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Despite that the study of individual repeatability is a common topic in behavioral
ecology, virtually nothing is known about inter-annual variability in the marine migratory
behavior of iteroparous salmonids that can complete multiple feeding migrations in their
lifespan. Behavioral data from 38 anadromous brown trout (Salmo trutta), tracked by
acoustic telemetry in 2–3 consecutive marine feeding migrations in two Norwegian fjord
systems, were analyzed for intra-individual repeatability in key aspects of their marine
migration. Individual brown trout displayed significant inter-annual consistency in marine
area use and in the timing of marine exit (i.e. when they returned to spawning rivers),
but not in the timing of marine entry or the time spent in the marine environment
each year. Our study raises new questions about how anadromous brown trout
respond to changing conditions and anthropogenic factors in the marine environment.
Intra-individual repeatability of brown trout linked to changing environmental conditions
should therefore be a focus for future studies.

Keywords: behavioral repeatability, habitat use, marine migration, migratory timing, Salmo trutta, sea trout,

migratory continuum

INTRODUCTION

The post-spawning feeding migrations of iteroparous fish species have evolved to allow
nutritionally depleted individuals the opportunity to exploit richer feeding habitats in an effort
to recondition for future reproductive events. Needless to say, the mechanisms and patterns of
migration can vary widely both within and among populations, as may the degree of individual
flexibility and/or repeatability of migratory behavior in response to environmental fluctuations.
Behavioral repeatability has been documented in various taxa (Bell et al., 2009), including species
and populations of birds, mammals, and fish (e.g., Dias et al., 2010; Lea et al., 2015; Müller et al.,
2015; Leclerc et al., 2016). For predatory fish feeding in the marine habitat, the availability, and
distribution of resources in the marine environment can vary between years (Dragesund et al.,
1997; Rikardsen andAmundsen, 2005), which should favor flexibility in traits likemigration timing,
distance, and duration of residency in various habitats if the organisms have reliable cues from the
environment to adjust their behavior in response to the environmental changes (Reed et al., 2010).
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The Salmonidae is a family of freshwater spawning fishes,
where several of its species initiate feeding migrations to the
marine environment (Pavlov and Savvaitova, 2008). Among
these, brown trout Salmo trutta is a widely distributed,
facultatively anadromous species known to display a continuum
of migratory strategies ranging from freshwater residency and
potamodromy to estuarine, short and long-distance marine
migrations, both among and within populations (Cucherousset
et al., 2005; Boel et al., 2014; del Villar-Guerra et al., 2014;
Eldøy et al., 2015; Flaten et al., 2016; Bordeleau et al.,
2018). As an iteroparous species, anadromous brown trout can
undertake multiple annual marine feeding migrations during its
lifetime (L’Abee-Lund et al., 1989; Thorstad et al., 2016), where
the freshwater residency between marine migratory seasons
is usually characterized by spawning and overwintering with
opportunistic feeding (Davidsen et al., 2017) that have limited
importance for somatic growth (Knutsen et al., 2001). While the
drivers of the brown trout migratory continuum have remained
somewhat mysterious, growing scientific evidence indicates a
role of individual physiological and nutritional state, metabolic
rate, and food availability (Olsson et al., 2006; Wysujack et al.,
2009; Davidsen et al., 2014; Eldøy et al., 2015; Bordeleau et al.,
2018). Despite high inter-individual variability in migratory
behavior, the degree of intra-individual behavioral flexibility to
changing environments and its consequences in terms of growth,
survival, and ultimate fitness remain obscure. Beyond the role of
environmental variability, themigratory behavior of anadromous
brown trout can be influenced by anthropogenic impacts on
coastal waterways, such as marine traffic, harbors and other near-
shore infrastructure, renewable energy production, fisheries,
and aquaculture (Thorstad et al., 2016; Aldvén and Davidsen,
2017). Importantly, recent work using acoustic telemetry has
documented inter-annual shifts in the marine habitat use of
different groups of anadromous brown trout in response to
aquaculture-associated salmon lice abundances (Halttunen et al.,
2018). However, due to logistical constraints imposed by battery
life of acoustic transmitters, and relatively highmortality between
spawning events (Fleming and Reynolds, 2004), no previous
studies have yet assessed the inter-annual flexibility in the marine
migrations of brown trout tracked through multiple years.

In order to investigate the degree of variation in behavior
of brown trout individuals between consecutive marine feeding
seasons, we extracted behavioral (movement) data from trout
tagged in acoustic telemetry studies in two Norwegian fjord
systems between 2012 and 2017 (e.g., Eldøy et al., 2015; Bordeleau
et al., 2018). Studies of migratory species in various taxa
have shown that individuals can exhibit both consistency and
repeatability in behavior (Bell et al., 2009). Given the lack
of previous studies on intra-individual repeatability in annual
marinemigratory behavior for salmonids, we chose not tomake a
priori predictions from specific hypotheses. Instead, we explored
this unique dataset to investigate whether key behavioral aspects
of the intra-individual marine behavior of anadromous brown
trout was repeated among years. Specifically, we analyzed the
degree of annual intra-individual behavioral repeatability in
terms of (i) spatial dispersal, (ii) migratory timing, and (iii)
duration of marine residency.

MATERIALS AND METHODS

Study Area
The study was conducted in two fjord systems in central and
northern parts of Norway (Figure 1). The Hemnfjord system
consists of two interconnected fjords with more than 60 km2

surface area and about 65 km of shoreline and is connected to
the open sea by a 36 km long strait (Figure 1, Eldøy et al., 2015).
The Tosenfjord system consist of two interconnected fjords with
about 150 km2 surface area and more than 270 km of shore line,
connected to the open sea by a 15 km long strait (Figure 1).
Several watercourses with partially anadromous populations of
brown trout drain into both fjord systems. The Hemnfjord study
area is described in detail by Eldøy et al. (2015, 2017) and Flaten
et al. (2016), while the Tosenfjord study area is described by
Bordeleau et al. (2018).

Environmental Variables
Both fjord systems had aquaculture facilities with farmed salmon
in open net pens during the study periods. Sea temperature
and salmon lice count data from the salmon farms was
downloaded from the Norwegian Fish Health Database (www.
barentswatch.no), and all available recordings from marine
aquaculture locations in the two fjord systems were combined.
Data on sea temperatures and salmon lice counts (here shown
as counts of all life stages combined) in the farms located
within each fjord system revealed seasonal and annual variations
in both temperature (Figure 2) and salmon lice infestation
levels (Figure 3).

Acoustic Tracking
In the Søa watercourse in Hemnfjord, a total of 100 brown
trout were tagged in freshwater or in the estuary and tracked
with acoustic receiver arrays in the fjord system in 2012–2014
(Figure 1). In Tosenfjord, a total of 274 brown trout were
tagged in freshwater and estuaries of River Åbjøra and Urvold
watercourse and tracked with acoustic receiver arrays in the fjord
during 2015–2017 (Figure 1). In general, anadromous brown
trout in the two fjord systems migrate to sea each summer
for feeding and return again to freshwater for spawning and/or
overwintering during late summer (Eldøy et al., 2015; Bordeleau
et al., 2018). The fish were either tagged during spring after
spawning and prior to their marine migration, or in the autumn
prior to potential spawning. For fish tagged during autumn, the
tracking started at their outwards migration during the following
spring. All fish included in this study were tagged following
the same protocol. The fish were captured by rod fishing or
gillnets that were continuously monitored and kept in holding
nets for up to 4 h prior to tagging. The fish were sedated using
2-phenoxy ethanol for 4min prior to making a 2 cm incision
in the body cavity and inserting the sterilized acoustic tag. The
incision was closed by 2–3 sutures, before the fish were placed
in a recovery tank for up to 15min and subsequently released at
the site of tagging. The expected battery lifetime of the acoustic
tags ranged from 15 to 24 months (Table 1). See Eldøy et al.
(2015) and Bordeleau et al. (2018) for further details. Arrays of
acoustic receivers (Vemco Inc., Canada models VR2, VR2W, and
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FIGURE 1 | Map over study site Tosenfjord (upper) and Hemnfjord (lower), with site of tagging and locations of deployed receivers. Short-, medium-, and long-inner
lines indicate the defined boundaries used to classify migratory behavior based on minimum travel distance. Two-digit numbers indicate receiver ID’s included in the
network analyses.
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FIGURE 2 | Sea temperatures reported by the salmon farms located within the study area in Hemnfjord (A) and Tosenfjord (B). Colored lines indicate the smoothed
conditional mean and its pointwise 95% confidence interval (shaded bands).

FIGURE 3 | Salmon lice prevalence (all life stages combined) reported by the salmon farms located within the study area in Hemnfjord (A) and Tosenfjord (B). Colored
lines indicate the smoothed conditional mean and its pointwise 95% confidence interval (shaded bands).

VR2-AR) were deployed at various locations in both freshwater,
estuaries and saltwater in the two fjord systems to map the
movements of the tagged brown trout (Figure 1). In Hemnfjord,
receiver ID 34 and 35 were deployed in the estuary of River
Søa and represented the transition zone between freshwater and
saltwater. In Tosenfjord, receiver ID 44 was deployed in the
estuary of River Urvold and receiver ID 63–68 were deployed in
the estuarine parts of River Åbjøra. See Eldøy et al. (2015) and
Bordeleau et al. (2018) for further details.

Prior to statistical analyses, the tracking data was filtered for
false registrations resulting from noise in the surroundings of the
receivers and/or code collision of simultaneously transmission
from multiple transmitters (Pincock, 2012). Receivers found to

contain frequently false detections were filtered by adding a filter
that required at least two registrations within a 10-min time
span to accept the registrations. The data was further visually
inspected for false detections, and obviously false detections were
removed prior to the statistical analyses. See Eldøy et al. (2015)
and Bordeleau et al. (2018) for further details.

Data Analyses
All statistical analyses were conducted using R version 3.5.3
(R Core Team, 2019) and RStudio version 1.2.1335 (RStudio
Team, 2019). Spearman’s rank correlation was used to test the
intra-individual correlation in migratory behavior between first
and second year of tracking (Hanson et al., 2010; Taylor and
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TABLE 1 | Summary of capture timing and location, body size, and tag information of tracked fish.

Fish ID Study site Watercourse Tagging date Natural body

size (mm)

Transmitter ID Transmitter model Estimated battery life

(months)

F01 Hemnfjord Søa 2012-04-12 350 A69-1206-813 Thelmabiotel MP-9-long 15

F02 Hemnfjord Søa 2012-04-12 350 A69-1206-818 Thelmabiotel MP-9-long 15

F03 Hemnfjord Søa 2012-04-12 350 A69-1206-820 Thelmabiotel MP-9-long 15

F04 Hemnfjord Søa 2012-04-12 350 A69-1206-821 Thelmabiotel MP-9-long 15

F05 Hemnfjord Søa 2012-04-12 380 A69-1206-822 Thelmabiotel MP-9-long 15

F06 Hemnfjord Søa 2012-04-13 360 A69-1206-816 Thelmabiotel MP-9-long 15

F07 Hemnfjord Søa 2012-04-13 440 A69-1206-825 Thelmabiotel MP-9-long 15

F08 Hemnfjord Søa 2012-04-14 380 A69-1206-841 Thelmabiotel MP-13 17

F09 Hemnfjord Søa 2012-09-17 430 A69-1303-20613 Vemco V13-1x 20

F10 Hemnfjord Søa 2012-09-18 390 A69-1303-20615 Vemco V13-1x 20

F11 Hemnfjord Søa 2012-09-18 570 A69-1303-20618 Vemco V13-1x 20

F12 Hemnfjord Søa 2012-09-18 370 A69-1303-20620 Vemco V13-1x 20

F13 Hemnfjord Søa 2012-09-18 470 A69-1303-20621 Vemco V13-1x 20

F14 Tosenfjord Åbjøra 2015-04-10 600 A69-1303-21 Thelmabiotel ATID-MP-13 24

F15 Tosenfjord Urvoll 2015-04-11 440 A69-1303-24 Thelmabiotel ATID-MP-13 24

F16 Tosenfjord Urvoll 2015-04-11 590 A69-1303-25 Thelmabiotel ATID-MP-13 24

F17 Tosenfjord Urvoll 2015-04-11 628 A69-1303-28 Thelmabiotel ATID-MP-13 24

F18 Tosenfjord Urvoll 2015-05-07 500 A69-1105-53 Thelmabiotel ATT-MP-13 19

F19 Tosenfjord Åbjøra 2015-05-07 420 A69-1303-23 Thelmabiotel ATID-MP-13 24

F20 Tosenfjord Urvoll 2015-05-07 330 A69-1303-6 Thelmabiotel ATID-MP-9-LONG 15

F21 Tosenfjord Åbjøra 2015-09-03 410 A69-1303-304 Thelmabiotel ATID-MP-13 24

F22 Tosenfjord Urvoll 2015-09-04 475 A69-1303-301 Thelmabiotel ATID-MP-13 24

F23 Tosenfjord Urvoll 2015-09-29 470 A69-1303-339 Thelmabiotel ATID-MP-13 24

F24 Tosenfjord Urvoll 2016-05-04 290 A69-1303-474 Thelmabiotel ATID-MP-9-LONG 15

F25 Tosenfjord Urvoll 2016-05-04 440 A69-1303-529 Thelmabiotel ATID-MP-13 24

F26 Tosenfjord Urvoll 2016-05-04 390 A69-1303-530 Thelmabiotel ATID-MP-13 24

F27 Tosenfjord Urvoll 2016-05-05 330 A69-1303-475 Thelmabiotel ATID-MP-9-LONG 15

F28 Tosenfjord Åbjøra 2016-05-23 410 A69-1303-501 Thelmabiotel ATID-MP-13 24

F29 Tosenfjord Åbjøra 2016-05-25 390 A69-1303-524 Thelmabiotel ATID-MP-13 24

F30 Tosenfjord Åbjøra 2016-05-25 410 A69-1303-525 Thelmabiotel ATID-MP-13 24

F31 Tosenfjord Åbjøra 2016-05-26 480 A69-1303-517 Thelmabiotel ATID-MP-13 24

F32 Tosenfjord Åbjøra 2016-05-26 450 A69-1303-518 Thelmabiotel ATID-MP-13 24

F33 Tosenfjord Åbjøra 2016-05-26 430 A69-1303-519 Thelmabiotel ATID-MP-13 24

F34 Tosenfjord Urvoll 2016-05-26 510 A69-1303-522 Thelmabiotel ATID-MP-13 24

F35 Tosenfjord Urvoll 2016-05-27 390 A69-1303-515 Thelmabiotel ATID-MP-13 24

F36 Tosenfjord Urvoll 2016-05-30 450 A69-1303-513 Thelmabiotel ATID-MP-13 24

Cooke, 2014; Nelson et al., 2015). Data on sea temperature and
salmon lice prevalence were plotted using r-package ggplot2
(Wickham, 2016), using the “geom_smooth” function to produce
smoothed trend lines. Marine migratory tactics were classified
as short- medium- and long distance migration in Hemnfjord
for each tracking season, based on how far out in the fjord
system the fish was detected (Figure 1, Eldøy et al., 2015).
Similarly, marine migratory tactics were defined as short, long-
inner, and long-outer distance migrants based on migratory
distance in Tosenfjord (Figure 1, Bordeleau et al., 2018), where
fish remaining resident in the estuary of River Åbjøra were
considered as short distance migrants. Only fish observed
returning to freshwater the second season, being detected after 1
July in the second tracking, season or qualifying for the longest

distance migratory tactic in the second tracking season were
included in this analysis. The categorical variables of migration
distance were transformed to ordinal structure according to
relative migration distance (short = 1, medium/long-inner = 2,
and long/long-outer = 3) prior to testing the intra-individual
consistency using Spearman’s correlation test.

Network analysis and bipartite graphs were made using
the r-package igraph (Csardi and Nepusz, 2006), as previously
demonstrated on acoustic telemetry data by Finn et al. (2014).
Here, the individual’s total yearly count of detections for each
marine receiver that was operative through all the study years
(numbered receivers in Figure 1) was used to compare the
individual’s marine area use among years. Only fish observed
returning to freshwater the second season, being detected after 1
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July in the second tracking season, or qualifying for the longest
distance migratory tactic in the second tracking season were
included in the network analysis. The number of detections was
used as weights for the link (edges) between tracked fish and
associated receivers. Receivers and tracked fish were grouped
using the igraph “cluster_walktrap” function (using 6 steps for
Hemnfjord and 11 steps for Tosenfjord), which uses a random-
walk algorithm to try to find densely connected subgraphs
(communities) within the network (Csardi and Nepusz, 2006;
Finn et al., 2014). The results of the grouping within the network
of each fjord system were organized as an ordinal variable
according to distance in the network plot and geographic location
of the receivers (Figure 1) prior to evaluating inter-individual
consistency among years using the Spearman’s correlation test.
Timing of marine entry was defined as the time of the first
detection on a receiver deployed in estuarine or marine waters
preceding detection on a receiver deployed in freshwater. Timing
of marine exit was defined as the time of the last detection
on a receiver deployed in estuarine or marine waters prior to
detection on a receiver deployed in freshwater. An exception
was made for river Åbjøra, where the two outermost receivers
in the river mouth (station 67 and 68, Figure 1) were defined as
estuarine and receivers deployed further upstream in the large
parts of the watercourse influenced by tidal water (station 63–
66, Figure 1) were defined as “freshwater” in the marine timing
and duration analyses. Marine duration was calculated as the
yearly accumulated time spent in the marine environment, where
periods of freshwater residency between the first marine entry
and the last marine exit were excluded. Individuals that were only
residing in tidally influenced parts of river Åbjøra were excluded
from analyses of timing and duration of marine migration.

RESULTS

Of the 374 tagged individuals from the two fjord systems, we
could extract data from 36 individuals (Table 1) to explore the
intra-individual repeatability in area use, timing of marine entry,
timing of marine exit, and/or marine residence time among
consecutive marine feeding seasons. Of these, 10 individuals
from Hemnfjord and eight individuals from Tosenfjord were
tracked throughout two full marine seasons (i.e., they migrated
back to freshwater after the second feeding migration). For two
individuals from Tosenfjorden, tracking data could be extracted
from three consecutive marine feeding migrations. Generally, the
tagged individuals displayed a relative consistentmarine behavior
on the evaluated aspects of theirmarine behavior between the two
or three consecutivemarine feeding seasons of tracking (Table 2).
However, the degree of consistency varied among individuals,
with some individuals displaying large variations in some of the
measured behavioral aspects among years (Table 2).

Marine Area Use of Tagged Anadromous
Brown Trout
A wide range maximum migratory distances were observed,
ranging from remaining resident in the estuarine areas of the
watercourse where the fish were tagged—to utilizing large parts of

the fjord system and spending a significant amount of their total
marine residence time in areas outside the outermost receiver
arrays. There was a strong and significant intra-individual
correlation between the observed migratory tactic during the
first and second year of tracking in both Hemnfjord (Spearman’s
rank-correlation; rs = 0.84, n = 12, P < 0.001) and Tosenfjord
(rs = 0.96, n = 18, P < 0.001) when marine migratory behavior
was classified as defined by Eldøy et al. (2015) and Bordeleau
et al. (2018) for Tosenfjord (Figure 1). For Hemnfjord, 9 of
12 tracked fish were assigned to the same migratory tactic in
both marine seasons. For Tosenfjord, 16 of 18 individuals were
assigned to the same migratory tactic in both years. The annual
consistency in marine area use of tagged individuals during
the 2 consecutive years of tracking was further investigated by
network analyses (Figures 4, 5; Table 2). There was a strong
and significant intra-individual correlation between the assigned
network group during the first and second year of tracking
in both Hemnfjord (Spearman’s rank-correlation; rs = 0.77, n
= 12, P = 0.003) and Tosenfjord (rs = 0.89, n = 18, P <

0.001). The grouping analysis of network structure using a cluster
walk trap algorithm on the network in Hemnfjorden resulted
in two different groups; one containing receiver locations in
the inner and central part of Hemnfjorden and one containing
receiver locations in outer and eastern parts of the fjord system
(Figure 4). In this fjord system, 11 of 12 of the tagged fish were
assigned to the same community unit both years (Table 2). For
Tosenfjord, the grouping analysis of network structure using a
cluster walk trap algorithm resulted in seven different community
with associated tagged fish and receiver locations (Figure 5).
Here, 12 of 18 tagged fish that were followed for 2 years were
assigned to the same community both years (Table 2). One of
the two fish that was tracked and analyzed for three consecutive
seasons was assigned to the same community all years. However,
two of the fish tracked during two seasons, and the one fish
tracked for three seasons that changed community, transitioned
between communities that all had associated receivers in the
estuarine areas of the Åbjøra watercourse.

Timing of Start and End of Marine Feeding
Migration
Average day of year for marine entry was 123.8 (n = 27,
SD = 15.8, range 103.0–151.0) for the first year of tracking and
120.2 (n= 27, SD= 24.0, range 64.4–155.7) for the second year of
tracking. There was a weak and non-significant intra-individual
correlation of the timing of marine entry between the first and
second year of tracking (Figure 6, Spearman rank-correlation;
rs = 0.32, n = 27, P = 0.10). Average individual difference in the
timing of sea entry between the consecutive years was 18.0 days
(n= 27, SD= 15.0 days, range 0.2–50.6 days).

Average day of year for marine exit was 207.1 (n = 17,
SD = 57.5, range 151.8–332.8) for the first year of tracking and
190.5 (n= 17, SD= 43.9, range 140.0–296.4) for the second year
of tracking. There was a strong and significant intra-individual
correlation of marine exit timing between the first and second
year of tracking (Figure 6, Spearman rank-correlation; rs = 0.81,
n = 17, P < 0.001). Average difference in the timing of exit
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TABLE 2 | Summary of individual’s behavioral characteristics among years of tracking.

Fish ID Study site Strategy—migratory distance Area use—network analyses grouping Marine entry (day of year) Marine exit (day of year) Marine duration (days)

Year 1 Year 2 Year 3 Year 1 Year 2 Year 3 Year 1 Year 2 Year 3 Year 1 Year 2 Year 3 Year 1 Year 2 Year 3

F01 Hemnfjord Long Long na 1 1 na 103 131 na 167 175 na 63.7 43.9 na

F02 Hemnfjord Medium Long na 1 1 na na na na na na na 262.8 263.4 na

F03 Hemnfjord Long Long na 1 1 na 107 125 na 152 166 na 44.6 41.2 na

F04 Hemnfjord Medium Long na 1 1 na 103 139 na 320 296 na 149.2 13.1 na

F05 Hemnfjord Short Short na 1 1 na 107 137 na 285 265 na 164.7 128.8 na

F06 Hemnfjord na na na na na na 111 64 na na na na na na na

F07 Hemnfjord Short Medium na 1 1 na 103 128 na 274 264 na 170.8 136.8 na

F08 Hemnfjord Long Long na 1 1 na 134 116 na na na na na na na

F09 Hemnfjord Long Long na 2 2 na 138 97 na 168 140 na 30.3 43.0 na

F10 Hemnfjord Long Long na 2 2 na 110 82 na 175 156 na 65.6 73.9 na

F11 Hemnfjord Long Long na 1 2 na 119 98 na na na na na na na

F12 Hemnfjord Long Long na 1 1 na 107 71 na 171 154 na 64.4 82.4 na

F13 Hemnfjord Long Long na 1 1 na 110 86 na 175 153 na 64.9 67.1 na

F14 Tosenfjord Long_out Long_out na 2 4 na 105 107 na 163 160 na 57.8 52.8 na

F15 Tosenfjord Long_out Long_out na 7 5 na 128 139 na na na na na na na

F16 Tosenfjord Long_in Long_in Long_out 7 7 7 124 120 134 193 190 195 68.5 69.9 60.4

F17 Tosenfjord na na na na na na 115 120 na na na na na na na

F18 Tosenfjord Long_out Long_out na 5 5 na 136 146 na 191 182 na 54.8 35.9 na

F19 Tosenfjord Short Short na 3 3 na na na na na na na na na na

F20 Tosenfjord na na na na na na 131 133 na na na na na na na

F21 Tosenfjord Short Short Short 1 3 3 na na na na na na na na na

F22 Tosenfjord na na na na na na 135 134 na na na na na na na

F23 Tosenfjord Long_in Long_in na 7 7 na 120 127 na 178 184 na 57.9 56.6 na

F24 Tosenfjord Long_in Long_out na 7 5 na 138 137 na na na na na na na

F25 Tosenfjord Long_in Long_in na 6 6 na 143 136 na 210 181 na 66.6 44.7 na

F26 Tosenfjord Short Short na 5 5 na 139 156 na 333 197 na 193.8 41.2 na

F27 Tosenfjord na na na na na na 132 132 na na na na na na na

F28 Tosenfjord Short Short na 1 1 na na na na na na na na na na

F29 Tosenfjord Short Short na 1 1 na na na na na na na na na na

F30 Tosenfjord Short Short na 2 1 na na na na na na na na na na

F31 Tosenfjord Short Short na 2 1 na na na na na na na na na na

F32 Tosenfjord Short Short na 2 2 na na na na na na na na na na

F33 Tosenfjord Short Short na 1 1 na na na na na na na na na na

F34 Tosenfjord na na na na na na 146 149 na na na na na na na

F35 Tosenfjord Long_out Long_out na 5 5 na 147 134 na 185 183 na 37.7 49.3 na

F36 Tosenfjord Long_in Long_out na 7 7 na 151 100 na 181 192 na 30.4 91.4 na
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FIGURE 4 | Bipartite graph of network analysis from Hemnfjord tracking data
including marine receivers (two-digit numbers) that were operative from 2012
to 2014 and tagged fish tracked for two consecutive seasons (two-digit
number with F as prefix and ending with A for first year of tracking, ending with
B for second year of tracking). Lines indicate connections (edges) between
receivers and the detected fish. Color indicate the different subgroups
(communities) of receivers and associated tracked fish assigned by a
random-walk-algorithm.

between the consecutive years was 21.1 days (n = 17, SD = 30.8
days, range 2.1–135.8 days).

Migratory Duration
Averagemarine residency was 91.6 days (n= 18, SD= 66.4, range
30.3–262.8) for the first year of tracking and 74.2 (n = 18, SD
= 56.7, range 13.1–263.4) for the second year of tracking. There
was no significant correlation of marine residence time between
the first and second year of tracking (Figure 7, Spearman’s rank-
correlation; rs = 0.31, n = 18, P = 0.20). The difference in the
duration of the marine migration between the two seasons varied
greatly among the individuals, ranging from 0.7 days to 152.6
days (n= 18, mean= 30.3 days, SD= 44.4 days).

DISCUSSION

This study revealed that some key aspects of the annual marine
feeding migration of anadromous brown trout tend to be
repeatable between years. Repeatable behavior is a common
phenomenon in nature, but this is to our knowledge the first
study to illustrate repeatable behavior by anadromous brown
trout, and is among the few to evaluate behavioral repeatability
in salmonid fishes more generally (Taylor and Cooke, 2014).
Although large phenotypic and behavioral variability has been
observed among brown trout in previous studies (Klemetsen

FIGURE 5 | Bipartite graph of network analysis from Tosenfjord tracking data
including marine receivers (two-digit numbers) that were operative from 2015
to 2017 tagged fish (two-digit number with F as prefix and ending with A for
first year of tracking, ending with B for second year of tracking and C for third
year of tracking). Lines indicate connections (edges) between receivers and
the detected fish. Color indicate the different subgroups (communities) of
receivers and associated tracked fish assigned by a random-walk-algorithm.

et al., 2003; Thorstad et al., 2016; Halttunen et al., 2018),
and previous studies suggest pre-migratory nutritional state
as a driver for the migratory continuum of brown trout
(Bordeleau et al., 2018), this study suggests that the intra-
individual behavioral flexibility during the marine migration
is low. However, despite the general repeatability of marine
migration behavior, the degree of repeatability varied greatly
among individuals, with some individuals displaying large intra-
individual variance among the 2 years of tracking.

Variation in behavioral traits among years can be divided
into an individual effect and a residual effect, where the
individual effect is thought to be determined by genetics and
previous experiences (Bell et al., 2009; Biro and Stamps, 2010;
Conrad et al., 2011). This study was not designed in a way
that allowed us to evaluate the importance of environmental
experience to the observed trends of behavioral repeatability.
Due to low number of tracking years (only 2 years for most
individuals, Table 2), low number of different environments,
and the relatively low sample size, it was not possible to
evaluate how yearly variation in environmental factors affected
the behavior of anadromous brown trout. Sea temperature and
salmon lice abundances reported by salmon farms in the two
fjord systems suggest some degree of environmental fluctuation
throughout the season and among years, and previous studies
have in fact reported that the abundance of certain prey in
Norwegian fjords can vary greatly among years (Dragesund
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FIGURE 6 | Timing (day of year) of tagged individual’s marine entry (A) and marine exit (B) in first year of tracking (x-axis) and second year of tracking (y-axis). Stippled
line indicates the 1:1 line. Summary statistics (rs and P-values) are calculated by Spearman’s correlation test.

FIGURE 7 | Duration of tagged individual marine residence (days) during first
(x-axis) and second (y-axis) year of tracking. Stippled line indicates the 1:1 line.
Summary statistics (rs and P-values) are calculated by Spearman’s correlation
test.

et al., 1997; Rikardsen and Amundsen, 2005). It is therefore
likely that the anadromous brown trout in our study experienced
somewhat varying conditions interannually during their marine
migrations, despite the observed individual consistency in their
marine behavior. Alternatively, the observed differences in
environmental conditions experienced by the tagged fish might
not have been drastic enough to trigger intra-individual changes
in marine habitat use patterns.

Inter-annual variation in individual marine area use was
evaluated with two different approaches; subjectively defined
lines by the distance from watercourse of tagging, and by

performing network analyses to investigate the relationship
between every tagged fish and receivers deployed in the fjord
and grouping them by using a random-walk-algorithm. Using
both methods, the fish from both fjord systems showed a
strong and significant individual consistency in marine area use
between the two tracking seasons. Previous studies have revealed
that the area use of individuals in anadromous brown trout
populations can vary greatly (Thorstad et al., 2016). Migratory
tactics within brown trout populations have previously been
linked with nutritional status in spring prior to seasonal marine
feeding migrations, where fish in low body condition Eldøy et al.
(2015) and low nutritional physiological state Bordeleau et al.
(2018) weremore likely tomigrate further out in the fjord system.
Bordeleau et al. (2018) suggested that individuals with poor body
condition in spring may be more prone toward feeding in the
distant, outer areas, where potentially better feeding conditions
occur, in order to regain their energy reserves. The observed
consistency in marine area use raises questions about whether
there could be causal factors that act over longer time-frames,
which might cause individual pre-migratory nutritional status
during spring to be maintained across years. For example, it
could be speculated that marine habitat or prey preferences
have the potential to affect energy storage, energy investment
into reproduction, and post-spawning nutritional state prior to
the next feeding season (Bordeleau, 2019). However, the links
between marine migratory behavior and prey choice, growth,
reconditioning of body condition and subsequent spawning
investment is poorly understood.

The individual migratory behavior of the tagged individuals
was relative consistent among years despite some observed yearly
variation in sea water temperature and salmon lice prevalence
in salmon farms. Previous studies have linked both horizontal
and vertical marine responses of anadromous brown trout to
variation in seawater temperature (Rikardsen et al., 2007; Jensen
et al., 2014; Eldøy et al., 2017; Kristensen et al., 2018). It has been
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thoroughly documented that open cage salmon farming can lead
to the unnaturally high infestation of wild salmonids and alter
their marine behavior (Thorstad et al., 2015; Finstad et al., 2017).
Halttunen et al. (2018) documented shifts in the marine area use
of different groups of anadromous brown trout in response to
salmon lice abundance inHardangerfjord, SouthernNorway, and
observed that brown trout utilized outer areas less in years when
the risk of salmon lice infestation was high, compared with years
with lower infestation risk. However, the variation in salmon
lice infestation levels in the study by Halttunen et al. (2018)
was probably greater than in our study, as they investigated
the behavior of brown trout in years when salmon production
cycles were active vs. the behavior of brown trout in years when
all salmon farms in the inner fjord were fallow. There was a
marginally non-significant, intra-individual correlation in timing
of marine entry between the 2 years of tracking. Previous studies
have documented that previous life history, morphology and
physiology affect the timing of seaward migrations in salmonid
populations (Halttunen et al., 2013; Thorstad et al., 2016), and
so intra-individual consistency in timing of marine entry is thus
expected. However, environmental conditions such as the timing
of ice melting and increased water temperature and discharge has
also been found to influence the timing of migration (Thorstad
et al., 2016). Inter-annual variation in environmental conditions
in the freshwater habitat is therefore likely to have influenced the
annual timing of marine entry in the present study.

In contrast to timing of marine entry, a strong and significant
intra-individual correlation was found for the timing of marine
exit between the 2 years of tracking. This suggests that life history,
physiological state and/or individual effects have some influence
on the timing of when individuals end their marine feeding
season. Marine exit was in the present study defined as the last
detection at a marine or estuarine receiver prior to detection at
a receiver in freshwater. Because marine exit timing varied so
little between years, brown trout were probably able to migrate
into freshwater under most water discharge conditions, and so
inter-annual environmental conditions in the rivers probably had
little influence on the timing of their movement into freshwater.
More likely, the timing of marine exit and freshwater entry was
probably more influenced by life history, stage of maturity, and
sex, as previously shown (Thorstad et al., 2016). Regarding the
inter-annual marine residence time of brown trout, we found no
significant intra-individual relationship. If the timing of marine
entry is mainly influenced by the environmental conditions in
the freshwater habitat, and there is strong consistency in marine
exit timing, the varying environmental conditions in freshwater
prior to marine entry are likely the main determinants of the
marine residence time of brown trout. Alternatively, marine
residence time in brown trout has been inversely correlated
with individuals nutritional state (i.e., plasma triglycerides) prior
to migration, such that depleted fish spend more time at sea
reconditioning (Bordeleau et al., 2018).

In summary, this study revealed a strong tendency for
individual, inter-annual repeatability in anadromous brown
trout with respect to migratory decisions and marine habitat
use patterns. While the causes remain obscure, this is the
first study assessing the intra-individual behavioral repeatability

of a salmonid fish species in relation to aspects of their
spatiotemporal marine habitat use during consecutive annual
feeding migrations. The findings of this study may have strong
potential implications for management purposes. The role of
intra-individual repeatability and the inter-annual behavioral
response of anadromous brown trout to changing environmental
conditions should therefore be a focus for future studies.
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