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Abstract

Brown trout (Salmo trutta) populations at the southern edge of the species’ distribution are
increasingly exposed to interacting climatic, biotic, genetic, and anthropogenic pressures.
This study provides an integrative assessment of the drivers of variation in brown trout
density, biomass, and size structure across six Mediterranean river basins in Catalonia
(NE Iberian Peninsula), based on long-term standardized electrofishing surveys (2016-2025;
88 sites). Generalized linear mixed models revealed that mean summer temperature, ge-
netic introgression from hatchery-derived Atlantic lineages, and the density of introduced
fish species were the most consistent negative predictors of total density, biomass, and
juvenile abundance (<120 mm FL). Hydrological and nutrient variables showed compar-
atively weak or non-significant effects relative to thermal and biotic predictors. Fishing
regulations significantly influenced the biomass and density of larger trout (>220 mm FL),
with lower values in harvest-allowed sections, whereas total density was less responsive to
regulation. These findings indicate that Mediterranean brown trout populations are pri-
marily constrained by thermal conditions, genetic integrity, and biological invasions, with
implications for conservation and fishery management under ongoing climate warming.

Keywords: genetic introgression; biological invasions; catch-and-release fisheries; thermal
stress; population dynamics; climate warming

Key Contribution: This study provides one of the first integrative, multi-basin evaluations
of environmental, biotic, genetic, and management drivers of brown trout population
performance in Mediterranean river systems, demonstrating the predominant influence
of summer thermal stress, genetic introgression, and introduced species on population
density and biomass at the southern edge of the species’ range.

1. Introduction

Brown trout (Salmo trutta complex) are among the most widely distributed freshwater
fish species, occurring naturally across Europe, Western Asia and North Africa [1]. This
broad native range, combined with extensive human-mediated introductions, has resulted
in a nearly global distribution, making the species one of the most socioeconomically impor-
tant freshwater fishes worldwide [2]. Across their range, the species exhibits considerable
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ecological plasticity, and populations located at the southern edge of their distribution
experience environmental conditions that differ substantially from those prevailing in
central and northern Europe. Southern populations are characterised by high levels of
genetic differentiation and represent important reservoirs of intraspecific diversity, reflect-
ing their long evolutionary history in glacial refugia [3]. In the Mediterranean region,
native brown trout are predominantly represented by the Mediterranean (ME) and Adriatic
(AD) lineages, which constitute a long-diverged branch of the Salmo trutta complex [4].
These populations are increasingly exposed to the combined effects of climatic stressors
and human pressures, raising concerns about their long-term persistence. Identifying the
principal drivers of population abundance and biomass has therefore become a priority for
their effective conservation and management [5].

Hydrological variability is a primary environmental driver regulating trout population
dynamics [6,7]. In Mediterranean rivers, flow regimes are characterised by pronounced
intra- and inter-annual variability, generating potential critical bottlenecks for recruitment.
High-discharge events and spates during the emergence period (winter and early spring)
have been consistently associated with reduced densities of age-0+ trout, likely because of
the displacement and mortality of vulnerable fry [6,8]. In contrast, summer conditions im-
pose severe limitations, as drought markedly reduces habitat availability and longitudinal
connectivity, thereby intensifying biotic interactions and physiological stress [9,10]. These
hydrological pressures are closely associated with the thermal regime. Water temperature is
one of the main factors determining the geographical range and physiological performance
of brown trout [11,12]. In southern Europe, many populations already persist near the
upper boundary of their thermal tolerance. Summer water temperatures frequently exceed
critical thresholds for feeding and growth (approximately 19 °C), contributing significantly
to observed population declines and habitat contractions throughout the region. Global
climate change is likely to amplify these limitations, further increasing the extinction risk
for brown trout at the southern edge of the species’ range [13,14].

Beyond physical factors, water chemistry also exerts a significant influence on the
carrying capacity of trout streams. In particular, alkalinity and nutrient concentrations have
been shown to be positively associated with brown trout biomass and production [15]. In
the Iberian Peninsula, for example, streams draining limestone catchments typically exhibit
greater nutrient availability and sustain substantially higher trout biomass and production
compared with those flowing over siliceous substrates [16]. Conversely, excessive anthro-
pogenic nutrient inputs can shift streams from naturally productive conditions towards
eutrophication, degrading water quality through oxygen depletion that negatively affects
salmonids [17].

Fishery management also influences brown trout populations. Recreational angling
directly affects both abundance and age structure. Traditional harvest regimes are com-
monly associated with truncated size distributions and reduced spawning stock [18,19]. In
response, catch-and-release (C&R) regulations have been increasingly adopted to maintain
population densities and preserve larger size classes within populations [20]. Nevertheless,
the effectiveness of C&R in Mediterranean fisheries remains debated. Recent modelling
studies suggest that although C&R is generally sustainable, its benefits may be reduced
under scenarios of increasing water temperature and declining summer flows, primarily
due to elevated post-release mortality at higher water temperatures [21]. Fishery man-
agement has also contributed to genetic changes in brown trout populations. Extensive
stocking programs using domestic Atlantic lineages have been implemented to support
recreational fisheries and counteract declining wild stocks. These introductions have re-
sulted in widespread genetic introgression in native Mediterranean populations [22-24].
Available evidence suggests that native Mediterranean genotypes are better adapted to
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the region’s hydrological and thermal conditions and tend to exhibit higher fitness than
domestic Atlantic strains or hybrids, which may show reduced survival under these envi-
ronmental constraints [5,25].

Biotic interactions with introduced species represent an additional source of pressure
on brown trout populations. In Mediterranean river systems, the expansion of European
minnows (Phoxinus spp.) has been identified as a substantial threat [26]. Minnows can
exert strong competitive effects on brown trout through resource competition and habitat
displacement. High densities of minnows in shallow littoral areas, which typically con-
stitute preferred nursery habitats for juvenile trout, can markedly reduce the availability
of benthic invertebrate prey [27]. This competition not only limits food resources but also
forces juvenile trout into deeper areas to avoid competition, thereby increasing exposure
to predation. Together, these processes may reduce juvenile survival and ultimately limit
recruitment, highlighting the potential for introduced minnows to constrain the carrying
capacity of brown trout populations in invaded reaches [28,29].

The interaction among abiotic, biotic, and anthropogenic factors is central to the effec-
tive conservation and management of brown trout populations at the southern edge of the
species’ range. Based on the mechanisms described above, increasing summer tempera-
ture, genetic introgression from hatchery stocks, and the presence of introduced species
are expected to negatively affect brown trout population metrics. However, hydrologi-
cal variables and nutrient availability could have negative or positive effects depending
on the context. Although some studies have examined these factors individually or in
limited combinations, such as the effects of flow on recruitment [6], temperature on distri-
bution [13], or angling on population structure [19], integrative analyses evaluating their
relative importance simultaneously are scarce. Determining which factors most strongly
influence population density and biomass is critical for prioritising restoration actions
and adjusting management strategies under future climate scenarios. To address this gap,
the present study analysed a comprehensive dataset from river basins in Catalonia (NE
Spain), where Mediterranean brown trout represents both a conservation priority and an
important resource for recreational fisheries. The analysis was based on long-term, standard-
ised electrofishing surveys conducted across multiple catchments and jointly evaluated the
effects of hydrological regime, thermal conditions, water chemistry, fishing regulations, and
genetic introgression. The objective of this study was to clarify the relative effects of multiple
interacting pressures influencing brown trout populations in Mediterranean river systems.

2. Materials and Methods
2.1. Study Area

This study was conducted across the distribution range of brown trout in Catalonia,
northeastern Iberian Peninsula, encompassing the main river basins draining the Eastern
Pyrenees (Figure 1). These basins originate near or above 2000 m a.s.l. and flow pre-
dominantly in a southward direction. The region is characterized by strong altitudinal
gradients, resulting in marked spatial variations in hydrology, temperature regimes, and
habitat structure. The streams are characterized by a nival hydrological regime, with peak
discharge during spring snowmelt and reduced flows in summer (Ebro Water Authority,
http:/ /www.chebro.es, accessed on 7 July 2025). Within these basins, brown trout mainly
occupy headwater streams and middle river sections, where cool summer water tempera-
tures and coarse substrates provide suitable conditions for feeding, growth, and spawning.
Channel morphology is typically dominated by riffle-run—pool sequences, with substrates
composed primarily of gravel, cobbles and boulders.

The study area is characterised by low anthropogenic disturbances, and land use is
largely dominated by forest and other natural habitats, negligible urban presence, and
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limited agricultural activity. Anthropogenic influences are mainly related to fishery man-
agement practices and the presence of introduced species. Fishery management in the
region has a long history of interventions. Non-native hatchery stocks of brown trout were
intensively introduced throughout the region during the twentieth century. As a result,
genetic assessments have revealed widespread introgression of hatchery-origin alleles
in most populations, although the magnitude of hatchery influence varies substantially
among catchments [24,30]. In addition, rivers in this region are characterised by a high
prevalence of non-native fish species, particularly in middle and lower river sections [31].
Within the brown trout range in Catalonia, other native fish species include primarily
Barbus meridionalis, Barbus haasi, Parachondrostoma miegii and Barbatula hispanica, all of which
occur at low frequencies and abundances, whereas introduced species are dominated by
several European minnow taxa, including Phoxinus dragarum and P. septimaniae [32,33].
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Figure 1. Study area in Catalonia (northwestern Mediterranean Basin) showing the 88 sampling
sites (black circles) across six major catchments, and the location of hydrological gauging stations
(red triangles).

2.2. Fish Sampling and Brown Trout Population Metrics

Fish sampling was conducted at 88 sites distributed across six major river basins in
northeastern Iberia: the Ter, Llobregat, Cardener, Segre, Noguera Pallaresa, and Noguera
Ribagorcana (Figure 1; Table S1). The sampling sites spanned a broad gradient of environ-
mental conditions, including elevation, channel slope, water chemistry, flow regime and
thermal characteristics, thereby providing a representative overview of brown trout habitats
across the region. Each site was surveyed between two and ten times over a ten-year period
(2016-2025), resulting in a total of 352 sampling events. Sampling was conducted during
the low-flow season, from mid-July to late September, when the discharge was relatively
stable and interannual comparisons of density and size structure were more robust.

Fish were sampled using two-pass depletion electrofishing [33] with a backpack
electrofisher (ELT60II, Hans Grassl, Schonau am Konigssee, Germany; pulsed DC, 1.3 kW,
300-500 V). Sampling reaches ranged from 72 to 150 m in length (mean £ SE =93.3 + 0.9 m)
and from 2.9 to 14.2 m in width (mean =+ SE = 7.3 £ 0.1 m). All captured fish were identified
to species, measured for fork length (FL, mm), weighed (g), and held temporarily outside
the sampling reach between passes before being released upon completion of the survey.

Population density (ind-ha~!) and biomass (kg~ha’1) were estimated using a
maximum-likelihood depletion model for closed populations with constant effort [34]
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implemented in the Pop/Pro Modular Statistical Software version 1 [35]. Additional size-
based metrics were calculated to characterize population structure, including the density
of trout < 120 mm FL (ind-ha~!), representing early life classes (0+ and 1+) [36], and the
density of trout > 220 mm FL (ind-ha~!), corresponding to the minimum legal capture size
and used as an indicator of fishery quality.

2.3. Environmental, Genetic and Management-Related Variables

To identify the drivers of variation in brown trout population metrics, we compiled a
suite of site-specific environmental, biological, genetic, and management variables from
multiple sources. Variables were selected to characterise habitat structure, nutrient condi-
tions, hydrological variability and extremes (drought and flood events), summer thermal
stress, biotic pressure, genetic integrity and fishery regulations, representing key abiotic,
biotic and anthropogenic processes expected to influence brown trout populations. Detailed
definitions, units and calculation procedures for each predictor are provided in Table 1.

The broad-scale habitat structure was described using elevation and mean channel
slope, derived from publicly available databases [37]. Background productivity and nutri-
ent status were characterised using long-term mean alkalinity, electrical conductivity, and
nitrate and phosphate concentrations. Water chemistry data (2016-2025) were obtained
from the Catalan Water Agency [38] and the Ebro Water Authority [39].

Hydrological predictors were designed to capture average flow conditions and extreme
events during the year preceding each sampling occasion, thereby capturing antecedent
conditions influencing life-history processes that determine population status [40]. Daily
discharge data (2015-2024) were obtained from the nearest streamflow gauge station using
records provided by the Catalan Water Agency [38] and the Ebro Water Authority [41]. The
standardized mean annual discharge was included as an indicator of overall hydrological
wetness or dryness relative to long-term site conditions. Drought intensity was characterised
using the number of low-flow days below the 10th percentile of the long-term discharge
distribution and relative summer minimum discharge. Flood disturbance was described using
the number of days that exceeded the 95th percentile of long-term discharge and relative winter
maximum discharge. All discharge-based metrics are expressed in relative or standardized
forms to ensure comparability among rivers differing in size and flow regime.

Summer thermal stress was characterised using mean summer temperature (July-August)
and the number of extreme summer temperature days exceeding the 95th percentile of
the long-term summer distribution, both calculated for the year preceding each sampling
occasion. Because continuous water temperature records were not available for all sampling
sites, air temperature data from the nearest meteorological stations were used as proxies.
Meteorological records were obtained from official regional monitoring networks [42].
Seasonal and interannual variations in air and water temperatures are generally strongly
correlated in lotic systems, supporting the use of air temperature as an indicator of relative
thermal variability at the spatial scale considered [43].

Biotic interactions were represented by the density of introduced fish species
(individuals-ha~!), estimated at each sampling occasion. These were primarily repre-
sented by European minnows (Phoxinus spp.), whereas other non-native species, such as
Iberian gudgeon (Gobio lozanoi) and rainbow trout (Oncorhynchus mykiss), occurred at much
lower frequencies.

Genetic integrity was quantified using the frequency of the LDH-C*90 allele, derived
from systematic genetic surveys conducted in the study area between 2014 and 2019 [5].
Fishing regulation was incorporated as a categorical variable that distinguishes harvest-
allowed from catch-and-release sections. Spatial information on fishing regulations was
obtained from official GIS layers provided by the Government of Catalonia [44].
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Table 1. Environmental, biological, genetic and management predictors included in the analyses of
brown trout population metrics.

Variable Acronym Unit Description

Elevation ELEV ma.s.l Elevation of sampling site

Channel slope SLOPE degrees x 100 Mean channel slope at sampling reach

Alkalinity ALK mg CaCO; L} Long-term mean alkalinity

Electrical conductivity COND uS cm~! Long-term mean electrical conductivity

Nitrate concentration NOs mg L~} Long-term mean nitrate concentration

Phosphate concentration POy mgL~! Long-term mean phosphate concentration

Standardized mean annual discharge Q_MEAN dimensionless Meap annual discharge st andardized
relative to long-term station mean

~ Days below 10th percentile of

Low-flow days (Q10) Q_LOW_DAYS days long-term discharge

Relative summer minimum discharge Q_MIN_RATIO ratio i\/hmmum summer discharge divided by
ong-term mean discharge

. Days exceeding 95th percentile of

High-flow days (Q95) Q_HIGH_DAYS days long-term discharge

Relative winter maximum discharge Q_MAX_RATIO ratio I\/'Ia?(lmum discharge (]anuary'—MarCh)
divided by long-term mean discharge

Mean summer temperature T_SUMMER °C Mean July-August air temperature (proxy
for water temperature)

Extreme summer temperature days T_EXT_DAYS days Days exceeding 95th percentile of long-term
summer temperature

Density of introduced species DENS_INTROD Individuals-ha~! Density of non-native fish species

Genetic introgression LDH_INTROG proportion Frequency of LDH-C*90 allele

Fishing regulation FISH_REG categorical Harvest-allowed vs. catch-and-release regime

2.4. Data Analysis

All selected predictors (Table 1) were tested for significant univariate correlations
and possible inclusion as covariates in all subsequent predictive models. The univariate
correlations provide information on the association between predictors and allowed us
to obtain a subset of uncorrelated variables (Pearson’s r < 0.70), thereby reducing model
multicollinearity [45]. Furthermore, to reduce model collinearity, we applied a hierarchical
predictor clustering based on the correlation matrix to this set of variables, selecting the best
univariate predictor from each cluster of two or more collinear predictors (i.e., ecologically
more meaningful), following [45,46]. Finally, elevation, channel slope, alkalinity, nitrate and
phosphate concentration, relative summer minimum discharge, relative winter maximum
discharge, mean summer temperature, density of introduced species, genetic introgression,
and fishing regulation were used as predictors in subsequent models.

The effects of selected biotic (introduced species), abiotic (temperature, hydrology
and nutrient concentrations), and anthropogenic (genetic introgression and fishing reg-
ulation) predictors on brown trout population metrics (i.e., total density (ind-ha~1!), to-
tal biomass (kg-ha™!), density of individuals < 120 mm FL (ind-ha~'), and density of
individuals > 220 mm FL (ind-ha~1)) were analysed with Generalized Linear Mixed Mod-
els (GLMMs). GLMMs provide a flexible framework to model non Gaussian response
variables while simultaneously accounting for the nested hierarchy of the data (repeated obser-
vations within sites and years). GLMMs also allow for the integration of random intercepts
and slopes to mitigate potential bias arising from spatial and temporal autocorrelation, thus
ensuring more robust parameter estimates. Predictors were included as fixed effects, while site
and year were included as intercept-only random effects, along with a nested random factor
with site nested within year (using a spatial exponential correlation matrix) to account for
spatial and temporal autocorrelation (e.g., different sampling stations could have had different
baseline levels; sampling stations that are geographically close are more similar within each
year). The models were fitted assuming a Tweedie error structure with a log link function. This
distribution is particularly suited for continuous, non-negative and right-skewed data with
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potential zero values, such as density and biomass metrics, and it allows for the simultaneous
modelling of zero and positive observations within a single framework.

An information-theory approach was implemented to find the best predictive models
following the methodology described by Burnham and Anderson [47]. GLMMs were built
including all possible combinations of independent variables, but excluding interactions
due to the large number of variables included. Genetic introgression and the density of
introduced species were log-transformed to reduce skewness, and continuous predictors
were scaled prior to model fitting to facilitate model convergence and comparison of effect
sizes. Only those models performing significantly better than the null model and with a
variance inflation factor < 5, to avoid multicollinearity effects in regression models [48],
were considered as candidate models. The degree of support for each candidate model
was assessed with the second-order Akaike Information Criterion (AICc), rescaled to
obtain AAICc values (AAICc = AICc; — minimum AICc). Finally, since models with
AAICc > 4 have less support, they were omitted from further consideration. The relative
plausibility of each candidate model was assessed by calculating Akaike’s weights (w;),
which range from 0 to 1 and can be interpreted as the probability that a given model
is the best model in the candidate set. Because there was not a clearly best model (i.e.,
w; > 0.9), we averaged standardized regression coefficients (8;) by weighing selected
model coefficients by model w;. The relative importance of each variable (i.e., the selection
probability, SP) was also calculated by the sum of w; for all models in which a given variable
occurs, which estimates the importance of an independent variable for differentiating the
response variable [47]. In addition to SP, we also provide standardized estimates of §;
and parameter bias, defined as the difference between model-averaged estimates and full
model coefficients (see [5,49] for more details regarding model criteria selection). Model-
averaged standardized coefficient estimates () and selection probability (SP) indicate the
relative importance of each independent variable. Model selection was performed with
R software version 4.5.2 [50]; MuMIn 1.48.11 was used for multi-model inference analysis;
GLMMs were fitted with glmmTMB 1.1.14, car 3.1-3 was used for VIF analysis of each of
the candidate models; and DHARMa 0.4.7 was used for residual diagnostics. visreg 2.8.0
and ggeffects 2.3.2 were used for visualization of regression models.

3. Results
3.1. Summary of Population Metrics

Brown trout density (ind-ha~!) and biomass (kg-ha—!) exhibited pronounced spatial
and temporal variability across sampling sites and basins. Considering all sampling events
(N = 352), mean total density was 1662 ind-ha™! (range from <50 to >11,000 ind-ha™1),
with the highest values predominantly recorded in the Pallaresa, Ribagor¢ana, and Ter
basins, whereas lower densities were more frequent in several Segre and Llobregat reaches.
Mean biomass was 66.3 kg-ha™!, typically ranging between 30 and 120 kg-ha~!, but
exceeding 250 kg-ha~! at high-density sites, particularly in the Pallaresa and Ter basins.
The density of larger individuals (>220 mm FL) averaged 113 ind-ha~! and was generally
below 250 ind-ha~!, although maximum values surpassed 700 ind-ha~! in some reaches.
In contrast, juveniles (<120 mm FL) dominated population structure, with a mean density
of 838 ind-ha~!, frequently exceeding 800 ind-ha~! and reaching >5000 ind-ha~! at high-
recruitment sites (Figure S1). Non-native species were absent from most samples but
occurred in approximately one quarter of sites, primarily within the Segre and Llobregat
basins, where densities occasionally exceeded 20,000 ind-ha—1.
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3.2. Effects of Environmental and Biotic Predictors on Population Metrics

Overall, generalized linear mixed models showed that brown trout population metrics
were primarily associated with mean summer temperature, genetic introgression, density
of introduced species, elevation and fishing regime, whereas hydrological and chemical
variables showed weak or non-significant effects.

Particularly, an information-theoretic approach applied to a set of candidate GLMMs
identified forty-five plausible models (AAICc < 4) explaining variability in trout density
(Table 2). The best explanatory variables were mean summer temperature, density of
introduced species, genetic introgression, and elevation, as indicated by their standardized
coefficient estimates () and selection probabilities (SP; Table 2). Channel slope, fishing
regulation, and alkalinity had intermediate importance, while nutrient concentrations and
hydrology showed the weakest relationship with brown trout density (Table 2). Condi-
tional residual plots (Figure 2), which show the relationship between each predictor and
the response while accounting for the other variables included in the model, revealed
that mean summer temperature, density of introduced species, and genetic introgression
were negatively associated with trout density, whereas elevation and channel slope were
positively related, with higher densities observed at sites located at higher elevations and
with steeper slopes. Furthermore, although fishing regulation had an intermediate effect,
trout density was lower in reaches where harvest was allowed (Figure 2).

Table 2. Model-averaged standardized coefficients (), selection probability (SP), and parameter
bias for predictors included in the Generalized Linear Mixed Models explaining brown trout density
(ind-ha~') and biomass (kg~ha*1). The number of candidate models (N) and the Pearson’s correlation
coefficient (1) between observed and predicted values are also shown.

Trout Density Trout Biomass

Model Parameter N =45;r=0.80 N =44;r=0.76
SP B+ SE Bias SP B+ SE Bias

Intercept 1.00 7.09 £ 0.09 —0.01 1.00 4.14 £0.07 <0.01
Elevation 0.99 0.21 £+ 0.08 0.10 0.72 0.08 & 0.06 —0.20
Channel Slope 0.66 0.10 & 0.09 —0.30 0.81 0.11 4 0.07 —0.02
Alkalinity 0.45 —0.05 4+ 0.08 —0.91 0.36 —0.02 £ 0.05 -1.20
Nitrate concentration 0.26 —0.01 £ 0.05 0.07 0.32 —0.02 & 0.05 —2.37
Phosphate concentration 0.26 —0.01 £ 0.05 3.35 0.24 0.00 & 0.04 —27.91
Relative summer minimum discharge 0.36 0.02 £ 0.03 —1.48 0.41 0.02 £ 0.03 -1.16
Relative winter maximum discharge 0.29 0.01 £0.02 -1.99 0.26 0.01 £0.02 -1.89
Mean summer temperature 1.00 —0.32 + 0.06 0.02 1.00 —0.25 4+ 0.05 0.04
Density of introduced species 1.00 —0.26 + 0.07 0.04 0.71 —0.08 + 0.06 —0.21
Genetic introgression 1.00 —0.33 £0.08 0.05 1.00 —0.27 £ 0.06 0.05
Fishing regulation—harvest allowed 0.49 —0.10 £0.10 —1.06 1.00 —0.33+0.11 0.04

Trout biomass showed a similar pattern to trout density. Forty-four models were
selected as candidates, in which mean summer temperature, genetic introgression, and fish-
ing regulation were the most influential predictors for trout biomass, while channel slope,
elevation, and density of introduced species showed intermediate importance (Table 2).
Interestingly, fishing regulation was more important in explaining trout biomass than trout
density, and conditional residuals of the main predictors showed the same response as for
trout density (Figure 3).

The density of larger fish (>220 mm FL) was primarily associated with fishing reg-
ulation, genetic introgression, mean summer temperature, elevation, and relative winter
maximum discharge (Table 3). Conditional residuals showed that the density of larger
individuals declined with elevation, genetic introgression, and mean summer temperature.
Furthermore, the fishing regulation had a strong negative impact, with substantially lower
densities under the harvest-allowed regime (Figure 4).
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Figure 2. Conditional residual plots showing the relationship between the most important predictors
in the averaged GLMM and brown trout density. Points are the partial residuals, the red line indicates

model predictions, and shaded bands are the confidence intervals based on standard error.

Finally, the density of individuals < 120 mm was mainly influenced by both envi-

ronmental and biotic factors (Table 3). Mean summer temperature, density of introduced
species, genetic introgression, and alkalinity were the most influential predictors, and
conditional residuals showed that all of them were negatively associated with trout density
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(Figure 5). Fishing regulation, although showing weak importance, exhibited the same
pattern as the other trout metrics.
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Figure 3. Conditional residual plots showing the relationship between the most important predictors
in the averaged GLMM and brown trout biomass. Points are the partial residuals, the red line
indicates model predictions, and shaded bands are the confidence intervals based on standard error.
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Table 3. Model-averaged standardized coefficients (B), selection probability (SP), and parameter bias
for predictors included in the Generalized Linear Mixed Models explaining density (ind-ha~1!) of
large (>220 mm FL) and juvenile brown trout (<120 mm FL). The number of candidate models (N)
and the Pearson’s correlation coefficient (r) between observed and predicted values are also shown.

Trout > 220 mm Density Trout < 120 mm Density
Model Parameter N =36;r=0.72 N =56;r=0.77
SP B £ SE Bias SP B £ SE Bias

Intercept 1.00 4.69 £ 0.09 0.00 1.00 6.26 +0.11 —0.01
Elevation 0.86 —0.14 + 0.09 —0.39 0.42 0.05 £ 0.06 —0.81
Channel Slope 0.32 0.03 £ 0.06 —2.37 0.35 0.04 £ 0.08 —1.53
Alkalinity 0.49 —0.06 £ 0.06 —0.85 0.87 —0.21 £0.12 0.08
Nitrate concentration 0.24 0.01 +0.05 —4.74 0.27 0.02 £ 0.07 —7.29
Phosphate concentration 0.22 0.00 £ 0.05 —8.78 0.30 —0.03 £ 0.09 —3.37
Relative summer minimum discharge 0.22 0.00 & 0.02 —10.35 0.25 0.00 &+ 0.03 —0.49
Relative winter maximum discharge 0.81 0.07 £ 0.05 —0.28 0.51 0.03 £ 0.03 -0.97
Mean summer temperature 0.84 —0.13 £ 0.09 —0.10 1.00 —0.36 £ 0.08 0.01
Density of introduced species 0.28 —0.00 £ 0.03 —5.56 1.00 —0.33 £0.10 0.09
Genetic introgression 0.97 —0.24 +£0.10 0.01 1.00 —0.35+0.11 0.04
Fishing regulation—harvest allowed 1.00 —0.48 £ 0.16 0.00 0.37 —0.08 £ 0.15 —2.02
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Figure 4. Conditional residual plots showing the relationship between the most important predictors in
the averaged GLMM and brown trout density > 220 mm FL. Points are the partial residuals, the red line
indicates model predictions, and shaded bands are the confidence intervals based on standard error.
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Figure 5. Conditional residual plots showing the relationship between the most important predictors
in the averaged GLMM and brown trout density < 120 FL. Points are the partial residuals, the red line
indicates model predictions, and shaded bands are the confidence intervals based on standard error.

4. Discussion

This study provides an integrative assessment of the relative influence of environmen-
tal, biotic, genetic, and management-related factors on brown trout population metrics in
Mediterranean rivers in Catalonia.

Summer temperature, genetic introgression, and density of introduced species were
the main negative predictors of trout population metrics. In contrast, topographic, hydro-
logical and physicochemical variables showed weaker effects that varied depending on
the population metric considered. Fishing regime primarily influenced biomass and the
density of large individuals, consistent with size-selective harvest effects.

4.1. Brown Trout Biomass in a Global and Iberian Context

Mean brown trout biomass in the Mediterranean basins studied (66.3 kg-ha™!) is
close to the global mean reported for brown trout streams (70.3 kg-ha~1!) [51]. This sug-
gests that, despite their location at the southern edge of the species’ distribution, these
populations sustain biomass levels comparable to the worldwide average for the species.
Indeed, several reaches, particularly in the Pallaresa, Ribagor¢ana, and Ter basins, exceeded
150 kg-ha~!, and maximum values approached 300 kg-ha~!, placing them above the global
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90th percentile for salmonid streams (119 kg-ha’l) [51]. Therefore, when local environmen-
tal conditions are favourable, Mediterranean brown trout populations can achieve biomass
levels comparable to those observed in the most productive temperate streams. At the
Iberian scale, the biomass values reported here are comparable to those documented for
Pyrenean headwaters and for Atlantic drainages in central and northern Spain [16,52].

4.2. Influence of Thermal and Hydrological Regimes

Summer thermal conditions were a consistent constraint on the brown trout popula-
tions in the river reaches studied. Mean July—August temperature was strongly negatively
related to total density, total biomass, density > 220 mm, and density < 120 mm. As a
cool-water-adapted species, brown trout is particularly sensitive to elevated temperatures,
which increase metabolic demands and constrain feeding efficiency and growth [53,54].
Along natural thermal gradients in cooler northern river systems, brown trout biomass,
abundance, growth, and production often increase with rising temperature up to an opti-
mum [55]. However, Mediterranean populations already occupy near the upper margin of
the thermal niche of the species. Thus, further warming is expected to reduce performance,
shifting the primary limitation from physical habitat to thermal tolerance once critical
thresholds are approached [56]. Spatial modelling and empirical studies of Mediterranean
brown trout populations consistently project substantial biomass declines under future
climate scenarios [55]. In Mediterranean river systems, rising summer temperatures are
expected to severely constrain recruitment, potentially reducing it by more than 60%, and
progressively contract thermally suitable habitats, rendering a large fraction of currently
viable reaches unsuitable by the end of the century [13,14].

Hydrological variables exhibited weaker and less consistent effects once temperature
was accounted for. This pattern suggests that, at the spatial and temporal scales consid-
ered, thermal conditions may play a more influential role than the hydrological metrics
included in the models. In Mediterranean rivers, low summer flows and high temperatures
frequently coincide, creating a synergistic effect that reduces habitat availability while
simultaneously increasing warming rates [57,58]. The present findings, however, indicate
that temperature explained more variation than the hydrological metrics included in the
models under current climatic conditions. These patterns are consistent with a hierarchical
model of population limitation for Mediterranean brown trout: physical habitat structure
and density-dependence define potential abundance but increasing summer temperatures
progressively reduce the effective carrying capacity. Beyond critical thermal thresholds,
temperature becomes the dominant limiting factor. For southern margin populations
with limited dispersal opportunities, continued warming is likely to result in sustained
reductions in abundance and an increased risk of local extirpation [59].

4.3. Effects of Introduced Species

The density of introduced species showed a consistent negative relationship with
brown trout biomass and density, and particularly with the abundance of younger size
classes. Although the present analysis does not allow direct inference of the underlying
mechanisms, several processes may be involved, including exploitative competition for
resources, altered trophic pathways, and increased energetic costs associated with coexis-
tence. In the salmonid reaches of Catalonia, European minnows (Phoxinus spp.) represent
the most widespread non-native taxa [32,60]. Previous studies have documented strong
competitive interactions between minnows and juvenile brown trout [27], which can impair
recruitment success and, in some cases, contribute to local population collapses [28,61].

A particularly concerning pattern is the tendency for the density of introduced species
to increase during warmer summers, raising the possibility of a synergistic interaction
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between climate warming and biological invasion [57]. The robustness of the density of
introduced species effect in models that account for temperature supports the view that
climate change and non-native pressures may act jointly to intensify threats to native brown
trout in Mediterranean rivers [62].

4.4. Genetic Introgression as a Constraint on Population Performance

Genetic introgression from hatchery-reared Atlantic lineages was a strong negative pre-
dictor of total density, total biomass, density > 220 mm, and density < 120 mm in the studied
reaches. Introgression can reduce individual fitness in native Mediterranean populations by
eroding locally adapted gene pools [25]. For example, Mediterranean brown trout exhibit
greater thermal plasticity and resilience to the pronounced thermal variability typical of the
Mediterranean region, whereas Atlantic hatchery strains and introgressed populations often
display reduced tolerance to these conditions [5,25]. Immunogenetic studies also indicate
reduced fitness associated with introgression: in Mediterranean brown trout from central Italy,
individuals carrying locally rare native immune variants showed significantly better body
condition and resistance to parasites [63]. Moreover, introgressed populations frequently ex-
press a suite of traits associated with domestication that reduce their overall fitness in the wild,
including maladaptive behaviours, diminished predator avoidance, and lower survival during
early life stages [64,65]. These cumulative effects tend to depress recruitment and increase
mortality in introgressed populations, ultimately resulting in lower standing stocks compared
with genetically pure or minimally introgressed populations [24,66]. Genetic introgression
was also associated with a lower density of larger individuals. Available evidence in brown
trout does not consistently show differences in growth between hatchery-origin or hybrid
individuals and wild fish [67,68]. Consequently, the negative association between genetic
introgression and the density of larger individuals is more likely to reflect reduced overall
fitness in introgressed populations, rather than differences in individual growth rates.

4.5. Effects of Fisheries Regulations

The fishing regime exerted a strong influence on the biomass and density of large-
sized brown trout, while its effects on total density remained comparatively weak. This
pattern is consistent with expectations from size-selective harvesting, in which exploitation
primarily removes larger individuals and truncates size structure without necessarily
causing immediate reductions in overall abundance [19,69]. The significant reduction in the
density of larger individuals under harvest-allowed regimes highlights the vulnerability of
large trout to exploitation, even in regulated fisheries [20].

These patterns suggest that catch-and-release regulations can be effective in main-
taining larger size classes, though their effectiveness appears to be context-dependent.
Under conditions of elevated summer temperatures and increasing environmental stress,
the effectiveness of harvest restrictions may be limited, particularly if post-release mortality
increases during warm conditions [21]. Consequently, management measures relying
exclusively on fishing regulations may be insufficient to counteract the combined pressures
of climate warming, biological invasions, and genetic introgression.

4.6. Influence of Topographic and Water Quality Variables

Topographic variables showed contrasting associations depending on the population
metric considered. Elevation showed a positive relationship with total density and a
weak positive trend with biomass, suggesting that higher-altitude reaches may provide
environmental conditions that favour overall abundance. Headwater reaches at higher
elevations are typically characterized by cooler summer temperatures and greater structural
heterogeneity, both of which can enhance habitat suitability for salmonids [70]. However,
elevation was negatively related to the density of larger individuals, indicating that high-
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altitude environments, despite supporting higher overall densities, may not necessarily
hold larger trout. This pattern may reflect differences in growth rates, energetic limitations,
or demographic structure along the altitudinal gradient. In headwater streams, lower
productivity and reduced habitat capacity may limit the presence of larger individuals,
while favouring smaller size classes [71].

Contrary to expectations, nutrient concentrations were not significant predictors in
any of the fitted models, whereas alkalinity was negatively associated with the density of
juveniles (<120 mm). These results contrast with studies from more temperate systems,
where higher alkalinity is often linked to increased trout biomass through bottom-up effects
on productivity [15,16]. The absence of this relationship suggests that nutrient availability
is unlikely to be a primary driver of population regulation under Mediterranean conditions.
Alternatively, the nutrient gradient across the studied sites may not have been sufficiently
broad to exert a significant influence, particularly when compared to other dominant
drivers such as temperature and biotic variables.

4.7. Management and Conservation Implications

Our results indicate that multiple interacting factors are currently constraining brown
trout populations in the Mediterranean rivers of Catalonia, underscoring the need for
integrated management actions to support both conservation and fishery objectives.

The negative impact of introgression on population performance emphasises the
importance of conserving the genetic integrity of native trout. Widespread introgression
from Atlantic hatchery lineages has been documented across Mediterranean river systems
of the Iberian Peninsula [24,30,72], and recent assessments indicate that only a small fraction
of populations in Catalonia remain genetically pure, while most exhibit varying degrees
of introgression [5]. Therefore, preventing further introgression should be the primary
conservation priority. This should be complemented, where feasible, by restoration actions
aimed at reducing Atlantic and hybrid populations and reinforcing native Mediterranean
populations through targeted translocations to recover local genetic integrity [73,74].

Catch-and-release regulations have contributed to sustain brown trout populations
in Catalonia. However, their effectiveness may decline at elevated water temperatures, as
post-release mortality increases when fish are handled under thermal stress [21]. Therefore,
management strategies should incorporate thermal considerations into recreational fish-
ing regulations. In river reaches particularly vulnerable to summer warming, or during
heatwave events, temporal restrictions, seasonal closures, or temperature-triggered angling
bans may reduce cumulative stress and enhance population resilience.

The consistent negative effects of introduced species on trout performance emphasises
the need for proactive prevention and control. Avoiding further spread should be priori-
tized through strict regulations and early detection programmes, particularly in headwater
refugia that remain free of non-native species. In suitable sites, targeted removal programs,
such as repeated electrofishing or installation of selective barriers, could be implemented.
However, such interventions require careful evaluation of feasibility, reinvasion risk, and
potential non-target impacts. Even when complete eradication is unfeasible, sustained
population control in critical trout habitats may still produce measurable benefits [75].

Finally, ongoing climate warming is likely to amplify existing pressures by intensifying
summer thermal stress and indirectly favouring introduced species [61,62]. Therefore, conser-
vation strategies for rear-edge brown trout populations should prioritise actions that mitigate
thermal exposure, including the preservation of riparian shading, protection of groundwater
inputs, and maintenance of longitudinal connectivity to cold-water refugia [76,77]. Long-term,
standardised monitoring will be essential to evaluate the effectiveness of these measures and
adapt management to continued climatic change.
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5. Conclusions

This study provides an integrative assessment of the drivers influencing brown trout
populations in Mediterranean rivers of Catalonia. Summer thermal conditions, genetic intro-
gression from hatchery-derived Atlantic lineages, and the density of introduced fish species
were identified as the primary constraints on trout density, biomass, and population structure
across basins, whereas hydrological and physicochemical variables explained comparatively
little variation in population metrics. Mean summer temperature was the most consistent
negative predictor, highlighting the vulnerability of Mediterranean trout populations to increas-
ing thermal stress. Genetic introgression and the presence of introduced fishes, particularly
European minnows (Phoxinus spp.), were also associated with reduced trout abundance and
recruitment. Fishery regulations mainly influenced population structure, with harvest-allowed
sections supporting lower biomass and reduced densities of large individuals. Overall, these re-
sults indicate the importance of protecting thermal refugia, preserving native genetic diversity,
and preventing the spread of non-native species.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/fishes11040217/s1, Figure S1. Spatial variation in brown
trout population metrics in six Mediterranean river basins (Llobregat, Cardener, Pallaresa, Rib-
agorcana, Segre, and Ter). Boxplots represent median (central line), interquartile range (box), and
whiskers extending to 1.5 x IQR of (a) total density (ind-ha~1), (b) biomass (kg-hafl), (c) density
of quality-sized trout > 220 mm FL (ind-ha~!), and (d) density of juveniles < 120 mm FL (ind-ha~1!).
Table S1. Location, elevation, fishing regulation, and genetic introgression of brown trout sampling
sites. Introgression_LDH (%) represents the proportion of Atlantic hatchery ancestry estimated from
LDH-C*90 allele frequencies.
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