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Abstract

Most studies of brown trout (Salmo trutta) populations in headwater streams have focused on
the year-to-year variability in recruitment and survival, but only few analyzed long-term trends
in trout densities, under both control and regulated flow conditions. Here, we conducted trend
analyses of brown trout age class densities on 36 stream reaches over the 1990-2020 period,
including reaches located in a bypassed section. We also investigated long-term trends in a
panel of key environmental variables (water temperature, stream flow, current velocity and
habitat suitability). We found that annual water temperatures significantly increased by a
median of +0.21 °C per decade. Analyses of stream flow revealed only a few significant trends,
including a general increase in median values in spring and a general decrease in fall. A
significant general decline in adult trout densities was observed, although disparities between
geographic areas were highlighted. This decline is likely due to multifactorial effects, including
possible interacting factors. Our results highlight the need to maintain and extend long-term
monitoring of trout populations, which should be combined with extensive environmental

monitoring.

Keywords: Meta-analysis, long-term surveys, global change, headwaters, Salmo trutta
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Introduction

Freshwaters are among the most threatened ecosystems and their biodiversity is declining
faster than that of terrestrial or marine environments (Dudgeon 2019, Reid et al. 2019). In the
last few decades, 20% of the freshwater fish species described worldwide have been listed as
threatened, endangered or extinct (Magurran 2009). On a European scale, 37% of freshwater
fish species are threatened, and about 17% have declining populations (Freyhof and Brooks
2011). Multiple causes contribute to this decline, including habitat degradation, biological
invasion, water pollution or overfishing (Dudgeon 2019, Mueller et al. 2020), all interplaying
with climate change (Moyle et al. 2011, Comte et al. 2021). Indeed, a high proportion of
freshwater fish species will have their geographic range exposed to climatic extremes in the
future (Barbarossa et al. 2021). The predictions indicate a decline in certain freshwater fish
populations in the coming decades (Poulet et al. 2011, Wenger et al. 2011) and in functional

diversity of stream fish asemblages (Buisson et al. 2013).

Due to the dendritic nature of hydrographic networks, most of the length of rivers and streams
is located in the upstream part of catchments, which have been identified as ecosystems of
special ecological interest (Meyer et al. 2007). In Europe, the brown trout (Salmo ftrutta) is
native and generally the dominant species in headwater streams, and many studies have
highlighted declines in their populations. From 1985 to 1999, the brown trout catches have
decreased by 50% in many Swiss rivers (Burkhardt-Holm et al. 2002). The main cause of the
decline appears to be the effect of increasing water temperature combined with the presence
of the proliferative kidney disease (PKD) (Borsuk et al. 2006), whose clinical symptoms related
to high mortality occur above 15-16°C (Hari et al. 2006, Burkhardt-Holm and Scheurer 2007).
The composition of anadromous salmonids communities in Northern Europe was affected by
gradual climate warming, with a decreasing proportion of Arctic charr and an increasing
proportion of brown trout (Svenning et al. 2021). Brown trout populations in Sweden exhibited

contrasting trends, with declines observed in the warmer southern part of the country and
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increases in the cooler northern streams (Donadi et al. 2023). Climate change can also affect
the recruitment of trout species differently depending on the regional context (Maitland and
Latzka 2022). In France, brown trout densities and occurrences have decreased significantly
over the period 1990-2009 (Poulet et al. 2011). This observation was recently confirmed by
Santos et al. (2022) although disparities between catchments were found, with the main
declines being observed in southwestern and central France. On a European scale, the
causes of the decline of brown trout populations seem to be multiple and to differ between
regions, though a recurrent reference to global warming is to be noted (Pilotto et al. 2020).
However, most previous studies on trout population focused on the identification of trout
population dynamics (Alonso et al. 2011, Bret et al. 2017, Alonso et al. 2024) and less on
density trends. Studies on trout density trends have mainly focused on whole population trends
(e.g. Poulet et al. 2011, Santos et al. 2022) or trends in a specific age class (e.g. young-of-
the-year individuals in Donadi et al. 2023), without being able to explore age class-level trends
and the associated drivers that are potentially age class-specific. In addition, the pressure
induced by hydropower plants (Costea et al. 2021), mostly located in headwater streams, was
rarely included in previous studies. Our study fills these gaps by combining: (i) a dataset with
long-term monitoring of brown trout populations at age class level and key environmental
drivers, on reaches with and without flow regulation and (ii) a meta-analysis framework to

evaluate the shared trends, considering all reaches together.

The objective of this study was to quantify observed trends in the densities of brown trout
populations and in key environmental drivers in four French geographic areas. In line with
recent observations in different European countries, we hypothesized a decline in trout
population densities, associated with concomitant trends in environmental conditions that
could be responsible for this decline. Our dataset consists of 36 stream reaches where
complete fish samplings (i.e. multi-pass electrofishing samplings with fish removal) have been
conducted, of which about half are located in a bypassed section, with a part of the stream

flow diverted by a dam. These sections are subject to a minimum instream flow, which
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constitutes a pressure on these ecosystems. To our knowledge, trends in brown trout density
have never been compared between bypassed and control sections, and such analysis would
likely provide further insights into the pressure induced by flow reduction in bypassed sections.
In addition, complete fish sampling makes it possible to determine the age class of individuals,
which allows us to investigate trends in the density of each age class separately. To elucidate
the possible environmental drivers of population trends, we investigated long-term seasonal
and annual trends in a panel of environmental variables (water temperature, stream flow,
current velocity and habitat suitability index abbreviated as HSI). In the context of climate
change, for headwater streams, we hypothesized an increase in water temperature and a
decrease in stream flow and current velocity over time. Such trends would lead to an
improvement in HSI for juvenile trout (strong affinity with low current velocity and depth) and
a decrease for adult trout (strong affinity with high current velocity and depth to feed) (Souchon

et al. 1989, Ginot et al. 1998).

Materials and methods

Description of surveyed reaches

In this study, 36 stream reaches where brown trout was the dominant fish species (i.e. more
than 80% of total fish biomass) were monitored from about 1990 to 2020 (Figure 1 and Table
S82). They are located in four geographical areas (the Alps, the Pyrenees, the Massif-Central
and the Brittany-Normandy), distributed across continental France. The surveyed reaches are
headwater streams, typical of the trout zone (Huet 1954) (Table 1). They are located in
different geographical contexts: most of them being in mountain ranges (Alps, Pyrenees and
Massif-Central) while some are lowland headwater streams (Brittany-Normandy). Each reach

included one or several sequences of pools, runs, and (or) riffles.

© The Author(s) or their Institution(s)
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Nineteen of the surveyed reaches (53%) are located in a bypassed section (BPS), with part of
the stream flow diverted by a dam, while the others experienced no hydrological modification
(NHM). Table 2 shows the distribution of the 36 surveyed reaches by type of reach (BPS or
NHM) and by geographical area. In compliance with French regulation, the minimum instream
flow was increased (mostly from about 1/40 to 1/10 of the mean interannual flow) in all

bypassed sections during the study period.

Fish data

Fish data were acquired thanks to a long-term investment by three French organizations
(Electricité de France, the Office Frangais de la Biodiversité and the Institut national de
recherche pour I'agriculture, l'alimentation et I'environnement). Reaches were sampled by
wading, using two-pass removal electrofishing sampling, according to the European
Committee for Standardization guidelines (CEN 2003). Sampling was performed without
upstream or downstream blocking nets, in summer or early fall (mostly in September). All
stream-dwelling brown trout (Salmo trutta) sampled were measured (total length, to the
nearest 1 mm), and length-frequency histograms allowed distinguishing three age classes
(identifications were made by a few specialists to limit operator bias): young-of-the-year (fish
less than 1 year old; hereinafter referred to as ‘YoY’), juveniles (fish between 1 and 2 years
old), and adults (fish older than 2 years old). Fieldwork was conducted with adequate

administrative permits for electrofishing in accordance with French laws and ethical rules.

For each survey, brown trout abundance was estimated using the Carle and Strub (1978)
method based on sampled abundances, separately for trout less than 10 cm and for larger
ones in relation with electrofishing efficiency. These abundances were then converted to
densities (i.e. the number of individuals per 100 m? sampled), using the total sampled area
(between 477 and 2275 m?) calculated as the sampled length x reach width at the interannual
median daily stream flow considered as the structuring flow. Depending on the reach, between

13 and 27 fish surveys were conducted on the 36 stream reaches over the 1994-2020 period

© The Author(s) or their Institution(s)
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(Figures S1, S2 and S3, covering an average period (£ standard deviation) of 24.8 + 2 years
(min = 20 years; max = 27 years). Fourteen additional reaches for which sampling began only
in 2005 were also available (Figure 1, Table S1, Table S2) and were used for complementary

analyses (Figure S4).

Environmental parameters

Water temperature
Daily water temperature was measured in the field using thermographs placed in the sampling
reach (recording every 20 minutes). Missing values were estimated from air temperature over
the previous three days based on reach-specific air-water temperature relationships (see Bret
et al. 2016 for a full description of the extrapolation procedure). Comparisons between
extrapolated and observed water temperatures generally showed < 1°C differences. Water
temperature data were available for 19 of the reaches over the 1990-2015 period (Figure 1,

Table S2).

Stream flow

Daily stream flow was derived from gauging stations (mainly from the French hydrological

monitoring network; www.hydro.eaufrance.fr). Extrapolations were made for the few periods

affected by gauging station failure, following Bret et al. 2016. Stream flow data were available
for 18 of the reaches over the 1990-2017 period. Though they are not located precisely on
each fish surveyed reach (they are mostly less than 20 km of distance from fish surveyed
reach; max distance is 50 km), they are representative of the main characteristics of their
hydrology. For 11 of these reaches, stream flow measurements were available since 1970

and were used for complementary analyses (Figure S5).

Current velocity

To capture the physical effect of stream flow, we also considered the current velocity. Reach

daily current velocities (m-s™') were estimated as the ratio between daily discharge and the

© The Author(s) or their Institution(s)
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corresponding cross-section area (mean depth x mean width). Reach-specific depth-
discharge and width-discharge relationships were estimated using hydraulic models (Ginot et
al. 1998) or detailed hydraulic measurements conducted in the field at different stream flows
(Sabaton and Miquel 1993). Current velocity data were available for 11 of the reaches over

the 1990-2013 period thanks to previous works (Bret 2016, Bret et al. 2017).

Habitat Suitability Index
To translate stream flow into habitat suitability for brown trout, we used the Habitat Suitability
Index (HSI). HSI modelling considers physical habitat variables (water depth, current velocity,
and sediment size) to assess the physical quality of a reach to support a target species or life-
stage (Tharme 2003, Dunbar et al. 2012). HSI is based on the habitat preference curve of the
target species or life-stage and is a function of the physical habitat variables (Bovee 1982).
HSI varies between 0 (unsuitable) and 1 (most suitable) and provides an estimation of the
suitability of a reach under given hydrological conditions for a target species or age class. In
our case, HSI was calculated separately for juvenile and adult trout at a daily time step. HSI
daily data were obtained using the PHABSIM protocol adapted to French streams (Sabaton
and Miquel 1993, Ginot et al. 1998, Lamouroux and Capra 2002) and daily stream flow data.
Similar to current velocity data, HSI data were available for 11 of the reaches over the 1990-

2013 period thanks to previous works (Bret 2016, Bret et al. 2017).

The year was divided into four seasons of 3 months each, based on the life cycle of the brown

trout:

- Spring (March-May) corresponds to the post-emergence season, characterized by a
great sensitivity of YoY to high flows (Jensen and Johnsen 1999, Cattanéo et al. 2002).
- Summer (June-August) corresponds to the growing season, a critical period of the year

for all age classes in relation to low flows and high temperatures (Elliott 1994).

© The Author(s) or their Institution(s)
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- Fall (September-November) corresponds to the spawning season, during which
stream flow and water temperature can positively (Poff et al. 1997, Unfer et al. 2011)
or negatively (Montgomery 1996) affect the recruitment of the following year.

- Winter (December-February) is a season during which the eggs are buried in the gravel
substrate and are relatively protected from environmental fluctuations (Bret et al.

2017).

For each environmental parameter, annual and seasonal median, 10-percentile and 90-
percentile values were calculated based on daily values. This represented a total of 15 metrics

for each environmental parameter.

Statistical analyses

The general temporal trends in the time series of the 75 environmental metrics (i.e. 15 metrics
x 5 environmental parameters - water temperature, stream flow, current velocity, HSI for
juveniles and HSI for adults -) and three brown trout age class densities (i.e. YoY, juveniles
and adults) were assessed using the recently developed meta-analysis framework described
in Maire et al. (2019). This method consists in a weighted meta-analysis performed on each
environmental and brown trout metric using Mann-Kendall trend statistics (S) computed on
each time series as “effect sizes” (Gurevitch and Hedges 1993, Daufresne and Boét 2007).
This non-parametric method is used to statistically assess if there is a general monotonic
upward or downward trend in the studied variable over time, without this necessarily being
linear. Variances of S were corrected for temporal autocorrelation prior to meta-analysis
following Hamed and Rao (1998). To account for spatial autocorrelation, we used a random-
effects model for the meta-analysis, where random effects are allowed to be spatially
correlated according to a Gaussian correlation structure (Cressie 1993, Maire et al. 2019, Soto
et al. 2023). This procedure produces a variance-covariance matrix based on the pairwise
distances between reaches along the river network (if the reaches are located in different

catchments, a sufficiently high value of 10000 river-km was used). This variance-covariance

© The Author(s) or their Institution(s)
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matrix is finally used as an input variance-covariance matrix of the random effects in the meta-

analyses (see Maire et al. (2019) for a comprehensive description of the method).

In addition to the general trends at the national scale, we tested whether temporal trends in
brown trout age class densities differed depending on (i) geographic area (i.e. Alps, Brittany-
Normandy, Massif-Central, Pyrenees) and (ii) type of reach (i.e. bypassed section, reach with
no hydrological modification), alternatively adding these parameters as a factor in the meta-
analyses. The difference in trend mean effect sizes between factor modalities was tested using
an omnibus test based on a chi-square distribution (Viechtbauer 2010). These tests could not
be computed on the environmental data due to the smaller number of surveyed reaches.
Complementary analyses were also performed on the 1970-2020 period for stream flow and
on the 2005-2020 period for brown trout age class densities. Analyses were performed using
the R software (R Development Core Team 2022) metafor package version 3.0-2 (Viechtbauer

2010) and the R script provided in Maire et al. (2019).

Although the number of surveyed reaches with all environmental parameters also monitored
was too small to conduct complex and robust analyses to test for relationships between
biological and environmental trends, we explored such relationships using a Principal
Component Analysis (PCA) built on the trend values of all biological and environmental metrics
for which significant trends were found. This multivariate analysis was performed (i) on all
environmental metrics (N = 10 reaches) and (ii) on water temperature and stream flow metrics,

for which a slightly higher number of reaches were available (N = 15 reaches).

Results

In this section, only the key significant and non-significant trends are presented (see Tables

S3, S4 and S5 for a complete list of the statistical outcomes of the meta-analyses conducted).

Trends in water temperature

© The Author(s) or their Institution(s)
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Trend mean effect size (TMES, unitless as derived from values of the Mann-Kendall trend
statistic [S]) of annual median water temperature at 19 monitoring reaches highlighted
significantly increasing values over the study period (TMES + Standard Error [SE] = 49.9 +
8.3, p-value < 0.0001) (Figure 2.A). A significant upward trend in 90-percentile values (i.e.
high values) was also found at the annual scale (TMES + SE = 35.5 + 8.1, p < 0.0001), while
10-percentile values (i.e. low values) significantly decreased (TMES + SE =-38.6 £ 8.0, p <
0.0001). These trends reflect overall significant upward trends in spring, summer and fall water
temperature (Median values: TMES + SE = 29.8 £ 6.3, p < 0.0001) and downward trends in
winter water temperature (median values: TMES + SE =-43.5 1 6.5, p <0.0001). The greatest
trends in water temperature were found in fall with increasing median (TMES + SE = 83.5
8.6; p <0.0001) and 90-percentile values (TMES + SE=73.3£7.6, p < 0.0001). Median water
temperatures in spring also significantly increased over the study period (TMES + SE = 31.9

+ 8.3, p = 0.0001).

Over the 1990-2015 period, the annual median water temperature increased by +0.21 °C per
decade (median among the 19 surveyed reaches). While median water temperature in winter
decreased by -0.21 °C per decade, it increased by +0.20, +0.16 and +0.51 °C per decade in

spring, summer and fall, respectively.

Trends in stream flow and current velocity
Only a few metrics of stream flow showed significant temporal trends at the scale of the 18
monitoring reaches over the 1990-2017 period (Figure 2.B). Fall median stream flow
significantly decreased (TMES + SE =-47.9 £ 10.8, p < 0.0001), while spring median values
(TMES + SE = 25.0 £ 10.7, p = 0.019) and winter 10-percentile values (TMES + SE = 27.3

11.1, p = 0.014) significantly increased.

Although current velocity is closely linked to stream flow, we found some differences in their
temporal trends. The trends in current velocity assessed at the 11 monitoring reaches where

these data were available showed significant decreasing median (TMES = SE =-26.4 £ 11.7,

© The Author(s) or their Institution(s)
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p =0.024) and 90-percentile values (TMES + SE =-29.6 £ 11.6, p = 0.011) at the annual scale
(Figure 2.C). Summer median current velocity also significantly decreased over the study
period (TMES + SE =-24.6 £ 11.6, p = 0.034). Similar to the trends in stream flow, median
current velocity significantly decreased in fall (TMES £ SE =-55.6 + 11.6, p <0.0001) and 10-
percentile values significantly increased in winter (TMES + SE = 25.4 £ 11.7, p = 0.030) over

the same period.

Similar analyses were conducted on stream flow recorded at 11 monitoring reaches over the
1970-2017 period. In contrast to the 1990-2017 period, 13 of the 15 metrics tested showed
significantly decreasing trends, with the largest reductions in stream flow occurring in summer

and spring (Figure S5; Table S4).

Trends in Habitat Suitability Index
Habitat suitability for juvenile brown trout assessed at 11 monitoring reaches showed
significant improvement at the annual scale over the study period (median values: TMES %
SE =244 + 11.7, p = 0.037; 10-percentile values: TMES + SE = 294 + 11.7, p = 0.012)
(Figure 2.D). Median habitat suitability for juvenile trout also significantly increased in summer
(TMES = SE =25.4 £ 11.6, p = 0.012) and fall (TMES + SE =48.1 + 11.6, p < 0.0001), while

90-percentile values significantly decreased in winter (TMES = SE =-25.2 + 11.8, p = 0.033).

All metrics of habitat suitability for adult brown trout showed no significant trend over the study
period (p-values > 0.05), except for significantly increasing median (TMES + SE = 35.1 £ 12.6,
p = 0.005) and 10-percentile values (TMES £ SE = 36.3 £ 12.6, p = 0.004) in winter (Figure

2.D).

Trends in trout densities
A total of 752 year-reach x 3 brown trout age classes (YOY, juvenile, adult) over the 1994-
2020 period were considered in the analyses. We found no significant general trends in YoY
(TMES + SE=-1.9+6.4, p=0.77,; Figure 2.E; Table S4) and juvenile trout densities (TMES

+ SE =-6.8 £ 9.3, p = 0.47; Figure 2.F; Table S4) at the national scale over the 1994-2020
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period. In contrast, adult densities decreased significantly over the same period (TMES + SE
=-32.2+11.2, p=0.004; Figure 2.G; Table S4). Over the 36 surveyed reaches, the densities
of adult trout have decreased by a median of -24.6% between the first 5 and last 5 years of
each survey (Figure 3). We found that trends in YoY densities did not differ significantly
between geographic areas (Chi-square test, x> = 0.41, p = 0.94). In contrast, trends were
significantly different between geographic areas for juvenile (x* = 9.22, p = 0.027) and adult
densities (x* = 12.73, p = 0.005). For juvenile densities, the difference in trends between
geographic areas is attributable to a marked decreasing trend in the Pyrenees, contrasting
with the trends in the other areas. For adult densities, marked decreasing trends were found
in the Pyrenees and in the Massif-Central, while trends in the Alps and in Brittany-Normandy
were more contrasted between reaches. Finally, we found that trends were not significantly
different between the reaches located in a bypassed section and those with no hydrological
modification for YoY (x2 = 0.07, p = 0.79), juvenile (x* = 2.67, p = 0.10) and adult densities (x>

=1.63, p = 0.21).

The analyses conducted on brown trout age class densities surveyed at 50 reaches over the
2005-2020 period (Tables S1, S2, S5) showed significantly decreasing general trends in
juvenile (TMES = SE =-6.7 + 3.0, p = 0.025; Figure S4.A) and adult trout densities (TMES +
SE =-15.6 + 3.6, p < 0.0001; Figure S4.B) at the national scale, while the general trend was
not significant for YoY densities (TMES £ SE =-5.3 £ 3.0, p = 0.077; Figure S4.C). Over the
2005-2020 period, the only significant difference in trends between geographic areas or type
of reach was found for YoY densities between geographic areas (x* = 7.99, p = 0.046), with a

marked decreasing trend in the Massif-Central.

According to the PCA built on the trend values of the biological and environmental parameters
for which significant trends were found, trends in adult trout densities appeared to be positively
related to trends in stream flow and current velocity in winter (10-percentile values), in fall
(median values) and annual metrics of current velocity (median and 90-percentile values) and

negatively related to trends in median stream flow in spring (Figure S6). The relationships
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between trends in adult trout densities and all other environmental metrics, especially water

temperature, were found to be orthogonal.

Discussion

Long-term environmental trends

The meta-analysis carried out for each environmental metric showed significant trends for
water temperature, stream flow, current velocity and habitat conditions, which depend on the
period of the year considered. We found that annual median and the metric of high water
temperatures (i.e. 90-percentile values) significantly increased while the metric of low water
temperatures (i.e. 10-percentile values) significantly decreased. The meta-analyses
highlighted the shared nature of this result across reaches and geographic areas, implying
that global drivers are probably involved. Indeed, climate change is underway in European
mountain areas, where substantial increases in air temperature are observed (Brunetti et al.
2009, Maris et al. 2009). In the headwaters studied, annual water temperatures have
increased by a median of +0.21 °C per decade. Spring, summer and fall water temperatures
also showed general significant increases. The warming of the surveyed reaches was not as
fast as that observed on larger mountain rivers in Austria (Niedrist 2023) or large French rivers
(Maire et al. 2019), but was twice as fast as previous observations reported for headwater
streams in the northwestern United States (Isaak et al. 2016). The slower warming of
headwater streams compared to larger rivers could be linked to strong local temperature
gradients (e.g., proximity to persistent snowfields, forest canopies, groundwater influxes)
associated with topographic controls (Isaak et al. 2016) and a greater thermal influence of
snow and glacier melt (Michel et al. 2020). We found significant decreasing trends in water
temperatures in winter and, to our knowledge, no other study has reported seasonal declining

trends in water temperature for any kind of stream or river. Some studies reported a
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substantially slower warming in winter compared to other seasons (Kedra 2020,
Seyedhashemi et al. 2022), but no decreasing trends. Such a decrease in winter stream
temperatures seems counterintuitive in the context of global warming. Still, they could be
explained by the fact that the months chosen to describe the winter season (December to
February) were fixed for the entire study period, while earlier snow and glacier melt was
observed over the same period (Han et al. 2024) . This may have led to a progressively earlier
inflow of cold water into snow- and glacier-fed headwater streams, resulting in a decreasing
trend in winter stream temperature in our analyses. This hypothesis is consistent with the

increase of median water temperature in spring.

Analyses of stream flow revealed only a few significant trends over the 1990-2017 period,
including a general increase in median values in spring and a general decrease in fall. In
contrast, stronger and more significant decreasing trends in stream flow were found over the
1970-2017 period for all seasons. This highlights the historical context of stream flow reduction
in which the main study period 1990-2020 falls. Similar long-term decreases in mean annual
flow have been reported for headwater streams (e.g. Lorenzo-Lacruz et al. 2012 for the 1945-
2005 period, Buendia et al. 2016 for the 1965-2009 period), while, in line with our findings, no
significant trends are generally found for more recent periods (Mostowik et al. 2019 for the
1986-2015 period). A high variability of trends between periods of the year and between
regions or basins is documented, in relation to differences in air temperature, precipitation and
land cover (Buendia et al. 2016, Mostowik et al. 2019). A tipping point in the trend of annual
stream flow in a Pyrenean river was identified in the 1980s by Buendia et al. (2016). Regarding
low flows, Vlach et al. (2021) observed that the seasonality of drought events changed
markedly after 1992 in the Ore Mountains (Central Europe), with the most severe droughts
concentrated between August and October. These observations, combined with ours, support
the spatial complexity of river flow trends observed on a global scale (Gudmundsson et al.

2021), which is further accentuated when drilling down to seasonal patterns. Our results also
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emphasize the influence of the depth of the study period on stream flow trends, which must

be kept in mind in general when investigating long-term environmental trends.

Trends in current velocity were greater and more significant than those found for stream flow.
Such a difference is due to the translation of stream flow into current velocity, which depends
on reach morphology. This result emphasizes the value and greater sensitivity of direct
environmental descriptors compared to proxies (Picard et al. 2022). The decreasing trend
observed for current velocity led to an increase in HSI for juvenile trout because of their affinity

with low current velocity (Bovee 1978, Heggenes et al. 1999).

Long-term trends in brown trout age class densities

The primary finding regarding trends in brown trout populations was a significant general
decline in adult densities, although disparities between geographic areas were found. A clear
decline in adult densities was observed in the Pyrenees, where the majority of the surveyed
reaches are located, as well as in the Massif-Central. The trends were more contrasting
between reaches in the Alps and in Brittany-Normandy. The decline in adult densities was
also observed more markedly on the 2005-2020 period, without significative difference
between geographic areas. This decline is consistent with previous studies of brown trout
population trends in France (Poulet et al. 2011, Santos et al. 2022), which were conducted

over a larger number of reaches but over a shorter period.

Our dataset is substantial in terms of temporal depth and spatial coverage on a national scale,
with 36 reaches sampled over a 26-year period, spanning the main French mountain ranges
and some coastal streams. However, it remains limited to allow the identification of robust
regional trends due to relatively few replicates in each geographical area (Table 2). Therefore,
results in Brittany-Normandy (3 reaches) and in the Alps (5 reaches) should be interpreted
with caution. The two other geographical areas, which comprise most of the surveyed reaches,

are those where our analyses showed declines in adult densities, thus supporting a plausible
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nationwide decline in adult brown trout densities. In addition, it is also possible that the spatial
differences found in adult trout density trends between geographical area are the result of
differences in flow and water temperatures trends (Dayon et al. 2018) or of regional
characteristics (e.g. lowland vs. mid- or high-altitude streams, forested vs. cultivated areas)

(Pilotto et al. 2020).

No significant trends were observed for densities of younger age classes (YoY and juveniles)
over the period 1994-2020. This result is in line with a previous study on a partially shared
dataset that highlighted the great natural interannual variability of these age classes, which
usually prevents the detection of any relationship between adult densities and the recruitment
of the following year (Bret et al. 2017, Cauvy-Fraunié et al. 2020). This high variability on YoY
densities makes it difficult to detect significant long-term trends. The reproductive success and
level of recruitment (reflected here by YoY densities) are closely related to hydrology during
spawning in fall and during the post-emergence period in spring (Jensen and Johnsen 1999,
Cattanéo et al. 2002, Lobon-Cervia 2004, Tissot et al. 2016), suggesting a greater influence
of specific events (e.g. floods) compared to long-term drivers (e.g. climate). Yet, studies have
identified significant trends in YoY brown trout densities on a large scale (e.g. Donadi et al.
2023 in Sweden), which were moreover spatially contrasted between southern and northern
areas. This suggests that the identification of trends in young age class densities is achievable,
and that our finding of non-significant trends is potentially a valid indication of the absence of
long-term trends in brown trout recruitment in the study reaches. In contrast, we found a
declining trend in the densities of juvenile trout over a shorter period 2005-2020 for an
extended dataset (50 surveyed reaches), mirroring that observed for adult trout over the longer

term.

Although the decrease in juvenile and adult densities seems more pronounced in reaches
located in bypassed sections (BPS) compared to reaches without hydrological modifications
(NHM), these differences were not significant. First, even if the dataset is almost balanced

between BPS and NHM, the BPS/NHM ratio is unbalanced by geographical area (15 among
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the 19 BPS are in the Pyrenees, see Table 2). Second, all the BPS reaches surveyed in this
study have experienced a regulatory increase of their minimum instream flow during the study
period (in 1998 or 2014 for most BPS reaches) that could limit the differences between NHM
and BPS reaches. Moreover, brown trout populations are structured by both biotic (density-
dependent processes, prey availability) and abiotic factors, some of which are directly linked
to stream flow (depth, current velocity) while others are not (shelter availability, water
temperature, sediment size, water quality) (Milner et al. 2003, Bret et al. 2017, Alonso et al.
2024). The effect of instream flow on brown trout populations remains sometimes difficult to
determine, being a function of a complex set of factors, which can be very limiting for some

BPS reaches, but not systematically (Baran et al. 1995, Bilotta et al. 2016).

Potential causes of the decline in adult brown trout densities

The trend meta-analyses we conducted did not quantify the role of studied factors, nor the
relative share of their effect on brown trout density trends. As a first and complementary
approach, the multivariate analyses performed on the significant biological and environmental
trends available concomitantly, for a limited number of surveyed reaches, showed that the
reaches with the strongest downward trends in adult trout densities seem to have experienced
the strongest trends in median stream flow in spring and the smallest trends in low winter
values and median fall values of stream flow and current velocity. However, the small fraction
of surveyed reaches for which all the environmental parameters were monitored over the study
period makes these basic relationships hard to generalize and should be considered as a
preliminary approach, the best we can achieve with this dataset. Nevertheless, the increase
of median flow in spring could have contributed to increase trout mortality, particularly YoY,
that would impact on the older age classes in subsequent years. Specific events may also
have played a major role in these trends. In particular, a strong rainfall episode occurred in
July 2013 in the Pyrenees and caused a 100-year flood that affected part of the surveyed

reaches, with a high mortality rate observed on fish communities (Rocaspana et al. 2019).
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YoY densities drastically decreased in 2013 (visible on Figure S1 for the reaches in the
Pyrenees) and the effect on older age classes is still discernible years later. This event could
partly explain the strong decreasing trend in adult trout densities found in the Pyrenees.
Furthermore, the historical significant decreasing trends in stream flow over the 1970-2017
period may have contributed to brown trout population trends observed on a shorter, more
recent time scale, for example by having led to altered demographic processes as early as
the beginning of the study period. Of the other environmental parameters we were able to
study, increasing water temperatures in spring, summer and fall, even if they remained in the
thermal range of the species, may have led to greater competition between adult trout (results
on a partially shared dataset, Bret et al. 2017). This is particularly the case during periods of
limiting habitat availability, which occurs in fall with the decrease in stream flow that may have

limited the access to deep habitats suitable for adult trout.

Biotic processes may also be involved in the decline of adult trout densities. Increased
predation on trout is a plausible hypothesis as effect of predation on salmonids population
were already observed (Falkegard et al. 2023). The American mink (Neovison vison) is
present in the eastern and western parts of the Pyrenees and the geographic range of the
Eurasian otter (Lutra lutra) is clearly expanding in France and particularly in the Pyrenees
(Museum National d'Histoire Naturelle and Office Francais de la Biodiversité 2022). These two
mammals are known to feed on brown trout (Vehanen et al. 2022, Sortland et al. 2023),
especially the otter (Melero et al. 2008, Harper et al. 2020). The expansion of the otter in
southwestern France from the early 90s matches the beginning of our study period. Other
potential predators of brown trout have also shown expanding trends and density increases
(e.g. great cormorant, Phalacrocorax carbo) (Kéllo et al. 2019, Kéllo et al. 2023). It is therefore
possible that the increase in predation pressure has contributed to the observed trends in
brown trout densities, particularly in the Pyrenees. Such an effect suggests that the decline
observed would be rather a transitory effect until densities reach a level consistent with the

presence of otters than a “never ending” decline of trout populations. In addition, we cannot
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exclude an effect of fish parasites or diseases on the decline in adult trout densities in relation
to warming (Macnab and Barber 2012, Bailey et al. 2017), although no such events on adult
trout has been reported on the study reaches. Finally, an effect of fish stocking on brown trout
densities could not be excluded. Although no quantitative information is extensively available
in France, trout stocking has decreased in recent years, as observed in other countries (Hunt
and Jones 2018). It is therefore possible that there is a link between the observed decrease
in brown trout densities and the reduction in fish stocking, even though most studies agree on
the weak effect of stocking on salmonid densities (Baer and Brinker 2010, Young 2013,

McMillan et al. 2023), in relation to the carrying capacity of the stream (Ayllon et al. 2012).

The decline in adult trout densities is thus likely due to multifactorial drivers, including water
temperature and flow. Other factors seem to drive the decline, as predation or possible
interacting factors especially with water temperature (Waldner et al. 2020, Casas-Mulet et al.
2021). Our results highlight the need to extend long-term monitoring of trout populations, which
should be combined with extensive environmental monitoring if we aim to identify the drivers
of the observed biological trends (Magurran et al. 2010). Future analyses could focus on the
characterization of the potential geographical differences. This would allow appropriate and
efficient management measures to be taken to improve living conditions for brown trout
populations (Willis and Birks 2006, Dieterman et al. 2020). Our study also highlights that
analysis of seasonal environmental trends is relevant to identify their potential effects on brown

trout density trends throughout the life cycle of the species.
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801  Table 1: Description of the main physical characteristics of the 36 surveyed reaches.

Physical characteristic Min. Mean Max
Width at median flow (m) 3 8 16
Reach slope (%) 0.3 3.1 13.2
Elevation (m) 15 772 1320
Distance from source (km) 3.0 18.4 49.0
Upstream drainage area (km?) 9 147 605
Annual mean flow (m3.s") 0.2 4.1 16.5
Median daily current velocity (m.s™") 0.13 0.40 0.86
Median daily water temperature (°C) 6.7 8.9 11.2

802

803 Table 2: Distribution of the 36 surveyed reaches by type of reach (BPS or NHM) and by

804  geographical area. BPS: bypassed section, NHM: no hydrological modification.

BPS NHM TOTAL

Alps 2 3 5
Pyrenees 15 6 21
Massif-Central
Brittany-Normandy 0
TOTAL 19 17 36

805

806
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Figure 2. Results of the meta-analyses conducted on the trends in metrics of (A) water
temperature, (B) stream flow, (C) current velocity, (D) HSI for juvenile (squares) and adult
(diamonds) trout, and (E) brown trout densities per age class over the 1990-2020 period. For
environmental parameters (panels A-D), the trends in the different metrics are shown (M:
median values, L: low-percentile 10 values, H: high-percentile 90 values) at the annual scale
and for each season (spring: March-May, summer: June-August, fall: September-November,
winter: December-February). For trends in trout densities per age class (panel E-G), the
general trends at the national scale are shown (FR), and their decomposition according to
each modality of the parameters tested is depicted with diamonds (geographical area in light
green and type of hydrological modification in light blue). ALP: Alps, BN: Brittany-Normandy,
MC: Massif-Central, PYR: Pyrenees, BPS: bypassed section, NHM: no hydrological
modification. For any general trend mean effect size, if the confidence interval does not
intersect the 0 value (horizontal dashed lines), the trend is significant (upward trend: black

symbols; downward trend: grey symbols) and otherwise non-significant (white symbols).

1 Median value = -24.6%
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Figure 3. Histogram of changes in adult trout density between the first 5 and last 5 years of

each survey. The median value calculated over the 36 surveyed reaches is represented by

the blue vertical dotted line.
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