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Abstract

Landscape genetics provides a valuable framework to understand how landscape
features influence gene flow and to disentangle the factors that lead to discrete and/or
clinal population structure. Here, we attempt to differentiate between these processes
in a forest-dwelling small carnivore [European pine marten (Martes martes)]. Specifi-
cally, we used complementary analytical approaches to quantify the spatially explicit
genetic structure and diversity and analyse patterns of gene flow for 140 individuals
genotyped at 15 microsatellite loci. We first used spatially explicit and nonspatial
Bayesian clustering algorithms to partition the sample into discrete clusters and
evaluate hypotheses of ‘isolation by barriers’ (IBB). We further characterized the
relationships between genetic distance and geographical (‘isolation by distance’, IBD)
and ecological distances (‘isolation by resistance’, IBR) obtained from optimized
landscape models. Using a reciprocal causal modelling approach, we competed the
IBD, IBR and IBB hypotheses with each other to unravel factors driving population
genetic structure. Additionally, we further assessed spatially explicit indices of genetic
diversity using sGD across potentially overlapping genetic neighbourhoods that
matched the inferred population structure. Our results revealed a complex spatial
genetic cline that appears to be driven jointly by IBD and partial barriers to gene flow
(IBB) associated with poor habitat and interspecific competition. Habitat loss and
fragmentation, in synergy with past overharvesting and possible interspecific competi-
tion with sympatric stone marten (Martes foina), are likely the main factors responsible
for the spatial genetic structure we observed. These results emphasize the need for a
more thorough evaluation of discrete and clinal hypotheses governing gene flow in
landscape genetic studies, and the potential influence of different limiting factors
affecting genetic structure at different spatial scales.
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Introduction

The genetic structure of natural populations is influ-
enced by the spatial heterogeneity of the landscapes in
which they exist, which affects dispersal and, conse-
quently, gene flow (Luque et al. 2012; Wagner & Fortin
2013). An important issue in landscape genetics is
whether changes in landscape features create barriers to
gene flow and lead to discrete genetic structure, or
whether clinal population structure dominates as a
result of isolation by distance and isolation by resis-
tance processes (Meirmans 2012; Landguth & Schwartz
2014). In natural populations, substructuring of individ-
uals can be caused by isolation by distance (IBD), land-
scape resistance (IBR) and/or barriers to dispersal (IBB)
(Cushman et al. 2006; Cushman & Landguth 2010; van
Strien et al. 2015). Multiple factors acting at various spa-
tial scales affect the spatial distribution of genetic varia-
tion and rates of gene flow across a landscape
(Anderson et al. 2010). These factors can include biotic
(e.g. forest structure, presence of prey, predators or
sympatric competitors), abiotic (e.g. rivers, topography,
climatic conditions) and/or anthropogenic features (e.g.
roads, urban areas, agriculture). Thus, emergent pat-
terns of gene flow are the result of the interactions
between structural landscape connectivity and how
organisms respond to landscape structure (Luque et al.
2012). In this context, assessing spatial genetic structure
is crucial for defining appropriate conservation and
management units, and for maintaining gene flow and
genetic diversity (Segelbacher et al. 2010; Luque et al.
2012).

The multidisciplinary nature and rapid growth of
landscape genetics (Manel & Holderegger 2013) have
led to multiple approaches to examine the relationships
between individual-based genetic measures and spa-
tially explicit landscape variables (Sork & Waits 2010;
Wagner & Fortin 2013; Hall & Beissinger 2014). Most
landscape genetic approaches largely focus on describ-
ing and mapping populations using Bayesian clustering
algorithms (Guillot et al. 2009) and/or on identifying
factors that influence rates and patterns of gene flow
testing isolation by landscape resistance (IBR; McRae
2006; Cushman et al. 2006), and deducing from these
which features restrict or promote movements of indi-
viduals.

A discrete population structure can easily be mis-
taken for a pattern of IBD (Guillot et al. 2009; Meirmans
2012; Landguth & Schwartz 2014) or IBR. However, the
reverse is also true, as IBD-IBR processes create clines
in allele frequencies that can lead to spurious identifica-
tion of discrete genetic clustering (Blair et al. 2012; Meir-
mans 2012; Cushman et al. 2014; Landguth & Schwartz
2014). Indeed, recent studies have shown that the
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presence of IBD can confound the identification of bar-
riers using clustering or IBB methods, and may result
in overestimation of population subdivision (Frantz
et al. 2009; Tucker et al. 2014) and/or identification of
artificial clusters (Blair ef al. 2012; Cushman et al. 2014).
In this context, Guillot et al. (2009) suggested comparing
the outputs of spatially explicit and nonspatial cluster-
ing algorithms in addition to testing for the presence of
IBD to infer genetic structuring that could be empiri-
cally explained. Furthermore, Cushman & Landguth
(2010) suggested using analytical frameworks that allow
simultaneous competition and separation of IBB, IBD
and IBR hypotheses. However, very few landscape
genetics studies have rigorously evaluated and jointly
tested the effect of clinal (IBD and IBR) and discrete
structuring (but see Cushman & Landguth 2010; Cush-
man et al. 2014; Yang et al. 2015), to avoid misinterpre-
tation of spatial genetic diversity and differentiation
and properly assess the validity of spurious clusters
emerging as artefacts of clinal spatial genetic processes
(e.g. Frantz ef al. 2009; Cushman et al. 2014).

Another important issue in landscape genetics is
delimiting ‘populations” to calculate genetic diversity
indices (Shirk & Cushman 2011, 2014). Although many
populations are structured by IBD or IBR, the most
commonly used approach to calculate genetic diversity
indices is based on ‘populations’” derived from cluster-
ing approaches and/or arbitrary definitions, assuming
an island model of population structure (Wright 1943).
This clearly presents a mismatch between clinal popula-
tion structure and discrete measures of genetic diver-
sity, and spatially explicit tools are now available to
overcome this limitation by estimating genetic diversity
continuously across potentially overlapping genetic
neighbourhoods that match the population structure,
whether discrete or clinal (Shirk & Cushman 2011,
2014).

Forest-dependant species are useful for evaluating the
genetic consequences of habitat fragmentation on spa-
tial genetic structure due to their sensitivity to human-
induced landscape transformation (e.g. Broquet et al.
2006; Segelbacher et al. 2008). For all Martes species,
forested habitats are key features (Proulx et al. 2004;
Schwartz et al. 2012). In Europe, the genus Martes is
represented by the European pine marten (M. martes)
and stone marten (M. foina) (Proulx ef al. 2004). The
European pine marten is a woodland-dwelling small
carnivore that occurs from northern Iberian Peninsula
to western Siberia (Proulx et al. 2004). Their occurrence
patterns are affected by the percentage of woodland
cover, forest patch size, food resources, sex, age class
and habitat fragmentation levels and are generally con-
sidered a closed canopy forest-associated species
(Zalewski & Jedrzejewski 2006; Mergey et al. 2011).
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Given their strong associations with high forest struc-
tural complexity, the species is particularly sensitive to
human influences on their habitats, including habitat
loss and landscape-scale effects of habitat fragmentation
(Pereboom et al. 2008; Mergey et al. 2011; Ruiz-Gonzalez
et al. 2014). Nonetheless, they have also been recently
reported in fragmented landscapes characterized by
small forest fragments within agricultural landscape
matrices (Pereboom et al. 2008; Balestrieri et al. 2010,
2014; Mergey et al. 2011), suggesting they may not be as
forest dependent as previously believed. The species
has experienced a large range contraction in the last
century due to overharvesting (Helldin 2000; Proulx
et al. 2004), deforestation and forest fragmentation
(Kurki et al. 1998; Brainerd & Rolstad 2002; Pereboom
et al. 2008) and is either threatened or rare in many
countries (Proulx et al. 2004). This population decline is
likely to have affected population structure at different
spatial scales (Schwartz et al. 2012), but also may have
amplified competitive interactions with the widespread
and sympatric stone marten, which expresses more
behavioural plasticity, a broader habitat niche and less
vulnerability to anthropogenic changes and human
presence (Virgds et al. 2012). Competitive interactions
between these sympatric carnivores, which have con-
trasting ecological preferences’ (stenotopic vs. synantro-
pic) and inverse demographic trends (Proulx et al. 2004;
Virgés et al. 2012), may affect population genetic struc-
ture through competition for the same resources and
synergistically the amplification of the effects of other
biotic or abiotic factors.

Previous studies of the pine marten have provided
information about the genetic variability and structure
of several European populations (reviewed in Schwartz
et al. 2012). Nevertheless, information about the genetic
variability and population structure of the Iberian pop-
ulations at the southern edge of the species distribution
is negligible, with previous findings suggesting that
gene flow is facilitated by natural vegetation, and is
resisted by anthropogenic land cover types and roads
(Ruiz-Gonzalez et al. 2014). Thus, further studies are
needed to investigate the potential interactions of habi-
tat fragmentation, interspecific competition and past
population bottlenecks in affecting the genetic diversity
and differentiation of the pine marten in the Iberian
Peninsula but also a reliable detection of clinal vs. dis-
crete genetic structure.

We had two main objectives in our study. Our first
objective was to characterize the spatial genetic struc-
ture and diversity of the forest-dependant European
pine marten and identify potential barriers and/or
moderators of gene flow. Our second objective is to dis-
entangle discrete [isolation by barriers, (IBB)] and/or
clinal population structure [isolation by distance (IBD);

gradients of landscape resistance (IBR)] hypotheses by
competing different models within a reciprocal causal
modelling framework (Cushman ef al. 2013c), using the
pine marten as a case study.

As habitat specialist species are usually considered
highly vulnerable to habitat fragmentation (Devictor
et al. 2008), we predicted that, as a forest-dwelling spe-
cies inhabiting a highly fragmented and heterogeneous
landscape, pine martens would present a strong spatial
genetic structure pattern, which could be influenced by
different limiting factors at different spatial scales
(Cushman et al. 2013b). Moreover, given that past over-
harvesting and potential interspecific competition with
the sympatric stone marten have likely reduced species
range and connectivity between populations in the
northern Iberian peninsula, we expected that both fac-
tors could be also synergically affecting pine marten
gene flow.

Consequently, we hypothesise that pine marten
genetic diversity in a heterogeneous landscape will fol-
low a complex spatial genetic cline that could be related
to a combined effect of isolation by distance (IBD) and
landscape resistance (IBR) but also due to the presence
of putative barriers (IBB) to gene flow, related to
past demographic events and current biotic and abiotic
interactions.

Materials and methods

Study area

The Basque Country and Navarre are located in the
northern Iberian Peninsula, bordering the Cantabrian
Sea to the north and situated between the Pyrenees and
the Cantabrian mountains (Fig. 1). The study area com-
prises parts of the Atlantic and Mediterranean biogeo-
graphical regions, with the exception of the
northeastern area of Navarre, which belongs to the
Alpine region. The Basque Country comprises an area
of 7235 km” and has a high population density of 298
inhabitants per square kilometre (IGN 2008) and a
dense road network. The Basque Country is character-
ized by a mosaic of remnant patches of natural and
semi-natural vegetation composed of deciduous oak
and beech forests in a mosaic of agricultural and urban
land uses. Natural forest covers approximately 28% of
its area, forestry plantations 29%, nonwooded moun-
tains 24%, cultivated land 14%, and urban land and
infrastructures 5.7%. In contrast, Navarre comprises an
area of 10 390 km? and has a low population density of
60 inhabitants per square kilometre (IGN 2008). The
area is dominated by an unfragmented natural forest
system, concentrated in the north, while cultivated land
and urban areas are located primarily in the south.
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Fig. 1 Study area, located in the regions of the Basque Country and Navarre, northern Spain. Green and orange circles represent the
geographical locations of samples genetically identified as Martes martes and Martes foina, respectively (faecal samples: n = 670; tissue
samples: n = 183). Natural forest appears shaded in green, urban areas, roads and man-made reservoirs in black and other land uses
in grey. The European distributions of M. martes and M. foina are shown in green and orange, respectively.

Natural forest covers nearly 36% of its area, forestry
plantations 6%, nonwooded mountains 10%, cultivated
land 46%, and urban land and infrastructures 1.4%. The
study area plays an important natural link between the
Cantabrian Mountains and the Pyrenees and is consid-
ered of strategic importance for the conservation of eco-
logical connectivity in southwestern Europe (Mallarach
et al. 2010). Moreover, the southern edge limit of a
number of temperate forest species (e.g. Glis glis, Myo-
des glareoulus), including the focal pine marten, is
located in the study area (Mitchell-Jones et al. 1999).
Thus, this region has high importance for biodiversity
conservation, as distributional limits are thought to be
particularly important as long-term stores of genetic
diversity and hot spots for speciation (Hampe & Petit
2005).

Noninvasive genetic sampling: mtDNA species
identification and individual identification from
microsatellite genotyping

We used noninvasive scat sampling to collect genetic
samples from the sympatric Martes sp. (Martes martes
and Martes foina) in the study area between 2004 and
2011. Additionally, fresh tissue specimens from road-
killed pine martens were also included. We first used a
mtDNA molecular method for an effective genetic
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identification of sympatric marten species following the
method described in the study by Ruiz-Gonzélez et al.
(2008), to assess the spatial distribution of both species
in the study area. Second, all the faecal samples geneti-
cally identified as pine marten were genotyped using a
multiplex panel of 15 variable microsatellite loci follow-
ing methods in Ruiz-Gonzalez et al. (2013). Full method-
ological details about noninvasive genetic sampling are
described in Appendix S1 (Supporting information).

Bayesian clustering analysis

We used spatial and nonspatial Bayesian clustering
models to estimate the number of populations (K) and
individual population memberships using STRUCTURE
v.2.2 (Pritchard et al. 2000; Falush et al. 2003, 2007) and
GENELAND v.3.3.2 (Guillot et al. 2005a,b; Guillot & Santos
2009). Blair ef al. (2012), in an assessment of multiple
methods to detect linear barriers to gene flow, found
that these two clustering methods performed very well,
with GENELAND the most powerful method tested.
GENELAND Vv 3.3.2 (Guillot et al. 2005a,b; Guillot & San-
tos 2009) was run through an extension of program r
v.2.11.1 (R Development Core Team 2011) under the
correlated allele frequency model with spatial uncer-
tainty in spatial locations fixed at 1 km and using the
filtering for the presence of null alleles. We allowed K



5114 A. RUIZ-GONZALEZ ET AL.

to vary from 1 to 10 for 50 independent runs each con-
sisting of 500 000 MCMC iterations, a thinning of 100,
maximum rate of the Poisson process fixed to 150, max-
imum number of nuclei in the Poisson—Voronoi tessella-
tion fixed to 450, a maximum rate of the Poisson
process fixed to 150 and burn-in of 100 000 in the post-
processing. MCMC convergence was assessed by com-
paring the number of populations across replicate runs,
with the mean posterior density used as a criterion to
choose the best run (Guillot et al. 2005a,b; Guillot &
Santos 2009).

The population structure was also estimated using
the program sTRUCTURE v. 2.2 (Pritchard et al. 2000;
Falush et al. 2003, 2007) assuming population admixture
and correlated allele frequencies within populations.
Simulations were run using a burn-in period of 10°
sweeps followed by 10° MCMC interactions. K was
allowed to vary from 1 to 10 and 20 independent simu-
lations were run for each K to check for consistency in
the results. We determined the most likely number of
clusters by examining both the log probability of the
data [In Pr(X1K)] and the 4K statistic following Evanno
et al. (2005). For the identified K value, we used cLumrp
v. 1.1.2 (Jakobsson & Rosenberg 2007) to determine the
population assignment probability of each individual
across all simulations. Once the true K was selected, the
fractional membership of each individual in each cluster
(9), averaging q over the 20 runs, was plotted on a map
of the study region to assess geographical congruence
of the clusters and contrast the results obtained from
the spatially explicit GENELAND results.

Population genetic analysis of the inferred clusters:
genetic diversity, migration and bottleneck detection

We summarized genetic variation through the number
of alleles per locus (A) and expected (He) and observed
(H,) heterozygosities using GENETIX v 4.05.2 (Belkhir
et al. 2004) for each of the inferred clusters (based on
spatially explicit GENELAND results) and for the full
data set. Accounting for differences in sample size, the
program HP-RARE (Kalinowski 2005) was used to cal-
culate allelic richness, with a minimum sample size of
n =20 gene copies. Estimates of pairwise linkage dise-
quilibria for each pair of loci in each population and
deviation from Hardy-Weinberg equilibrium (HWE)
were tested using the exact test implemented in GENEPOP
version 4.0 (Rousset 2008). Statistical significance was
evaluated by running a Markov chain Monte Carlo
(MCMCQ) consisting of 10 000 batches of 10 000 itera-
tions each, with the first 10 000 iterations discarded
before sampling (Guo & Thompson 1992).

We calculated pairwise FST values (Weir & Cocker-
ham 1984) and tested for pairwise genetic differences

among clusters identified by Bayesian models using a
randomization procedure implemented in FSTAT v 2.9.3.2
(Goudet 1995; Goudet 2001). Moreover, analysis of
molecular variance (amova) was also conducted to test
the significance of the inferred population structure
with the software ARLEQUIN v 3.1 (Excoffier et al. 2005) at
three levels: among populations (considering Navarre
and the Basque Country), among individuals within
populations and within individuals. MICRO-CHECKER soft-
ware (Van Oosterhout et al. 2004) was used to check for
potential scoring errors and the presence of null alleles.

In addition, past bottleneck events and estimates of
effective migrants (Nm) among clusters within the last
few generations were assessed using BOTTLENECK version
1.2.02 (Cornuet & Luikart 1996; Piry et al. 1999) and a
Bayesian model implemented in MIGRATE software ver-
sion 3.0.3 (Beerli & Felsenstein 2001; Beerli 2006),
respectively. BOTTLENECK analyses were performed under
the three microsatellite mutational models available:
infinite allele model (IAM), stepwise (SMM) and two-
phase model of mutation (TPM) (with 95% stepwise
mutation). Recent migration analyses were conducted
following the recommendations of Beerli (2004). We
first did an initial run on our data set using FST to find
the start parameters, and we used the output of the ini-
tial run as the start parameters of our second run.
Because there were only minor differences between the
outputs from the first and the second runs, we pre-
sented only the output from the second run.

Spatial autocorrelation analysis

We assessed fine-scale spatial genetic structure (SGS)
using spatial autocorrelation analyses. Spatial autocorre-
lation analyses (i.e. the analyses of genetic relatedness
between pairs of individuals as a function of geographi-
cal distance) were conducted using spacepr 1.2 (Hardy
& Vekemans 2002). These were performed on the 15
polymorphic loci with kinship coefficients (F;;) (Loiselle
et al. 1995). As suggested by Vekemans & Hardy (2004),
F;; was chosen as a pairwise estimator of genetic relat-
edness, as it is a relatively unbiased estimator with low
sampling variance. The slope (b) of this linear regres-
sion does not depend on an arbitrary choice of distance
classes and, therefore, provides a good estimator of the
degree of SGS at this scale (Hardy & Vekemans 2002).
Because there is no consensus regarding how to gener-
ate distance classes, we used the recommendations of
Hardy & Vekemans (2002); i.e. in all cases, more than
50% of all individuals were represented at least once in
each distance interval, and the coefficient of variation of
the number of times each individual was represented
was less than one). Thus, to illustrate the pattern of spa-
tial autocorrelation, the number of spatial distance
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classes was set to 22, leading to a minimum of 148 pair-
wise comparisons per distance class. A jackknife proce-
dure over loci was used to estimate standard errors for
each distance class, and 10 000 randomizations of indi-
vidual spatial locations were performed to test for the
overall spatial structure (Hardy & Vekemans 2002).

IBD, IBR and IBB: competing models within a
reciprocal causal modelling framework

Construction of IBD, IBR and IBR models. We proposed
different alternative models governing gene flow: (i) a
simple model of isolation by distance (IBD), (ii) isola-
tion by barriers (IBB) obtained from both clustering
approaches (i.e. GENELAND and STRUCTURE) and
(iii) three different landscape resistance models previ-
ously optimized for the study species at the Basque
Country level (Ruiz-Gonzélez et al. 2014). Therefore, we
proposed six alternative models [i.e. IBD; IBB (GENE-
LAND and STRUCTURE) and IBR (LandFb_ 100,
LandFb 50 and EN; see Table 1 for further details) that
were later competed within a reciprocal causal mod-
elling framework (Cushman et al. 2013c). Full method-
ological details for model construction and evaluation
are reported in Appendix S2 (Supporting information).

Reciprocal causal modelling: (partial) Mantel correlations
between IBD, IBR and clustering (IBB) hypotheses. We
used reciprocal causal modelling (Cushman et al. 2013c)
to compete the alternative hypotheses governing gene
flow (i.e. IBD, IBB and IBR) and identify whether any
hypothesis is supported independently of all alternative
hypotheses. Cushman & Landguth (2010) found that the
inherent high correlation among alternative models
results in a high risk of spurious correlations using sim-
ple Mantel tests. Several refinements, including causal
modelling (Cushman et al. 2006), have been developed to
reduce the risk of affirming spurious correlations and to
assist model selection. However, Cushman et al. (2013¢)
showed these still suffer from elevated type I error rates.
Consequently, Cushman et al. (2013c) proposed ‘recipro-
cal causal modelling’, which they showed greatly lessens
type I error rates observed by Meirmans (2012) and Amos
et al. (2012) in landscape genetic analysis, allowing rigor-
ously testing for the joint and independent effects of
alternative resistance models (e.g. Yang et al. 2013; Cas-
tillo et al. 2014; Ruiz-Gonzalez et al. 2014).

The method of reciprocal causal modelling directly
competes all alternative hypotheses based on relative
support. The approach uses a pair of ‘reciprocal’ Mantel
tests for each pair of alternative resistance hypotheses
(Fig. S1, Supporting information). The first is a partial
Mantel test which calculates the partial Mantel
correlation between the first hypothesis (A) and genetic
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Table 1 Resistance parameters for the reciprocal causal mod-
elling of different hypothesis governing gene flow (i.e. IBD,
IBR and IBB)

IBR

Land uses IBD Land Fbsy Land Fb;oy EN

Forests 1 1 1 1
Forestry plantations 1 1 1 10
Scrubland 1 1 1 5
Agroforestry mosaics 1 1 1 20
Pastures and meadows 1 1 1 30
Rocks 1 50 100 40
Crops 1 50 100 60
Wetlands 1 100 100 100
National roads 1 200 200 200
Highways, urban areas, 1 1000 1000 1000

reservoirs and quarries

We tested (i) IBD-isolation by distance; (ii) IBR-isolation by
landscape resistance models optimized by Ruiz-Gonzélez et al.
(2014); Land_Fb100 and Land_Fb50: binary landscape resis-
tance maps indicating that pine marten gene flow in is facili-
tated by forests, forestry plantations, scrubland, agroforestry
mosaics and pastures and meadows and that crops have
approximately 100 (LandFb_100) or 50 (LandFb_50) times
higher resistance than optimal habitat and the existence of a
barrier effect of national roads, highways, urban areas, reser-
voirs and quarries. Ecological network resistance map, EN: a
resistance map analogous to that used in the design of the eco-
logical network of the Basque Country (Gurrutxaga et al.
2010a); and 3) IBB-isolation by barriers or clusters (IBB_Gene-
land and IBB_Structure).

The IBB models are not shown, as that hypothesis does not
assign resistance based on landscape conditions, but based on
STRUCTURE and on GENELAND group membership.

distance (G), partialling out the second (B) (G ~ A|B).
The second is a partial Mantel test which calculates the
partial Mantel correlation between the second hypothe-
sis and genetic distance, partialling out the first (G ~ Bl A)
(Fig. S1, Supporting information). The difference
between the partial correlations of these two tests
(AIB-BIA) is a measure of the relative support for
hypothesis A relative to hypothesis B (e.g. Cushman
et al. 2013b,c; Yang et al. 2013; Castillo et al. 2014)
(Fig. S1, Supporting information). Specifically, if
hypothesis A is correct, then the difference AIB-BIA
should be positive. Conversely, if hypothesis B is cor-
rect, then (AIB-B|A) should be zero or negative. The
reciprocal causal modelling approach works by calculat-
ing a full matrix of all the AIB-BIA differences
between each pair of alternative hypothesis. For a
model that is fully supported, all values in the column
associated with that hypothesis would be positive,
while all values in the row associated with that hypoth-
esis would be negative. This would indicate that that
hypothesis is supported independently of all alternative
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hypotheses (positive values down the column) and that
no alternative hypotheses are supported independently
of it (negative values across the row).

In addition to the reciprocal causal modelling matrix
(Cushman et al. 2013c), we calculated the raw form of
the partial Mantel matrix that provide further insights
when competing hypothesis could be jointly true (Cas-
tillo ef al. 2014) [see Appendix S3 (Supporting informa-
tion), with full methodological details of (partial)
Mantel correlations and competing hypothesis within a
reciprocal causal modelling framework (Cushman et al.
20130)].

Spatially explicit indices of genetic diversity based on
IBD

Software package sGD (Shirk & Cushman 2011) was
used to estimate genetic diversity indices based on
microsatellite genotypes and the pairwise distance
matrix generated from IBD, as this model was identified
as the dominant driver of gene flow of the pine marten
at this geographical scale (see Results). This approach
allows for the grouping of individuals based on spa-
tially explicit genetic neighbourhoods that take into
account the effects of a heterogeneous landscape on the
genetic diversity of clinal populations. We applied a
genetic neighbourhood diameter defined by the largest
geographical distance that is positively and significantly
correlated with genetic distance (o =0.05; Shirk &
Cushman 2011). We identified this point using a Mantel
correlogram characterizing the correlation of pairwise
genetic distances among individuals (based on Bray-
Curtis dissimilarity) across multiple ranges of pairwise
Euclidean distances. The largest distance class retaining
a positive Mantel correlation was chosen as the genetic
neighbourhood diameter (D).The autocorrelation of
pairwise genetic distances in the IBD model reached
zero at a distance of 69 km. Thus, we set D for all the
analysis as 69 km (Shirk & Cushman 2011) and the
minimum population size to 20 individuals. We calcu-
lated five genetic diversity indices based on the codomi-
nant marker genotypes of all individuals in the
neighbourhood using sGD: observed heterozygosity
(Hy), Nei’s gene diversity (Hg), Wright's inbreeding
coefficient (F;,), allelic richness (A,) and mean number
of alleles.

Results
Noninvasive sample collection and species
identification

Of 977 faecal samples collected from the entire study
area, 179 were discarded because they were not fresh or

because they presumably belong to the same individual
(samples separated by <1 km). About 670 of 798 anal-
ysed samples were classified as Martes sp. (M. martes
and M. foina) based on genetic species identification
results. Thus, unequivocal species identification was
possible in 84% of the samples. We effectively identified
323 faecal samples as stone marten and 347 as pine
marten.

Additionally, we obtained 74 tissue samples of pine
marten and 109 of stone marten from road-kill animals.
Thus, we obtained a total number of 421 samples of
pine marten and 432 of stone marten. The geographical
locations for the 670 correctly identified faecal samples
and 183 tissue samples of both species in the study area
are shown in Fig. 1. In this heterogeneous landscape,
the stone marten is widely distributed across the whole
study area, while the pine marten is restricted to the
main forested areas.

Individual identification and genotype checking

Of 347 faecal samples identified as pine marten, 120
were not included in the microsatellite genotyping pro-
cedure. These samples correspond to the sampling per-
iod from 2004 to 2005, which were used for a first
distribution assessment of sympatric martens in the
study area and were not potentially fresh enough for
microsatellite analysis (Ruiz-Gonzalez et al. 2013). Thus,
301 pine marten samples (227 faecal samples and 74 tis-
sue samples) were used for microsatellite genotyping.
The first quality-screening test, based on 4 replicates of
four loci, was not passed by 103 noninvasive samples
(45.4%), which were then discarded. The remaining 124
samples (54.6%) were amplified at the other 11 loci.
After multiple-tube genotyping, 41 samples from this
subset (33.06%) were also discarded because they
showed <50% PCR success, or because of high failure
rates. Full multilocus microsatellite genotypes were
obtained for the remaining 83 samples (66.93% from the
samples that passed the screening and 36.56% of the
total samples analysed), all showing reliability score
>0.95 (Miller et al. 2002).

The observed average error rates across loci were as
follows: ADO = 0.178 and FA =0.029. PID analysis
showed that the set of 15 loci would produce an identi-
cal genotype with a probability of 9.83 x 10~ "%, and
with a probability of 2.09 x 10~ for a full-sib, suggest-
ing no ‘shadow effect’ (i.e. all the genotypes identify
distinct individuals, and that matching genotypes were
recaptures of the same individual) (Mills et al. 2000).

After a regrouping procedure, we identified 66 indi-
vidual genotypes from faecal samples. The 74 tissue
samples were correctly genotyped at 15 loci and
provided new individuals. In total, we identified 157
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genotypes that correspond with 140 different individu-
als. The number of times each individual was detected
in the survey varied from 1 to 3 with a total number of
17 resamplings.

Bayesian clustering analyses

The GENELAND runs giving the highest average poste-
rior probability suggested the presence of four geograph-
ically coherent genetic clusters in the study area. The
modal population for each pixel of the study area
inferred by GENELAND indicated that there is a clear
spatial pattern with a west-to-east subdivision between
the four inferred pine marten populations (Fig. 2). Indi-
viduals from Navarre (a highly forested area) formed a
unique genetic cluster (NA) located in the eastern part of
the study area. Individuals from the Basque Country (an
area with low and high fragmentation of forest) formed
three different clusters: eastern Basque (EB), central Bas-
que (CB) and western Basque (WB) clusters (Fig. 2).
STRUCTURE provided consistent results over 20
replicated runs tested for each K. The log-likelihood val-
ues for each K [L(K)] increased quickly up to K = 3 and
then reached an asymptote (Fig. 3a). Calculation of AK
value (Evanno ef al. 2005) produced a distinct apex

value (300.75) when K = 3 (Fig. 3a), implying the likely
presence of three genetically distinct groups. The
assignment of individuals to populations for K = 3 is
presented in Fig. 3(b), and their spatial location is pro-
vided in Fig. 2.

The modal assignments by STRUCTURE approxi-
mately corresponded to those identified with spatial
information in the GENELAND analyses (Fig. 3b and
Fig. 2), with the exception of the WB cluster, which was
not identified in STRUCTURE (Fig. 3b and Fig. 2).
About 85.71% of the individuals (120 of 140) were
assigned probabilistically to the same genetic cluster,
that is N, EB and CB by both methods (taking into
account the assignment of the individuals by STRUC-
TURE to the population for which the estimated mem-
bership was the highest). In the case of the 12
individuals (8.57%) identified as a different cluster by
GENELAND (WB), these corresponded to individuals
assigned by STRUCTURE to the EB or CB cluster and/
or clearly admixed individuals (g < 0.7) and all of them
were located in the western part of the study area
(Fig. 3b and Fig. 2). The 8 individuals (5.71%) for which
each method provided different population assignments
were located between contact zones of different clusters
(Fig. 3b and Fig. 2).

N

A

Land uses
I Natural forests

gy Yroan areas, roads .
4 and reservoirs ¢

x5

Fig. 2 Modal population for each pixel of the study area according to GENELAND (K = 4) and spatial distribution of the cluster
membership coefficients according to STRUCTURE (K = 3) for each individual. The four genetic clusters are represented by different
colours: Navarre (NA) cluster — green, eastern Basque (EB) cluster — red, central Basque (CB) cluster — blue, western Basque (WB)
cluster — yellow. Structure results: each individual is represented by pie charts at the location where they were sampled (n = 140).
The colours indicate the average membership coefficients for each individual to each of the three clusters uncovered by STRUCTURE
(green, red and blue for cluster NA, EB and CB, respectively).
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Fig. 3 STRUCTURE analysis results. (a) Estimation of the number of pine marten clusters (K) from 20 independent runs for K = 1-8.
Dotted line is the mean Ln probability of the data (Ln P(K) (Pritchard ef al. 2000), and the solid line is the second-order rate of
change (4K) (Evanno et al. 2005), inferring that K = 3. (b) Distribution of the three genetic clusters generated by STRUCTURE. The
vertical lines are broken into coloured segments showing the proportion of each individual assigned to each of the inferred K. The
three genetic clusters are presented by different coloured columns and are displayed according to east-west spatial location of indi-
viduals: Navarre (NA) cluster — green, eastern Basque (EB) cluster — red and central Basque (CB) cluster — blue. Letters at the bottom
of the figure correspond to GENELAND inferred cluster composition for comparison. The western Basque (WB) GENELAND

inferred cluster corresponds to 12 admixed individuals.

Overall, both Bayesian methods indicate that the
entire M. martes population is separated into at least
three subpopulations with a strong spatial pattern
(Fig. 3b and Fig. 2) and with sharp borders between
populations. Comparing landscape data with popula-
tion boundaries (Fig. 2), it appears that geneflow barri-
ers revealed by both Bayesian methods coincided with
spatial distribution of anthropogenic habitat gaps
(boundary between CB and EB cluster) and the pres-
ence of the sympatric stone marten (boundary between
NA and EB cluster; Fig. 1 and Fig. 2).

Genetic diversity and HWE

The overall pine marten data set (n =140) is not in
HWE (P < 0.001) (Table 2). These results were consis-
tent with the existence of population structure, which is
to be expected at this broad geographical level (see
below). Four tests (of 60) deviated from HWE propor-
tions at P = 0.05 for the inferred populations. Loci Lut-
435 diverged from HWE proportions in two popula-
tions, while markers MP-0188 and Mel-1 deviated in
one of 4 populations. However, we observed no devia-
tion from HWE in each of the inferred populations
(Table 2). The clusters range in sample size from 12 to
47, with an average size of 35 individuals.

Thirty-one of 420 tests for LD (105 tests in each of
four populations) were significant at P = 0.05. However,
the significant LD tests involved different locus pairs

across the four populations, suggesting sampling effects
rather than physical genetic linkage. The results of
MICROCHECKER indicated that null alleles were
apparently present at two loci: MP0188 and Malo.
However, the estimated frequency of the null allele at
these loci occurred at a relatively low frequency (0.054—
0.060). For all 140 pine martens, the average observed
(Hy) and expected (He) heterozygosity values were
0.542 and 0.6191, respectively (Table 2). All 15 loci were
variable with the total numbers of alleles ranging
between 3 and 12 per locus. The mean number of alle-
les per locus in the 4 subpopulations ranged from 3.73
(WB) to 5.13 (NA), but allelic richness using rarefaction
to standardize groups to the smallest sample size pro-
vided more similar results among populations with val-
ues ranging from 3.17 to 3.96 (Table 2). Similar levels of
genetic diversity were observed within each of the 4
subpopulations (Table 2). Observed heterozygosities
ranged from 0.511 in the CB subpopulation to 0.588 in
the WB subpopulation. Fis values were positive but not
significantly different from zero in each of the inferred
clusters (Table 2).

Genetic differentiation, migration rates and population
bottleneck

Genetic differentiation among clusters was also revealed
by FST values and migration rates. All intercluster pair-
wise comparisons summarized by mean FST were sig-
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Table 2 Genetic diversity indices of pine

marten samples genotyped at 15 Cluster n A A, H, H, HWE P value (SE)  Overall Fj,
microsatellite loci
EB 47 4.200 344 05292 0.5621 0.0891 (0.0056) 0.0692
WB 12 38677 371 0.5878 0.5699 0.3991 (0.0192) 0.01298
CB 38 37333 317 05191 05338 0.3976  (0.0098) 0.04092
NA 43 51333 396 0.5608 0.5845  0.0559 (0.0047) 0.05245
Total 140 57333 566 05412 0.6191  0.0003 *(0.0002) 0.05130

Genetic clusters identified by Geneland: EB, eastern Basque; WB, western Basque; CB,
central Basque; N, Navarre; n, number of individuals; A, mean number of alleles per
locus, A, allelic richness, H,,, the mean observed heterozygosity, He, expected
heterozygosity, HWE, Hardy—Weinberg equilibrium P value and standard error and
overall Fj,. Significant values are marked with asterisk (P < 0.001).

nificant (P < 0.05, Table 3). FST values ranged from
0.056 to 0.170 (Table 2) and suggested low migration
rates. The NA cluster was the most differentiated sub-
population with the highest FST value.

This result is in agreement with AMova analysis show-
ing a high percentage of variation (11.07%) when con-
sidering Navarre and the Basque Country as the main
groups in comparison with the 4.27% of variation
among individuals within inferred clusters. Considering
all the individuals, the percentage of variation was
84.66%, supporting the evidence of population substruc-
ture. MIGRATE analysis also indicated that the migra-
tion rates between each genetic cluster were low, with
bidirectional migration rates ranging between 2.5 and
3.6 individuals per generation (Table 4). However, our
results indicated higher emigration from the EB cluster
to adjacent areas (i.e. CB and NA clusters) than from
adjacent areas to the EB cluster. BOTTLENECK analysis
found significant support (P < 0.05) for historical reduc-
tions in effective population size in each of the inferred
clusters under all three microsatellite mutational models
(i.e. IAM, SMM, TPM).

Spatial autocorrelation

Spatial autocorrelation analysis also suggested local
genetic structure within the study area. The negative
regression slope (b = —0.0437 SE = 0.00955) between
kinship coefficient and logarithmic distance between

Table 3 F-statistic (Fgr) tests for pairwise population differenti-
ation (GENELAND groups) based on microsatellite loci

frequencies

Cluster EB WB CB NA

EB — 0.05684* 0.07981* 0.11379*
WB — — 0.07480* 0.07753*
CB — — 0.17262*
*P < 0.05.
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individuals was significant (P < 0.001). There was sig-
nificant deviation from the population mean kinship
estimate in the closest and most distant distance classes
(Fig. 4). Positive values of kinship coefficient were
found at short distances, meaning that neighbouring
individuals had a higher genetic relatedness than ran-
dom pairs of individuals, whereas negative values of
kinship occurred at larger distances, indicating isolation
by distance within the whole study area. The intercept
of the correlogram with the X-axis was approximately
70 km (Fig. 4), suggesting that within this distance,
individual pine martens are more related than on aver-
age in the population.

Spatially explicit indices of genetic diversity

Using the Mantel correlogram, autocorrelation of pair-
wise genetic distances reached zero at a distance of
69 km and is thus similar to that obtained by spatial
autocorrelation analysis using F;; (Fig. 4). sGD mapping
of spatial patterns of genetic diversity revealed a trend
towards generally increasing observed heterozygosity,
gene diversity and number of alleles an allelic richness
from west to east across the study area (Fig. 5). All the
genetic diversity statistics from sGD analysis revealed a
sharp break in spatial genetic diversity coinciding with
the distribution gap between the Basque Country and

Table 4 Bidirectional estimates of gene flow (Nm) between
pine marten clusters as calculated with MIGRATE

Migration from

EB WB CB NA
Migration to
EB — 2.51806 2.5973 2.86636
WB 2.84265 — 3.62889 2.85025
CB 3.09339 2.52047 — 2.65878
NA 3.17622 2.51639 2.6798 —
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Fig. 4 Average kinship coefficients, Fj;, between pairs of pine martens individuals plotted against the Ln geographical distance.
Dashed lines represent 95% confidence intervals for Fj; under the null hypothesis that genotypes are randomly distributed. Significant
deviation of all distance classes from the population mean (P < 0.001) was observed with the exception of distance classes of 50 and

70 km.

Navarre pine marten populations (Fig. 2 and Fig. 5).
Overall, the lowest genetic diversity indices (H,, He, A,
and A) and the highest inbreeding coefficient (F;s) val-
ues are located in the Basque Country area (i.e. EB and
CB clusters) showing a spatially complex pattern and
contrasting with the more homogeneous pattern
obtained across the more continuous Navarre popula-
tion (i.e. NA cluster). Interestingly, sGD also showed an
apparent difference in diversity indices values between
CB and EB clusters. In addition, summary statistics
from sGD analysis showed dramatic differences in
genetic diversity values from CB to WB (Fig. 5). Thus,
sGD analysis reinforces the boundaries identified by
spatially explicit and nonexplicit Bayesian clustering
approaches.

Competing IBD, IBR and IBR

The relative support of the reciprocal causal modelling
matrix showed that IBD is the strongest overall single
hypothesis (Fig. 6a) and is supported independently of
IBB and IBR alternative hypotheses. However, the raw
form of the partial Mantel matrix (Fig. 6b), more appro-
priate when competing hypothesis that could be jointly
true, showed that IBD and IBB (i.e. isolation by STRUC-
TURE and GENELAND groupings) are supported inde-
pendent of all other hypotheses and are supported
independently of each other. (partial) Mantel correlation
results obtained for each model for both the log-trans-
formed and the untransformed distances provided simi-
lar results suggesting a consistent pattern (Fig. 6). All
the (partial) Mantel tests were statistically significant
(P < 0.001).

Discussion

An important issue in population and evolutionary
genetics is whether changes in landscape features create
barriers to gene flow and lead to discrete population
structure or whether clinal population processes create
isolation by distance or isolation by resistance patterns
of genetic differentiation (Meirmans 2012; Landguth &

Schwartz 2014). In this study, we found that the genetic
diversity and differentiation of a forest-dependant small
carnivore species inhabiting a heterogeneous landscape
follow a complex spatial genetic cline that is related
both to isolation by distance and putative habitat and
interspecific barriers. As a result, there is both clinal
variation in genetic diversity (decreasing from east to
west) and differentiation (increasing with distance and
more rapidly across ‘cluster’ boundaries), which pro-
duces strong genetic differentiation over short geo-
graphical distances.

Spatial genetic structure: clinal andfor hierarchical
clusters?

Our data did not support the hypothesis that pine mar-
tens in the study area exist as a single, panmictic popu-
lation. When we considered all sampled individual pine
martens, we detected a significant deviation from ran-
dom mating, indicating that M. martes were not dis-
tributed in a random fashion and were instead
associated with genetically defined clusters. Subpopula-
tion structuring of pine martens at the regional level is
confirmed when looking for genetic partitions using
Bayesian methods, spatial autocorrelation and sGD
analysis and further confirmed by the significant FST
values and low migration rates. Levels of genetic differ-
entiation among the clusters represented by pairwise
FST confirmed moderate to high levels of population
differentiation (0.056-0.113) and were significantly
higher than similar measures estimated among other
pine marten populations sampled across much wider
geographical areas in Europe (Kyle ef al. 2003; Pertoldi
et al. 2008; Mergey et al. 2012). Kyle ef al. (2003) found
an overall FST value of 0.18 (range: 0.016-0.330), com-
prising comparisons between geographically distant
European populations (e.g. Fsr value between Italy and
Germany 0.044), while Mergey et al. (2012) reported
FST values ranging between 0.047 and 0.052 for popula-
tions separated by more than 130 km. Thus, genetic dif-
ferentiation reported in this study suggested relatively
strong population structuring, taking into account the
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Fig. 5 Observed heterozygosity (H,), Nei's gene diversity (Hy), allelic richness (4,), number of Alleles (A), Nei's gene diversity (H)
and the inbreeding coefficient (Fj;) calculated using sGD for IBD model. Modal population for each pixel of the study area according
to GENELAND (K = 4) is shown. Land-use data and related resistance values are indicated according to the different top IBR models
identified by Ruiz-Gonzalez ef al. (2014) (i.e. EN, Land FB100 and Land Fb50). Blacks dots represent individuals without data as
they do not fit the minimum population size of n = 20 within the 69-km neighbourhood.

regional scale of the study area and the contiguous nat-
ure of the inferred clusters.

The results generated independently by spatially
explicit and nonspatial Bayesian approaches suggested
the presence of at least three genetic units, with a coher-
ent spatial pattern. Even though the number of clusters
varied between approaches (i.e. GENELAND, K =4
and STRCTURE K = 3), the location of, and member-
ship within, each of the inferred clusters was largely
concordant between methods. Both spatial and aspatial
Bayesian clustering methods inferred mainly the same
three genetic clusters (i.e. NA, EB and CB) and have a
clear convergence between the assignments of the indi-
viduals to each cluster (120 of 140 individuals analysed
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were assigned probabilistically to the same genetic
cluster), giving a high degree of confidence to the pro-
posed clustering solution (Guillot ef al. 2009).

A certain amount of nonconvergence between differ-
ent Bayesian clustering methods thus appears to be rel-
atively frequent (Frantz et al. 2009; Francois & Durand
2010; Blair ef al. 2012). In recent applications of spatially
explicit and implicit models together to the same data
set, when more than one model is used, the studies
often report consensual results (Fontaine et al. 2007;
Latch et al. 2008; Liu et al. 2009), but there are interest-
ing exceptions (Rowe & Beebee 2007; Ball et al. 2010;
Francois & Durand 2010; Frantz et al. 2012). The addi-
tional cluster exclusively identified by GENELAND (.e.
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WB) can be interpreted as an example of increased
power in spatially structured populations as has been
previously documented (Blair et al. 2012). However,
Francois & Durand (2010) showed that nonadmixture
models are not sufficiently robust to the inclusion of
admixed individuals in the sample, thus leading to an
incorrect assessment of population genetic structure in
many generic cases. Consequently, taking into account
the high proportion of admixed individuals encom-
passed within the WB cluster and the low number of
individuals (n = 12), the validity of the fourth inferred
GENELAND cluster should be interpreted with caution
and needs to be further evaluated with an increased
sample size.

As noted by the authors of the Bayesian algorithms
used here (Pritchard et al. 2000; Guillot et al. 2005b) and
recently shown by empirical and simulation studies
(Frantz et al. 2009; Schwartz & McKelvey 2009; Hobbs

et al. 2011; Blair et al. 2012; Aurelle & Ledoux 2013),
deviations from random mating not caused by barriers
to gene flow (i.e. spatial autocorrelation and IBD) may
have impacts on the accurate detection and interpreta-
tion of genetic structure. In this study, to test for the
presence of spurious genetic clusters and evaluate the
relative support for discrete vs. clinal structure, we
jointly tested the effect of clinal (i.e. IBD and IBR) and/
or discrete clustering (i.e. IBB) using a reciprocal causal
modelling approach (Cushman etal. 2013c, 2014).
Our results suggest a complex clinal pattern of increas-
ing isolation by distance, with steep gradients coincid-
ing with the Bayesian cluster boundaries. The
independent support of IBD and both IBB models (i.e.
GENELAND and STRUCTURE) within the reciprocal
causal modelling framework indicates nonisotropic cli-
nal structure with steep gradients of increasing differen-
tiation in areas corresponding to the cluster boundaries.
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By testing IBB, IBD and IBR using reciprocal causal
modelling (Cushman et al. 2013c), we were able to rig-
orously test for the joint and independent effects of
alternative clinal and discrete hypotheses of genetic
structure, which is an improvement over most previous
studies of genetic differentiation which did not formally
compete clinal and discrete alternative hypotheses (but
see Cushman & Landguth 2010; Cushman et al. 2014),
and typically struggle with high levels of type I error
and issues of affirming the consequent (Cushman et al.
20130).

Limiting factors acting at different spatial scales

The fact that IBD and IBB outperformed the IBR models
optimized in the study by Ruiz-Gonzalez et al. (2014)
could reflect different limiting factors acting at different
spatial scales (Cushman et al. 2013b). Specifically, the
IBR model was optimized in the Basque Country, which
is characterized by relatively low extent and high frag-
mentation of forest, while the larger extent of the cur-
rent study area includes large areas of highly connected
habitat in the Navarre region. Cushman et al. (2013b)
showed that when the landscape is highly fragmented,
isolation by resistance is detectable independently of
isolation by distance, but as habitat extent increases and
fragmentation declines, the ability to independently
detect effects of IBR declines. The limiting factor issue
in landscape genetics has been thoroughly described in
Cushman et al. (2013b), and this appears to be what is
happening in this study. Similarly, Wasserman ef al.
(2012) used simulation modelling to show that when
suitable American pine marten (Martes americana) habi-
tat was not highly fragmented, statistical models were
not able to detect the effects of habitat fragmentation on
gene flow because of the limiting factor issue described
by Cushman et al. (2013b). Therefore, the fact that none
of the IBR hypotheses were supported independently of
IBD or IBB in this study should be interpreted within
the context of previous work which showed that pine
marten gene flow is indeed affected by habitat fragmen-
tation in portions of the range that are highly frag-
mented (Ruiz-Gonzalez et al. 2014). Indeed, this has
been demonstrated by the presence of sharp genetic dis-
continuities largely mirroring habitat gaps between
populations and previous landscape genetic findings,
suggesting an important landscape effect of human-
dominated landscapes in the Basque Country area
(Ruiz-Gonzélez et al. 2014). Additionally, the pine mar-
ten population is experiencing range expansion in some
areas of the northern Iberian Peninsula, which may pro-
duce a time lag effect leading to weak or undetectable
landscape genetic relationships during the range
expansion event (Anderson et al. 2010; Reding et al.
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2013). Based on simulations, Landguth et al. (2010)
found that distance and landscape effects can be
detected almost immediately in spatial genetic patterns
(1-15 generations), but do not reach equilibrium for
several hundred generations. Thus, a temporal lag in
the build-up of a genetic response together with the
effects of the limiting factor issue (Cushman et al.
2013b) may be contributing to the inability to disentan-
gle a landscape effect from a pure distance and/or bar-
rier effect. Similar results have been recently obtained
by Reding ef al. (2013), in an expanding recolonizing
bobcat population in a landscape that might not be lim-
iting gene flow. Recently, Cushman (2015) described a
number of challenges in the landscape genetic analysis
of expanding populations, including nonequilibrium
between landscape and genetic structure, the limiting
effects of congeneric competitors and possible differ-
ences in factors limiting gene flow across the expanding
population. All three of these issues are identified as
possible explanations of the results reported here. As
suggested by Cushman (2015), future work should seek
to confirm and separate these processes by employing
simulation modelling (e.g. Landguth et al. 2010) and/or
comparative mensurative replicated field experiments
(i.e. sampling is conducted in a structured way and is
blocked into units corresponding to variables of inter-
est; e.g. McGarigal & Cushman 2002; Short Bull et al.
2011; Shirk ef al. 2014).

Spatially explicit evaluation of genetic diversity

Diversity indices are typically calculated from the mul-
tilocus genotypes of all individuals sampled within dis-
cretely defined habitat patches, larger regional extents
and/or based on clustering approaches (Shirk & Cush-
man 2011, 2014). In this study, we compared diversity
indices calculated for putative clusters and across the
population in a continuous moving-window approach
using sGD (Shirk & Cushman 2011). We found that
diversity indices based on clustering approach were
intermediate between the highest and lowest values cal-
culated with sGD (Table 2, Fig. 5). However, the dis-
crete population approach did not capture the clinal
attributes of population structure. Thus, the sGD analy-
sis provided a more accurate measure of genetic diver-
sity patterns that are hidden using standard population
genetic approaches that assume discrete population
structure.

Spatially explicit sGD analysis clearly showed a com-
plex spatial pattern of genetic diversity that reinforces
the existence of clines of varying steepness across the
study area, with gradients in genetic diversity which
steepen at the clustering boundaries. This reinforces the
presence of dispersal barriers in these locations, but
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reinterprets their meaning as areas of relatively more
rapid change within an overall continuous and clinal
pattern of genetic differentiation and diversity. This is a
welcome finding, because while clustering suggests
population subdivision in these areas, spatially explicit
genetic diversity analysis showed that these subdivi-
sions are characterized by reduced genetic diversity,
reflecting low population density and gene flow. Inter-
estingly, the lowest genetic diversity and highest FIS
values were found in the fragmented landscape of the
Basque Country area (i.e. CB, EB, WB clusters), with an
increased genetic diversity eastwards, in the continuous
forest system of the Pyrenees (i.e. NA cluster).

Putative barriers to gene flow: synergic effects of
overharvesting, habitat fragmentation and landscape
structure

Different and nonexclusive hypotheses can explain the
significant genetic structure observed in pine marten
populations at the regional scale. First, overharvesting
driven by their valuable fur greatly depleted pine mar-
ten populations during 20th century across northern
Spain (Lopez-Martin 2007). The three primary genetic
consequences of overharvesting are the alteration of
population structure, loss of genetic variation and evo-
lution resulting from selection (Harris et al. 2002; Allen-
dorf et al. 2008). Second, habitat fragmentation and
deforestation may have had important consequences for
population genetic structure, given the species’ high
dependence on forest habitats and strong sensitivity to
habitat loss (Schwartz et al. 2012). Therefore, our results
suggested that overharvesting processes in combination
with deforestation and forest fragmentation (Lopez-
Martin 2007) could be the main drivers of the popula-
tion decline and range contraction of pine marten popu-
lations in the study area, thus leading to (i) recurrent
population bottlenecks detected in all the inferred clus-
ters, (ii) the strong spatial genetic structure observed
between geographically proximal localities and (iii) very
limited migration between adjacent subpopulations.
Consistent with these findings, the genetic discontinuity
found between CB and EB, evidenced by the Bayesian
clustering and spatially explicit indices of genetic diver-
sity, clearly overlapped with the geographical location
of an area characterized by a high density of roads, the
presence of large man-made reservoirs and the high
presence of human urbanization (Fig. 2). Indeed, this
area has been previously identified as one of the critical
connectivity areas in the framework of the Basque con-
nectivity network, specifically designed for forest species
(Gurrutxaga et al. 2010a,b). Moreover, recent research in
the Basque Country has shown that gene flow of pine
marten is facilitated through natural vegetation and is

diminished in human-dominated land uses such as agri-
cultural, urban areas and linear anthropogenic barriers
such as highways (Ruiz-Gonzdlez et al. 2014). On the
other hand, we found that the Navarre population,
which inhabits a region characterized by extensive and
well-connected forest, is represented by a single genetic
cluster, suggesting that in this area, habitat fragmenta-
tion does not create deviance from isolation by distance.
These results are in agreement with previous studies
suggesting that forest fragmentation may often be one of
the main factors structuring present-day genetic diver-
sity in forest-dwelling species (Broquet et al. 2006; Segel-
bacher et al. 2008; Liu et al. 2009).

In addition to habitat fragmentation and overharvest-
ing, our results suggest that interspecific competition
between sympatric marten species (Goszczynski et al.
2007; Virgos et al. 2012) could also contribute to the
genetic structuring of pine marten populations. In con-
trast to the pine marten, which have experienced wide-
spread population declines and are either threatened or
rare in many European countries (Proulx et al. 2004),
the range and density of stone martens has increased in
many countries (Proulx ef al. 2004; Virgos et al. 2012). It
has been hypothesized that these inverse demographic
trends may have amplified interspecific competition,
potentially leading to further reduction in the pine mar-
ten’s range (i.e. stenotopic species) and the geographical
expansion of the stone marten’s (i.e. synanthropic spe-
cies) (Goszczynski et al. 2007; Virgds et al. 2012), which
shows more behavioural plasticity, a broader habitat
and climate niche (Virgos et al. 2012), and being less
vulnerable to anthropogenic changes and human pres-
ence (Herr et al. 2009; Virgos et al. 2012). Spatial distri-
bution data obtained through a long-term noninvasive
genetic monitoring provided support to this hypothesis,
showing an overall spatial segregation pattern, with the
pine marten confined to remnant forest habitats and the
stone marten inhabiting a wide range of landscapes,
from forested areas to human-dominated landscapes.
Interestingly, we found that the genetic discontinuity
located between the EB and NA clusters corresponded
to an area where the pine marten distribution shows a
clear gap in spite of the presence of suitable forest habi-
tat (Fig. 1 and Fig. 2). Indeed, the distribution gap
matched with a pattern of local abundance of the more
synanthropic stone marten. Consequently, the coloniza-
tion of new areas by the pine marten may be signifi-
cantly reduced in areas where the stone marten is well
established, thus acting as a potential biotic barrier to
gene flow between pine marten populations which
could synergistically amplify the effects of other abiotic
factors. These results provide an interesting insight into
the potential effects of interspecific competition on dis-
persal and genetic structure in sympatric carnivores
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that should be further explored. An ongoing work on
multiscale habitat suitability modelling (Vergara et al. in
prep.) will allow more accurately assessing the inter-
specific relationships of martens in relation to environ-
mental and landscaping variables.

Implications for conservation and connectivity
restoration

Our results show that the demographic bottleneck in
the 20th century, which resulted from the combined
effects of habitat loss and persecution, has impacted
genetic variation of the pine marten. Moreover, these
processes gave rise to an increased range contraction
and spatial differentiation between remnant populations
inhabiting remnant forested mountainous habitats of
the Basque Country that perfectly matched the core
areas of the identified pine marten clusters. In addition,
our study identified a clear distributional gap between
the Basque Country populations and those occupying
the Pyrenean range (i.e. Navarre) that corresponds to a
major genetic disjunction. If the species continues to fol-
low the recent pattern of range recovery in the study
area (pers. obs.), which is also reported in other pine
marten populations (e.g. Balestrieri et al. 2010; O’'Ma-
hony ef al. 2012), this could re-establish genetic
exchange between some isolated populations identified
in our study. However, the identified barriers for dis-
persal could seriously hamper this recolonization pro-
cess. The resistance surfaces and genetic diversity
mapping we produced may be instrumental in identify-
ing areas where management intervention, such as re-
introductions or assisted migration, would be war-
ranted. Additionally, the populations under study,
inhabiting at the southwesternmost frontier of the spe-
cies range, are of special conservation relevance as they
are restricted to a very narrow ecological niche and
associated small population sizes and high population
fragmentation, which are further threatened by ongoing
climatic warming.

For effective pine marten conservation on the Iberian
Peninsula, securing dispersal between disjunct habitat
patches appears to be the major challenge. Indeed,
ensuring connectivity is of high priority in the study
area (Gurrutxaga et al. 2010a,b) as this region is consid-
ered of strategic importance for the conservation of eco-
logical connectivity in southwestern Europe (Mallarach
et al. 2010), given its critical location as a linkage
between the Cantabrian and the Pyrenees mountains.
Thus, given severe limitations to connectivity among
remnant populations (Ruiz-Gonzalez et al. 2014) in
interaction with an abundant and widespread potential
competitor (i.e. Martes foina), additional conservation
measures should explicitly consider population

© 2015 John Wiley & Sons Ltd

processes operating at the landscape scale to ensure
population connectivity (Cushman et al. 2013a). Improv-
ing habitat quality and connectivity to mitigate the
identified barriers will not only improve the long-term
persistence of the pine marten but also favour connec-
tivity for other forest-associated species (Gurrutxaga
et al. 2010a). The future coexistence and relative abun-
dances of the two martens in forest habitats will thus
depend on the mode of forest management as well as
on the existence of effective corridors connecting neigh-
bouring forest patches (Goszczynski et al. 2007; Gur-
rutxaga et al. 2010a). Additional fine-scale demographic
and genetic surveys of Martes spp. will be necessary in
the next years to effectively monitor the conservation
status of sympatric marten populations.

Conclusions

Very few studies have rigorously evaluated and jointly
tested the effects of clinal (IBD and IBR) and discrete
structuring (IBB) using different comparable analytical
approaches (Cushman & Landguth 2010; Cushman et al.
2014), and fewer still have employed spatially explicit
indices of genetic diversity (Shirk & Cushman 2011) to
describe and quantify complex patterns of genetic
diversity. To our knowledge, this study is the first to
disentangle discrete (IBB) and/or clinal population
structure (IBD and/or IBR) in a forest-dwelling meso-
carnivore. By directly competing clinal and discrete
alternative models in an individual-based landscape
genetic framework, we demonstrated that there is a
complex clinal structure with areas of strong local dif-
ferentiation associated with distribution gaps, areas of
low population density, habitat fragmentation and
abundance of a potential congeneric competitor. In com-
posite, our results have shown that pine martens inhab-
iting a fragmented landscape at the southern edge of
species distribution do not belong to a single panmictic
population, but rather form a complex cline that is rep-
resented jointly by IBD and putative habitat and inter-
specific barriers producing strong genetic differentiation
over short geographical distances.

The data reported in this study suggested that habitat
loss and fragmentation, in synergy with past overhar-
vesting and interspecific competition with the stone
marten, are likely the main factors responsible for the
reduced range, recurrent bottlenecks and low migration
rates in pine marten populations, giving rise to the
observed spatial genetic structure. Several landscape
features (i.e. unforested areas, urbanized areas, roads
and man-made reservoirs) act as moderators of gene
flow because of their high resistance to pine marten
migrations (Ruiz-Gonzalez et al. 2014), and hence, their
cumulative effect likely led to the differentiation of the
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inferred genetic units. Overall, these findings are of
interest to the wide audience of scientists interested in
landscape and evolutionary genetics, emphasizing the
need for a more thorough evaluation of different
hypothesis governing gene flow (i.e. IBD, IBR and IBB)
in landscape genetic studies, and the potential influence
of different limiting factors affecting spatial genetic
structure at different spatial scales. Future work explor-
ing the interaction of range expansion and limiting fac-
tors should be undertaken to further explore and
explain the joint clinal and clustered structure of pine
marten populations in northern Spain (e.g. Cushman
2015).
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Data accessibility

Sample locations, microsatellite data and clustering
assignment (complete genetic profiles at 15 microsatel-
lite loci, geographical coordinates and Bayesian cluster-
ing assignment according to STRUCTURE and
GENELAND for the 140 pine marten individuals), land-
scape resistance maps (raw ascii files of the optimal
resistance models i.e. IBR_EN, IBR LandFB 100 and
IBR_LandFb_50), LCD matrices for IBD, IBR (IBR_ EN,
IBR LandFB 100, IBR LandFb 50) and IBB (IBB_STR
and IBB_GEN) models and genetic distance (Rousset’s
a) matrix are accessible on Dryad Digital Repository,
doi:10.5061/dryad.2k4b7.

Supporting information

Additional supporting information may be found in the online
version of this article.

Fig. S1 Support for hypothesis A relative to hypothesis B is
determined using two partial Mantel tests. Test 1: G ~ AIB,
produces correlation 1 in the diagram above. Test 2: G ~ BI A,
produces correlation 2 in the diagram above. If hypothesis A is
supported relative to hypothesis B, we would expect the value
of 1-2 to be positive. In contrast, if hypothesis A is not sup-
ported relative to hypothesis B then we would expect the value
of 1-2 to be negative.

Appendix S1 Full methodological details of noninvasive
genetic sampling: mtDNA species identification and individual
identification from microsatellite genotyping

Appendix S2 Methods for construction of IBD, IBR and IBR
models

Appendix S3 Methods for reciprocal causal modelling including
(partial) Mantel correlations between isolation by distance (IBD),
landscape resistance (IBR) and clustering (IBB) hypotheses
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