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Abstract

The alteration of structural connectivity in fluvial networks is important for the genetic dynamics of aquatic species. Explor-
ing the effects of network fragmentation through genetic analysis is crucial to assess the conservation status of riverine
species. In this study, we investigated the genetic consequences of the altered connectivity of brown trout in the Deva—Cares
catchment (northern Spain). We investigated (1) genetic diversity, (2) genetic differentiation and genetic structure, (3) migra-
tion rates and effective population size and (4) genetic differentiation and riverscape characteristics. Analysis of the genetic
variation among 197 individuals from the 13 study sites revealed a high degree of genetic differentiation (Fgr=0.181). Below-
barrier study sites had higher genetic diversity and lower Fgr values, while headwater and above-barrier study sites had lower
genetic diversity and higher Fg values. Most of the genetic groups identified were separated by one or more impermeable
barriers. We reported an abrupt decrease in genetic diversity and effective population size in upper course tributaries and
isolated reaches. Likewise, a downstream-biased gene flow was found, and it was most likely related to the fragmentation
caused by barriers, since the results from migration indicated that gene flow between groups without impermeable barriers
was higher bidirectionally. Isolation by impermeable barriers played a more important role than hydrological distance in
determining the genetic structure. Most of the genetic groups showed small effective population sizes. Genetic analysis at
the river network scale provides evidence for the role of barriers in determining genetic diversity patterns, highlighting the
importance of maintaining and restoring river longitudinal connectivity.
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Introduction

Rivers are dynamic and hierarchical ecosystems interact-
ing along four dimensions (longitudinal, vertical, lateral and
temporal; Ward 1989), in which connectivity is considered
one of the fundamental properties determining biodiversity
and ecosystem functioning patterns (Moore 2015; Tonkin
et al. 2018). Connectivity can be divided into structural or
functional connectivity (Baguette and Van Dyck 2007). On
the one hand, structural connectivity refers to the physical
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relationship among landscape elements or patches (Eros
et al. 2012). Functional connectivity, on the other hand,
refers to the response of biological elements (genes, indi-
viduals, populations or communities) to landscape elements
(Tischendorf et al. 2000). Changes in the structural con-
nectivity of dendritic riverscapes are of great importance
for the population demographic and genetic dynamics of
riverine species (Fagan 2002; Campbell Grant et al. 2007)
due to the branching structure, nested watersheds and stream
segments connected by flow in river systems (Fagan 2002).
Although river networks are naturally fragmented longitudi-
nally (e.g., waterfalls), human actions have further divided
these ecosystems (Fuller et al. 2015), and the fragmentation
of rivers is increasing (Nilsson et al. 2005). One of the most
important human impacts in this regard is the presence of
longitudinal barriers, which may be physical (e.g., dams),
chemical (e.g., pollution plumes), biological (e.g., diseases)
or thermal (e.g., stream temperature) and, may change in
permeability, location and abundance (Fuller et al. 2015).
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The fragmentation of river networks by longitudinal barriers
can potentially alter the population demographic dynamics
of aquatic organisms by reducing upstream and downstream
migration and changing water quality or habitat conditions
(Poff and Hart 2002). Moreover, fragmented ecosystems
might alter population genetic dynamics by directly influ-
encing gene flow and genetic drift (Dixo et al. 2009). These
genetic consequences can make populations more vulnerable
to stochastic events because the long-term persistence of
populations depends on sufficient genetic diversity to adapt
and survive in changing environments (Hughes et al. 2008).

Landscape genetics allow us to examine the relation-
ship between structural and functional connectivity as an
efficient tool to investigate the effects of landscape char-
acteristics on population connectivity (Manel et al. 2003;
Nevill et al. 2019). In river networks, freshwater species
gene flow is constrained by a number of factors, such as
catchment geomorphology, the dendritic structure of the
river network (Chaput-Bardy et al. 2008) and species dis-
persal traits (Tonkin et al. 2018). Fragmentation leads to a
decline in gene flow, causing a loss of genetic diversity, an
increase in inbreeding and an increase in the risk of local
population extinctions (Keyghobadi 2007; Pavlova et al.
2017). The permeability of longitudinal barriers to gene
flow (which is often not available or difficult to evaluate),
the time period of the barrier (Yamamoto et al. 2004) or the
quantity and quality of patches can determine the severity of
the effects on the genetic structure of riverine populations.
Even in the absence of longitudinal barriers, distance itself is
also likely to have an effect on functional connectivity, some
populations can be isolated by distance (Wright 1943), and
gene flow can decrease with distance among locations (e.g.,
Sotola et al. 2017).

Organisms that disperse through water are more likely to
be more influenced by the structure of the river network than
are those that disperse over land (Tonkin et al. 2018). Most
fish species need to occupy multiple habitats over their life
cycle (spawning, feeding, etc.), and migratory fishes cover
long distances. Thus, river network structure and the loss
of structural connectivity might be more important to fish
species (Sheer and Steel 2006) than to other riverine organ-
isms. Salmonid species are considered interesting models for
investigating the influence of riverscape characteristics on
their population genetic structure (e.g., Neville et al. 2006)
due to its life history and their importance from an eco-
logical and socioeconomic point of view, with many spe-
cies characterized as the top-predator fish in many rivers
(Sanchez-Hernandez 2016) and/or important sport-fishing
species (Almodovar and Nicola 1998).

The within-river population genetic structure of salmonid
populations has been explained by contrasting evolutionary
models: member-vagrant (Primmer et al. 2006), metapopu-
lation (Dunham and Rieman 1999), a mix of both (Garant
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et al. 2000) or panmixia (Addison and Wilson 2010). The
member-vagrant model proposes that spawning areas are
key determinants of population genetic structure and that
local adaptation and selection favor individuals who return
to their natal spawning areas, where individuals who com-
plete the process are considered members and those who do
not return are considered vagrants. Evolution is indicated
by a strong and temporally stable pattern of population
genetic structure with clear isolation by distance (Garant
et al. 2000). The metapopulation hypothesis proposes a set
of local populations largely independent but interconnected
by migration and subjected to extinction-recolonization pro-
cesses (Hanski 1998). Evolution is indicated by weak genetic
differentiation, absence of temporal stability and absence of
isolation by distance (Garant et al. 2000). Panmixia is the
absence of a genetic structure due to the existence of gene
flow and unrestricted spawning migration (Griffiths et al.
2009), representing the null model with which metapopula-
tion and member-vagrant are often compared to detect them.
Information about the evolutionary model that explains
genetic differentiation in salmonid populations is important
to understand how river network fragmentation and loss of
structural connectivity may influence population persistence.

Brown trout populations are composed of both stationary
(low mobility and dispersal linked to the home range) and
mobile (high mobility) individuals (Rodriguez 2002; Apa-
ricio et al. 2018). Moreover, brown trout exhibit very plas-
tic behavior, with different population types (lake-dwelling,
stream-resident and sea-migrating) coexisting in the same
river network (Klemetsen et al. 2003). Iberian populations
located on the southern limits of the species' distribution,
due to their drainage isolation, contain a large proportion
of the genetic, life-history patterns, and habitat preference
diversity of the species (Almodévar et al. 2006; Lob6n-Cer-
via and Sanz 2017). The impacts of hydrologic alterations
and climate change can have consequences, reducing popu-
lation sizes and functional connectivity (e.g., Almodévar
et al. 2012). In addition, because of their higher vulnerabil-
ity to stochastic demographic and environmental events, the
risk of local extinction is expected to increase (Rieman et al.
1993). Understanding the impacts of barriers and the loss of
structural connectivity on brown trout genetic patterns at a
river network scale is essential to advance our understanding
of how populations are genetically structured and to imple-
ment appropriate and efficient management and conservation
strategies. However, to our knowledge, no detailed empiri-
cal research exists on the responses of native brown trout
to habitat fragmentation over a whole river network (from
headwaters to the river mouth) considering river geometry
and longitudinal connectivity (natural and anthropogenic
barriers).

The present study aimed to investigate and describe the
population genetic structure of native brown trout in the
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Deva—Cares River network and quantify the strength of the
genetic patterns with those of the structural connectivity pat-
terns. We investigate the following: (1) genetic diversity of
brown trout in the catchment, (2) genetic differentiation and
genetic structure, (3) migration rates and effective popula-
tion size, and (4) genetic differentiation and riverscape char-
acteristics. We hypothesized that changes in the structural
connectivity by longitudinal impermeable obstacles may
alter the functional connectivity and would reduce gene flow
and genetic diversity, resulting in decreasing effective popu-
lation size and increasing genetic differentiation in the iso-
lated study sites above barriers. We also considered different
conservation and management strategies for the brown trout
in the Deva—Cares catchment based on the obtained results.

Materials and methods
Study area

The study area comprises the Deva—Cares catchment (north-
ern Spain; 1200 kmz), which drains into the Cantabrian Sea
(Fig. 1). Its geomorphology and hydrogeology are condi-
tioned by the presence of the karst massif of the Picos de
Europa, which acts partly as a natural division between the
Deva River (main axis; length =64 km) and its main tribu-
tary, the Cares River (length=54 km). The total channel
length of the river network is 1675 km (662.5 km of peren-
nial rivers and 1012.5 km of temporary rivers; Gonzélez-
Ferreras and Barquin 2017). Previous studies have described
the Deva—Cares catchment in detail (Estevez et al. 2017;
Gonzalez-Ferreras 2019; Gonzalez-Ferreras et al. 2019),
and only information relevant to this study is provided here.
The study area includes several longitudinal barriers, both

Fig. 1 Location of surveyed
study sites between August and
October 2014 and longitudinal
barriers in the Deva—Cares
catchment (Deva subcatchment
S12,S11, S10, S9, S8 and S7;
Cares subcatchment S6, S5, S4,
S3, S2 and S1), northern Spain.
Numbers with asterisks repre-
sent the barriers to which there
is evidence of the date of their
construction (1* Cordinanes
Dam-1995. 2* Cain Dam-1921,
3* Poncebos Dam-1958 and 4*
Niserias Dam-1973)

Asturias

Castillay Ledn

0 2 4 Kilometers N
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anthropogenic and natural (Fig. 1), but other major signifi-
cant pressures, such as stream habitat alteration, hydrologi-
cal regime alteration or exotic species, are mostly absent.
This situation makes this catchment a suitable study area to
achieve the objectives of the study.

Previous considerations: barrier information
and stocking

The river network that connects all study sites includes 29
longitudinal barriers (6 are natural barriers; waterfalls and/or
cascades and the rest are anthropogenic barriers; dams and/
or weirs). Permeable and impermeable barriers are defined
according to their characteristics, following a national stand-
ard for evaluating fish pass permeability (MAGRAMA
2015). Permeable barriers were considered obstacles with
a maximum height of jump <1 m, a minimum depth of the
pool >1.25 m height of jump, and a maximum width crest
<0.5 m. Obstacles with functional fish passage structures
were also considered permeable. Moreover, all obstacles
present in the zone with the presence of the anadromous
species Salmo salar, Linnaeus 1758 (river network from the
outlet until the first impermeable barriers in Deva, Cares
and Casafio Rivers; Fig. 1) were considered permeable for
brown trout. The presence of S. salar was based on field
data (Gonzalez-Ferreras et al. 2019 and data from Govern-
ment of Cantabria) and on the bibliography of the limits of
its current distribution (Alvarez et al. 2010). We consider
that obstacles were permeable for both species, as salmonid
swimming performance curves are given as a function of
their length rather than species (Larinier (2002) based on
Beach (1984)).

Due to the absence of data collected before fragmen-
tation, we must take certain considerations into account

Perennial fluvial network ------

/»‘/Fluvial network (connecting study sites)

/ Study sitess @

Impermeable barriers

Permeable barriers

Administrative regions l:|
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when interpreting the results of this study. Of the 23
anthropogenic barriers, we have proof of the date of con-
struction of only four of them (see Fig. 1; information
obtained from Gutiérrez et al. 2020), which represent
the barriers dedicated to hydroelectric power. There is
no record of the date of construction of the remaining
obstacles. Before the construction of these impermeable
barriers, we are not aware of any impermeable natural
barriers in these study sites (beyond the natural barriers
inventoried in this study: two permeable “downstream of
study sites S5 and S11” and four impermeable “down-
stream of study sites S3, S5, S7 and S8”). In addition, the
presence of historical records of S. salar upstream of the
anthropogenic barriers that limit their current distribution
may be an indication that some of the barriers contribute
to the loss of functional and structural connectivity and
a reduction of accessible habitat. It should also be added
that the rivers of the Deva—Cares catchment are character-
ized by high channel gradients and short channels with
the presence of rapid zones that could present a certain
degree of temporal impermeability in some areas (i.e., in
summer with low flows or high flow seasons).

Regarding the stocking activities, it is important
to note that the Deva—Cares catchment is divided into
three different administrative regions [Castilla y Le6n
(~ 150 km?), Principado de Asturias (=~ 415 km?) and
Cantabria (~ 640 km?); see Fig. 1]. Cantabria first carried
out stocking in the Deva—Cares catchment in 2021 (after
the sampling date of this study) by releasing native stock
(personal communication from the Cantabria Regional
Government). Principado de Asturias (in collaboration
with fishermen’s associations) has carried out stocking
since the 1980s using fry releases of native stock from
1995 onward (personal communication from the Princi-
pado de Asturias Government). We are not aware of the
data from Castilla y Ledn, but releases of foreign stock
have been prohibited for more than 15 years through-
out the study area (Law 42/2007 of Natural Patrimony
and Biodiversity). The introgression of foreign genomes
into native gene pools are absent in most of the previous
genetic studies performed in the Deva—Cares catchment
(see Moran et al. 1993; Izquierdo et al. 2006; Almo-
dévar et al. 2008), except for the study by Horreo and
Garcia—Vazquez (2011). These authors found a small
percentage of alleles of nonnative origin presence, but
their results suggest that it was introduced several gen-
erations ago, assigning the individuals to the population
from which they were sampled, not to a hatchery. Thus,
previous studies demonstrate that the targeted brown
trout population in this study may be considered gener-
ally unaffected by past restocking.

@ Springer

Fish survey

Between August and October 2014, 197 brown trout were
collected by electrofishing from 13 study sites in the
Deva—Cares catchment (Fig. 1). Although trout are present
in a larger area of the fluvial network (e.g., potential habitat
in perennial fluvial network not connecting sample sites;
see Fig. 1), we believe that the choice of these study sites
is appropriate to achieve our objectives. The selection of
these study sites was performed to cover the whole river net-
work (from headwaters to the river mouth), and the selection
includes reaches above and below permeable and imperme-
able barriers (both natural and anthropogenic). Study sites
are located in the main rivers of the subcatchments (Cares
and Deva Rivers) and in three tributaries of the main rivers
(Duje, Casafio and Salvoron Rivers). Moreover, one site in
the Deva River after its confluence with the Cares River
was included (S13; Strahler order 7). The tributaries study
sites (S3, S5 and S7) and the most upstream study sites of
the main rivers (S1 and S8) have a Strahler order ranging
from 3 to 4, while the remaining study sites have a Strahler
order ranging from 5 to 6. Each sampling was carried out in
a minimum area that included a sequence of mesohabitats
that was representative of the river reach. Natural barriers or
nets were used to block the river reach in the upstream and
downstream directions at each study site. Individuals were
sedated with eugenol, and the adipose fin was removed and
preserved in individually labeled tubes with 96% ethanol and
stored at — 16 °C for subsequent DNA analysis. Fish were
placed into holding boxes until they recovered, and then they
were returned alive to the stream near the point of capture.

River network and spatial data

The river network of the study area was obtained following a
Virtual Watershed Approach (Barquin et al. 2015). The river
network (divided into reaches; mean length of 500 m) is a
digital representation of the surface water drainage network
derived from a 25-m Digital Elevation Model “DEM” (see
Gonzalez-Ferreras and Barquin 2017 for more information)
that incorporates all the spatial information used to test for
relationships between genetic differentiation and riverscape
characteristics. This spatial information refers to the geo-
graphical locations of the study sites and barriers in the river
network as well as topographical variables such as slope
and elevation data (derived from the DEM) in the reaches
of the river network where the study sites are located. Data
used for testing relationships between genetic differentiation
and riverscape characteristics referring to the hydrological
distances (length of the river network) and the number of
barriers (permeable, impermeable and total) between the
study sites and the differences in slope and elevation were
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calculated using ArcGIS Desktop 10.2 and ESRI’s ArcPy
Python module (ESRI 2014).

Molecular analyses

Total DNA was extracted from adipose fins using a DNeasy
Tissue Kit (QIAGEN, IZASA, Spain) and then stored at
—20 °C. The quality and concentration of DNA were deter-
mined by spectrophotometry and verified by 0.8% agarose
gel electrophoresis. Twelve microsatellite loci were ampli-
fied in three separate multiplex reactions (Table S1) with
forward primers labeled with a fluorescent dye. For each
multiplex reaction, PCR multiplex was carried out in a final
volume of 20 pl containing 10 pl of DNA AmpliTools Mul-
tiplex Master Mix (Biotools, Spain), 0.15-0.30 uM of each
primer and 50-100 ng genomic DNA template. Amplifica-
tion reactions were performed using the following condi-
tions: 95 °C for 15 min, 30-35 cycles of 95 °C for 30 s,
58 °C for 1 min and 30 s and 72 °C for 1 min, with a final
extension at 60 °C for 30 min. Amplified PCR products were
separated and visualized on an ABI Prism 3730 sequencer
(Applied Biosystems, USA), and allele scoring was deter-
mined manually using PEAKSCANNER v1.0 (Applied Bio-
systems, USA).

Genetic analyses

The frequency of null alleles and scoring errors caused
by stuttering or large allelic dropping-out were measured
using MICRO-CHECKER v2.2.3 (Van Oosterhout et al.
2004). In addition, two different methods were performed
to avoid false-positive and false-negative rates of null alleles
(Dabrowski et al. 2014) using CERVUS v3.0.3 (Kalinowski
et al. 2007) and ML-NullFreq (Kalinowski and Taper 2006).

Genetic diversity within study sites was estimated by
the number of alleles per locus (A) and observed (H,) and
expected (H,) heterozygosity using GENETIX v4.05.2
(Belkhir et al. 2004), and allelic richness (Ag) corrected for
different sample sizes was calculated with FSTAT v2.9.3
(Goudet 1995). Tests for Hardy—Weinberg equilibrium and
linkage disequilibrium were estimated for each locus and
study site with GENEPOP v4.1 (Rousset 2008). Significance
was evaluated using Bonferroni corrections. The estima-
tion of Wright’s fixation indices for sample deviation from
Hardy—Weinberg expectations for heterozygote disequilib-
rium (Fg) were estimated following Weir and Cockerham
(1984) using GENETIX v4.05.2. H,, H,, A and Ay average
values for all loci within each study site were correlated with
hydrologic distance to the most downstream study site (S13;
Fig. 1) to evaluate the existence of a dendritic population
in a fragmented area (Morrissey and De Kerckhove 2009;
Pilger et al. 2017) using R software (R Core Team 2020).

Genetic diversity among groups defined by STRUCTURE
and DAPC (see below) was also estimated.

Genetic differentiation (Fgp) among pairs of study sites
and groups defined by STRUCTURE and DAPC (see below)
from the Deva—Cares catchment were estimated in FSTAT
v2.9.3. We performed a discriminant analysis of principal
components (DAPC) to explore intrapopulation genomic
variation using the package adegenet v.3.3.3 (Jombart 2008)
for R. The best-supported number of genetic clusters was
estimated by Bayesian information criterion using the find
cluster function. The optimal number of principal compo-
nents for the DAPC was calculated by the cross-validation
method (Jombart and Collins 2015). Genetic structure was
further explored using the Bayesian clustering method
implemented in STRUCTURE v.2.3.4 (Pritchard et al. 2000).
Structure analysis was run for 1-10 clusters (K) with ten
replicates for each simulated cluster. An admixture model
with correlated allele frequencies was used. The number of
Markov chains (MCMC) and the burn-in length were set to
1,000,000 replicates and 250,000 steps, respectively. Estima-
tion of the most likely K on AK (an ad hoc quantity associ-
ated with the second order rate of change of the log prob-
ability of data; Evanno et al. 2005) was determined using
STRUCTURE HARVESTER v0.6.94 (Earl and vonHoldt
2012) as well as the log probability of data (InPrX | K) given
by STRUCTURE. Mean individual membership coefficients
(Q) to each study site over the ten runs were obtained using
CLUMP v1.1.2 (Jakobsson and Rosenberg 2007) and graphi-
cally displayed using DISTRUCT v1.1 (Rosenberg 2004).

To investigate whether the genetic differentiation among
study sites reflected contemporary patterns of stream con-
nectivity, we used STREAMTREE (Kalinowski et al.
2008). The relative genetic distances for each stream sec-
tion among study sites were estimated from the matrix of
pairwise Fgr values among pairs of study sites. The fit of the
STREAMTREE model to this matrix was quantified using a
coefficient of determination (R?).

Bottlenecks were performed for each group defined by
STRUCTURE and DAPC associated with fragmentation
using two approaches. First, we tested whether the observed
diversity exceeded that expected at mutation-drift equi-
librium for heterozygosity excess using BOTTLENECK
v1.2.02 (Cornuet and Luikart 1996; Piry et al. 1999). We
assumed a two-phase mutation model (TPM) with 70, 80
and 90% stepwise mutations (SMMs) and 10,000 iterations.
We tested statistical significance for heterozygote deficiency
by one-tailed Wilcoxon’s signed-rank test. Second, we cal-
culated the relationship between the number of alleles and
the range in allele size M-ratio using M_P_VAL (Garza and
Williamson 2001). The M-ratio was compared to a critical
value of M (M,) from the theoretical population in mutation-
drift equilibrium by CRITICAL_M (Garza and Williamson
2001) assuming a pre-bottleneck effective population size
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of 50, 100, 500 and 1000 and a mutation rate (u) of 5 X 107
The frequency of one-step mutations (pg) was fixed to 0.22,
and the mean size of non-one-step mutations (Ag) was fixed
to 3.1 following Peery et al. (2012).

Migration and effective population size

Migration rates between the groups defined by STRUCTU
RE and DAPC were explored using the coalescent method
in MIGRATE-N 4.4.3 (Beerli and Palczewski 2010). Esti-
mations of mutation-scaled migration rates M (M =m/u)
and @ (0 =4N_u) were calculated using a Brownian motion
microsatellite model and Bayesian search strategy. Param-
eter space was searched using 10 short chains and 1 long
chain with 3 replicates for 10,000,000 generations, an incre-
ment step of 1000 and a burn-in of 1,000,000. Parameter
space was searched using four chains with an adaptive heat-
ing scheme (four heated chains, interval of one between
swapping trees) to ensure that run results do not reflect
local likelihood peaks. Estimations of M and @ were used
to calculate the effective number of migrants per genera-
tion N, (N,,= ©M/4). One migrant per generation was used
as reference value to evaluate the migration. One migrant
per generation has been suggested as sufficient gen flow to
minimize losses in genetic diversity and maintaining genetic
connectivity (Mills and Allendorf 1996).

Estimates of census size Nc were calculated directly
from the adult individuals captured in the first electrofish-
ing pass from the fish surveys. Nc was estimated from the
sampling area (m?) of the fish surveys assuming a constant
mean width (measured in the fish survey) in a river length of
1 km (i.e., extrapolating individuals/m? from the field survey
to this larger area — width X 1 km). The effective number
of breeders over a reproductive year Nb was estimated for
each group defined by STRUCTURE and DPAC using the
linkage disequilibrium (LD) method (Waples and Do 2008)
implemented in NeEstimator v.2.1 (Do et al. 2014). A mini-
mum allele frequency cutoff value of 0.02 was employed,
and 95% confidence intervals were obtained using the jack-
knife method. Migrants for each study site were identified
in GENECLASS?2 (Piry et al. 2004) and removed because
the LD method is constrained on the assumption of a closed
population model (Waples and Do 2008). The Bayesian
statistical approach (Rannala and Mountain 1997) with the
Monte Carlo resampling method (Paetkau et al. 2004) of
1000 simulated individuals and an alpha of 0.01 was used to
identify individuals as migrants (Peel et al. 2013; Gilbert and
Whitlock 2015). To avoid bias due to age structure, Nb was
adjusted Nb ,4; using the ratio between adult lifespan (AL),
age at maturity (a) and a coefficient of variation of age-
specific fecundity (CVf), following the equation proposed by
Waples et al. (2014): Nb,4;=Nb/(0.991-0.206 X Log(AL) +
0.256 x Log(a) +0.137CV{). The age at maturity for brown
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trout in the Deva—Cares catchment was 2 years. The AL
value was calculated as described in Waples et al. (2014),
with a maximum breeding age (@) of 5 years (personal com-
munication from the Cantabria Regional Government). CVf
was computed using recruitment data for both sexes with
an estimated value of 0.196. Likewise, Ne,g; was estimated
by means of the equation proposed by Waples et al. (2014):
Negj=Nbj4;/(0.833+0.637 X Log(AL) — 0.793 X Log(a
) — 0.423 x CV1). The effective population size ratios Nb, g/
Nc and Ne Adj/Nc (Waples 2006) were also calculated follow-
ing Perrier et al. (2016).

Genetic differentiation and riverscape
characteristics

The relationships between genetic differentiation and river-
scape characteristics were examined using two approaches.
First, the Mantel test (Mantel 1967) was used to test for the
significance of the correlation between linearized Fgy values
(Fgp/(1 — Fgr)) and the pairwise study site of five variables
(hydrological distance, difference in slope, elevation and
number of total, permeable and impermeable barriers). Man-
tel tests with 9999 permutations were conducted in R v.3.3.3.
package ade4 v.1.7-11 (Chessel et al. 2004). Decomposed
pairwise regression analysis was used after each Mantel test
to identify and remove potential outlier populations, which
could mask the effects of the tested riverscape variable (Koi-
zumi et al. 2006). Afterward, partial Mantel tests (Smouse
et al. 1986) of only significant variables in the Mantel test
were estimated. The Mantel test estimates the correlation
between two matrices, whereas the partial Mantel test esti-
mates the correlation between two matrices while control-
ling for the effects of a third matrix. These analyses have
been widely used in population genetic studies to test for
the effects of habitat fragmentation and isolation by distance
(e.g., Stelkens et al. 2012).

Spatial analysis applications of the Mantel test in land-
scape genetics have been recently debated, raising concerns
about the low statistical power and high type I error rates
(Guillot and Rousset 2013; Legendre et al. 2015, among
others). To compare the performance with an alternative
method, correlations between genetic differentiation and riv-
erscape variables were tested using distance-based canonical
redundancy analysis (dlbRDA) of pairwise differentiation,
implemented in the R package vegan v.2.4-6 (Oksanen et al.
2013). Riverscape variables were tested after transforming
from a Euclidean matrix to a continuous rectangular vector
by principal coordinates analyses (PCoA). The significance
of the predictors was assessed using multivariate F-statistics.
We first analyzed the relationship between the linearized
Fgyr and each variable separately. Finally, we performed a
partial dbRDA for each riverscape variable, controlling for
the influence of hydrological distance (fitted as a covariate).
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Results
Genetic diversity

Twelve microsatellite loci were analyzed, with an average
success rate ranging from 86 to 100% depending on the
locus. The locus Sssp1605 proved difficult to amplify, with
allelic information in 86% of the individuals. Moreover,
this locus showed reduced peaks and/or extra peaks of
nonspecific binding or contamination origin. Therefore,
the locus Ssspl1605 was excluded from further analyses.
Furthermore, evidence of null alleles for SSOSL311 was
observed in most of the analyzed sample sites (MICRO-
CHECKER, CERVUS, F,,>0.340; ML-NullFreq,
F 4y 2 0.200, p <0.050), which justified the elimination
of this locus from the data analysis.

The genetic diversity was high (Table S2). All 10 out
of 12 loci successfully analyzed were polymorphic, with
120 alleles detected. The study sites exhibited on aver-
age number of alleles ranging from 1.900 in an tributary
of the Cares River (S3) to 6.600 in a middle course of
the Deva River (S59), an average allelic richness between
1.859 (S3) and 6.235 (S9) and an average expected and
observed heterozygosity between 0.224 (S3)-0.708 (S2) in
the upper course of the Cares River and 0.222 (S3)-0.710

(59), respectively. Only 3 study sites presented fixed
alleles (S3=4, S5=1 and S7=2). No evidence of linkage
disequilibrium among pairs of loci was observed at any
study site (p > 0.05). Finally, significant deviation from
Hardy—Weinberg equilibrium was observed in 17.69% of
the loci and in 31% of the study sites, with a decline in
3% of the loci and 0% of the study sites after Bonferroni
corrections (Table S2).

The genetic diversity was significantly different among
genetic groups defined by the STRUCTURE and DAPC
results (see genetic differentiation) from the Deva—Cares
catchment (Table 1). The average number of alleles was 2.3
in the tributaries and 6.8 in the main rivers. The average
allelic richness varied between 2.241 (tributaries) and 5.650
(main rivers), and the average observed and expected het-
erozygosity for tributaries and main rivers was 0.290 and
0.602 and 0.283 and 0.644, respectively (Table 1).

Genetic differentiation

Correlations between A, Ag, H, and H, with distance to the
most downstream study site (S13) were observed only for
A (p=0.048, see Table 2 and Fig. 2). In the cases of H, and
Ag, the values were marginally significant (p <0.100), while
for H,, correlations were not observed.

Table 1 Genetic diversity

Lo Group Subcatch- River Course A Ay H, H, Fig HWE

indices of groups defined by ment/catch-

STRUCTURE and DAPC ment

results from the Deva—Cares

catchment S1-S2 Cares Cares Upper 6.8 5.929 0.644 0.721 0.125 0.001
S3 Cares Duje Upper 1.9 1.859 0.222 0.224 0.043 0.338
S5 Cares Casafio Upper 29 2798 0400 0384 —0.004 0.496
S4-S6 Cares Cares Middle 6.5 5.296 0.600 0.634 0.072  0.029
S7 Deva Salvorén  Upper 2.1 2.065 0.249 0.241 0.004 0.482
S8 Deva Deva Upper 5.1 4.779 0.493 0.519 0.084 0.053
S9-S10-S11-12  Deva Deva Middle 9.3 6.320 0.663 0.684 0.040 0.034
S13 Deva—Cares  Deva Lower 63 5923 0.611 0.664 0.114 0.005

Course (upper, middle and lower), river location and membership to the subcatchment of the main riv-
ers (Cares and Deva) or after the confluence of Cares and Deva Rivers (Deva—Cares catchment) are also
indicated: observed number of alleles (A), allelic richness (Ag), expected (H,) and observed heterozygosity
(H,). Fig values and deviations from Hardy—Weinberg equilibrium (HWE). Significant values are indicated
in bold (no significant values were detected following the Bonferroni correction)

Table 2 Correlations between

X A Mean rX,Y) 7 t p Constant Slope
A, Ay, H, and H_ with distance
to the most downstream study A 4.992 - 0.558 0.311 -2230 0.048 6.819 — 0.000057
site (S13) Ay 4722 —0540 0291 2127 0057 6338 — 0.000051
H, 0.549 —0.490 0.241 — 1.866 0.089 0.706 — 0.000005
H, 0.561 —0.469 0.220 - 1.759 0.106 0.719 — 0.000005

Significant values are indicated in bold
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Fig.2 Linear regression 10.0 10.0
between A, Ay, H, and H, with
. ° e A Aq
distance to the most down-
stream study site (S13) and 95% 75
confidence intervals (results are d o ¢
represented in Table 2) 50 . —
L ] L]
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Distance to S13 (m)

Overall genetic differentiation between study sites
(Fgp=0.182) was high and variable (Table S3). Tributaries
(S3, S5, and S7) were markedly different from each other
and had genetic distinctiveness in comparison to the rest
of the study sites (Fgr=0.573). The remaining study sites
showed a moderate Fgr mean value (Fgp=0.079). Study
sites located in tributaries and in upper main rivers exhibit
very great genetic differentiation (Fgr mean value =0.380;

Distance to S13 (m)

ranging from 0.145 to 0.664), while study sites situated
in middle and lower courses of the Deva and Cares riv-
ers exhibited moderate genetic differentiation (Fgr mean
value =0.052: ranging from 0.002 to 0.142).

DAPC analysis showed that individuals of study sites
in upper courses were partitioned into four groups (Fig. 3;
Table 3): group 1 upper course of the Cares River (S1 and
S2), group 2 upper course of the Duje river (tributary of the

Fig.3 Scatterplots for the
first two discriminant axes

of the DAPC analysis in the
Deva—Cares catchment. Each
individual is represented as a
dot, and the groups (K=6) are
represented as inertia ellipses

Group 2
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Table 3 Correspondence of

R ) Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

the individuals of the eight

groups used in the study with S1-S2 30 0 0 0 0 0

he different

ihe e groups defined by $3 0 16 0 0 0 0
S5 0 0 15 0 0 0
S4-S6 1 0 4 0 17 7
S7 0 0 0 15 0 0
S8 0 0 0 12 1 2
S9-S10-S11-12 0 0 2 26 34
S13 0 0 2 0 6 7

Cares River; S3), group 3 upper course of the Casafio River
(tributary of the Cares River; S5) and group 4 upper course
of the Deva subcatchment (Salvorén River and upper course
of the Deva River; S7 and S8). The localities in the middle
and lower courses could join in two additional groups: group
5 the middle course study sites of the Cares River (S4-S6)
and group 6 the middle and lower course study sites of the
Deva River (S9-S10-S11-S12-S13). However, groups 5
and 6 were not included clearly in different groups because
they presented individuals with an admixture parental origin.

The results of the Evanno test suggested that K=35 was
the most likely cluster number for the STRUCTURE analysis
(Fig. 4). The distribution of genetic differentiation was simi-
lar to that observed by DAPC. All tributaries and the upper
study site of Cares River were genetically different (average

Fig.4 Geographical distribution
of genetic clusters identified

by STRUCTURE and cluster-
ing analysis results for K=5
(PP1, PP2, PP3, PP4 and PP5
represent parental populations).
Colored bars represent propor-
tions of membership of each
individual to each cluster (color
figure online)

S1 S2 S3

0>0.900), while most of the remaining downstream study
sites showed admixed ancestry between clusters. Thus,
S1 and S2 were included in the first cluster (Q =0.983).
S3 had the highest Q value (Q=0.996) and was assigned
to the second cluster. S5 was assigned to the third cluster
(0=0.961), and S7 and S8 were included in the fourth clus-
ter (Q=0.730). S4-S6-S9-S10-S11-S12 were assigned to
the fifth cluster (Q=0.784). However, given the high admix-
ture in downstream study sites, we compared the results
obtained applying different “cutoff” probabilities. Individu-
als were assigned to a cluster when their Q values > 0.500,
0.700 and 0.800; otherwise, they were considered admixed.
When a membership probability of Q value >0.500 was
used, S8 exhibited high admixture between two clusters and
was considered an independent group between the fourth

PP
B PP
B PP3
B PP4
. PP5

S

@ Study sites
= |mpermeable barriers
— Permeable barriers
— Fluvial network

S7 S8 sS4 S6 S9 S10 s11  S12  S13
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(0=0.479) and fifth (Q=0.329) clusters. S4 and S6 showed
admixture genotypes between the third (Q=0.263) and the
fifth (Q=0.626) clusters, with a cutoff probability of 0.700,
and were considered an independent group for subsequent
analysis. Last, the study site after the confluence of the Cares
and Deva Rivers (S13) was assigned separately to the mid-
dle course (S9, S10, S11, S12) when the Q value > 0.800
because it showed an admixture between the first (average Q
value =0.186) and fifth clusters (average Q value =0.776).

Therefore, eight groups were defined after considering
the DAPC and STRUCTURE results for subsequent analy-
sis: group 1 S1 and S2; group 2 S3; group 3 S5; group 4
S4 and S6; group 5 S7; group 6 S8; group 7 S9, S10, S11
and S12; and group 8 S13. Four groups were located in the
Cares subcatchment (S1-S2, S3, S5 and S4-S6), three in
the Deva subcatchment (S7, S8 and S9—-S10-S11-S12) and
one after the confluence of the Cares and Deva rivers (S13).
Moreover, the S1-S2, S3, S5, S7 and S8 groups were located
in upper courses, S4-S6, S9-S10-S11-S12 were in middle
courses and the S13 group was in the lower course of the
catchment.

The lowest genetic differentiation obtained from Fgy
values between groups defined by STRUCTURE and
DAPC from the Deva—Cares catchment (Table 4) was
observed between the middle course of the Cares River
(S84 and S6) and the Deva River (S9-S10-S11-S12) groups
(Fgr=0.018), whereas the highest differentiation was
observed between tributaries from both rivers (S3 and S7;
Fg1r=0.664).

Genetic distances for each stream section among study
sites were estimated by STREAMTREE (Fig. 5). The coef-
ficient of determination (R”=0.972) indicated a good fit to
the observed data. The results were useful in visualizing and
quantifying the resistance to migration in the Deva—Cares

catchment. The STREAMTREE analysis was consistent with
previous results, thus showing the highest values between
the upper course tributaries S3, S5 and S7 and the rest of the
downstream study sites. Genetic distances at or close to zero
were assigned to stream sections without barriers or to those
with a low density of permeable barriers (Fig. 5).

The BOTTLENECK and M-ratio analyses did not
show evidence for recent bottlenecks in the studied groups
(Table S4).

Migration and effective population size

Only migration results between contiguous upstream/down-
stream groups and the confluence of the Deva and Cares
Rivers were analyzed to determine if there was migra-
tion between fragmented groups. The effective number of
migrants per generation between groups ranged from 0.06
between the middle course of the Cares River (S4-S6)
and the upper course of the Duje River (S3) to 1.82 from
the upper (S8) to the middle course of the Deva River
(S9-S10-S11-S12) (Fig. 5). Two pairwise comparisons sug-
gested bidirectional gene flow with values N, > 1 between
the middle and lower courses of the Deva catchment and
between the main rivers Deva and Cares (S9-S10-S11-S12
to S4-S6; S13 to S9-S10-S11-S12 and vice versa). More-
over, migrations between the lower part of the catchment
and the middle course of the Cares River had values of N,
near 1 for upstream (0.96) and downstream (0.93) migra-
tion (S13 to S4-S6). Pairwise comparisons of the upper to
middle courses of the Cares and Deva main rivers (S1-S2 to
S4-S6 and S8 to S9-S10-S11-S12) had only downstream
gene flow with N, > 1. The rest of the analyzed groups pre-
sented values N, <1 both upstream and downstream.

Table 4 Pairwise Fgy values for groups defined by STRUCTURE and DAPC from the Deva—Cares catchment (below diagonal)

Subcatch- Cares Cares Cares Cares Deva Deva Deva Deva—Cares
ment/catch-
ment
River Cares Duje Casafio Cares Salvor6n Deva Deva Deva
Course Upper Upper Upper Middle Upper Upper Middle Lower
Group S1-S2 S3 S5 S4-S6  S7 S8 S9-S10-S11-S12  S13
Cares Cares Upper S1-S2
Cares Duje Upper S3 0.350
Cares Casafio  Upper S5 0.215 0.546
Cares Cares Middle S4-S6 0.114 0340 0.118
Deva Salvorén Upper S7 0.327 0.664 0.508  0.307
Deva Deva Upper S8 0.175 0455 0.228 0.098 0.145
Deva Deva Middle S9-S10-S11-S12 0.119 0.278 0.158 0.018  0.254 0.086
Deva—Cares Deva Lower S13 0.110 0.412 0.155 0.038  0.342 0.112  0.037

Course (upper, middle and lower), river location and membership to the subcatchment of the main rivers (Cares and Deva) or after the conflu-
ence of Cares and Deva Rivers (Deva—Cares catchment) are also indicated
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Fig.5 Graphical representation _8s
of migration estimates in the =
Deva—Cares catchment using
MIGRATE (arrows represent
the gene flow direction, and
values represent the number

of migrants per generation;
“Np,” and 95% CI) and genetic
distances associated with
stream sections calculated using
STREAMTREE analysis (italic
values). N,,> 1 are indicated in
bold. Dashed ellipses represent
groups defined by STRUCTU
RE and DAPC from the Deva—
Cares catchment

Table 5 Estimate of census size (Nc, [20-40%]), effective number
of breeders (Nb, [CI 95%]), adjusted number of breeders (NbAdj),
adjusted effective population size (Ne,q;) and the effective population

0.08 (0.00-0.37)

=" @ Study sites
= |mpermeable barriers
Permeable barriers
— Fluvial network

0.200 s ceeeet AR

size ratios Nb,y/Nc and Ne,g/Nc of groups defined by STRUCTU
RE and DAPC results from the Deva—Cares catchment

Group Subcatch- River Course m Nc  Nb[CI95%] Nbuy[CI95%] Neypg [C195%] Nbyg/N.  Neyg/Ne
ment/catch-
ment
S1-S2 Cares Cares Upper 0 229 61[28-1013] 71 [33-1196] 56 [26-936] 0.310 0.245
S3 Cares Duje Upper O 15 2 [1-15] 2 [1-18] 2 [1-14] 0.133 0.133
S5 Cares Casaiio Upper 0 483 - - - - -
S4-S6 Cares Cares Middle 10 84  44[16-] 52 [19-c0] 41 [15-c0] 0.619 0.488
S7 Deva Salvor6n  Upper 0 29 5 [1-o0] 6 [1-00] 4 [1-c0] 0.207 0.138
S8 Deva Deva Upper O 208 28 [11-o00] 33 [13-00] 26 [10—-00] 0.159 0.125
S9-S10-S11-12  Deva Deva Middle 21 223 72 [36-346] 85 [43-409] 67 [33-320] 0.381 0.300
S13 Deva—Cares  Deva Lower 7 57 3[2-6] 3[3-7] 3 [2-6] 0.053 0.053

Course (upper, middle and lower), river location and membership to the subcatchment of the main river (Cares and Deva) or after the confluence

of Cares and Deva Rivers (Deva—Cares catchment) are also indicated

The Deva—Cares catchment exhibited high differ-
ences in the effective number of breeders Nb estimated
with Ne; , among genetic groups (Table 5). The highest
values were observed in the upper course of the Cares
River (S1 and S2) and the middle course of the Deva
River (S9-S10-S11-S12) (Nb> 50). The middle course
of the Deva River also showed high genetic diversity and
was located below an impermeable barrier, although the
upper course of the Cares River, with a lower genetic
diversity value, was located above an impermeable bar-
rier. However, the upper course of the Duje River (S3)
and the upper course of Salvoron and Deva Rivers (S7
and S8) showed low Nb and genetic diversity values and

were located above impermeable barriers. The exception
was the upper course tributary of the Cares River (Casafio
River; S5), which showed an infinite value due to its very
high density and was not included in subsequent analy-
ses. The study site in the lower course of the Deva—Cares
catchment had a low value. The Nb,,; estimates were
approximately 5% higher than the non-adjusted values
and showed the same tendency (Table 5). Nb,y; showed
high values in the upper (S1-S2) and middle courses of
the Cares and Deva Rivers (S4-S6 and S9-S10-S11-S12)
(>50), in contrast with the low values estimated in the
other groups, which were mostly placed above the barri-
ers. The Ne,4; estimates yield values and patterns similar
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to those of Nb. The estimated ratio between the adjusted
effective number of breeders Nb,y; and census size Nc
varied from 0.053-0.619. Likewise, the estimated ratio
between the adjusted effective population size and census
size Neq/Nc changed similarly.

Genetic differentiation and riverscape
characteristics

There was a significant pattern of isolation by distance-
IBD (Mantel test; ?=0.232, p <0.050; Table 6). More-
over, the presence of total barriers and impermeable
barriers showed a significant pattern of isolation by bar-
riers (Mantel test; r>=0.322, p <0.050 and r>=0.700,
p <0.050, respectively). In contrast, elevation, slope and
the presence of permeable barriers were not significant.
The dbRDA analysis confirmed the above findings by the
Mantel test. The dbRDA results showed a significant pat-
tern of isolation by distance and isolation by impermeable
barriers (r*=0.951, p <0.050 and r*=0.640, p < 0.050,
respectively). The partial Mantel test showed a signifi-
cant pattern of isolation by impermeable barriers after
controlling for the effects of hydrological distance and
total barriers (partial Mantel test; r=0.611, p<0.050
and r*=0.558, p <0.050, respectively), showing that the
influence of impermeable barriers was higher than that of
hydrological distance and total barriers.

Table 6 Simple Mantel and partial Mantel tests between Fgp and
hydrological distance between study sites, total barriers, and imper-
meable barriers

r p
Mantel test
Fgr~hydrological distance 0232 <0.001
Fgr~barriers 0322 0.006
Fyr~permeable barriers 0.096  0.063
Fgr~impermeable barriers 0.700  <0.001
Fgr~elevation 0.006  0.693
Fgyr~slope 0.009  0.250
Partial Mantel test
Fgyr~hydrological distance | barriers <0.001 0.483
Fgr~barriers | hydrological distance 0.118  0.108
Fgyr~hydrological distance | impermeable bar- 0.004  0.316
riers
Fgr~impermeable barriers | hydrological 0.611  0.002
distance
Fgp~barriers | impermeable barriers 0.002  0.566
Fgr~impermeable barriers | barriers 0.558  0.001

The simple Mantel test also contains elevation, slope and permeable
barriers. Significant values are indicated in bold
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Discussion

The study revealed a high degree of genetic differentiation
among study sites and groups defined within the catch-
ment and a significant isolation effect by barriers. Our
results are consistent with our initial hypothesis, and they
also agree with other studies showing the importance of
longitudinal barriers in river networks and loss of struc-
tural connectivity on fish population genetic structure
(Yamamoto et al. 2004; Griffiths et al. 2009) and the pos-
sible effect associated with genetic drift, loss of genetic
diversity or isolation (Yamamoto et al. 2004; Horreo et al.
2011; Stelkens et al. 2012).

Genetic diversity and genetic structure

Microsatellite loci have been used in multiple studies
as an efficient resource in the description of the genetic
diversity and population genetic structure of fish popu-
lations within watersheds (Wofford et al. 2005; Griffiths
et al. 2009; McGlashan et al. 2011) and among watersheds
(Huey et al. 2010). Allelic richness presented a broader
range (1.859-6.235) than that obtained by Horreo et al.
(2011) in a previous study in the Deva—Cares catchment
(1.394-4.778); these authors considered 12 study sites and
only 4 barriers and underestimated the real number of bar-
riers present in the catchment. Additionally, the observed
and expected heterozygosity had a slightly narrower
range (H,=0.224-0.708, H,=0.222-0.710) than that in
the previous study (H,=0.130-0.805, H,=0.154-0.742).
The global genetic differentiation across all 13 study sites
(Fgr=0.181) was considered great (Hartl et al. 1997), as
in the results by Horreo et al. (2011) (Fgp=0.204).
Genetic diversity is distributed heterogeneously, reveal-
ing the existence of several genetically differentiated study
sites. This result indicates that drift and gene flow have
interplayed in shaping the genetic constitution of the
brown trout at the study sites, as has been shown in other
studies (e.g., Massa-Gallucci et al. 2010). In our study,
below-barrier study sites had high genetic diversity and
lower Fgp values. In contrast, headwater and above-barrier
study sites had low genetic diversity and high Fg values,
evidence that could support fast rates of genetic drift due
to isolation. These study sites were the only ones present-
ing fixed alleles (S3 =4, S5=1 and S7=2). This result has
also been found for above-barrier locations in other studies
of salmonids (Neville et al. 2009). Moreover, we found
concordance between impermeable barriers and the identi-
fied genetic groups in DAPC and STRUCTURE analysis,
which together with the STREAMTREE results, suggest
the role of impermeable barriers in shaping an altered
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genetic structure, specifically acting as an isolation mech-
anism. The absence of data before fragmentation does
not allow establishing casuality that the observed results
were due to the presence of anthropogenic fragmentation.
However, based on the information presented in the meth-
odology regarding barriers, the data suggest that barriers
may be related to population genetic structure. All upper
study sites separated by one or more impermeable barri-
ers belonged to different genetic groups, except between
the two upper course study sites from the Cares River (S1
and S2). This result may be because the barrier between
both study sites is the most recently built dam in the catch-
ment (constructed in 1995). Quite likely, not enough time
has passed to cause genetic divergence among these study
sites because genetic differentiation is correlated with the
time since physical isolation by a barrier started (Yama-
moto et al. 2004). Study sites separated by barriers with
an older construction date (Cain Dam-1921 and Poncebos
Dam-1958) belonged to different genetic groups. Moreo-
ver, these dams are both located between the upper course
of the Cares River (S1 and S2) and the middle course
of the Cares River (S4-S6), denoting that fragmenta-
tion by anthropogenic barriers may have occurred nearly
100 years ago between these groups. Poncebos Dam rep-
resent the limit of the current S. salar distribution (Alva-
rez et al. 2010; Gonzalez-Ferreras et al. 2019), and the
river network until the Cain Dam is considered a potential
habitat for the anadromous species. Regarding this bar-
rier, the DIVAQUA project (LIFE18 NAT/ES/000121),
which is currently in its execution phase, contemplates fish
pass improvements for some dams (included Poncebos)
and some barriers removal in the Deva—Cares catchment.
Future studies after the execution of the project could help
to corroborate the results obtained in this study. Similarly,
future studies focusing on S1 and S2 could demonstrate if
the populations may diverge.

The low Fgyp values among groups where dispersal is
possible (by the presence of permeable barriers or absence
of obstacles) indicate that minor genetic structure exists,
and allele frequencies differed throughout the permeable
area. These differentiations could be explained by a cer-
tain degree of reduction in gene flow caused by permeable
barriers. In the case of groups where there is no barrier
between study sites (e.g., S6-S4), genetic differentiation
could be caused by environmental factors such as geologi-
cal substrate (Perrier et al. 2011) or temperature (Dionne
et al. 2008) that could influence gene flow. It should also
be noted that due to the hydro-geomorphological charac-
teristics of the catchment, the presence of rapids in some
areas may denote a certain degree of temporal imperme-
ability during low flow or high flow seasons.

Gene flow and riverscape genetics: influence
on genetic differentiation

Study sites showed a significant IBD pattern, which is com-
mon in stream salmonids with mobile and stationary indi-
viduals (Kanno et al. 2011) and other fish species (Sotola
et al. 2017). In addition, we reported a decrease in genetic
diversity (number of alleles) in upstream study sites and a
downstream-biased gene flow. Similar tendencies have been
found in other fish species (e.g., Poecilia reticulata; Barson
et al. 2009; Cottus gobio; Junker et al. 2012; Oncorhyn-
chus mykiss; Winans et al. 2015). Evidence of a correlation
between the distance to most downstream study sites and the
number of alleles but not heterozygosity could be explained
because the number of alleles and allelic richness approach
equilibrium more rapidly than heterozygosity (Epps and
Keyghobadi 2015; Salisbury et al. 2016). Barson et al.
(2009) reported that populations with downstream-biased
gene flow may act as sinks in lowland populations and as
sources in upland populations, contributing to gene flow into
downstream populations. Moreover, previous studies found
that genetic diversity and allelic richness in dendritic net-
works increase with increasing downstream locations related
to the alleles fixed in upstream locations collected in down-
stream confluences (e.g., Morrissey and De Kerckhove 2009;
Paz-Vinas et al. 2015). In our study, we found characteristics
of both dendritic metapopulation (i.e., downstream-biased
gene flow) and member-vagrant models (i.e., significant
effect of IBD). According to the study of S. salar realized
by Garant et al. (2000), both models (metapopulation and
member-vagrant) were not mutually exclusive, and their
combined use may help us better understand the dynamics
of the genetic structure in unstable environments. Thus, the
member-vagrant hypothesis is useful to explain the num-
ber of subpopulations given the life history of a species and
habitat structure, while the metapopulation model is useful
to explain the temporal persistence and extent of genetic
divergence among subpopulations (Garant et al. 2000).
The results from migration in our study indicate that
gene flow was higher (bidirectional N, > 1) between down-
stream groups located in the middle and lower course of the
Deva—Cares Rivers, matching groups without impermeable
barriers. We emphasize that this is the current distribution
area of S. salar linking our assumptions prior to the study.
Previous studies have suggested symmetric migration in the
absence of barriers (Gomez-Uchida et al. 2009; Horreo et al.
2011). Likewise, previous studies have shown that asymmet-
ric migration occurs often in river networks and that barri-
ers amplify the dispersal asymmetry because of negligible
upstream dispersal (Junker et al. 2012). In the Deva—Cares
catchment, downstream migration (unidirectional N> 1)
was reported in some upper course groups above imperme-
able barriers (from S1-S2 and S8 to downstream groups),
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while there was an almost absence of migration (values
N, < 1) from other groups above impermeable barriers (S3,
S5 and S7), although values of N, downstream are higher
than upstream. In relation to these groups, S1-S2 and S8 are
situated in the main rivers (Cares and Deva Rivers, respec-
tively), while S3, S5 and S7 are located in their tributaries
(Duje, Casafio and Salvorén Rivers). These results are in
agreement with previous salmonid studies related to river-
scape genetic frameworks, indicating that resistance to gene
flow is lower in the main rivers and that relative migration
rates in the main rivers are greater than those in the tributar-
ies (White 2019). However, future studies will be necessary
to determine the relative influence of barriers or tributary-
main river conditions on low gene flow. Moreover, reaches
below the barriers contained a high proportion of mixed
genetic pools that could be the result of immigrants from
above (see Fig. 4). Isolation by barriers appeared to pro-
vide more support for generating the observed population
genetic structure of the study sites and groups in the studied
catchment than isolation by distance alone. This pattern has
also been found in previous studies analyzing fragmentation
in river systems (e.g., Meldgaard et al. 2003; Leclerc et al.
2008). Furthermore, neither slope nor elevation was found to
influence genetic structure, suggesting that the barriers may
be acting as a bias against upstream dispersal.

Bottleneck and effective population sizes

Bottlenecks have been associated with fragmentation in pre-
vious studies (e.g., Coleman et al. 2018) and can contribute
to the loss of genetic diversity and increases in genetic dif-
ferentiation. Despite the reduction in allelic diversity and the
presence of monomorphic loci in upstream study sites, no
evidence of bottlenecks was found. The low statistical power
of bottleneck detection tests has been previously observed as
a result of an insufficient sample size due to a limited num-
ber of loci analyzed and an underestimation of microsatellite
mutation rates (Cornuet and Luikart 1996; Piry et al. 1999;
Peery et al. 2012). Single sampling period bottleneck detec-
tion methods assume that a population is close to migration.
In downstream study sites, the effectiveness of bottleneck
tests can also be limited by the presence of immigration,
which can remove signs of bottlenecks in two to three gen-
erations (Keller et al. 2001).

All groups showed adjusted effective population size
Ne,q; values below 100, the limit required to avoid inbreed-
ing depression (Frankham et al. 2014). In addition, the study
sites from upper course tributaries isolated by impermeable
barriers coincided with those with extremely low Ne,g; val-
ues, the lowest genetic diversity and a high percentage of
monomorphic loci. Groups with small effective population
sizes are expected to reach intense genetic drift and suf-
fer a higher probability of extinction (Newman and Pilson
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1997), in addition to an increased likelihood of fixation
of deleterious alleles and reduced selection effectiveness
(Hare et al. 2011). However, there were differences among
genetic groups; thus, the effective number of breeders Nb ;
in the upper and middle course of the Cares and Deva Riv-
ers located below barriers showed values above the recom-
mended minimum of 50 to avoid inbreeding in the short
term (Franklin 1980). In contrast, the upper course tribu-
taries of the Cares and Deva Rivers and the upper course
of the Deva River located above-barrier showed low values
(<50). The upper course tributary of the Cares River (S5)
showed infinite Ne estimate values, possibly due to a larger
sample size, which might result in more difficult reliable
estimates (Waples and Do 2010). S5 study site is character-
ized by natural high densities of brown trout (no stocking
activities were performed in S5; personal communication of
Principado de Asturias Government), and it was located in
an unaltered habitat where fishing is prohibited. Therefore,
these conditions may lead to higher population densities
(Sanchez-Hernandez et al. 2011).

The estimated ratio between the effective and census
sizes in salmonids is approximately 0.1-0.2 (Campos et al.
2006), but higher values have also been reported (Ardren
and Kapuscinski 2003). This ratio is important for monitor-
ing changes in genetic diversity and predicting the rate of
genetic loss (Ardren and Kapuscinski 2003). In our study, it
had relatively high values in the middle course of the Deva
and Cares Rivers (0.300-0.488) below the impermeable
barriers. The lack of relationship between Ne ;/Nc and Ne
could be explained by the fact that mechanisms of genetic
compensation may counteract Ne,q; reductions and thus
increase Ne ad/ N (Palstra and Ruzzante 2008). This genetic
compensation may produce a buffering effect against the loss
of genetic diversity at low Nc. Another possible explana-
tion is the difficulty of sampling these study sites, leading
to the underestimation of their census sizes. However, the
difficulty of delimiting a population in this scenario means
that the area used to estimate census size could have been
insufficient. In some studies, Nc was obtained by extrapolat-
ing to the length of the stream without barriers (Ruzzante
et al. 2016) or by extrapolating to the occupied stream length
(Peacock and Dochtermann 2012), but there is no univer-
sal method. This lack of consensus highlights the need for
further research on the definition and delimitation of study
sites or populations for census size estimation for mobile
organisms that inhabit river networks.

Conservation strategies and management
implications

The obtained results have strong implications for the man-
agement and conservation strategies of native brown trout.
The genetically distinct study sites and groups that were
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identified could be recognized as genetically independent
management units in the Deva—Cares catchment. Moreo-
ver, it is possible that a considerable number of distinctive
genetic groups are yet to be recognized due to the pres-
ence of several barriers in other tributaries: a more detailed
genetic study (i.e., other headstreams or tributaries) could
identify additional distinct genetic groups using an approach
similar to the present study.

This work provides strong support for the critical role of
structural connectivity loss and gene flow on the persistence
of brown trout, securing their genetic diversity for the future.
To achieve that goal, the ideal option would be to rewild the
ecosystem (by completely removing all anthropogenic bar-
riers), but due to the high number of anthropogenic barriers
present in the catchment, it is currently a very unfeasible
option. For this reason, it would be appropriate to identify
key locations or groups to conserve and key areas to increase
the genetic flow by removing barriers or increasing the effi-
ciency of fish passes. For those locations in which connec-
tivity cannot be improved, the habitat should be enhanced
considering its positive relation with genetic diversity and
genetic differentiation (Whiteley et al. 2013). In our study,
the S8 group contained a mixed genetic pool and constituted
an important genetic reservoir that should be considered a
priority area for conservation. In addition, isolated study
sites situated in upper courses presenting low genetic diver-
sity that provide downstream gene flow to other locations
should be given special consideration in conservation efforts
(Kelson et al. 2015). In our catchment, these locations were
study sites S1, S2 and S8, and all of them are located above
anthropogenic impermeable barriers (a natural impermeable
barrier is also located near S8). Moreover, upstream study
sites located in the tributaries (S3, S5 and S7) are important
to conserve, despite the low gene flow, because of the pres-
ence of fixed alleles in these study sites.

The consideration of populations upstream of natural
barriers is also important for conservation and manage-
ment implications. There are two main possible causes for
the presence of fish populations above natural imperme-
able barriers: human transfer of fish to fishless streams
(Rahel 2007) or geological processes (Currens et al. 1990).
Regarding human transfer, it is unlikely that past stock-
ing activities with foreign trout were carried out in these
study sites due to the difficult accessibility and previous
information of stocking in the catchment (see the materials
and methods section). However, historically, the human
transfer of downstream trout by anglers could have been
carried out. However, there is currently a lack of knowl-
edge about the origin of brown trout above natural barriers
in the Deva—Cares catchment. Future in-depth research
on these locations could reveal whether these rivers have
been previously fishless to determine the best conservation
strategy. In the case of finding evidence of human transfer,

should these locations be protected, or should the stream
return to being fishless? We cannot answer these questions
based on the results of the current study, indicating that for
appropriate management and conservation, future studies
will be necessary.

In conclusion, this study suggests that impermeable
barriers have a large effect on the genetic variation of the
native brown trout inhabiting the Deva—Cares catchment,
demonstrating high differentiation between study sites and
groups above and below barriers and an isolation by dis-
tance pattern. The presented analysis at a river network
scale provides evidence regarding the role of barriers in
influencing patterns of genetic diversity, highlighting the
importance of maintaining and restoring the connectiv-
ity of freshwater ecosystems for conserving native brown
trout. Such results suggest that measures of management
and conservation should be taken for longer-term viability
of brown trout inhabiting the Deva—Cares catchment.
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