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Abstract

The resilience of sea trout populations is increasingly concerning, with evidence of ma-
jor demographic changes in some populations. Based on trapping data and related scale
collection, we analysed long-term changes in body length of a sea trout population in
the Bresle River, France. From 1984-2022, the length of first-time returning individu-
als decreased by 1.73 mm.year! (SD = 0.08), which resulted in the loss of c. 12.3% of
mean body length. This decrease results from a decrease in the age at first return, with a
gradual loss of the oldest individuals and an increase in the proportion of the youngest.
Timing of the return migration advanced drastically, although shorter sea sojourn had
little influence on body length. We found little evidence of a decrease in length-at-age,
to the exception of the oldest age class, suggesting that growth conditions at sea might
not have deteriorated greatly during the study period.
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Introduction

The environmental conditions that individuals experience, in conjunction with their genotype and
epigenetic mechanisms (Ferguson et al., 2019), are susceptible to influence the expression of their
phenotype and their life history trajectories (Walsh & Reznick, 2011). Migration decision, survival,
growth, age at maturation or fecundity can thus be influenced by a series of intrinsic and extrinsic
factors, such as environmental conditions (Satterthwaite et al., 2012; Crozier & Hutchings, 2014),
genotype (McKinney et al., 2015), inter- and intra-specific competition (Helle et al., 2007), predator-prey
relationships (Ohlberger et al., 2019), and anthropogenic activities (Law, 2000; Hard et al., 2008).

Recent environmental changes attributed to climate change and anthropogenic activities are
assumed to be responsible for the widespread decline in salmonid abundance and distribution (Kennedy
& Crozier, 2010; Kendall & Quinn, 2011; Perrier et al., 2013; Forseth et al., 2017). Ongoing changes, such
as an increase in sea temperature, ocean acidification and stratification, rising sea levels, and
eutrophication, are likely to influence marine trophic conditions (Méllmann & Diekmann, 2012). These
changes could greatly modify the quality, quantity, and availability of trophic resources in the ocean
(Brown et al., 2010; Niiranen et al., 2013; Bartolino et al., 2014) and thus impact growth opportunities for
salmonid populations at sea.

Reduced growth opportunities can influence individuals’ life history trajectories and fitness greatly
by decreasing survival, fecundity, and competitive abilities (Perez & Munch, 2010; Quinn et al., 2016) or
by delaying the age at maturation (Ishida et al., 1993). These changes can cause large variations in the
length and age structure of populations. Such changes in population composition have been recorded
for many salmon populations around the world (Morita & Fukuwaka, 2007; Lewis et al., 2015; Bal et al.,
2017; Jeffrey et al., 2017; Ohlberger et al., 2018; Oke et al., 2020), but also sea trout (Milner et al., 2017),
and could indicate a widespread decrease in marine growth and survival. In this context, identifying the
ecological mechanisms that most likely influence these changes is crucial to better understand and
predict population dynamics. This knowledge is also necessary to provide recommendations for
effective management actions and to alleviate or compensate for pressures on sea trout populations
when and where possible.

The anadromous form of the brown trout (Salmo trutta, L.) (hereafter, “sea trout”) (ICES, 2020)
exhibits an extreme diversity of life histories across its wide distribution range (Jonsson & L’Abée-Lund,
1993), which makes it an appropriate model species to study variations in life histories in a changing
environment. The age at seaward migration (i.e. smolt stage) ranges from 1-3 years in France to 5-7 years
in northern Norway (Nevoux et al., 2019). First reproduction occurs after 0-2 or 2-4 years at sea in
populations in the English Channel (Richard, 1981) and the Baltic Sea (Jarvi, 1940), respectively.

In recent decades, alarming collapses in population abundance, as well as altered population
structure, have been recorded in Europe, such as in the Burrishoole River, Ireland (Gargan et al., 2006),
the Ewe River, Scotland (Butler & Walker, 2006), and the Vistula River, Poland (Debowski, 2018).
Damming of rivers forbidding the access to spawning sites, overfishing, or the development of offshore
salmon aquaculture leading to sea lice epizootics, have been pointed as major factors of decline for some
of these populations. Consequently, it is necessary to assess and understand possible changes in key life
history traits, such as length at spawning, age at maturation, and length-at-age, which drive the
dynamics of European sea trout populations.

In this study, we quantified the influence of key life history and phenological variables on the length
of sea trout returning to the Bresle River, France, using 39 years of data from long-term population
monitoring. Based on an intensive trapping protocol throughout the migration season, we obtained
individual data on length, migration timing, and age, as inferred from scale reading. We first examined
thetemporaltrend in the mean length of individuals returning for the first time to investigate a presumed
decrease in body length. We then tested four non-exclusive hypotheses: whether such a decrease was
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due to i) long-term effects of smaller length at seaward migration in smolts, ii) fewer years spent at sea
and a younger age at first return, iii) a shorter growing season at sea and an advanced date of return, and
vi) a decrease in the intrinsic growth rate at sea and a smaller length-at-age. The results provide insights
into the ecology of sea trout in southern Europe and illustrate ongoing changes in life history strategies.

The Channel é“z

o Trap
/R

Le Tréport

Figure 1 - Geographical location of the Bresle River, France, and its catchment
Materials and methods

Study site

The Bresle River, located in northern France, drains a 742 km? catchment into the English Channel at
Le Tréport harbour (Figure 1). Mean annual discharge is 7.3 m* s%, and salmonids can access c. 2/3 of its
total wetted length (137 km). Human activities strongly impact the Bresle estuary, and the Le Tréport
harbour is the first obstacle to migration from the sea; however, the harbour is equipped with a fishway,
which provides access to the main river (Euzenat et al., 2007). The Bresle River hosts a wild population
of sea trout that has a life cycle of 1, 2, or 3 years in freshwater (hereafter, FW1, FW2, and FWS3,
respectively) and 0, 1, or 2 years at sea until first return (hereafter, SW0, SW1, and SW2, respectively).

Monitoring protocol

Since 1981, an intensive sea trout trapping protocol has been conducted throughout the upstream
migration season (March-December) each year at Eu, in the lower section of the Bresle River (Josset et
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al., 2023). It follows the ethical review from the committee C2EA-07, from the National Committee for
Ethical Reflection on Animal Experimentation (permit number: APAFIS#26834-2020080615584492 v3).
The trap is located on an obstacle 3 km upstream from the estuary and is checked twice a day for the
presence of fish. Each year, a mean of 995 (SD = 511) sea trout are caught in the trap on their return from
the sea. Each individual is measured to the nearest millimetre (fork length - from the tip of the snout to
the fork of the tail) using a manual or electronic measuring board. Examination of secondary sexual
characteristics, which are visible mainly from September-December, indicates the sex of certain
individuals. However, visual sexing is imperfect and relies mainly on the presence of an elongated lower
jaw (i.e. kype) on males. Scales are collected from a subsample of individuals (scale sampling stratified
by length until 2017, all individuals sampled from 2018 onward) to determine age (all sampled
individuals aged until 2012, 150 individuals aged per year from 2013 onward), following Bagliniere et al.,
(2020). Data on individual biometry, age, and scale samples are stored in the French COLISA archive
(COLlection of Ichtyological Samples; Marchand et al., 2019; https://colisa.fr/; in French) .

Data selection

For this analysis, we used data collected over a 39-year period (1984-2022). Trapping was disrupted
in 2001, which reduced the efficiency and the period of operation, only SW1 individuals were captured
this year. We focused on individuals that returned to the river after their first marine sojourn (hereafter,
“first returns”; 75.3% of available samples). This aimed at reducing heterogeneity between individuals,
as biological processes that influenced individuals returning for the first time may have differed from
those that influenced individuals that had already returned to the river at least once. The returning status
was defined based on the examination of scales, which was available on a subset of 15,730 individuals
out of the 41,412 individuals captured at the trap. First return fish were defined as individuals with no
spawning mark on their scales. Individuals with low relative weight (Wr < 90) (Blackwell et al., 2000)
captured before April were considered late-running post-spawners migrating to the sea and were thus
excluded from the analysis.

Data resampling

The subsample of fish which had their scales sampled, and age assessed, was unbalanced between
length classes, with individuals in the more abundant length classes being generally under-sampled.
This bias skewed estimates of the mean length-at-age. To correct this bias, we randomly resampled
within the subsample of fish which had their scales sampled, a subset of individuals with an even effort
among length classes. We first calculated the proportion of sampled individuals for each 50 mm length
classes for a given year, determined the minimum proportion of sampling for each year, and then used
this minimum proportion as a target for resampling individuals in each length classes for that given year.
This resampling procedure was repeated 1000 times to ensure robustness and stability of the results.
The following selection of first returns, yielded datasets of varying lengths, with a mean sample size of
6060 individuals (SD = 23).

Statistical analyses

Long-term trend in the length of returning sea trout

To describe the long-term temporal trend in the length of first-time returning sea trout, we modelled
the mean yearly length of first returns as a linear function of time and assessed the significance and
direction of the trend. This was done using the “Im()” function of the “stats” package of R software
(version 4.0.3) (R Core Team, 2020), using the year of return as a continuous variable.
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Drivers of change in length-at-first return

We then investigated the influence of key ecological variables on the length of first-time returning
sea trout using Gaussian generalized linear models (McCullagh & Nelder, 1989) with a log link. The log-
link function allows for multiplicative rather than additive effects, and the former are generally
considered more appropriate for modelling ecological relations. The Gaussian distribution was selected
because it is usually used when a linear relation between dependent and independent variables is
expected, assuming a normal distribution of the residuals. Model selection followed stepwise inclusion
of variables and relevant two-way interactions depending on the hypothesis selected.

Development of dimorphic sexual characteristics before reproduction, especially a kype at the end
of the lower jaw (Witten & Hall, 2001), could bias length depending on the timing of return. This would
be especially true in late-running males, although some females also have a small kype. To address this
bias, we used the apparent sex recorded in the phenotypic data in the model as a corrective variable,
with two levels: presence or absence of a kype.

Knowing that the longer the marine sojourn, the larger the troutis upon return (Thorstad et al., 2016),
we included the “sea age” (i.e. the number of years spent at sea) as a categorical variable to explain
length-at-first return. Similarly, we hypothesised that the number of years spent in the river positively
influenced the length-at-first return, although less than the number of years spent at sea, due to
substantial differences in growth potential in fresh and seawater (Gross et al., 1988; Nevoux et al., 2019).
We thus used the “river age” (i.e. the number of years spent in freshwater before migrating to the sea) as
another categorical variable in the model. We also considered an interaction between river age and sea
age to capture effects of latent intrinsic differences among individuals depending on their life history
(e.g. growth potential, metabolic rate, energy-use efficiency). Temporal variability in the effect of age on
length was also tested by considering interactions between the year and river and sea ages.

The timing of migration can also influence the length of returning trout. Assuming that the timing of
smolt migration to the sea remained unchanged (De Eyto et al., 2022), an early return in freshwater
would mean shorter marine sojourn, reduced growth opportunities and potentially shorter bodies.
Advanced migration timing can be driven by environmental conditions experienced by all individuals of
a given sea-age class, as indicated by the mean day of year of return of each sea-age class and year
(ctrAvgDOQY, centred on the inter-annual mean). Within a given sea-age class, differences in the timing of
migration among individuals can also influence body length. This individual level was captured by the
variable deltaDQY, which was calculated as an individual’s return day minus the mean day of return of
the corresponding sea-age class and year. We considered two-way interactions to test whether effects
of phenology variables varied over time or among sea ages. The increase in length for each additional
day at sea may have varied during the study period, and timing of return may have more influence on
body length of young individuals returning after a short sojourn, due to their faster growth (Davaine et
al., 1997).

Once the migration strategy and timing were considered, any remaining long-term trends in the
length of returning sea trout would indicate a gradual change in the intrinsic growth rate at sea. To
describe residual temporal variability in the length-at-first return, we used the year of return to the river
(Year) as a continuous variable centred on 1980, which grouped sea trout that had experienced the same
environmental conditions during their last months at sea.

Implementing and selecting the model

Collinearity among variables was tested using Pearson correlation coefficients, ensuring that the
correlation coefficient between predictor variables |r| remained inferior or equal to 0.7 following
Dormann et al., (2013). A bootstrap procedure of the “boot” package (Davison & Hinkley, 1997; Canty &
Ripley, 2021) was used to ensure stability of the results by reducing effects of sampling variability. One
thousand datasets were generated using the bootstrap procedure, and candidate models were fitted to
each dataset. Model selection aimed to minimise Akaike’s information criterion (Akaike, 1974), following
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guidelines of Burnham et al. (2002). We identified the best model for each dataset and compared the
models’ selection frequencies as a measure of support. Mean estimates and 95% confidence intervals of
the best models’ effects and interactions were then calculated from the 1000 iterations of the bootstrap
procedure and presented relatively to a reference SW1-FW1 sea trout with a kype and returned on the
average day of return of its sea age class. In addition, to assess temporal changes in the age structure,
yearly age-class percentages were recorded for each of the 1000 iterations. Similarly, slopes of a linear

regression between the day of year and the year of return by sea age were extracted from each iterations
to assess variations in the timing of return.

Results

Long-term decrease in the length of returning sea trout

The temporal regression on the body length of first returns from 1984-2022 revealed that first-time
returning sea trout in the Bresle River lost on average 1.73 mm (SD = 0.08) per year, regardless of their
age, which represented a loss of 67.47 mm (SD = 3.12) (i.e. ¢. 12.3% of the mean body length from 1984-
1988) over the 39 years studied (Figure 2).

Model selection

Of the 1000 iterations of the bootstrap procedure and model selection, only two models (no. 22 and
20) were selected for having the lowest AIC (selected 77.3% and 22.7% of the time, respectively) (Table
1). The two models were similar, including all major variables, and thus had similar AIC and predictive
power. They differed only in that model 22 included temporal interactions with the two phenology
variables (i.e. ctrAvgDOYxYear and deltaDOYxYear).

600 -
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Figure 2 - Long-term temporal trend in the mean fork-length of first-time returning sea
trout captured in the Bresle River from 1984-2022. Error bars indicate 1 standard
deviation. The shaded zone indicates the 95% confidence interval. Year 2001 is not

presented due to floods that disrupted the trapping, which lead to low efficiency and the
capture of only SW1 individuals.
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Although model selection based on the AIC balances likelihood and parsimony, two of the most
complicated models were selected, which indicates overall complexity of the mechanisms that drive
length-at-first return. Presence of a kype positively influenced the length at first return and explained up
to 8.65% (SD = 0.453) of explained deviance alone. The mean deviance calculated from the 1000 best
models explained up to 66.00% (SD = 0.49) of the variability in the length-at-first return. Examination of
the residuals showed slight deviation from the hypothesis of normality. As could be expected in a large
dataset, wide tail distributions lead to the rejection of the normality hypothesis despite a quasi-normal
distribution.

Decrease in the age of returning sea trout is a major driver of decrease in length-at-first return

We found that sea age was the most influential variable on length-at-first return, as it lead to the
highest gain in explained deviance (Table 1). If we compare the effect of variables, averaged over the
1000 best-models, we show that the more growth seasons an individual spent at sea, the greater was its
length-at-first return (Figure 3). Returning after 2 years at sea lead to a 30.08% increase (95% Cl [30.03 ;
30.1]) in length-at-first return compared to the reference fish, while returning as SWO0 lead to a 37.53%
decrease (95% Cl [-37.59 ; -37.48]). This result supports the hypothesis that a shift in the age structure
towards younger individuals could drive the decrease in length observed among first returns. Indeed,
the mean sea age structure of first returns changed greatly during the study period (Figure 4). In
particular, SW2 individuals (293 individuals in average across the 1000 datasets, SD = 67) gradually
disappeared and were not represented in 3 of the last 10 years of the study period.

At the same time, the percentage of SWO0 individuals increased in recent years to up to 60% (in 2018)
of all first returning sea trout. The percentage of SW1 individuals in the population remained
predominant and stable over time (mean = 81.8%; SD = 11.2%). This pattern indicates a decrease in the
mean sea age at first return of the Bresle sea trout population: 1.06 years (SD = 0.4) from 1984-1988, but
0.80 years (SD =0.4) from 2018-2022.

Earlier life history contributes to the length of returning sea trout

River age had a long-term effect on the length-at-first return: for a fish that spent one year at sea,
individuals that smoltified after only 1 year in the river (the reference SW1-FW1 individual) were shorter
on their return than those that smoltified after 2 or 3 years, which were predicted to be respectively
4.13% (95% Cl [4.11 ; 4.15]) and 2.55% (95% Cl [2.38 ; 2.72]) larger (Figure 3). The younger the sea-age
class, i.e. the shorter the time spent at sea, the more pronounced this effect was, as indicated by the
interaction between river age and sea age. For instance, a SW0 individual smoltifying at age 2 or 3, was
predicted to be respectively 19.22% (95% CI [19.13 ; 19.31]) and 25.02% (95% CI [24.83 ; 25.22]) larger
than the reference SW1-FW1 fish (Figure 3). River age was included in all of the best models, which
highlights its high explanatory value.

Length of returning sea trout is influenced by the migration timing

The two variables for migration timing (ctrAvgDOY and deltaDOY) explained relatively small amount
of the variability in the length-at-first return. As displayed on Figure 3 by minimum (downward red
triangles) and maximum (upward green triangles) values, their main effects ranged respectively between
[-1.05%; 2.1%)] and [-1.88%; 2.73%)]. Effects of return timing depended on the sea age, as indicated by the
inclusion of the two-way interactions in the model. The effect of additional days at sea, measured at both
inter-annual (ctrAvgDOY) and intra-annual (deltaDOY) scales, seemed to benefit SWO0 individuals more
than SW1 individuals, with a maximum of +16.9% effect for the Sea-age 0 x deltaDOY interaction. In
contrast, this effect was negative for SW2 individuals, as late-returning cohorts in this age class tended
to be smaller (-4.4% at most) than early-returning ones. The inclusion of the temporal interaction
indicated a potential change in effects of return timing over time, although support for it was weaker, as
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22.7% of the best models did not include it. The range of theoretical effect for these interactions was
wide, with for instance the deltaDOY x Year interaction for 2022 ranging between [-64.1%; +58.5%)],
although extreme values were actually rare and opposing effects (deltaDOY main effect, Year in
interaction with other variables) must be taken into account.

Mean slopes of temporal linear regressions of the day of return indicated that the capture date of first
returns advanced significantly (p < 0.001), with SW0, SW1, and SW2 being captured a mean of 1.38 (SD =
0.12), 1.21 (SD =0.08), and 0.49 (SD = 0.26) days earlier each year, respectively. Over the 39-year period,
the date of return thus advanced by 53, 47, and 19 days for SW0, SW1, and SW2 individuals, respectively.

No kype

River-age 2

River-age 3

Sea-age 0

Sea-age 2

Sea-age 0 x River-age 2
Sea-age 0 x River-age 3

Sea-age 2 x River-age 2

ctrAvgDOY

deltaDOY

Sea-age 0 x Year
Sea-age 1 x Year
Sea-age 2 x Year
River-age 2 x Year
River-age 3 x Year
Sea-age 0 x ctrAvgDOY
Sea-age 2 x ctrAvgDOY
Sea-age 0 x deltaDOY
Sea-age 2 x deltaDOY

Effects

ctrAvgDOY x Year (1984)
ctrAvgDQY x Year (2000)
ctrAvgDQY x Year (2022)
deltaDOY x Year (1984)
deltaDOY x Year (2000)
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Percentage of change compared to the reference fish

Figure 3 - Mean estimated effects on the length at return in percentage of change,
averaged over the 1000 best models and compared with a reference SW1-FW1 sea trout,
with a kype, for ctrAvgDOY and deltaDOY = 0 (black vertical line). Top panel: effects of
qualitative predictors and their interactions, middle panel: effects of quantitative
predictors and interactions between quantitative and qualitative predictors, bottom
panel: discretised effects of interactions between quantitative predictors. Orange dot,
red and blue crosses indicate respectively mean estimated effect, lower and upper 95%
Confidence Intervals (See Table 1 for the definition of variables.). Downward red triangle
and upward green triangle indicate the mean estimated effects when the quantitative
effect is at its minimum and maximum values respectively for the reference sea age class
(SW1); dashed black lines illustrate the range of possible values. Blue diamond indicate
the mean predicted effect for the discretized ctrAvgDOY:Year interaction for the reference
seaageclass,i.e. 1value peryear per sea age class. Effects are presented in the ‘response’
scale, i.e. -10% indicate that an individual with the specific modality would be estimated
to return shorter by 10% compared to the reference fish.
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SD=9).
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Weak and contrasting evidence of changes in growth

Interactions between year and both river age and sea age were included in the best models, which
supports the hypothesis of temporal changes in the length-at-first return as a function of life history
strategy. The effect of the year on length-at-first return remained small and relatively stable for FW1, but
slightly increased over time for FW2 and FW3, ranging respectively between [+0.22%; +2.3%] and
[+0.22%; +2.4%] (Figure 5), both of which had similar variations (Figure 5). Furthermore, length-at-sea-
age over time differed, being stable or slightly positive for SW0 and SW1 individuals, but decreasing for
SW2 individuals, accounting for a decrease of -6.7% relative to the reference individual in 2022. Overall,
except for SW2 individuals, trends remained weak, with only slight changes in the length-at-age for SW0
and SW1 individuals.

Discussion

Results indicate that individuals returning to the Bresle River for the first time became progressively
smaller over the 39 years of the study period. This decline mainly resulted from change in the age
structure and contrasted variations in length-at-age. In the study population, an increasing percentage
of sea trout returned for the first time at age SW0 and the return migration timing advanced. This
decrease in duration of the marine sojourn can explain the decrease in body length, while length-at-age
remained constant or slightly increased over time for SW0 and SW1 individuals. At the same time, the
percentage and length-at-age of SW2 individuals decreased.

Strengths and limitations of long-term datasets

Sampling biases are inevitable during long-term monitoring of wild populations. It is often
challenging to maintain constant sampling effort over long periods, whether due to changes in the
sampling protocol, a lack of resources, modifications of the observation device or objectives, or varying
environmental conditions. In this study, the need to control for sampling biases required an analytical
rebalancing of the dataset. Using the bootstrap procedure enabled multiple iterations of subsampling
and modelling, which increased the stability and robustness of the results. One downside of such large
datasets is the risk of rejection of the assumption of normality in the residuals, as required by GLMs. Non-
Gaussian distributions, such as the Gamma distribution, may reduce this risk. However, this option did
not improve the fit of the residuals in the present case. McCullagh and Nelder (1989) reported that a
rejection of this assumption was not of major importance in the case of “large datasets”, where minor
deviations from the normality will likely lead to rejection of the assumption. Deviations in the residuals
suggests either errors in the determination of age by experts, or high heterogeneity in growth
performance between individuals that is not captured by the model. Sea trout being famous for the
extreme plasticity in its life history traits and physiological performance (Thorstad et al., 2016; Nevoux et
al., 2019), the latteris likely to be an important factor here. Despite these difficulties, long-term datasets
are crucial for understanding highly complex ecological and evolutionary processes (Eliott & Eliott, 2006;
Hughes et al., 2017).

Decrease in mean population length does not necessarily imply a decrease in length-at-age

With a decrease of ¢. 12.3% in first-time returning sea trout body length over the past four decades,
the results add to the growing corpus of literature that describes a decrease in the length of salmonid
species around the world (Morita & Fukuwaka, 2007; Lewis et al., 2015; Bal et al., 2017; Jeffrey et al., 2017;
Ohlberger et al., 2018; Oke et al., 2020) or in other fish families (Neuheimer & Taggart, 2010; Boéns et al.,
2021). The extent of the changes observed in the Bresle sea trout population are slightly higher than
results of Oke et al. (2020) for four species of Pacific salmon (Chinook, Oncorhynchus tshawytscha: -8.0%,
coho, Oncorhynchus kisutch: -3.3%, chum, Oncorhynchus keta: -2.4%, and sockeye, Oncorhynchus
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nerka: -2.1%), although the underlying mechanism may differ. While Onchorhynchus species may suffer
from areduction in individual growth rate at sea, interestingly in sea trout we highlighted that individual
length-at-age changed little overall in most age-classes. A decrease in the age at first return appears to
be the main reason of the decrease in the length-at-first return observed for sea trout in the Bresle River.
Structural changes in the age at return of sea trout have previously been reported by Milner et al., (2017),
who found a change in the proportion of low-weight fish in rod catches of four Welsh rivers between 1977
and 2007, suggesting an increased proportion of SWO.

It was surprising to detect a clear negative temporal trend in the length-at-age only for SW2 first
returns, while those of SW0 and SW1 remained relatively stable. Marine trophic webs are under
tremendous pressure in the context of climate change. The general consensus is that ocean productivity
has decreased in the past few decades and that the composition of its ecosystems has changed greatly
(Behrenfeld et al., 2006; Hoegh-Guldberg & Bruno, 2010; Méllmann & Diekmann, 2012; Gohin et al., 2019).
One would thus expect to observe a decrease in growth in all age classes, and in younger age classes in
particular, as observed in Atlantic salmon (Salmo salar) populations returning to nearby rivers in France
and Southern England (Tréhin et al., 2021). However, our results suggest that SW0 and SW1 could sustain
stable growth rate over the 39-year study period. In fact, Davidson et al., (2006) even reported increased
post-smolt growth for these two age-class in the sea trout population of the River Dee. This differing
response among sea-age classes could indicate local changes in the conditions that sea trout
encountered at sea, rather than a broad decrease in growth opportunities. During migration at sea,
salmonids gain access to different feeding grounds and sets of prey (Knutsen et al., 2001, 2004; Rikardsen
et al., 2006, 2007; Thorstad et al., 2016). Consequently, changes in food availability and quality on the
feeding grounds used by older and larger sea trout may explain their lower growth. Additionally, local
variations in sea temperatures could also influence sea trout return size, as reported before by Milner et
al.,, (2017) in the Irish sea.

Potential drivers of a change in sea trout age structure, and demographic consequences

A decrease in marine survival can select for a reduction in the duration of the sea sojourn and early
maturation to maximise fitness (Thorstad et al., 2016; Archer et al., 2019). Parasitism by sea lice
(Lepeophtheirus salmonis, Krayer, 1837) has been demonstrated to be a major factor of reduced survival
in wild salmonids (Bjern et al.,2001; Thorstad et al., 2015) and is considered to as a major threat for many
sea trout populations in Norway (Fiske et al., 2024) and Ireland. Sea lice may have been responsible for
the collapse of the sea trout population in the Burrishoole River (Gargan et al., 2006) and for profound
changes in life history traits of that in the Eriff River, Ireland (Gargan et al., 2016). In the Bresle River, most
returning sea trout show evidence of sea-lice parasitism, with the youngest and smallest individuals
usually having the highest parasite loads. Premature returns, in which non-mature individuals with
heavy sea-lice loads return to freshwater for delicing, have been well documented in the literature
(Birkeland, 1996; Birkeland & Jakobsen, 1997; Serra-Llinares et al., 2020). Thus, parasitism and the related
increase in the returns of young non-mature individuals could provide an explanation for the decrease
in the average sea age of first returns, as observed in this study.

The lack of data about the reproductive status of first-time returning individuals limits our
understanding of the role of SWO0 in the population dynamics. The return status of the individuals
included in this study was determined from the analysis of patterns on scales. However, it provides an
imperfect record of previous reproduction history (Bagliniére et al., 2020). Being able to separate out the
mature SWO returns from the immature SWO0 individuals (Birkeland, 1996) would help better predict the
impact of changes in sea-age composition on population dynamics. In the nearby Calonne River, while
most SWO0 individuals were mature in the 1980s (Maisse et al., 1991), recent changes in environmental
conditions, and sea-lice prevalence in particular, may have profoundly altered maturation and return
strategy.
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Furthermore, age at maturation has been demonstrated to be a partially heritable life history trait in
sea trout (Ferguson et al., 2019; Reed et al., 2019). Thus, natural selection and change in allele frequency
could potentially explain the progressive shift in sea-age structure toward shorter sea sojourn observed
in this study. Length-specific selective mortality that targeted mainly larger individuals (Reznick et al.,
1990) could as well explain the progressive disappearance of SW2 individuals in the Bresle population.
Overfishing has been widely demonstrated to influence many characteristics of fish populations, such as
length at reproduction (Neuheimer and Taggart, 2010; Ojuok et al., 2007) and a direct selection on length
is not necessarily required to result in changes of age and size at first return (Kozlowski, 2006; Hard et al.,
2008). Intensive net fishing, which is typically size-selective, occurred at sea near the Bresle estuary,
especially during the first half of the study period. With up to 37% of the population being caught each
year either by professional or leisure net fishing at sea or rod-and-line fishing in the river (Fagard &
Beaulaton, 2018), it seems plausible that it could contribute to a reduced age at first return, as observed
here. Besides, the resurgence of marine apex predators has been associated with a decrease in the mean
length of Chinook salmon (Ohlberger et al., 2019). However, although the Bresle River is located near the
Bay of Somme, which hosts the largest breeding colony of harbour seals (Phoca vitulina L.) in the English
Channel, analysis of 86 scat samples from this colony revealed no evidence of salmonids in the seals’
diet (Spitzetal., 2015), suggesting that salmonids do not contribute significantly to it. Furthermore, most
seal predation on salmonids seems to be opportunistic, with no indication of length-dependent
selection for larger fish (Suuronen & Lehtonen, 2012; Thomas et al., 2017). Therefore, it seems unlikely
that seal predation would have driven the population-wide changes in sea trout age structure observed
here.

Changes such as the progressive loss of a sea-age class, as observed for SW2 individuals in this study,
can strongly influence a population’s resilience (Stewart, 2011; Erkinaro et al., 2019). The loss of older
age classes can also have an especially detrimental effect due to the loss of “big, old, fat, fecund, female
fish” (BOFFFFs). These older female fish contribute greatly to reproduction as they produce more and
often larger eggs than younger females do (Hixon et al., 2014; Ohlberger et al., 2020). This reproductive
hyperallometry has been demonstrated to be widespread both in fishes and other taxa with
indeterminate growth, such as mollusc or crustaceans, and suggests that the reproductive role of these
large and older females has been widely underestimated (Barneche et al., 2018; Marshall & White, 2019).
Therefore, management actions such as specific fishing regulations to protect these older fish could be
implemented in the Bresle River.

The importance of considering the entire life history

When sea age was taken into account, river age also had a positive effect on length-at-first return,
which suggests that length at migration had long-term consequences until the first return. Growth
potential at sea is much higher than it is in freshwater, accordingly the latter often seems to be viewed
as a mere transitional habitat between hatching and smoltification. Nevertheless, the hypothesis of a
mechanistic length threshold driving maturation decision (Hutchings & Jones, 1998; Tréhin et al., 2021)
predicts that larger smolts will reach the critical maturation length sooner and thus return after fewer
years at sea (Tattam et al., 2015). Therefore, this carry-over effect of a trout’s freshwater life on its length-
at-first-return hold important implications for an individuals’ future life history. It also suggests the
importance for managers not to neglect actions aimed at protecting juveniles. In particular, these action
should focus on the preservation of phenotypic composition (age and size structure)(Russell et al., 2012)
in a context of climate change. These actions could especially include managing and protecting water
resources (Waco & Taylor, 2010), restoring habitat connectivity (Forget et al., 2018), and creating thermal
refuges (Blann et al., 2002). Our results also suggests that the effect of river age on length at return is
most visible in SWO0 and tends to decrease as time at sea increases. This is likely a consequence of higher
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growth opportunities at sea (L'Abee-Lund et al., 1989) that would flatten length differences acquired in
freshwater over time.

Effect of migration timing on length-at-first return

The effect of a longer sea sojourn were positive and stronger for sea trout that returned after SWO,
which is consistent with brown trout growth curves, which have steeper slopes for younger age classes
before reaching a plateau (Davaine et al., 1997). Variations of the return date was important over the
study period, especially in SW0 and SW1 (resp. 53 and 47 days earlier in 39 years). This observation is
consistent with, but larger than, the advance of 2.6 days per decade observed by Legrand et al. (2021), in
the migration timing of sea trout at 40 monitoring stations in France. Such a difference may result from
trend variations across monitoring stations, as the Bresle River was the northernmost one, as well as
averaging between age classes. Nevertheless, despite an earlier arrival of the order of a month, timing of
return had a relatively small influence on length at first return overall. This result is concordant with a
study from the River Dee, where length at return of SWO0 individuals was found to be independent from
the day of return (Celtic Sea Trout Project, 2016).
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dataset.
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