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Abstract

The timing of seaward migration is a key life-history trait for many anadromous fish

species, with growth and survival at sea depending on a match/mismatch scenario

between the timing of the sea entry and optimal conditions. Based on a 25-year

study with 15,226 individually tagged brown trout (Salmo trutta) in a Norwegian river,

we analysed how the within-season timing of sea migration impacted growth and

survival. In both first-time and veteran migrants, marine growth was highest for early

migrating individuals, large individuals, and those with a low condition factor when

entering the sea. Survival was highest for individuals entering the sea early in the sea-

son. In first-time migrants, survival increased with body length. Survival also

increased with the number of other smolts migrating simultaneously. As the early

smolts were the most successful, it may seem strange that many smolts migrate later

in the season. We suggest that late-migrating smolts may not be of a size and/or

physiological state suitable for early marine conditions, and may make the best of a

bad situation.
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1 | INTRODUCTION

Seasonal migration is a strategy utilized by many animals, including

salmonids and other fishes, and may evolve when the use of multiple

habitats results in increased lifetime fitness (e.g., Chapman

cknoa, 2012; Dingle & Drake, 2007). Salmonids spawn in fresh water,

but individuals of many species perform feeding migrations to the sea,

which is a strategy termed anadromy (Gross, 1987). Anadromous life

histories may evolve through natural selection when migration

between fresh water and salt water results in an increased lifetime fit-

ness compared to remaining in freshwater habitats (Gross, 1987). The

duration of the marine stay varies among species and populations,

from a few weeks to several years (Behnke, 2010; Klemetsen

et al., 2003).

The seasonal timing of seaward migration is often a key life-

history trait for anadromous fish species. Migrations must be prop-

erly timed to avoid unfavourable conditions and utilize resource

availability to maximize fitness (Dingle & Drake, 2007). The mortal-

ity of anadromous salmonids is high immediately after they enter

salt water for the first time, mainly because of osmotic challenges

(Finstad & Ugedal, 1998; Ugedal et al., 1998) and predation

(Parker, 1971; Thorstad et al., 2016; Ward & Hvidsten, 2011).

Size-selective mortality at this life stage is common (Jensen

et al., 2018a; Parker, 1971).
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The seaward migration is likely initiated by in-river environmen-

tal cues because these may be a signal that predicts favourable con-

ditions in the sea (Thorstad et al., 2012). In-river environmental cues

that stimulate seaward migration of anadromous salmonids may dif-

fer among rivers, likely reflecting different local adaptations that

ensure optimal conditions and high survival on entrance in the

marine environment (Hvidsten et al., 1995, 1998; Kallio-Nyberg

et al., 2006; McCormick et al., 1998). However, the duration of the

migration period within a population in a given year may span sev-

eral weeks or months (Byrne et al., 2004; Jonsson & Jonsson, 2009;

Pemberton, 1976). The causes and consequences of individual varia-

tion in the within-year migration timing have received little attention

(but see, e.g., del Villar-Guerra et al., 2014, 2019). Understanding the

fitness consequences of the different migration strategies may give

new insights into how this variation is maintained both within and

among populations.

In this study, the effects of the within-season timing of migration

to sea on marine growth, duration of the stay at sea, and survival rates

in anadromous brown trout (Salmo trutta) from the River Halselva

(northern Norway) were studied for 25 years. S. trutta is native to

Europe and western Asia, and anadromous forms are found from

Portugal in the south to the White Sea in northern Russia in the north

(Elliott, 1989). S. trutta typically migrate to sea in spring, but timing

differs between rivers and geographic areas (Jensen et al., 2012;

Klemetsen et al., 2003), and in some watersheds autumn migrants

may represent a significant contribution (Birnie-Gauvin et al., 2019). In

the River Halselva, the median date for first-time migrants to leave

the river is 4 July, and the time period during which 25%–75% of the

S. trutta smolts have left the river averages 28 days (Jensen

et al., 2012). Veteran migrants migrate to sea 4 weeks earlier than

smolts.

S. trutta perform marine migrations of variable durations, with

migrations being generally shorter in the north than in the south

(Byrne et al., 2004; Jonsson & Jonsson, 2009; Pemberton, 1976).

Some fish return to fresh water in autumn following only a few sum-

mer months at sea and continue to spend their subsequent summers

at sea and winters in fresh water. Some individuals may remain at sea

also during the following winter and stay at sea until they mature and

return to fresh water to spawn (Thorstad et al., 2016). In northern

Norway, S. trutta usually spend one to three summer months at sea to

feed (Nevoux et al., 2019; Thorstad et al., 2016). In the River Halselva,

this period averages 56 days for first-time migrants (Jensen

et al., 2018b). Thereafter, they return to fresh water to overwinter,

and continue to migrate between fresh water and the sea each sum-

mer (Jensen et al., 2015). Some individuals may overwinter in other

large watersheds before returning to the River Halselva on maturation

(Jensen et al., 2015). Maturity usually occurs after two to four marine

migrations (Jensen et al., 2019).

The effects of migration timing, fish size, condition factor, and

duration of the stay at sea on growth rate, total marine growth, and

survival were investigated using generalized linear or additive mixed

models. We also studied the impact of shoaling on the survival of

first-time migrants by comparing survival with the daily number of

individuals leaving the river. This was tested on S. trutta alone, but

also on all first-time migrating salmonids, including Atlantic salmon

(Salmo salar) and Arctic char (Salvelinus alpinus). All fish were trapped

and individually tagged 200 m upstream from the sea. Thereafter,

tagged fish were recorded on their annual migrations between the

river and the sea each time they migrated up- and downstream for

the rest of their lives. This long-term study is based on the behaviour

of 15,226 tagged S. trutta individuals.

2 | MATERIALS AND METHODS

2.1 | Study area

The Halselva watershed has a catchment area of 143 km2 and drains

into the Alta Fjord at 70�2'N, 22�57'E (Figure 1). Anadromous salmo-

nids can migrate 20 km upstream, including to a 1.2 km2 lake located

2 km inland, 30 m above sea level (Figure 1). S. trutta and S. alpinus

are the most abundant fish species. S. salar and European eel (Anguilla

anguilla) occur in low numbers. The watershed is ice-covered from

December to March/April, which is usually a period with low water

discharge. The water discharge increases during the snowmelt in

May–June, decreases again in July–August, is rather stable during

September–October, before it drops again in November (Jensen

et al., 2012). The mean annual water discharge is 4.3 m3 s�1. The river

temperature is 0 �C during winter and increases to a maximum of

13 �C in August. Sea temperatures at 3 m depth vary from 2.5 �C in

late March to 11 �C in late July–early August (Jensen et al., 2012).

2.2 | Fish sampling

During 1987–2012, migrating fish were sampled in traps in the

river, 200 m upstream from the sea. All descending fish larger than

10 cm were captured in a Wolf trap (apertures 10 mm, inclination

1:10; Wolf, 1951). The ascending fish were captured in a fixed box

trap (Jensen et al., 2018b). The traps were operated during the ice-

free period of the year and were emptied twice a day, at 08:00 AM

and 08:00 PM. All fish were anaesthetized with Benzoak or

AQUI-S before body length (L, in mm) and mass (M, in g) were

recorded and the fish tagged. The fish were externally inspected to

determine sexual maturity and the sex of individuals classified as

mature was determined. After that, they were kept for observation

for 12 h before they were released at the traps. Fish larger than

14 cm (since 1993, S. alpinus and S. trutta larger than 18 cm) were

tagged with individually numbered external Carlin tags

(Carlin, 1955). Smaller fish were tagged by removing a flap on one

or both maxillary bones (Gjerde & Refstie, 1988) in a systematic

manner to enable future identification of year of descent.

Observed mortality due to handling, anaesthetization and tagging

was very low (less than 0.1%), although increased mortality later in

life due to tagging with Carlin tags has been documented else-

where (Hansen, 1988). During the first study year (1987), first-
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time migrants could not be distinguished with certainty from vet-

eran migrants when they were captured in the traps. Beginning in

the second study year (from 1988 and onwards), first-time

migrants could be recognized in the downstream trap because they

were untagged, whereas the veteran migrants had been tagged

during a previous migration. First-time migrants of S. trutta that

left the river before 1 August each year during 1988–2012, with

body length between 180 and 280 mm, were used in this study, in

total 15,226 individuals. Tagged fish were later recorded whenever

they passed the fish traps for the rest of their lives. We use the

term veteran migrant when we refer to S. trutta that had been to

sea one or several times earlier in life. Up to 11 subsequent sea

migrations were observed (Jensen et al., 2019).

2.3 | Data analyses

We first calculated the growth rate (standardized mass-specific

growth rate, Ω, % d�1), total growth increment (increase in body mass

during the marine migration, g) and survival (i.e., return rate, percent-

age) during the marine migration for S. trutta entering the sea in dif-

ferent weeks of the year. Return to the trap or recaptures at sea or in

other watersheds was used as a proxy for survival until the point of

return or recapture.

The standardized mass-specific growth rate (Ω, % d�1) was esti-

mated as follows (Ostrovsky, 1995):

Ω¼100� M1
b –M0

b

t1 – t0ð Þ�b

where M0 is the body mass of the individual fish at river descent, M1

is the body mass of the same individual when returning to the river

later in the year, t0 is the date when the fish descended, t1 is the date

when the fish ascended again, t1 – t0 is the time the fish stayed at sea

and b is the allometric mass exponent for the relationship between

specific growth rate and body mass. The parameter b may vary across

S. trutta populations (Forseth et al., 2009), but we chose the value

b = 0.31, as estimated by Elliott et al. (1995). Ω eliminates the effects

of differences in initial body size (Sigourney et al., 2008).

The Fulton's condition factor (CF) was estimated from the mass

(M) and body length (L) of the fish as:

CF¼100,000�M= L3
� �

:

When analysing the effects of within-season timing on growth

and survival at sea, we fitted mixed models to account for variation in

individual responses not accounted for by the fixed factors and

F IGURE 1 Map of the study area,
with the location of the fish traps in
the River Halselva for catching all
ascending and descending fish
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inducing correlation in the model among repeated measurements on

the same individuals. For all models, the year of first marine migration

was defined as a random factor. For models with repeated observa-

tions from the same individual, i.e., models pooling subsequent marine

migrations, individual fish tag number was also used as a random

factor.

Generalized linear mixed models (GLMMs) were used when the

response variable was assumed to have a non-normal distribution,

otherwise ordinary linear mixed models (LMMs) were fitted. General-

ized additive mixed models (GAMMs, implemented in the R package

gamm4) by Wood and Scheipl (2020) were investigated when

nonlinear associations were considered relevant. For each model, we

tested the residual distributions for appropriateness, as well as for

overdispersion when the response variable was binomially distributed.

Model selection was based on the explained deviance, effect sizes

and relevance of the model terms. Several of the predictors were cor-

related so individual term coefficients and P values cannot be evalu-

ated independently and must be interpreted with caution. The

correlation structure of the predictor variables was investigated by

pair-wise correlations and principal component analysis to aid the

selection procedure.

Initially, separate models for the first and each subsequent marine

migration were fitted because the magnitude and importance of dif-

ferent predictor variables may vary depending on size, experience and

behaviour. When models for subsequent marine migrations did not

show any significant differences, they were pooled. This procedure

resulted in separate models for first-time migrants for all response

variables and pooled models for second and later summers at sea for

all but one response variable. When modelling the duration of the

marine migration, separate models for the second summer at sea and

third summer and later are also presented.

In addition to the list of predictors specified below for each

model, sea temperatures during marine migration were also evaluated

during the initial phase of the modelling, but no reliable systematic

effects of sea temperature were found. When sea temperature was

included as a smoothed nonlinear term, it showed a fluctuating pat-

tern for some models, indicating that it was a proxy for year-to-year

variation not accounted for by other fixed explanatory variables.

As both growth and survival at sea are expected to be affected by

the duration of the marine migration (days) in addition to within-

season timing of migration, we first evaluated the associations

between the duration of migration and the predictor capture date dur-

ing downstream migration (day of the year), body length (mm) and

condition factor at downstream migration. An ordinary LMM was

used, with year of first marine migration and individual fish tag num-

ber as random factors.

The model for standardized mass-specific growth rate had cap-

ture date during downstream migration (day of the year), body

length (mm) at downstream migration, condition factor at down-

stream migration and duration of marine migration as predictor

candidates. We fitted a GAMM as we found a nonlinear associa-

tion with duration of marine migration and approximately normally

distributed residuals.

Total marine growth was also modelled by a GAMM, with capture

date during downstream migration (day of the year), body length

(mm) at downstream migration, condition factor at downstream migra-

tion and duration of marine migration as potential predictors.

Marine survival rates were modelled by a GLMM with a binomi-

ally distributed response and a logit link function, with year of first

marine migration and individual fish tag number as random factors.

Capture date during downstream migration (day of the year), body

length (mm) at downstream migration, condition factor at downstream

migration, duration of marine migration and number of smolts migrat-

ing the same day were tested as potential predictors. The daily num-

ber of migrating smolts included those that were too small to be

individually tagged and we tested both the number of S. trutta smolts

only, as well as the total number of salmonid smolts (S. trutta,

S. alpinus and S. salar). No overdispersion was detected. Data from the

last 2 years of the time series (2011 and 2012) were excluded from

the data set used to model smolt survival because in the first two or

three marine migrations it is possible that smolts may overwinter else-

where and their survival could not be recorded within the remaining

study period (Jensen et al., 2015).

All regression modelling and analyses were performed using the

statistical software R, version 4.0.3 (R-Core-Team, 2020).

2.4 | Ethics statement

The use and care of experimental fish complied with Norwegian ani-

mal welfare laws and policies.

3 | RESULTS

3.1 | Migration timing

First-time migrants (smolts) migrated to the sea over a long time

period, but most frequently during the weeks 25–28 (Figure 2), with a

median date of 4 July. In most years, the median migration took place

during weeks 26 (24%) and 27 (60%) (range 25–28), with no signifi-

cant trend during the study period (r = 0.303, P > 0.05). For first-time

migrants that entered the sea during these 4 weeks, the standardized

mass-specific growth rate during the marine migration (Figure 1) was

high (mean 9.00 ± 0.12% d�1), but was lower for individuals entering

the sea earlier or later than weeks 25–28 (Figure 2). The total marine

growth was the highest for first-time migrants that entered the sea

early in the season, in weeks 21–23, and decreased successively for

later-migrating individuals (Figure 2). Survival was the highest for first-

time migrants that entered the sea during week 23 (Figure 2).

Veteran migrants entered the sea earlier than smolts. The median

dates for second-, third-, fourth- and fifth-time migrants were 25, 26,

29 and 29 days earlier than for first-time migrants, respectively. All

these groups migrated most frequently during weeks 21–25 (Figure 3)

and 50% of the individuals of all groups had passed the trap during

week 23. The standardized mass-specific growth rate was high

4 JENSEN ET AL.FISH



(8–10% d�1) during these weeks. As for first-time migrants, the total

mass increment during the marine migration was the highest for early

migrating individuals (Figure 3). Among second-time migrants, survival

rates during the marine migration were the highest (62–63%) for indi-

viduals that entered the sea during weeks 22–23, whereas for third-,

fourth- and fifth-time migrants survival rates did not vary much

between weeks (variation between 61% and 75%, 59% and 62% and

49% and 57% survival for third-, fourth- and fifth-time migrants,

respectively, Figure 3).

3.2 | Duration of the marine migration

There was strong evidence of an association between the duration of

marine migration and date at downstream migration for both first-

time and veteran migrants, with a longer time spent at sea for early

than late migrating individuals (LMM, Table 1). In addition, for veteran

migrants there was strong evidence of an association between the

duration of the marine migration and the date at downstream

migration, with a longer time spent at sea for early-migrating than for

later-migrating individuals (Table 1). Body length was less important

for the duration of marine migration after the second summer at sea

than for first-time and second-time migrants. For all three stage-

specific models (Table 1), migrating 1 day later reduced the expected

duration of marine migration by at least 0.6 days.

3.3 | Standardized mass-specific growth rate

For first-time migrants, the GAMM describing the standardized mass-

specific growth rate during marine migration included linear terms for the

date at downstream migration and condition factor at migration to sea,

and a nonlinear smoothed term for the duration of marine migration

(Table 2). First-time migrants that entered the sea later and had a higher

condition factor tended to have a lower mass-specific growth rate than

first-time migrants that entered the sea earlier and had a lower condition

factor. First-time migrants with intermediate-duration marine migrations

(around 30–60 days) had a larger mass-specific growth rate than those

with a shorter or longer marine migration (Figure 4a). For veteran

migrants, the mass-specific growth rate was not associated with the

timing of downstream migration. However, there were linear and nega-

tive associations between mass-specific growth rate and duration of sea

migration, body length at downstream migration and condition factor at

downstream migration for the veteran migrants (Table 2).

3.4 | Marine growth

The GAMM for marine growth of first-time migrants showed strong evi-

dence of associations with date, body length and condition factor at

downstream migration (Table 3). Marine growth tended to be greater

among early migrants, large individuals and those with a low condition

factor than among late migrants, small individuals and those with a high

condition factor. Among first-time migrants, we also found strong evi-

dence of a nonlinear association between marine growth and duration of

marine migration, where marine growth increased with the duration of

marine migration, but only among individuals staying for up to approxi-

mately 60 days at sea (Figure 4b). Individuals staying longer at sea did not

tend to have a larger growth than those staying approximately 60 days at

sea (Figure 4b). Among veteran migrants, marine growth was mainly asso-

ciated with body length and condition factor when they left the river,

with a larger marine growth in larger individuals and individuals with a

low condition factor than in smaller individuals and individuals with a high

condition factor (Table 3). There was less evidence for an association

between marine growth and date at downstream migration or the dura-

tion of marine migration among veteran migrants.

3.5 | Marine survival

The marine survival of first-time migrants was strongly associated with

date and body length at downstream migration (GLMM, Table 4). Except

F IGURE 2 Growth and survival of Salmo trutta during their first
marine migration, sorted by the week of the year when they migrated

to the sea. (a) Standardized mass-specific growth rate (Ω, % d�1, solid
line) and total marine growth increment (g, broken line), including 95%
confidence intervals. (b) Number of fish descending to the sea (bars),
divided between individuals that were still alive after the first marine
migration (Alive), those that died during this period (Dead) and the
proportion of surviving individuals (percentage, solid line). Survival
rates during weeks 19–20 are uncertain because of low sample sizes
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for some very early migrants, early-migrating smolts survived better than

late-migrating smolts (Figure 5a). Large smolts survived better than small

smolts, independent of the timing of downstream migration (Figure 5b).

In addition, early migrating veterans experienced higher survival rates

than later migrating veterans. Furthermore, veterans with a high condition

factor at downstream migration survived better than those with a lower

condition factor (Table 4). The survival of veterans decreased with

increasing body length at downstream migration.

F IGURE 3 Growth and survival of Salmo trutta during their (a) second, (b) third, (c) fourth and (d) fifth marine migration, sorted by the week of
the year when they migrated to the sea. The notations are the same as those in Figure 2
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TABLE 1 Results from a linear
mixed-effects model used to identify
variables associated with the duration of
marine migration for the first, second,
third and later summers at sea

Fixed effects Estimates Standard errors t value

First summer at sea

(Intercept) 196 3.59 54.7***

Date at downstream migration �0.67 0.014 �48.8***

Body length at downstream migration �0.091 0.0088 �10.4***

Second summer at sea

(Intercept) 179 7.79 23.0***

Date at downstream migration �0.62 0.043 �14.6***

Body length at downstream migration �0.059 0.0104 �5.7***

Third summer and later

(Intercept) 164 6.09 27.0***

Date at downstream migration �0.68 0.038 �18.0***

Note: Explanatory variables in the model were capture date (i.e., day of the year) during downstream

migration at the trap (date at downstream migration) and body length at downstream migration. Smolt

year and Fish-ID (for >2 summers at sea) were used as random factors. *** P < 0.001.

TABLE 2 Results from an additive
mixed-effects model used to identify
variables associated with the
standardized mass-specific growth rate
(Ω) during the first summer at sea, and
during the second and later summers
at sea

Fixed effects Estimates Standard errors t value

First summer at sea

(Intercept) 19.1 0.80 24.0***

Date at downstream migration �0.024 0.0036 �6.7***

Condition factor at downstream migration �7.80 0.57 �13.7***

Smoothed terms Ref.df F-value

Duration of marine migration 7.47 122.9***

Second and later summers at sea

(Intercept) 23.9 0.48 50.1***

Duration of marine migration �0.11 0.0028 �40.4***

Body length at downstream migration �0.0058 0.00046 �12.7***

Condition factor at downstream migration �7.6 0.48 �16.0***

Note: Explanatory variables in the model were capture date (i.e., day of the year) during downstream

migration at the trap (date at downstream migration), body length and condition factor at downstream

migration, and a smoothed nonlinear term for the duration of the marine migration (Figure 4a). Smolt

year and Fish-ID (for >2 summers at sea) were used as random factors. *** P < 0.001.
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JENSEN ET AL. 7FISH



A positive relationship was found between the survival of smolts

and the number of S. trutta smolts that migrated to the sea during the

same day (r2 = 0.006, F1,1279 = 7.73, P = 0.006). The survival of

S. trutta smolts was also related to the sum of all salmonid smolts

migrating during the same day (S. trutta, S. alpinus and S. salar), but

was less significant (r2 = 0.004, F1,1279 = 5.53, P = 0.019) than for

S. trutta.

4 | DISCUSSION

Early migration seems to be a beneficial strategy in the River Halselva

S. trutta population in terms of growth and survival, for both first-time

and veteran migrants. First-time migrants that entered the sea earlier

and had a lower condition factor tended to have a higher mass-

specific growth rate than those entering the sea later and with a

higher condition factor, while for veteran migrants the mass-specific

growth rate was not associated with the timing of downstream migra-

tion. The duration of the period at sea, however, and hence the total

growth during the marine migration, was the highest for the early

migrants, and early migrants had the highest survival rates. The low

variation in mass-specific growth rate with migration timing, especially

for veteran migrants, indicates stable food availability for S. trutta in

the Alta Fjord throughout the whole summer. Hence, the higher sur-

vival among early migrants may mainly be because of larger body size

than that of later migrants.

The ability to survive, reproduce and contribute genetically to the

next generation determines individual fitness (Fisher, 1958). Hence,

survival to first spawning and survival to spawn multiple times in

iteroparous species such as S. trutta are key to increased fitness

(Hendry et al., 2018). The highest marine survival rates among first-

time migrants were recorded for smolts migrating to the sea in June

TABLE 3 Results from an additive mixed-effects model used to identify variables associated with the marine growth (in grams) during the
first summer at sea, and the second and later summers at sea

Fixed effects Estimates Standard errors t value

First summer at sea

(Intercept) 110 21.4 5.1***

Date at downstream migration �0.84 0.079 �10.7***

Body length at downstream migration 1.08 0.037 29.2***

Condition factor at downstream migration �46 12.0 �3.9***

Smoothed terms Ref. d.f. F value

Duration of marine migration 5.74 150***

Second and later summers at sea

(Intercept) 9.4 31.1 0.30

Body length at downstream migration 1.66 0.033 50***

Condition factor at downstream migration �257 35.1 �7.3***

Note: Explanatory variables in the model were capture date (i.e., day of the year) during downward migration at the trap (date at downstream migration),

and body length and condition factor at downstream migration. In addition, a non-linear effect of the duration of marine migration was included

(Figure 4b). Smolt year and Fish-ID (for >2 summers at sea) were used as random factors. *** P < 0.001.

TABLE 4 Results from a generalized linear mixed model used to identify variables associated with survival during the first summer at sea, and
the second and later summers at sea

Fixed effects Estimates Standard errors z value

First summer at sea

(Intercept) �0.71 0.32 �2.2*

Date at downstream migration �0.0097 0.0012 �8.0***

Body length at downstream migration 0.0073 0.00089 8.2***

Second summer at sea and older

(Intercept) 1.66 0.64 2.6**

Date at downstream migration �0.012 0.0031 �3.8***

Body length at downstream migration �0.0025 0.00045 �5.5***

Condition factor at downstream migration 1.85 0.43 4.3***

Note: Explanatory variables associated with sea survival were date (i.e., day of the year) during downstream migration at the trap (date at downstream

migration), and body length and condition factor at downstream migration. Smolt year and Fish-ID (for >2 summers at sea) were used as random factors.

* P < 0.05, ** P < 0.01, *** P < 0.001.
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and early July (in weeks 22–26). The environmental conditions during

this period in terms of high-water discharge may have provided some

protection against predators and contributed to a higher survival rate.

A large number of predators such as saithe (Pollachius virens) and cod

(Gadus morhua) may assemble at the estuary foraging on descending

smolts, and mortality rates of S. salar smolts from predation have been

reported to exceed 20% in the first few days after leaving fresh water

(Hvidsten & Lund, 1988; Hvidsten & Møkkelgjerd, 1987; Ward &

Hvidsten, 2011). For smolts in the River Halselva, it has been shown

that the sea is a dangerous place, with daily mortality rates estimated

to be 14–15 times higher at sea than in fresh water (Jensen

et al., 2019), which is likely, at least in part, owing to higher predation

rates at sea. In spite of high daily mortality rates at sea, early migrants,

which spent more time at sea than later migrants, had the highest sur-

vival rates. This may appear contradictory, but size-selective mortality

during the sea stay is common in the Hals population of S. trutta

(Jensen et al., 2018a) and this may explain some of this variation.

In salmonids, growth is an important contributor to reproductive

success, particularly in females. The fecundity in terms of the number

of eggs increases linearly with body size (Elliott, 1995; Jonsson &

Jonsson, 1999). In males, the relationship between body size and

reproductive success is less clear because males may use different

tactics to gain access to females during spawning, either by being

small and cryptic or by being big and able to fight and chase away

other males, and perhaps also impress the females (Fleming, 1998).

However, growth and large body size are, to some extent, important

also for males, particularly for males who do not rely on cryptic tactics

during spawning. The difference between females and males in the

advantages of a large body size also results in more females than

males of S. trutta adopting the marine migration strategy to utilize bet-

ter growth opportunities at sea than in fresh water, both in the River

Halselva (63% females among first-time migrants; Jensen et al., 2012)

and in other rivers (Thorstad et al., 2016).

If early migration is the most successful strategy, the large varia-

tion in migration timing among individuals is perhaps not intuitive.

The migration period within a river in a given year may last several

weeks (Byrne et al., 2004; Jonsson & Jonsson, 2009;

Pemberton, 1976). This may be because individuals possess different

qualities in terms of body size and physiological state that may make

them more or less suitable for an early sea entry. The later-migrating

smolts may have a size and/or physiological condition that makes

them more vulnerable to cold temperatures, osmoregulatory prob-

lems, and predation early in the season. Hence, the costs of early

migration for these individuals may exceed the benefits. The timing of

the marine migration in the spring varies among populations and

regions, likely as an adaptation to ensure optimal conditions and high

survival when they enter the sea (Hvidsten et al., 1998; Kallio-Nyberg

et al., 2006; McCormick et al., 1998). Early sea entry may be beneficial

because it is usually a period with a rich prey fauna, which is impor-

tant for feeding and growth (Berg & Berg, 1987; Knutsen et al., 2001,

2004; Olsen et al., 2006). In contrast, early spring is also a period with

a high mortality risk due to osmoregulatory problems and predation

from other fishes, birds and mammals (Greenstreet et al., 1993;

Hedger et al., 2011; Hvidsten & Møkkelgjerd, 1987; Sigholt &

Finstad, 1990). The transition of salmonids from fresh water to sea

water involves challenging physiological adaptations and radical habi-

tat alteration (Hoar, 1988; Thorstad et al., 2012). Osmoregulatory

problems in salmonids, including S. trutta, may increase at sea temper-

atures lower than 6–7 �C (Arnesen et al., 1998; Finstad et al., 1988;

Sigholt & Finstad, 1990; Thomsen et al., 2007) and migration to the

sea too early, at temperatures lower than this, might be risky. In the

River Halselva, sea temperatures usually exceed 6 �C around 1 June

(week 22) (Jensen et al., 2012). We found that the survival of individ-

uals entering the sea before that was lower than average, which might

have been partly related to osmoregulatory challenges at these low

temperatures.
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F IGURE 5 Observed (open circles) and predicted (filled circles) survival rates for first-time migrant Salmo trutta (smolts), averaged over
(a) 7 days and (b) 10 mm body length intervals, respectively. Model predictions are calculated from the generalized linear mixed model for the first
summer at sea (Table 4). Dashed lines show the overall observed survival rate for smolts (0.295). Red lines indicate the approximate 95%
confidence intervals for the survival rates for each date of the year or body length interval. Interval estimates without confidence intervals
indicated have sample sizes (<20 fish) that are too small for uncertainty calculations to be reliable
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The large body size among early first-time migrants in this and

many other rivers (Bohlin et al., 1993; Ewing et al., 1984; Jensen

et al., 2012; Jutila & Jokikokko, 2008) may be beneficial for meeting

the challenges of early sea entry. In general, we found that large indi-

viduals among first-time migrants survived better than small ones. The

poorer swimming capacity of small compared to large individuals may

result in a higher predation risk and thereby lower sea survival, partic-

ularly at low water temperatures early in the season (Jensen

et al., 2018a; Parker, 1971; Ugedal et al., 1998). Hence, large individ-

uals may be fit to migrate early and benefit from the feeding opportu-

nities at sea at a lower risk and mortality than small individuals. Large

individuals may therefore be favoured because they migrate early and

stay longer at sea, and because they are large. These benefits related

to large body size may also be the reason that large veterans migrated

to the sea earlier than first-time migrants. Another reason for the

smaller smolts migrating late in the season may be that some of these

were too small for smoltification in the spring, but reached a length

and physiological state suitable for smoltification in the summer, and

therefore migrated to the sea later. Therefore, smolts migrating late in

the season may simply be making the best of a bad situation.

Poor body condition at the time of migration was associated with

a higher growth rate and larger mass increment during marine migra-

tion. Energetic status influences life-history decisions and behaviour

of S. trutta during several life stages. Individuals with poor body condi-

tion are more likely to migrate to the sea than those with higher con-

dition (Davidsen et al., 2014; Wysujack et al., 2009). Furthermore,

individuals with low triglyceride levels have been associated with early

sea entry (Eldøy et al., 2021). The high growth of S. trutta with poor

body condition in the present study might be a result of energetic sta-

tus influencing their migration and feeding strategies while at sea. The

S. trutta from River Halselva usually stay no deeper than 3 m from the

surface, preferably in the inner Alta Fjord (Atencio et al., 2021;

Rikardsen et al., 2007a), where they feed mainly on fish, insects and

crustaceans (Rikardsen et al., 2007b). They become virtually all pisciv-

orous at body lengths of approximately 250 mm, that is, usually

already during the first marine migration, and when available, herring

(Clupea harengus) seems to be the preferred prey (Rikardsen

et al., 2007b). Fast-growing S. trutta switch to a more piscivorous diet

at a younger age and smaller size than slow-growing S. trutta

(Klemetsen et al., 2003). Eldøy et al. (2015) showed that long-distance

migrating individuals had poorer body condition in advance of migra-

tion and used pelagic areas more often than short-distance migrants.

They suggested that long-distance migrants found more energy-rich

prey in the outer fjord areas and therefore could gain mass faster and

return earlier to fresh water because they had utilized their compen-

satory growth potential. Hence, they showed that body condition may

influence the feeding and migration behaviour of the fish. There were

no signs that first-time migrants adopted a risky behavioural strategy,

although poor body condition was not associated with increased mor-

tality. However, for veteran migrants poor body condition is associ-

ated with reduced survival. In our study, individuals with an

intermediate duration of marine migration, approximately 30–60 days,

had a higher growth rate and total growth than those staying longer

at sea. This is consistent with the suggestion by Eldøy et al. (2015)

that individuals that feed on more energy-efficient prey may gain

mass faster and be able to return to a safer freshwater environment

earlier.

Survival increased when many smolts migrated to the sea on the

same day, although such shoaling only explained a small proportion of

the variation in survival. Synchronous migration may be expected

when the optimal period for seawater entry is short; however, such

synchronicity may also reflect an antipredator behaviour that

increases survival through predator swamping and confusion effects

(Finstad & Jonsson, 2001). As flow is the main proximate factor

explaining day-to-day variation in downstream migration of S. trutta in

the River Halselva (Jensen et al., 2012), this positive effect of shoaling

on survival was expected. Shoaling is a common antipredator adapta-

tion in several fish species (Krause & Ruxton, 2002) and has also been

observed in salmonids migrating from fresh water to the sea. An

increased chance of survival by shoaling behaviour was demonstrated

by Hvidsten and Johnsen (1993), who observed increased survival of

hatchery-produced S. salar smolts when they were released into

shoals of migrating wild smolts. In the present study, survival of

S. trutta smolts was also significantly correlated with the sum of all

salmonid smolts migrating during the same day; however, it was less

significant than that for S. trutta alone. The opposite was expected,

but this could be because of the different behaviour between the

three species when arriving at sea.

The results of this study were relatively similar between first-time

and veteran migrants. Early veteran migrants had higher survival rates,

similar to first-time migrants, and growth rate and growth were asso-

ciated with body size and condition factor. In contrast to first-time

migrants, growth and growth rates were not associated with migration

timing. A smaller impact of migration timing may be as expected, as

the veteran migrants entered the sea earlier and over a shorter time

period than the first-time migrants.

In conclusion, the within-season timing of migration to the sea

influenced both the growth and survival of S. trutta. Body condition

and size at the time of migration also influenced growth and survival.

Marine growth and survival were the highest for early migrating

individuals, although a too-early migration seemed to be risky, likely

because of unfavourable environmental conditions. Although not

discussed here, variation among years in environmental conditions

may also contribute to maintaining variation in migration timing. As

the early first-time migrants were the most successful, one may ask

why a large proportion of the population migrates later in the sea-

son. We suggest that this is linked to individual differences in body

size and physiological state. A large proportion of the individuals

may not be in a state suitable for early marine conditions, and late-

migrating smolts may make the best of a bad situation. Hence, there

is likely a trade-off between the potential for energy gain and sur-

vival, which maintains the variation in migration timing. This trade-

off can be further explored using individual-based state-dependent

models that can make us better able to understand both variation

among individuals and among populations in migration behaviour.

This study provides important input data for models that can be
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used to further improve our understanding of migration between

different habitats.
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