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1 | INTRODUCTION

Migration patterns vary widely among species, both temporally and
spatially. These different patterns can profoundly influence population
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Abstract

Sea trout, Salmo trutta, display a wide range of migratory behaviours, and one aspect of
variation comes from freshwater migration distance. The overall aim of this study was to
determine if offspring of long- and short-distance migrants exhibited phenotypic differ-
ences relating to parental migration distance. For that purpose, we conducted several
behavioural tests (dyadic contest, boldness scoring and open field test) and morphological
analysis (relative pectoral-fin length) in multiple freshwater systems across the distribu-
tion range of the target species in Europe. It was expected that offspring of long-distance
migrants would be more active, bold and dominant than those of short-distance migrants
and would have longer pectoral fins relative to body length. Additionally, we investigated
if boldness varied in relation to latitude. We showed that offspring of long-distance
migrants were more dominant in two cases and more active in one case than those of
short-distance migrants; however, there was no difference in swimming distance or
velocity. Boldness and relative pectoral-fin length were significantly related to site of ori-
gin; however, the direction of this relationship differed between systems. Generally, we
detected a decrease in boldness with declining latitude. In summary, we have detected
variation among juveniles related to location within a stream; however, the drivers and
processes behind these are likely more complex than purely parental migratory strategy.
Our results can inform suitable management and conservation efforts directed to anadro-
mous Salmo trutta. For example, habitat restoration and removal of migration barriers can
increase the possible range of migration distances helping maintain the phenotypic diver-

sity of offspring.
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dynamics, as well as various aspects of an organism's biology and, ulti-
mately, it's reproductive success (Fayet et al., 2017; Reid et al., 2020).
For migratory fishes, such as salmonids, migration behaviours can dic-

tate patterns of gene flow and local adaptations through occupation
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of different geographic locations (Rougemont et al., 2023). In sea trout
(the anadromous form of brown trout), Salmo trutta L., the length of
both marine and freshwater migrations is highly variable (Ostergren
et al.,, 2011; Strgm et al., 2021). In the case of upstream freshwater
migrations, individuals with short migration distances may benefit
from reduced energetic costs and decreased exposure to predators,
whereas those undertaking long-distance migrations may reach
better-quality spawning grounds or areas with more favourable envi-
ronmental conditions and fewer competitors (Bohlin et al., 2001;
Bronmark et al., 2014; Nevoux et al., 2019).

With increased migration distance comes increased challenge,
and this variability in migration distance is influenced by factors such
as the availability of suitable spawning habitat (Zimmer &
Power, 2006), energetic cost (Kristensen et al., 2011) and the pres-
ence of physical barriers such as dams, weirs or waterfalls (Gosset
et al., 2006). The cost of migration could potentially separate the type
of individuals undergoing long migrations from those completing short
migrations. These differences may extend to offspring due to genetic,
maternal or environmental influences, leading to distinct juvenile phe-
notypes (Hojesjo et al., 2011; Stelkens et al., 2012). A recent study
demonstrated such spatial sorting of physiological characteristics in
juvenile S. trutta (Berry et al., 2024), but potentially behavioural and
morphological characteristics could also play a role.

Behavioural traits, such as boldness or tendency to partake in
risky behaviour, can impact migration distance such that bolder
individuals are more likely to explore novel environments and, in
general, bolder fish are more prone to disperse further (Cote
et al., 2010; Fraser et al., 2001). In European eels, Anguilla anguilla,
individuals from upstream sites show more risky explorative
behaviours than their downstream counterparts (Podgorniak
et al., 2016). Similarly, in Atlantic salmon, Salmo salar, behavioural
type influences how individuals cope when navigating hydropower
stations (Haraldstad et al., 2019, 2021). To complete a long migra-
tion requires adults to be bold - to explore new areas - as well as
active - to get there. These differences may also be passed down
to offspring resulting in shyer, less active, individuals being pro-
duced downstream compared to upstream. Aggression has previ-
ously been shown to differ with migratory strategy; for example,
S. trutta from populations with longer migrations (sea-run) are
more aggressive than those with shorter migrations (lake-run) and
resident populations (Lahti et al., 2001, 2002). To compete for and
hold higher-quality spawning sites, adults need to be dominant,
and less-competitive individuals may end up being forced out of
high-quality sites, further shaping the phenotypic characteristics
of subsequent offspring. This spatial sorting of behavioural traits
results from the assumption that generally substrate structure is
more suitable for spawning upstream with greater occurrences of
gravel beds. In addition, increases in organic matter downstream
can cause embeddedness reducing suitability of sites downstream.

Morphological characteristics may also contribute to the ability of
individuals to migrate further. Larger pectoral fins give fish an advan-
tage when swimming, and in salmonids, pectoral fins are used for

manoeuvring, holding position and braking (Drucker & Lauder, 2003),

making them an important feature for negotiating obstacles. In coho
salmon, Oncorhynchus kisutch, a comparison between coastal and
inland populations in the same river system revealed differences in
overall body shape and fin sizes in juveniles and adults (Taylor &
McPhail, 1985). Furthermore, the same study showed that these dif-
ferences were inherited by offspring when reared under equal condi-
tions in a laboratory setting.

Spatial sorting can function as a form of selection, dictating how
distributions of traits vary across space (Bowler & Benton, 2005;
Phillips & Perkins, 2019). S. trutta display strong natal homing
(Ferguson et al., 2019; Jonsson & Jonsson, 2014), with individuals
often returning to the same reach or tributary, although straying is
known to occur (Killo et al., 2022). Despite extensive research on the
migratory behaviour of salmonids, to our knowledge, little attention
has been given to the potential effect of variation in parental migra-
tion distance on the distribution of their offspring's phenotypic traits.
Moreover, little or no research has addressed such issues at wide-
range scale, covering the full latitudinal gradient of the target species.
Latitudinal gradients are known to structure behavioural and physio-
logical traits across taxa. Behavioural traits, including boldness, have
been shown to vary with latitude in birds (Diaz et al., 2013), fish
(Culumber, 2022) and amphibians (Cortazar-Chinarro et al., 2025). In
S. trutta traits such as metabolic rate (Lahti et al., 2002), energy state
(Finstad et al., 2010) and growth (Jensen et al., 2000) vary with lati-
tude. These traits could link to differences in boldness as they can
influence risk-taking, competitive ability and overall behavioural strat-
egies (Finstad et al., 2007; Metcalfe et al., 1995). This suggests that
environmental factors associated with latitude (e.g., photoperiod, tem-
perature and length of growing season) may contribute to larger geo-
graphic patterns of juvenile boldness variation.

In this paper, we present the findings of a comprehensive
study examining differences in juvenile anadromous S. trutta origi-
nating from long- and short-distance migrant parents in six differ-
ent S. trutta systems across the native range in Europe. Site of
capture serves as a proxy for site of origin, given the limited dis-
persal of trout in the juvenile phase (Hojesj6 et al., 2015; Palm
et al., 2023; Vgllestad et al., 2012), thus upstream and downstream
sites were used to categorize offspring of long- and short-distance
migrants. By combining behavioural studies and morphometric
analyses, we sought to determine how parental migratory distance
shapes the behavioural tendencies and physical attributes of their
offspring. It was predicted that offspring of long-distance migrants
would be more bold, more dominant, more active and have longer
pectoral fins relative to body length than offspring of short-
distance migrants due to genetic, maternal and/or environmental
effects associated with the site of origin. Given the large geo-
graphic range of sites used within this study, we also aim to inves-
tigate if upstream/downstream spatial patterns of boldness vary
within the native range along a latitudinal gradient. These findings
could have important implications for anadromous S. trutta conser-
vation in the face of ongoing environmental changes across Europe
by advancing our understanding of how spawning migration dis-

tance variation influences offspring characteristics.
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2 | METHODS

21 | Sampling

Six locations across the anadromous S. trutta range were used in this
study, covering the full latitudinal gradient of the species' natural dis-
tribution in Europe (Figure 1). At each location, an upstream and a
downstream site were selected, separated by at least 1 km. A variety
of behavioural tests were conducted, including boldness scoring, open
field tests and dyadic contests. Logistical constraints determined
which experiments could be conducted at each site; a summary of the
tests and sample sizes is provided in Table 1 (more detailed site-
specific information can be found in Appendix A).

Electrofishing was conducted at each site targeting juvenile trout
(parr stage). Captured fish were kept in boxes supplied with a constant
flow of stream water prior to sampling. For the open field tests and
dyadic contests, fish were transported to laboratory facilities at the
University of Gothenburg. After behavioural testing, fish were

@ Location
I

FIGURE 1

returned to their respective streams for release. Boldness scoring was

conducted in the field. After scoring, fish were anaesthetised (benzo-
caine; 0.5 mL LY, weighed, fork length measured and, in some cases,
pectoral-fin length also measured. Relative pectoral-fin length was cal-
culated as: pectoral-fin length (cm)/fork length (cm) x 100. After a
recovery period, fish were released back at their site of capture.

2.2 | Dyadic contest

A dyadic contest, in which pairs of fish engage in competitive interac-
tions to assess dominance (Hojesjo et al., 2002), was used to compare
individuals from upstream and downstream sites. For this purpose,
fish from Norumsan and Haga a were transported to laboratory facili-
ties at the University of Gothenburg. Here, they were transferred into
aerated 10°C holding aquaria with three sides covered, a flow-through
water system, gravel substrate and plastic refugia objects. Fish were
fed daily with chironomid larvae. After a minimum of 48 h of

0 1 2 3 4km

Maps of the six Salmo trutta study locations. The left panel shows their positions within Europe (red circles). The right panels show

each site with the stream systems outlined in blue (the stream systems are not plotted in their entirety); downstream sites are depicted with
yellow circles and upstream sites with orange circles (1: Fjervatnet with sites labelled A-C, 2: Norumsan, 3: Haga §, 4: Gudsg, 5: La Roche, 6é:
Mouro). Produced using QGIS with ESRI Satellite (ArcGIS/World Imagery) used as a basemap.

85U80|7 SUOLULLOD @A 12810 3|cedldde 8Ly Aq peuenob afe sajole YO ‘85N JO Sa|NJ 10} ARIqiT8UIIUO AB[IM UO (SUOTIPUOO-PU.-SWLBH 00" A8 | 1M Afe.d]|Bu 1 [UO//:SANY) SUORIPUOD pUe SWie | 8U188S *[5202Z/0T/70] Uo AriqiTauliuo A(IM * [eBnuod aUeiyo0D - a1puexs|y soled Aq 420 d3I/TTTT 0T/I0p/L0o 8| 1M Alq il |uo//Sdiy Wwoj papeo|umod ‘0 ‘6¥98560T



o= FISHBIOLOGY

BERRY ET AL.

TABLE 1 Table displaying which studies were conducted at which locations (Fjervatnet, Norumsan, Haga &, Gudsg, La Roche, Mouro) with

associated sample sizes of Salmo trutta.

Boldness scoring

Down Up Down
1: Fjervatnet (Norway) 48 49,15 -
2: Norumsan (Sweden) - - 51
3: Haga a (Sweden) 30 30 36
4: Gudsg (Denmark) 51 44 _
5: La Roche (France) 49 65 -
6: Mouro (Portugal) 20 20 -

Open field test

Dyadic contest Pectoral-fin length

Up Down Up Down Up

- - - 47 92,15
51 50 50 - -

50 32 32 32 170

- - - 110 90

Note: Each location is separated into two sites; downstream (Down) and upstream (Up).

acclimatization, they were anaesthetised (2-phenoxyethanol 0.5 mL L™
or benzocaine; 0.5 mL L™Y), fork length and wet body mass measured,
and a 12-mm PIT tag was inserted into the abdomen via a small incision
behind the left pectoral fin for individual identification. After the fish were
tagged, they returned to the holding tanks and allowed to recover for
6 days before the first behavioural observations.

The contests were performed with length-matched pairs of one
individual from each site, with a maximal size difference of 5%
(Huntingford et al., 1990). This size matching resulted in 50 unique
pairs from Norumsan and 28 unique pairs from Haga a. Fish were
identified with PIT tags (Haga &), and their adipose fins were clipped
in different directions in a randomized manner (Norumsan). Aquaria
28 x 20 cm were set up in arrays of eight to ten with removable
dividing walls placed in the middle of the aquaria, creating two sepa-
rate compartments and supplied with water from the same source as
the holding tanks. For Haga & trials, four cameras were mounted
above the contest aquaria. To encourage interactions within the pairs,
feeding was ceased 2 days before initiating the trials. Twelve
(Norumsén) or 22 (Haga &) h prior to trials, pairs were placed into the
separate compartments of the contest aquaria to acclimate.

After acclimation, contests were initiated by removing the divid-
ing wall. The first aquaria were observed for 5 min before initiating
the contest in the next aquaria. This procedure was repeated for the
remaining aquaria. Each interaction was recorded or observed until a
set social rank could be observed with a time limit of maximum 30 min
(Haga &) or 20 min (Norumsan). The social rank was established by a
number of social interactions: attack, chasing, flee, display, swimming,
brightest colouration, holding low and holding high (Keenleyside &
Yamamoto, 1962). The individual that displayed the most agnostic

behaviours during the trial was established as the dominant fish.

2.3 | Open field test

Open field tests are used to assess activity (% of time spent active),
swimming speed (cm/s) and swimming distance (cm) in fish when
tracked in a barren arena (Burns, 2008). Fish from Norumsan and
Haga 4 were assessed in this manner. Boxes (65 x 48 cm) were set up

in arrays of six to eight with two cameras mounted above and filled

with 5-10 cm water, and custom light ramps were used to eliminate
shading. Fish were randomly selected and placed into tanks individu-
ally and recorded for 35 (Norumsan) or 25 (Haga &) min. Water was
replaced between each trial.

All films were subsequently edited using either VideoPad version
6.29 NCH to remove the first and last 3 min (Norumsan) or AVI Split-
ter version 2.21 BRIZ Software to remove the first and last 5 min
(Haga 3) when fish were likely disturbed. This was then analysed using
tracking software (LoliTrack 4.0 Loligo Systems ApS, Viborg,
Denmark).

24 | Boldness scoring

To minimize transportation stress and to facilitate the testing of many
individuals within a short time frame, a simple test of boldness was
used. Sudden exposure to light in a novel environment was used to
elicit a startle response, serving as a proxy for boldness (Berry
et al., 2025). Fish were selected at random and transferred to a small
opaque round box (diameter = 30 cm) filled with 10 cm of water from
the stream. The boxes were arranged in arrays of four and positioned
under a tripod-mounted camera and covered with opaque plastic lids
that blocked all light. After a 2-min acclimation period, the covers
were removed, and the fish were recorded for 5 min. Water was
replaced between each trial. Video footage was later analysed manu-
ally, and time until the first movement (s) following sudden exposure
to light was measured (for Gudsg, time was measured with a human
observer rather than video recording). Individuals that did not move
during the trial were categorized as shy, whereas those that moved
were classified as bold. Among the bold individuals, latency
(in seconds) until first movement was used to further differentiate

boldness, with shorter latencies indicating higher boldness.

2.5 | Statistical analyses

All statistical analysis was performed using RStudio version 2023.03.0
(http://www.R-project.org/). Normality was checked using Shapiro-
Wilk tests. Outcomes of the dyadic trials were analysed using
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binomial tests; one dyad from the Haga & sample was excluded as a
fish escaped the tank. In both dyadic contest studies, one trial was
excluded after a ‘winner’ could not be established.

For open field tests activity (%), swimming speed and distance
were analysed using Kruskall-Wallis tests due to non-normal distribu-
tions. For each sample (Norumsan and Haga &), the variables were
tested individually against the site of origin.

Data on relative pectoral-fin length were collected from Fjervat-
net, Haga a and Gudsg. Each sample was analysed using Kruskall-
Wallis tests due to non-normal distributions, comparing relative
pectoral-fin length and site of origin (upstream/downstream). For
Fjervatnet, because there were more than two locations, a Dunn post
hoc test was performed using the R package FSA, with p-values
adjusted using the Benjamini-Hochberg method to determine the rela-
tionship between groups.

For the boldness scoring, the proportion of bold and shy individ-
uals was assessed using a generalized linear model with a binomial dis-
tribution and logit link function, including site within stream, stream
system and fork length (to rule out any differences relating to size); an
interaction between site and stream system was also included. Esti-
mated marginal means and pair-wise contrasts of boldness between
upstream and downstream fish within each stream system were
assessed using the R package emmeans (Lenth, 2025), and odds ratios
were used to evaluate the direction and strength of differences (odds
ratios >1 indicating higher boldness upstream and < 1 indicating
higher boldness downstream).

To investigate any general relationship with latitude, an additional
generalized model with binomial distribution and logit function was
made with bold/shy outcome, latitude and fork length as a covariate
to control for body size. For bold fish, the boldness score (s) was
analysed using a Kruskall-Wallis test; for the Fjervatnet sample, addi-
tional analysis was conducted using a Dunn post hoc test, with p-

values adjusted with the Benjamini-Hochberg method.

3 | RESULTS

3.1 | Dyadic contest

In the dyadic contest of fish from Norumsan, offspring of long-
distance migrants were more likely to win in trials than those of short-
distance migrants [95% confidence interval (Cl) (0.554, 0.821),
p = 0.007] and won in 35 out of 50 (70%) trials (Figure 2). In the
dyadic contest of fish from Haga &, offspring of long-distance migrants
were more likely to win in trials than offspring of short-distance
migrants [95% CI (0.631, 0.939), p < 0.001] and won in 23 out of
28 (82%) trials (Figures 2).

3.2 | Open field test

In the open field test conducted with fish from Haga &, activity (% of
time spent active) was significantly higher in fish from the upstream

Haga & Norumsan
18%
30%
- Short-distance
D Long-distance
82% 70%
FIGURE 2 Pie charts displaying proportion of winners in dyadic

contests from Salmo trutta pairs of offspring of long- and short-
distance migrants. The left chart shows results of fish sampled from
Haga 4, and the right chart shows results of fish sampled from
Norumsan. Dark blue segments represent short-distance winners, and
light blue segments represent long-distance winners; percentages are
also displayed.

site (offspring of long-distance migrants). There was no significant dif-
ference in swimming speed (cm/s) or distance travelled (cm) between
offspring of long-distance and short-distance migrants (Table 2). In
the open field test conducted with fish from Norumsan, there was no
significant difference in activity (%), swimming speed (cm/s) or dis-
tance travelled (cm) between offspring of long-distance and short-
distance migrants, although there is a trend in the Norumsan sample
of upstream fish swimming slower and covering less distance
(Table 2).

3.3 | Boldness scoring

When considering the bold/shy outcome, the interaction between site
within stream and stream system was significant [ = 1.2, standard
error (SE) = 0.6, z = 2.0, p = 0.05], indicating upstream/downstream
effects differed between locations. The estimated marginal means
suggested a trend in La Roche for a higher proportion of bold individ-
uals downstream compared to upstream. Although this effect was
non-significant (odds ratio = 0.5, p = 0.09), there was also no signifi-
cant effect at the other locations: Fjervatnet (odds ratio = 1.2,
p = 0.7), Haga & (odds ratio = 0.5, p = 0.4), Gudsg (odds ratio = 1.7,
p = 0.2), Mouro (odds ratio = 3.0, p = 0.1). Additionally, no effect of
fork length was found (8 = —0.02, SE = 0.04, z = —0.5, p = 0.6). Fur-
ther investigation showed a significant relationship between the pro-
portion of shy and bold individuals and latitude (Figure 3), with the
prevalence of boldness decreasing with decreasing latitude
(estimate = —0.07, SE = 0.01, z = —5.0, p < 0.001), and there was no
significant effect of fork length (estimate = —0.03, SE = 0.03,
z=-11,p=0.3).

Within fish categorized as bold, there was some variation in
degree of boldness (measured as latency until first movement).
In Fjervatnet, there was a significant difference in boldness
(s) between the three sites in individuals that did move during the trial
period (Kruskal-Wallis ¥ = 14.2, p < 0.001), with boldness decreasing
from A to C (Figure 4). Individuals from site C exhibited significantly
shorter latencies and were therefore bolder than individuals from sites
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TABLE 2 Means, standard deviations and p-values (significant p-values are highlighted in bold) for open field tests from Salmo trutta

originating upstream and downstream in Haga & and Norumsan.

Haga Norumsan
Downstream Upstream p-Value Downstream Upstream p-Value
Activity (%) 60.1+9.3 65.5+8.8 0.03 38.3+18.6 35.0+18.7 0.36
Swimming speed (cm/s) 11.8+29 120+238 0.72 45+24 40+21 0.07
Distance (m) 43.2+125 468+ 118 0.20 88.3+51.1 73.6 £48.4 0.08
100% FIGURE 3 Stacked barplot showing
? 10 the proportion of bold (green) and shy
24 22 20 & 24 (yellow) Salmo trutta individuals at each
site. Actual percentages are displayed on
75% 8 4 51 47 the graph. Sites are indicated in the x-axis
68 labels, with ‘D’ and ‘U’ indicating
‘3, Behaviour downstream and upstream sites,
g respectively (note at Fjervatnet, there are
0,
@ 50% Shy two upstream sites labelled UB and UC).
.
s I Bou
25% I
0%
@e@ Q@‘b ?},@C’ 0;:9 gfz\} bébo 69&} & é@) \)&5) 0@)
S R o o &
(@‘ N &4 \/'b \,’b
< & &
<&

A (z=3.7,p <0.001) and B (z = 2.4, p = 0.02); individuals from sites
A and B were not significantly different but followed a similar trend
(z=2.0, p=0.06). In Haga 4, offspring of short-distance migrants
were significantly bolder (shorter latencies) than those of long-
distance migrants (Kruskal-Wallis x> = 5.0, p = 0.03). In Gudsg, there
was no difference in time until movement in bold fish between sites
(Kruskal-Wallis x? = 0.4, p = 0.5). In La Roche, there was no differ-
ence in time until movement in bold fish between sites (Kruskal-
Wallis x2 = 0.2, p=0.7). In Mouro, there was no difference in time
until movement in bold fish between sites (Kruskal-Wallis
x? =0.08,p =0.8).

3.4 | Morphology

In Fjzrvatnet, relative pectoral-fin length had a significant relationship
with site (Kruskal-Wallis x? = 28.9, p < 0.001) and increased from site
A to C (Figure 5); individuals from site A had smaller fins relative to
body size compared to sites B (z= —4.2, p < 0.001) and C (z = —4.7,
p < 0.001); individuals from site B had smaller fins than site C
(z=—2.3, p<0.001) (Figure 5). In Haga &, fish originating down-
stream had longer relative pectoral fins (Kruskal-Wallis x? = 34.4,
p < 0.001) (Figure 5). In Gudsg, fish originating from downstream had

relatively longer pectoral fins than those originating upstream
(Kruskal-Wallis x> = 28.4, p < 0.001).

4 | DISCUSSION

In this paper, we have demonstrated that morphological characteris-
tics and behavioural properties might differ between offspring of
long- and short-distance migrants, although, interestingly, not always
in the same direction. In the case of dominance, we see strong evi-
dence of an upstream-downstream relationship with more dominant
individuals being found upstream in two cases. However, for other
traits, such as boldness and relative pectoral-fin length, we see a lack
of consistent directional patterns emphasizing the complexity of the
relationship between site of origin and offspring traits. We cannot rule
out other underlying factors that might act together or oppose the
upstream-downstream relationship. Behavioural and morphological
characteristics can be determined by both genetic and environmental
factors and their interaction (Dermond et al., 2019). Even within the
same stream system, juveniles may have different genetic back-
grounds (Stelkens et al., 2012) and may experience different environ-
mental conditions, for example, in flow regime, water chemistry, shear

stress, resource availability, among others. However, using trout as a
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model organism where the offspring generally stays close to the
spawning site allows us to integrate both of these factors due to
the genetics and maternal influences of the adults and the variability
in habitat due to spawning site selection (Foldvik et al., 2010;
Serbezov et al, 2010). The degree of habitat variability between
upstream and downstream sites differs between the six localities in
this study, as well as the total freshwater migration distance from sea.
These differences have not been quantified presently, and it is
unknown to what extent the phenotypic variations explored here are
driven by genetics or environmental factors (e.g., microhabitats).

One of the most significant and novel findings of this study is that
offspring of long-distance migrants were consistently more dominant
than those of short-distance migrants. This result, demonstrated
across two stream systems (Haga & and Norumsan), highlights a crucial
difference between juveniles originating in different stream sections.

Being more dominant could give individuals a competitive advantage

during the juvenile stage, which will likely impact future survival and
fitness. Notably, previous studies have contradictory findings, in
which juvenile S. trutta from a downstream section were more aggres-
sive than upstream (Kristensen & Closs, 2008); however, in their study
the residency/anadromy differed between upstream and downstream
populations due to an impassable migration barrier between the two
sites resulting in a resident population upstream and a mixed resi-
dent/migrant population downstream (Kristensen et al., 2011). Open
field tests showed activity was significantly higher in offspring of
long-distance migrants than short-distance migrants in the sample
from Haga &, in keeping with our expectations, but not the
sample from Norumsan. There was also no significant relationship
between site of origin and swimming distance and swimming speed.
Given the plastic nature of S. trutta, these parameters may differ on a
larger geographic scale and may be more similar in juveniles produced

within the same stream systems (Meier et al., 2011). Further studies
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could investigate whether these traits differ between sites within
streams separated by larger distances or with more environmental
heterogeneity.

In the case of boldness, our results revealed a more complex pat-
tern. Although we did not observe a clear relationship between
upstream and downstream localities at the extreme ends of the scale
(bold vs. shy fish), we did find significant differences in degree of
boldness within bold individuals. In Fjervatnet, within bold individuals,
offspring of long-distance migrants were bolder than those of short-
distance migrants. However, in the Haga a and Gudsg systems, the
reverse relationship was found: offspring of short-distance migrants
were bolder than those of long-distance migrants. This intriguing find-
ing still supports variation among juvenile characteristics at small spa-
tial scales within streams but hints that perhaps factors other than
parentage may be drivers, for example, population densities or habitat
characteristics. These factors are certainly worth investigating further.
When considering Haga a, where most studies were conducted, the
patterns of dominance/activity and boldness revealed a complex pat-
tern and were not consistent with our expectations, suggesting a
weak or context-specific link between boldness and competitive
interaction.

The presence of a significant trend associated with boldness and
latitude suggests that factors such as climate or latitude-related eco-
logical pressures may influence boldness in juvenile S. trutta. One pos-
sible explanation is that populations at higher latitudes compensate
for the shorter growing season by increasing risk-taking and adopting
bolder foraging strategies, a pattern consistent with the concept of
countergradient variation. Countergradient variation suggests that
growth rate should increase as the growing season decreases and has
been demonstrated in several fish species (Yamahira et al., 2007;

Yamahira & Conover, 2002). Under the assumption that being more

bold enhances food intake and therefore growth (Jolles et al., 2016;
Stamps, 2007), it could be an important mechanism by which S. trutta
at higher latitudes achieve sufficient growth during a short growing
season. Although this trend in boldness requires further investigation,
it raises broader questions about the large-scale environmental gradi-
ents that shape behavioural traits.

Regarding pectoral-fin morphology, in Fjervatnet we observed a
general trend of relative pectoral-fin length increasing by an average
10% between the sites closest to and furthest from the sea; however,
it is important to bear in mind that the sample size at site C was much
smaller than desirable (n = 15). However, the large relative difference
(>10%) reported suggests that the size of pectoral fin could be of high
biological relevance. The reverse relationship was found in both Haga
a and Gudsg. In Haga &, for example, offspring of short-distance
migrants had an average 13% longer pectoral fins relative to body
length, again suggesting a relationship between site of origin and off-
spring characteristics, but also indicates that other factors may be the
driving force. Clearly, there does not need to be a linear relationship
between the relative length of the pectoral fin and the migratory dis-
tance per se, but rather an adaptation to local conditions (Paez
et al,, 2010). In agreement, pectoral-fin length has previously been
shown to differ relating to local hydraulic conditions, where individ-
uals living in areas prone to high discharge had larger pectoral fins
(Drinan et al., 2012). Future studies can also investigate other aspects
of morphology, including the size of other fins, body shape and gen-
eral body condition, in relation to local conditions at various distances
from the sea. Our results also suggest a possible relationship between
relative pectoral-fin length and boldness, though this was not formally
tested and would require further investigation.

Anadromous S. trutta utilize many different freshwater systems,

from small transient streams to large river systems hundreds of
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kilometres long, as well as lake systems. Here, we studied juveniles
from several stream systems of varying length and a system with lakes
present (Fjervatnet). Local adaptation may differ between different
types of systems, particularly for a species with a flexible life history
such as S. trutta. Resident, lake-migrating and sea migrating trout
exhibit vastly different morphological and behavioural traits (Lahti
et al., 2001; Taylor & McPhail, 1985). Therefore, it is crucial to
acknowledge that variations observed in one system may not neces-
sarily reflect those in other systems. However, the main insight is that
juvenile trout may vary locally based on their site of origin. Now
that differences have been established, it would be of great interest
to conduct further studies using common garden experiments, remov-
ing the influence of environmental variability, to further investigate
the drivers of this variation. Repeated sampling over time and space,
as well as increasing the distance between the upstream and down-
stream sites or working on gradients of sites, would enhance the
detection of differences and thus improve the robustness of
the approach.

In this study, juvenile parentage was assumed by site of capture,
although it has not been confirmed that juveniles used in the various
studies are progeny of parents of different migratory strategies. How-
ever, previous studies have reported that even when juvenile salmo-
nids are transplanted, they generally are very sedentary, remaining
within 40 m of the release point for several months and showing no
or a limited tendency of homing behaviour. This supports our assump-
tion that juvenile S. trutta have limited dispersal before migration,
making the site of capture equivalent to the site of origin (Foldvik
et al,, 2010; Hojesj6 et al., 2015). Additionally, we cannot rule out the
occurrence of residency in our study populations (Ferguson
et al,, 2019; Sahashi & Morita, 2013); however, to the best of our
knowledge, all sites selected were composed predominantly of anad-
romous populations.

In short, offspring characteristics do not simply reflect parental
dispersal distances; however, there are indications of spatial variation
in phenotypic characteristics within a system. For some traits, such as
dominance, there seems to be a more consistent upstream-
downstream pattern. However other traits, such as boldness and rela-
tive pectoral-fin length, vary in both directions. These findings hint at
the possible importance of local adaptations and/or maternal influ-
ences on variation in juvenile phenotypic traits. Freshwater systems
are subject to increasing anthropogenic pressures that could influence
the distribution patterns of anadromous S. trutta (Ayllén et al., 2016).
The presence of dams and other human infrastructure instream, as
well as the escalating risk of drought due to climate change, impacts
the structure and connectivity of freshwater systems. Juvenile pheno-
typic variation could be essential for population resilience in the face
of changing environments, as it provides a broader range of pheno-
types that may be advantageous under different ecological pressures.
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APPENDIX A

BERRY ET AL.

A1 | SAMPLING ADDITIONAL DETAILS

Site

Norumsdn
(58.04318° N, 11.84589° E)

Haga d (57.57542° N, 11.94316° E)

Gudseg (55.53057° N, 9.57667° E)
La Roche (48.63873° N, 1.17502° W)
Fjeervatnet (67.50271° N, 14.72136° E)

Mouro (42.05854° N, 8.38914° W)

Period

September 2018

September 2021
and 2022

September 2021
September 2022
September 2022

September 2023

Approximate
distance to sea
from downstream
site (to

nearest km)

1 km

1 km

1 km

20 km
1 km

50 km

Approximate
distance between
downstream and
upstream sites

6 km

2.5 km

1.5 km

1.3 km
3 km

5 km

Total number
of fish
(downstream,
upstream)

50, 50

2021: 52,
412,022: 32,
174

110, 90
49, 65

54 (A), 94 (B),
15(C)

20, 20

Fork lengths,
mean * standard
deviation (mm)

117 £ 15

2021: 96 +£3
2022:85+9

150 £ 15
120 £ 43
117 £ 23

149 + 18
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