kmday~" (0.2-1.5), with speed increasing rapidly at discharges
>250 m? s71. Peak speed of 10kmday~! (5.4-18.6) would be pre-
dicted at discharges of 1000 m? s7%, after which it tapered and de-
creased to 3.8kmday~! (1.3-11.0) at 2500 m3 s~!. The relationship
between migration speed and change in discharge was significant,
non-linear (Table 4) and hump-shaped in both rivers (Figures 5B
and 6B), with highest speed in both river at 0%-25% change in dis-
charge. Migration speed peaked in the Teno around 0.8kmday!
(0.8-1.5) when change in discharge was ~0, while a 25% increase
in discharge lead to a similar speed value of 0.8kmday™' (CI
0.5-1.5), and a 25% decrease to a value of 0.7kmday~! (0.4-1.3).
Both increases and decreases in discharge of 50% had a negative
impact on migration speed, causing a decrease to 0.7- (0.4-1.1) and
0.5kmday~" (0.25-1.0), respectively. Major increases in discharge
over 100% would decrease speed further to <0.6kmday~ (0.3-1.1)
in the Teno. Migration speed peaked around 0% change in Tornio
as well, and the peak was higher than for the Teno (3.4kmday1,
1.7-6.92). A discharge decrease of 25% lowered the predicted mi-
gration speed to 3.2kmday! (1.5-6.6), while an 25% increase
led to a decrease in speed to 1.86kmday™' (0.9-4.0). Increases
or decreases of 50% led to speed decreasing to 1.3- (0.5-3.0) and
1.4kmday! (0.6-3.5), respectively. Major increases (> 50%) in dis-
charge had a linear decreasing influence on migration speed.

Temperature exhibited a significant, non-linear effect on migra-
tion speed in both the Teno- and Tornio River (Table 4). Migration
speed generally increased with temperature (Figures 5C and 6C)
as trout were most active in water temperatures above 15°C, while
speed decreased as temperatures dropped below 10°C in both
systems, reflecting seasonal variation in migration speed. Model
predictions indicate that migration speed in the Teno would in-
crease from 0.2kmday~! (CI 0.1-0.5) at 0°C, to 0.5kmday~! at 5°C
(0.3-1.0), and to 0.8kmday~' (0.5-1.5) at 10°C. Migration speed
would reach 1.5kmday~! (0.5-4.2) at peak temperatures of 20°C,
which is a 78% increase in speed when compared to temperatures
of 10°C. Increasing water temperature had a positive impact on
trout migration speed in Tornio, as predicted speed was lowest
during temperatures of ~5°C (3.09kmday~?, CI 1.1-8.5) and in-
creased to between 3.9 and 5.5kmday—1 during temperatures of
10°C-15°C. Peak migration speed was predicted at temperatures
of >20°C, with speed reaching 11.8kmday~' (5.3-26.9) at 20°C
and 17.4kmday~" (4.3-70.8) at 25°C.

The relationship between migration speed and migrated distance
(%) was highly flexible and nonlinear in both systems (Figures 5D
and 6D, Table 4), as trout generally increased their migration speed
from the lower river. Speed decreased markedly at the end of mi-
gration as spawning periods drew near, and as trout moved closer
to spawning habitats (Figures 5D and 6D). The Teno model results
indicated that migration speed would increase with migrated dis-
tance until the last quarter of the migration (Figure 5D), increas-
ing from <0.6kmday~! (0.3-1.1) at the lowest 10%- to 1.2kmday~!
(0.7-2.0) at 70% of the total migrated distance. Speed was predicted
to decrease considerably to 1.0kmday~! (0.6-1.7) at 80% of the
total migration, and further to 0.5kmday~! (0.2-0.9) at the end-
point of the migration and arrival at spawning habitats. Similarly,
migration speed in the Tornio (Figure 5D) was predicted to in-
crease from ~0.6kmday~ (0.1-3.6) at the lowest 10%-, to a peak of
3.8kmday! (1.9-7.8) at 70% of the total migrated distance. Speed
was predicted to decrease considerably to 2.8 kmday~! (1.5-5.1) at
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FIGURES5 | GAMM model smoothers illustrating the partial effect of covariates on sea trout (Salmo trutta L.) migration speed (kmday~") in Teno
River. Covariates illustrated from top left: (A) Discharge at observation (m? s™1), (B) percentage change in discharge condition between observations
(% given as decimals), (C) Temperature at observation (°C), (D) proportion of total migrated distance at observation (%), and (E) length-at-tagging
(cm). Individual trout identity code was used as the random effect in the GAMM fitting. Solid lines represent the fitted GAMM function, which

describe a variables effect on the response variable (sea trout speed), while the shadings are 95% approximate confidence limits for each smoother.

Covariate values shown on x-axis, with partial effect shown on y-axis. Datapoints illustrated as a rug plot on the x-axis. Zero function, which indi-

cates no effect of the covariate, illustrated by dashed line. Axis values normalised.

80% of the total migration, and further to 0.7kmday~! (0.4-1.2) at
the end point of the migration.

Sea trout length had a significant effect on trout migration speed
in the Teno River (Figure 5E, Table 4), as speed increased with
trout size at tagging. Smaller individuals (<40cm at tagging)
had a lower predicted speed of 0.5kmday~! than individuals be-
tween 40 and 60 cm which had predicted speed between 0.6 and
1.0kmday~. The model predicted highest migration speed for

individuals > 65cm, with speed of 65cm individuals predicted
to be 1.1kmday~' (0.6-2.0) while 70cm trout would have a pre-
dicted speed of 2.8 kmday~! (1.1-7.1).

4 | Discussion

The migration behaviour of the sea trout populations in this
study demonstrates that the populations have developed similar
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on the response variable (sea trout speed), while the shadings are 95% approximate confidence limits for each smoother. Covariate values shown on

x-axis, with partial effect shown on y-axis. Datapoints illustrated as a rug plot on the x-axis. Zero function, which indicates no effect of the covariate,

illustrated by dashed line. Axis values normalised.

responses to changes in the studied factors, as the populations dis-
played similar behavioural responses to variation in discharge and
temperature and migrated distance. Furthermore, the populations
had similar overwintering tactics, utilising the freshwater habitats
for overwintering pre-spawning, extending the freshwater stay to
one calendar year prior to the spawning event, which has not been
reported for sea trout populations outside of these river systems.
Collectively, the observed similarities in freshwater habitat utilisa-
tion, migration patterns and responses to changes in environmen-
tal conditions suggest that these populations have adapted similar
behavioural responses to environmental change.

The two-year spawning migration strategy observed for sea
trout in the studied rivers has to our knowledge only been re-
ported for sea trout populations inhabiting these two large, high-
latitude rivers (Huusko et al. 2023; Lahteenmaiki et al. 2025;
Orell et al. 2017). 1t is likely that the ambient river conditions
can at least partly explain the adaptation of premature freshwa-
ter entry as part of the spawning migration strategy, considering
the similarities in environmental conditions between the rivers
and the observed migration behaviour reported in this study.
Populations of both rivers were observed to have similar timing

of freshwater entry, overwintering tactics, timing of upstream
movements post-wintering, and similar responses to changes
in conditions during the migration. The main observed differ-
ence between migrating trout in these rivers was the location
of wintering habitats, which differed considerably between the
two rivers. Wintering patterns of both immature and mature
sea trout have been described in more detail in previous stud-
ies conducted in the Teno (Orell et al. 2017) and Tornio River
(Huusko et al. 2023; Lihteenmaki et al. 2025), but the factors in-
fluencing the selection of wintering habitats are still largely un-
known. River morphology is likely to influence the availability
of suitable habitat and could therefore partly explain differences
in wintering patterns in the studied rivers. These observations
are further likely driven by the ambient conditions of the riv-
ers since these large river systems have similar environmental
characteristics in terms of temperature regimes and period of ice
cover; however, the rivers differ in terms of river morphology,
location of river outlet, the adjacent marine environment, and
discharge conditions. Despite these differences, the observed
responses to environmental change differed little across popula-
tions, suggesting that these geographically isolated populations
have developed similar responses separately in both systems.

10
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Freshwater entry a year prior to spawning has been reported
for Atlantic salmon in rivers of NW Russia and the Kola
peninsula (Studenov et al. 2008), in northern Norway and
northeastern Canada (Power 1981). The fitness benefits of un-
dertaking this type of migration strategy are still unclear, as
there is considerable uncertainty about what factors are driv-
ing the strategy adaptation. Factors related to survival rates
between freshwater and marine habitats are likely to influ-
ence habitat shifts (Werner and Gilliam 1984), and length of
freshwater stay (Foldvik et al. 2024), as predation and fishing
related mortality at sea has been reported to be considerable
(e.g., Jensen et al. 2019; Jonsson and Jonsson 2009b; Whitlock
et al. 2017). A recent study by Foldvik et al. (2024) indicated
that optimal freshwater return date of Atlantic salmon var-
ies depending on salmon size and mortality rates at sea, sug-
gesting that timing of freshwater entry should coincide with
conditions that improve survival, reduce energetic risks and
with conditions that are suitable for upstream migrations.
Consequently, freshwater entry into large river systems could
improve survival and thereby fitness of maturing sea trout,
influencing adoption of premature freshwater entry and pre-
spawning overwintering in rivers that provide suitable over-
wintering conditions and habitats.

The observed responses to changes in environmental condi-
tions are likely linked to individuals reacting to physiological
constraints during upstream migration, since seasonal con-
ditions are essential for upstream migration of anadromous
salmonids, as river discharge and temperature facilitate or
restrict migrations by altering energy expenditure and swim-
ming performance (Lee et al. 2003; Videler and Weihs 1982).
Collectively, changes in photoperiod, water temperature and
discharge (Birnie-Gauvin et al. 2021; Dahl et al. 2004; Erkinaro
et al. 1999; Jones and Petreman 2015; Quinn and Adams 1996;
Robards and Quinn 2002), have been reported to work as
environmental cues for salmonid migrations. The results of
this study demonstrated that variation in discharge had an
impact on migration speed. Trout migration speed increased
with increasing discharge, and migration speed peaked when
discharges reached ~1000 m? s™! in both rivers. Moderate in-
creases or decreases in discharges also had a positive impact
on the speed, while large increases or decreases generally
had a negative effect on trout migration speed in these large,
free-flowing rivers. It should be noted that trout were active
throughout the open-water season in both river systems,
highlighting that discharge conditions are not restricting mi-
grations at any point during this period. Increased discharge
has been reported to be important in facilitating movements
of salmonids during the migration and in passage of barriers;
however, major increases in discharge have also been reported
to temporarily halt or slow salmonid movements (e.g., Jensen
et al. 1989; Stuart 1958), due to the increased energy expendi-
ture needed to maintain upstream movement against strong
currents (Enders et al. 2005; Fenkes et al. 2016). This could be
reflected in the observed changes in migration speed patterns
during major discharge increases, and the decrease in speed
at peak discharges in the Tornio River. These results provide
further evidence that discharge can be important in influenc-
ing movements of anadromous salmonids, even in large river
systems with discharge conditions which enable migration
throughout the open-water season.

Water temperature was an important variable impacting migra-
tion in both studied river systems, as increasing temperature
had a positive effect on migration speed, while speed decreased
later in the migration as temperature declined prior to spawning.
These observations reflect seasonal changes in river conditions,
which inevitably influence movements of poikilothermic fish
as movement and metabolic costs are temperature dependent
(Jobling 1995; Lee et al. 2003). Migration speed was generally
lower during water temperatures below 10°C, and the lowest
speed was measured when temperatures dropped below 5°C. Sea
trout were most active once temperature increased above 10°C,
and migration speed seemed to peak at temperatures close to
20°C in both rivers, presumably reflecting the influence of ther-
mal conditions on the swimming ability of salmonids (Salinger
and Anderson 2006; Svendsen et al. 2004). Little is known about
water temperatures’ influence on migration speed of adult brown
trout, but juveniles have been reported to reach maximum
swimming performance at 16°C and to sustain 90% of maxi-
mum swimming performance in temperatures between 12°C
and 19°C (Ojanguren and Brafita 2000). Optimal temperatures
for swimming performance of mature pacific salmonids have
been estimated to be ~16°C for sockeye (Oncorhynchus nerka)
and chinook salmon (Oncorhynchus tshawytscha) (MacNutt
et al. 2006; Salinger and Anderson 2006), and 15°C-18°C for
rainbow trout (Oncorhynchus mykiss) as reported by Farrell
et al. (1996). These observations of salmonid swimming perfor-
mance in relation to experienced temperatures support the find-
ings of this study, highlighting that sea trout migrating in these
cold-climate rivers are responding to elevated temperatures by
increasing migration speed. This is likely partly due to migra-
tion conditions improving as temperature increased in early
summer, triggering migration upstream and due to increased
temperatures facilitating movement. In addition to temperature,
migrated distance impacted migration speed in both systems,
as speed generally peaked prior to the last quarter of the migra-
tion and decreased as trout moved closer to spawning habitats.
Migration upstream from overwintering habitats was initially
rapid, as trout moved tens to hundreds of kilometres upstream
without noticeable pause once the migration was initiated. The
apparent lowered migration speed during the later stages of the
migration could be due to trout searching for suitable habitat
in their natal stream (Finstad et al. 2005), staying at close dis-
tance from the spawning areas and performing occasional short
search movements, as described for Atlantic salmon (Karppinen
et al. 2004; @kland et al. 2001). Moreover, decreasing tempera-
ture late in the migration could have an effect on migration
speed since colder temperatures have been reported to influence
swimming speed, oxygen consumption, and scope of activity of
salmonids (Jonsson and Jonsson 2009a; Lee et al. 2003), which
combined with increasing fatigue and lowered energy reserves
could explain the decrease in speed late in the migration. Based
on these observations it is likely that water temperature is in-
fluential for the adoption of the observed migration strategies,
as ice cover and water temperatures are restricting movements
during winter months, consequently influencing the observed
pre-spawning overwintering tactics.

Length-at-tagging was observed to have a significant impact on
migration speed in the Teno, but not in the Tornio River sys-
tem. Body size has been reported to influence critical swimming
speed in salmonids, with swimming speed increasing with body
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size (Cano-Barbacil et al. 2020). Differences in factors such as
river morphology, experienced discharge and temperature con-
ditions, migration distances, and post-wintering energy reserves
could likely partly explain why size was significant in the Teno
and not the Tornio River. The results also indicate that the dif-
ferences in expected speed based on length are driven by trout
at either end of the size range, since most individuals within the
range had similar speed. These results regarding the difference
in migration speed based on trout size should be interpreted
with caution due to the relatively small sample size, yet it should
be considered and further evaluated in future studies.

The models were able to explain some of the sea trout migration
speed; however, there was considerable inter- and intrapopula-
tion variation in individual migration behaviour that could not
be explained. Due to tracking limitations (large river sizes, diffi-
cult terrain etc.), the number of observations in the upper reaches
and the spawning tributaries of the Teno River was low, likely
impacting the model fit. Furthermore, individual characteristics
of fish (maturation stage, energy reserves, hormones, and stress
levels), social interactions, genetics, or changes in water chem-
istry and olfactory cues (Banks 1969; Berdahl et al. 2017; Bett
and Hinch 2016; Hansen and Jonsson 1991; Jonsson et al. 2007;
Thorstad et al. 2008), which have shown to affect migration be-
haviour, could not be included in the model generation.

The observed migration strategy and behaviours of the studied
sea trout populations highlight the plasticity of sea trout spawn-
ing migrations and life histories. The results of the study pro-
vide important information on how prevailing environmental
conditions and migration distances influence movements of
migrating sea trout in large, unregulated river systems, and in
high-latitude rivers. The observed behavioural adaptations have
developed independently in these high-latitude river systems,
suggesting that similar adaptations could be observed in other
northern river systems as well. Further investigation into the
mechanisms influencing these adaptations is needed to improve
our knowledge of how these adaptations influence life history,
fitness, and survival of sea trout populations.

5 | Management Implications and Further
Research

The results of this study provide important information on
habitat utilisation, migration timing and the influence of river
conditions for upstream movements of sea trout. These findings
will not only inform management of the studied populations but
also offer relevant implications for management of trout popu-
lations in watercourses with similar environmental conditions.
Temperature and discharge conditions were highly influential
for trout migration speed; therefore, environmental monitor-
ing data could be utilised for dynamic fisheries management to
allow trout to take advantage of optimal migration conditions
by restricting fishing during these periods. Targeted fishing re-
strictions should also be implemented at (and in adjacency to)
important wintering habitats and spawning tributaries, where
trout migration speed was lowest and where trout presumably
are more likely to be caught. Protecting wintering areas in early
summer and the start of the fishing season would be especially
important to limit fishing related mortality since these areas are

repeatedly used across life stages as eventual spawners, imma-
ture trout, and spawned kelts are all inhabiting these freshwater
habitats during this period. Protecting trout later in the migra-
tion as trout enter spawning tributaries is also of importance,
since trout migration speed decreased further upstream which
could lead to trout being more prone to be caught. These mea-
sures are especially relevant for populations that have suffered
from declines, such as several populations in Finland which
have been classified as endangered (Hyvérinen et al. 2019).

Future research should target expanding the approach of this
study to include populations, from different regions, and in riv-
ers of different sizes, allowing comprehensive analysis of how
behaviour vary over larger spatiotemporal scales. Information
on individual characteristics (maturation stage, energy reserves,
genetics etc.) could be included in the analysis to provide valu-
able information on the migration behaviour. Biotelemetry
tracking of migrant sea trout could further improve our un-
derstanding of the impact of environmental changes during
migrations, by combining telemetry derived information of spa-
tiotemporal movements with tracking of physiological parame-
ters during the migration (Watanabe and Papastamatiou 2023).
Additionally, information regarding thermal regulation be-
haviour (Linnansaari et al. 2023) during the migration will be
of major importance to further evaluate the impacts of ambient
environmental conditions on migration behaviour. Climactic
changes in both riverine and marine habitats are expected to
impact the migration of salmonids globally (Arevalo et al. 2021;
Crozier et al. 2021; Thorstad et al. 2021). This highlights the
need for further behavioural studies to understand population
responses to changing conditions, allowing allocation of re-
sources for targeted management efforts.
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