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Abstract
Understanding landscape impacts on gene flow is necessary to plan comprehensive management and conservation strategies
of both the species of interest and its habitat. Nevertheless, only a few studies have focused on the landscape genetic connectivity of the European wildcat, an umbrella species whose conservation allows the preservation of numerous other species
and habitat types. We applied population and landscape genetics approaches, using genotypes at 30 microsatellites from 232
genetically-identified wildcats to determine if, and how, landscape impacted gene flow throughout France. Analyses were
performed independently within two population patches: the historical north-eastern patch and the central patch considered as
the colonization front. Our results showed that gene flow occurred at large spatial scales but also revealed significant spatial
genetic structures within population patches. In both population patches, arable areas, pastures and permanent grasslands
and lowly fragmented forested areas were permeable to gene flow, suggesting that shelters and dietary resources are among
the most important parameters for French wildcat landscape connectivity, while distance to forest had no detectable effect.
Anthropized areas appeared highly resistant in the north-eastern patch but highly permeable in the central patch, suggesting that different behaviours can be observed according to the demographic context in which populations are found. In line
with this hypothesis, spatial distribution of genetic variability seemed uneven in the north-eastern patch and more clinal in
the central patch. Overall, our results highlighted that European wildcat might be a habitat generalist species and also the
importance of performing spatial replication in landscape genetics studies.
Keywords Felis s. silvestris · France · Landscape genetics · Linear mixed effects model · Maximum-likelihood population
effect · Population genetics
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The landscape, defined as a heterogeneous area for at least
one factor of interest (Turner et al. 2001), in which organisms evolve has many implications for population ecology.
For instance, its composition (i.e. which habitat or cover
type are present and how much, Turner & Gardner 2015)
determines the amount of available habitat for a given species or population, which is, in turn, linked to individual performances, population dynamics and thus distribution and
persistence (Fahrig 2003 and references therein). In addition
to composition, landscape configuration (i.e. the arrangement of spatial elements within the landscape, Turner &
Gardner 2015) also interacts with population ecology since
it participates in determining landscape connectivity. Landscape connectivity is defined as ‘‘the degree to which the
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landscape facilitates or impedes movement among resource
patches’’ (Taylor et al. 1993). It refers to both structural and
functional connectivity, the former relying on physical characteristics and the latter integrating behavioural responses
of organisms to this physical landscape structure (Taylor
et al. 2006). By affecting individual movements, landscape
also impacts natal and breeding dispersal and thus gene flow
and population genetic structures. Gene flow contributes to
maintaining genetic diversity, therefore preventing inbreeding depression (Keller & Waller 2002) and fixation of deleterious alleles (Lynch et al. 1995), preserving adaptive
potential of populations (Frankham et al. 2004) and avoiding
extinction vortices (Crooks & Sanjayan 2006). Studying the
impact of landscape on gene flow and describing landscape
genetic connectivity is thus of primary importance to plan
comprehensive management and conservation strategies.
Landscape genetics, combining population genetics, landscape ecology and spatial statistics, allows for the studying
of landscape genetic connectivity and identifying landscape
features that are permeable (i.e. favouring) or resistant (i.e.
impeding) to gene flow (Manel et al. 2003). Several landscape characteristics have thus been shown to impact gene
flow in numerous carnivore and herbivore taxa (e.g. natural and anthropogenic linear landscape features, Riley et al.
2006, Cullingham et al. 2009, Portanier et al. 2018; type of
available habitats, Perez-Espona et al. 2008; or the degree
of habitat fragmentation, Wan et al. 2018). In addition to
structural landscape characteristics, genetic connectivity in
landscapes can be impacted by other ecologically relevant
factors like prey density (e.g. Yumnam et al. 2014), human
disturbances (landscape of fear, Laundré et al. 2001, see
e.g. Larroque et al. 2016a) or climate change (e.g. Wasserman et al. 2012). Furthermore, since landscape connectivity
depends in part on the behaviour of individuals, it can vary
according to the species and to the classes of individuals
within species (e.g. sexes, Portanier et al. 2018; ages, Larroque et al. 2016a).
Within species, differences might also be observed
between populations as a result of variations in ecological
factors (e.g. mountainous and non-mountainous areas in the
Pine marten Martes martes, Larroque et al. 2016b) and ecological context (e.g. behavioural differences of dispersers
in the Iberian lynx Lynx pardinus, Ferreras 2001). Differences in dispersal behaviour between individuals and their
consequences for spatial genetic structure have also been
reported between subpopulations characterized by different
demographic histories. This is for instance the case in invasive species, between already-colonized sites and spreading
invasion fronts (Pizzatto et al. 2017) or between historical
and recolonizing populations of European wildcats Felis
silvestris silvestris (Hartmann et al. 2013; Würstlin et al.
2016). Studying landscape genetic connectivity in different
populations of the same species is therefore of paramount
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importance to better understand the effects of the landscape on population processes (Short-Bull et al. 2011). It is
especially relevant in the current context of global changes
impacting the composition and configuration of landscapes
(e.g. human activities, climate change; Foley et al. 2005;
Turner & Gardner 2015) and animal behaviour (Marchand
et al. 2014; Tarjuelo et al. 2015). Despite an increasing
amount of research done in this field in recent decades, the
impacts of landscape on populations of numerous species
are still unknown, especially in understudied small Felidae
(Anile & Devillard 2015).
Although being classified as ‘Least Concern’ by the International Union for the Conservation of Nature, European
wildcat populations are declining (Yamaguchi et al. 2015)
and it is considered an endangered taxa across most of its
geographical range, being legally protected by European
laws (Appendix II of CITES, Annex IV of the EU Habitats
Directive 92/43/EEC, Appendix II of the Bern Convention)
and other national legislation (Lozano & Malo 2012, Breitenmoser et al. 2019, Gil-Sanchez et al. 2020). In addition,
like many carnivores, European wildcats are considered an
umbrella species. Their conservation thus allows preserving numerous other species and habitat types (e.g. Eurasian
lynx, Lynx lynx and mustelids, Noss et al. 1996, Virgos et al.
2002, Jerosch et al. 2009, 2018). Several threats to wildcat
populations have been identified, such as human persecution
and activities, habitat loss and hybridization (Yamaguchi
et al. 2015, Breitenmoser et al. 2019). However, to date,
while numerous studies have focused on hybridization with
domestic cats (Felis silvestris catus, e.g. Beaumont et al.
2001, Oliveira et al. 2008, Hertwig et al. 2009, Devillard
et al. 2014, Steyer et al. 2018, Quilodrán et al. 2019, Beugin
et al. 2016, 2020, Tiesmeyer et al. 2020), only a few have
focused on genetic structures and landscape genetic connectivity (Daniels et al. 2001; Hartmann et al. 2013; Mattucci
et al. 2013, 2016; Steyer et al. 2016; Würstlin et al. 2016;
Westekemper et al. 2021) and almost none have reported on
the French wildcat despite being one of the largest populations in Europe (but see Say et al. 2012).
Spatial ecology studies nevertheless showed strong relationships between several habitat types, ecological factors
and wildcat presence or habitat selection, suggesting that
landscape might influence gene flow. The presence of forested areas, providing shelters (i.e. both features that allow
moving without being seen by humans, predators or preys
and that constitutes resting/nursing sites) have been shown
to favour wildcat presence in several populations (e.g. Klar
et al. 2008, Jerosch et al. 2009, Beugin et al. 2016, Anile
et al. 2019). However, open areas (scrublands, meadows,
pastures) providing preys are also important habitat categories for this species (Klar et al. 2008; Lozano et al. 2003;
Lozano 2010). These variations in habitat preferences suggest that that the presence of both shelters and preys are

Conservation Genetics

more crucial for habitat suitability than the habitat type itself
(Monterroso et al. 2009; Lozano 2010; Silva et al. 2013;
Jerosch et al. 2018; Anile et al. 2019). Shelters might indeed
be found in the dense vegetation of forested areas, but also
in scrubs or tall herbaceous vegetation of open areas (Klar
et al. 2008, Jerosch et al. 2009, 2018, Anile et al. 2019). Forest fragmentation seem to be another important landscape
feature which has been shown to negatively impact wildcat
presence (Anile et al. 2019). Similarly, human infrastructures and presence appear to be avoided (Klar et al. 2008;
Oliveira et al. 2018). In the present study, we were therefore interested in determining if these diverse landscape
features also impact gene flow in European wildcats, contributing valuable information for their conservation and
management.
Using genotypes at 30 microsatellites from 232 individuals sampled in the French wildcat populations (excluding
the Pyrenean population), we applied population and landscape genetics approaches to decipher the genetic structure
of populations and to investigate which landscape elements
determine gene flow. We selected landscape features based
on previous knowledge on European wildcat habitat preferences. Given the importance of shelters and preys (small
mammals and rabbits, Malo et al. 2004; Apostolico et al.
2015) for habitat suitability, we expected habitat categories providing such resources to be permeable to gene flow.
Opposingly, habitat categories not providing such resources
or being human-dominated were expected to have neutral
or negative impacts on gene flow. We also accounted for
forest fragmentation and expected a higher permeability of
less fragmented forested patches as compared to fragmented
ones. Finally, since the French population has previously
been shown to be divided in two subpopulations genetically
differentiated separated by the Paris-Lyon highway (Say
et al. 2012), all genetic analyses were performed within subpopulations. The north-eastern population patch is thought
to be the historical endemic patch, having been settled for
longer than the central patch, thought to represent the colonization front of the population and thus being in expansion
(Say et al. 2012). Since different dispersal behaviours and
spatial genetic structures can be observed in settled or colonizing populations (see Hartman et al. 2013, Würstlin et al.
2016, Pizzato et al. 2017), differences in the permeability of
landscape features to gene flow between the two population
patches could also be expected.

Materials and methods
Study population and data collection
Samples mostly came from the long-term monitoring of
road-killed wildcats in France (1999–2016, Say et al. 2012;

Devillard et al. 2014) covering the distribution of the European wildcat as established in 2012 (Say et al. 2012), and
a broad peripheral zone representing the putative expansion area. Surveys were conducted by officers of the French
Office for Biodiversity (OFB), professionals of various hunting associations and by naturalists specifically trained to recognize the wildcat coat pattern. Road-killed animals were
collected if they exhibited all typical wildcat pelage characteristics: (i) a tail with a large, rounded, black tip and at least
two black bands that completely encircled the tail; (ii) one
thin, straight, dorsal stripe, interrupted at the root of the tail;
(iii) lateral stripes that are not pronounced and not linked
to the back stripe; (iv) light-tawny or grey-coloured fur. A
tissue sample of the ear or hairs (with bulbs) was collected
for each specimen. The sample set was enhanced by local
hair-trapping protocols. Overall, n = 413 samples were available for the present study (346 road-killed animals, 33 dead
animals from unknown causes, 34 hair-trapped animals).

DNA extraction and microsatellite genotyping
DNA extraction was conducted at the Antagene Laboratory
(La-Tour-de-Salvagny, France, http://www.antagene.com/)
using Nucleospin 96 Tissue kit (Macherey–Nagel, Düren,
Germany), in sterile conditions (i.e. a designated extraction
room free of DNA, using disposable sterile tools, cleaning
bench with bleach) and in the presence of negative and positive extraction controls. The samples were lysed overnight
at 56 °C (according to manufacturer) and DNA was purified
and isolated using purification columns and vacuum filtration. DNA was eluted with 100 µL of elution buffer to obtain
final concentrations between 20–100 ng/µL. Extracts were
stored in labelled 96-strip tube plates in a − 20 °C freezer.
For each DNA sample, 32 microsatellites were amplified
by three multiplexed PCRs (polymerase chain reaction, see
Supplementary data 1, Table S1 and Menotti-Raymond et al.
1999; Pilgrim et al. 2005; Beugin et al. 2016, 2020) and
analysed in three runs (one for each multiplex) with an automated sequencer. PCR reactions were prepared step-by-step
according to a unidirectional workflow starting in a clean
room with positive air pressure to prepare sensitive reagents
(enzymes and DNA primers) and continuing in a pre-PCR
room for combining DNA and reagents using filtered tips.
Three negative and positive controls were included per
PCR reaction. PCR amplifications were then performed
in a dedicated post-PCR area in 96-well microplates with
a final volume of 10 µl containing 5 µl of mastermix Taq
Polymerase (Type-It Microsatellite PCR Kit, Qiagen,
Hilden, Germany), and either 1.66 µL of a first pool of
15 pairs of primers, 0.91 µl of a second pool of 9 pairs
of primers or 0.88 µl of a third pool of 11 pairs of primers at a concentration from 0.12 to 1.00 µM each, and a
mean of 30 ng of genomic DNA. Each pair of primers was

13

Conservation Genetics

coupled with fluorescent dye. Our PCR thermal protocol
consisted of 5 min at 95 °C, followed by 35 cycles: 95 °C
for 30 s, 56.8 °C, 57 °C or 59 °C for 90 s, and 72 °C for
60 s; and ended by an extension step at 60 °C for 30 min.
PCR products were resolved on an ABI PRISM 3130 XL
capillary sequencer (ThermoFisher Scientific, Waltham,
Massachusetts) under denaturing conditions (Hi-DiTM
Formamide, ThermoFisher Scientific, Waltham, Massachusetts) with an internal size marker prepared once and
dispatched equally in all sample wells of each multiplex
run. The electropherograms were analyzed independently
by two analysts using GENEMAPPER 4.1 (ThermoFisher
Scientific, Waltham, Massachusetts) to determine the
allele sizes for each marker of each individual. When the
genotypes determined by each analyst was not congruent, the electropherograms were read again, reading errors
were resolved, and in case of persistent disagreement,
ambiguous results were considered as missing data.

Fig. 1  Spatial distribution of
the wildcats sampled in the
north-eastern (green), central
(blue), and Pyrenean (orange)
population patches. In grey,
the national distribution of the
species (10 × 10 km grid from
the European Environmental
agency) from OFB data collected between 2000 and 2017
(validation from morphological
and/or anatomical characters,
see Devillard et al. 2014 for
details). The red line indicates
the Paris-Lyon highway (see
Say et al. 2012). The main
border countries are indicated
(BE: Belgium, DE: Germany,
CH: Switzerland, IT: Italy, ES:
Spain)
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Molecular identification of wildcats
While morphological identification of wildcats can be challenging, molecular identification has been shown to have
greater accuracy (Nussberger et al. 2013; Devillard et al.
2014). To reliably identify wildcats among the 413 individuals genotyped in the present study, we followed O’Brien
et al. (2009), Say et al. (2012) and Devillard et al. (2014)
methodology, using STRUCTURE software (Pritchard et al.
2000). As detailed in Supplementary data 2, this approach,
of which the accuracy was also assessed (see Supplementary
data 2), allowed us to reliably identify 272 “pure” wildcats
among the 413 collected samples. Molecular identification was performed on all the available samples, including
samples from the Pyrenees (south-western France). However, only a restricted number of “pure” wildcats (n = 40)
were available for this part of France precluding a withinpopulation landscape genetics analysis in the Pyrenees. No
wildcats have been observed or detected in areas between
the Pyrenees and the central part of France (Fig. 1). Genetic
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connectivity was thus unexpected between these two areas
and Pyrenean samples were not considered in subsequent
landscape genetics analyses, which included 232 individuals
continuously distributed over central-east France.

Genotyping errors
In the wildcat dataset, two microsatellites among the 32
amplified and genotyped (F37 and FCA577) had a high
number of unamplified individuals (58.8% and 51.1%,
respectively) and were excluded from further analyses. We
performed a correspondence analysis using the Genetix
v4.05.2 software (Belkhir et al. 2004) for the 30 remaining
loci in order to detect and exclude outliers. We then used
MICROCHECKER v.2.2.3 (Van Oosterhout et al., 2004) to
search for the presence of null alleles. Finally, three identical genotypes were identified using the matching option in
GenAlex v.6.501 (Peakall & Smouse, 2006, 2012). These
three genotypes were merged in a consensual genotype that
was considered in downstream analyses.

Population genetics analyses
In a previous study on spatial genetic structure of French
wildcats, Say et al. (2012) evidenced a clear subdivision
of the continuously distributed wildcats from the centraleast part of France. Two subpopulations were identified:
the north-eastern and the central patches. Based on these
previous results and after having verified that the spatial
structure is still present in our dataset (Supplementary data
3), we divided it in two subsets for subsequent analyses. The
subdivision was done based on the Paris-Lyon axis (Fig. 1),
supposed to be responsible for the genetic differentiation
observed between the two patches (Say et al. 2012, Supplementary data 3). A total of 118 (38 females, 58 males and
22 with undetermined sex) and 114 (40 females, 62 males
and 12 with undetermined sex) individuals were assigned
to the central and north-eastern patches, respectively. We
determined classic genetic diversity indices (see Table 1)
and tested for Hardy–Weinberg equilibrium departure and
the presence of linkage disequilibrium between pairs of loci
using FSTAT v.2.9.3.2 software (Goudet 1995, 2001), while
observed heterozygosity was determined using the hierfstat
package (Goudet 2005) in R- 3.6.0 (R Core Team 2019) for
the two patches separately.

The spatial genetic structure within each patch was
investigated by testing for isolation by distance (IBD) and
by a sPCA (Spatial Principal Component Analysis, Jombart et al. 2008; Montano & Jombart 2017). Patterns of IBD
were tested using Mantel tests to measure the correlation
between pairwise genetic distances (Rousset’s âr, Rousset
2000) and the log-transformed pairwise geographic Euclidean distance (EuD) between individuals, as recommended
by Rousset (2000). We calculated genetic distances using
SPAGeDI v.1.5 (Hardy & Vekemans 2002) and Mantel tests
were performed using the ecodist package for R (Goslee &
Urban 2007) with 9999 permutations. In the sPCA, we set
the connection network using the inverse of pairwise Euclidean distances between individuals since the spatial extents of
study areas were much larger than wildcats home range sizes
(Germain et al. 2008; Beugin et al. 2016). The significance
of local and global spatial structures was tested performing
eigenvalue tests (n = 9999, Montano & Jombart 2017).

Landscape genetics analyses
We used a mixed linear models selection framework within
each of the central and north-eastern patches to assess if
landscape impacted gene flow in French wildcats. We
determined if the geographic distance (isolation by distance
(IBD) model), the landscape (isolation by resistance (IBR)
models) or the combination of both (IBR + IBD models)
better explained between-individual genetic distances. IBR
models were based either on a habitat map (HAB) or on a
combination of habitat map and distance to forest patches
(HAB + Dforest). While in IBD models, the Euclidean geographic distance (i.e. in straight line) is supposed to drive
genetic differentiation, in the IBR models, ecological distances (i.e. accounting for the landscape resistance to movements, McRae 2006), are expected to determine genetic differentiation between individuals or populations.
Here, we used least cost distances (LCD) as ecological distances and calculated the cumulative cost along the
least-cost path, as recommended by Etherington & Holland
(2013) using the costDistance function in the gdistance R
package (van Etten 2017). Resistance surfaces used to calculate LCD accounted for nine landcover categories (Fig. 2,
Table 2, Supplementary data 9, Figure S10) expected to be
more or less resistant to wildcat movements (Table 2). Since
we hypothesized that unfragmented forest patches would be

Table 1  Sample size (n), number of allele (Na), allelic richness (Ar), observed and expected heterozygosity (Ho and He, respectively) averaged
overall loci ± SE, and Fis values [95% confidence interval] for the central and north-eastern patches of French wildcats
Patch

n

Na

Ar

Ho

He

Fis

North-Eastern
Central

114
118

8.13 ± 2.15
7.77 ± 1.89

8.10 ± 2.15
7.68 ± 1.89

0.70 ± 0.15
0.66 ± 0.14

0.72 ± 0.15
0.69 ± 0.14

0.03 [0.02–0.05]
0.05 [0.03–0.07]
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Fig. 2  Detailed habitat maps of the A north-eastern and B central population patches used in landscape genetics analyses. Black dots: sampled
wildcats
Table 2  Description of the six landscape variables accounted for in resistance surfaces, derived for grouping of detailed CORINE land cover categories (within brackets, see Supplementary data 9 Figure S10 for illustrations) along with expected resistance for wildcats.
Landscape variable CORINE land cover categories

Expected resistance

Continuous (111) and discontinuous urban fabric (112; 74%); Industrial or commercial units and
public facilities (121); Sport and leisure facilities (142); Road and rail networks and associated land
(122); Airports (124), Mineral extraction sites (131), Dump sites (132); Construction sites (133);
Green urban areas (141)
Arable areas
Non-irrigated arable land (211; 90%); Natural grasslands (321); Moors and heathland (322); Sclerophyllous vegetation (323)
Permanent crops
Vineyards (221; 68%); Fruit trees and berry plantations (222)
Pastures, meadows and other permanent grasslands under agricultural use (231; 64%); Complex
Pastures and
cultivation patterns (242); Land principally occupied by agriculture, with significant areas of natural
permanent grassvegetation (243)
lands
Forested areasa
Broad-leaved forest (311; 65%); Coniferous forest (312; 19%); Mixed forest (313); Transitional
woodland-shrub (324)
Water bodies
Water courses and bodies (512 and 511; 73%); Sparsely vegetated areas (333); Bare rocks (332);
Inland marshes (411); Peat bogs (412); Burnt areas (334); Beaches, dunes, sands (331)

Highly resistant

Anthropized areas

Resistant-Neutral
Permeable
Permeable
Permeable
Highly resistant

Most represented categories are reported in bold and proportions of these categories within the landscape variable are indicated alongside
CORINE land cover codes.

a

Forested areas were in addition divided in four sub-categories representing the level of fragmentation. See main text for details

more favourable than fragmented ones, forested areas were
categorized in four different sub-classes to account for the
level of fragmentation. For each forest patch, the area was
divided by the perimeter to calculate a fragmentation index
(Fi, ranging from 0.85 to 202.09 m/km2, mean = 9.49 ± 4.19
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SD). The four quartiles of the fragmentation index (q 1
< 7.29 m/km 2; 7.29 ≤ q 2 < 9.40; 9.40 ≤ q 3 < 11.56 and
q4 ≥ 11.56) were used to classify each pixel in one of the
four sub-classes describing low, medium low, medium high
and high degrees of fragmentation.
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Habitat map and landscape variables were derived from
the European landscape database CORINE Land Cover 2012
level 3 (European Environment Agency, 2015). Land cover
maps were rasterized using QGIS v2.12.1 (Open Source
Geospatial Foundation Project http://qgis.osgeo.org) to a
grid cell size of 3160 × 3160 m (i.e. spatial resolution of 10
km2) and the habitat category assigned to each pixel was
the one of the pixel centroid. This spatial resolution of 10
km2 was chosen to encompass a wildcat home range while
accounting for its between-population variability (Germain
et al. 2008; Anile et al. 2017, Beguin et al. 2016) in order to
have a biological meaningful spatial resolution. To define
the limits of the study area, we put a buffer of 100 km around
the most extreme wildcat spatial locations to avoid artificial
map boundary effects and subsequent bias in the least-cost
algorithm and resistance values estimations (Koen et al.
2010). In both population patches, arable areas, pastures and
permanent grasslands, and lowly fragmented forested areas
were the more represented habitat classes (Supplementary
data 4, Table S2).
Based on previous knowledge of habitat suitability studies, habitat categories that may provide shelters and preys
were expected to be permeable to gene flow (forested areas,
pastures and permanent grasslands and crops) while other
habitat categories, not providing such resources or being
human-dominated (and thus in which a high level of disturbance can occur), were expected to have neutral or negative
impacts on gene flow (arable areas, anthropized areas and
water bodies, see Table 2 and Supplementary data 9 Figure
S10). Although we had expectations about the permeability of these landscape elements (Table 2), we applied an
approach without a priori assumptions, since it was shown
that habitat selection and suitability results are not always
representative of landscape resistance to gene flow (e.g.
Mateo-Sanchez et al. 2015; Roffler et al. 2016; Portanier
et al. 2018; Westekemper et al. 2021). We thus alternatively
assigned five different resistance values to the nine landscape variables, leading to 1,953,125 different resistance
surfaces (scenarios hereafter). Resistance values varied from
1 (totally permeable) to 100 (totally resistant) by an increment of 25, so that all landscape elements have been tested
for resistance values of 1, 25, 50, 75 and 100 (see Portanier
et al. 2018 for a similar approach). In models considering
distances to forest patches, the Euclidean distance between
the centres of each pixel to the nearest forest patch was calculated. Since forested areas were expected to be permeable
to gene flow, this distance was considered as an additional
cost to the habitat raster costs (i.e. rasters were added). Distances to forest patches were beforehand rescaled to between
1 and 100 to be in the same order of magnitude as habitat
resistance values.
To identify the best scenarios, we used linear mixed
models with the maximum-likelihood population effect

parameterization (MLPE, Clarke et al. 2002; van Strien
et al. 2012), as implemented in mlpe.rga function of the
ResistanceGA R package (Peterman 2018). MLPE models allow accounting for the non-independence of values in pairwise distance matrices (Clarke et al. 2002; van
Strien et al. 2012). For each population patch, four sets of
models were created, fitting genetic distances (G) as the
response variable and (i) the log-transformed LCD calculated on the habitat map as an explanatory variable (models
G ~ log(LCDHAB)i for the ith scenario; i.e. HAB models),
(ii) the log-transformed LCD calculated on the habitat map
and Euclidean distance as explanatory variables (models
G ~ log(LCDHAB)i + log(EuD); i.e. HAB + IBD models),
(iii) the log-transformed LCD calculated on the raster
combining habitat map and distance to forest patches as
an explanatory variable (models G ~ log(LCDHAB+Dforest)i;
i.e. HAB + Dforest models) and (iv) the log-transformed
LCD calculated on the raster combining habitat map and
distance to forest patches and Euclidean distance as explanatory variables (models G ~ log(LCDHAB+Dforest)i + log(EuD);
i.e. HAB + Dforest + IBD models). These models were fitted
using LCD calculated under each of the 1,953,125 scenarios
in both the central and the north-eastern patches. Within
each model set, all models were compared with each other
and to the null IBD model (G ~ log(EuD)) using the Akaike
information criterion (with correction for finite sample size,
AICc). It allowed the determining of which scenario was the
best descriptor of genetic differentiation. Using AICc values
obtained with this best scenario, we compared the different
model sets with each other, to determine if the inclusion of
IBR significantly improved model fit. We considered that
models had equivalent support if ΔAICc < 2 and that an
improvement was significant when ΔAICc > 2. When several
scenarios were equivalent, we averaged resistance values
of landscape elements to interpret the landscape effects on
gene flow.
For landscape genetics analyses, when two individuals
were located in the same raster cell, we randomly selected
one individual in order to have a single individual per cell.
Accordingly, a total of 106 (33 females, 51 males and 22
with undetermined sex) and 107 (38 females, 58 males and
11 with undetermined sex) individuals were considered in
landscape genetics analyses from the central and northeastern patches, respectively. We performed all landscape
genetics analyses using R-3.5.2 (R Core Team 2018).

Results
Population genetic structure
Neither outliers nor null alleles (all f < 0.08, Van Oosterhout
et al.’s estimator, Van Oosterhout et al. 2004) were detected
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in the north-eastern and central patches. Slight departures
from Hardy–Weinberg equilibrium were observed in each
population patches (p-values of Fis were equal to Bonferroni
adjusted nominal level: 0.00167 and 95% confidence interval
did not include zero, Table 1) and no linkage disequilibrium
was detected among pairs of loci (nominal level: 0.00012).
Genetic diversity appeared to be relatively high (Table 1 and
Supplementary data 5, Table S3 for locus specific results)
in both patches. The Mantel test between genetic distances
and Euclidean geographic distances revealed a significant
pattern of isolation by distance in the central patch (r = 0.13,
p = 0.002) while not in the north-eastern patch, albeit the
signal was not far from the significance threshold (r = 0.07,
p = 0.08). The sPCA revealed a significant global spatial
structure in both patches (global test, p = 0.0001 for the
north-eastern and the central patch), while no local structure
was detected (local test, p = 0.95 and p = 0.94 for the northeastern and the central patch, respectively).
In the north-eastern patch, we kept the first positive axis
and no negative axis of sPCA (see Supplementary data
6, Figure S7A, C). The first positive eigenvalue was 0.14
while the second was 0.12 and all the others were lower
than 0.09. This first sPCA axis distinguished individuals
from the north-east and the east, although genetic differentiation seemed to be moderate (Fig. 3A). In the central
patch, we kept the first positive axis and no negative axis
(see Supplementary data 6, Figure S7B, D). This first positive eigenvalue was 0.14 while the next were lower than
0.11. This axis revealed no clear spatial pattern suggesting

Fig. 3  Geographic map of
the global lag scores of sPCA
for A the north-eastern and B
the central wildcat population
patches. Genetic differentiation
is maximal between large black
squares and large white squares

Landscape impacts on gene flow
In both the north-eastern and central wildcat population
patches, the models accounting for both IBD and IBR had
the lowest AICc (Table 3). More precisely, across scenarios,
44% and 49% of the models G ~ log(LCD)i + log(EuD) had a
better support (lower AICc) than the G ~ log(EuD) model for
the north-eastern and the central patch, respectively, indicating an effect of landscape on genetic distances. Accounting for distances to forest patches did not increase the fit
of models since in both population patches, models including Dforest had higher AICc than the models considering
only habitat effects (Table 3). In the following, only results
regarding HAB + IBD models will be reported. In the northeastern patch, 1399 scenarios received equivalent support
(ΔAICc < 2) while in the central patch 625 scenarios were
equivalent (Table 4), and were used to average resistance
values of habitat types.
In the north-eastern area, the historical and endemic
deme, the most permeable elements were arable areas,
pastures and permanent grasslands and lowly fragmented
forested areas (Table 4). In this population patch, all other
forest categories (from medium low to highly fragmented,
q2, q3, q4) had an intermediate level of resistance as well
as permanent crops and water bodies. Finally, anthropized
areas were highly resistant to gene flow. Arable areas,

A

-0.25
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genetic exchanges or dispersal events occurring at the scale
of the population in this patch (Fig. 3B).

B

0.25

0.75

1.25

1.75

-2.5
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Table 3  Support (AICc) of the different models tested in landscape
genetics analyses in both population patches. G: genetic distance,
EuD: Euclidean geographic distance, L
 CDHAB: least cost distance

calculated on habitat map, L
 CDHAB, LCDHAB + Dforest: least cost distance calculated on habitat map combined with distance to forest
patches.

Model

North-eastern patch

G ~ log(EuD)
G ~ log(LCDHAB)
G ~ log(LCDHAB) + log(EuD)
G ~ log(LCDHAB + Dforest)
G ~ log(LCDHAB + Dforest) + log(EuD)

− 16,602.01
− 16,613.75
− 16,625.24
− 16,614.80
− 16,621.93

Central patch
− 14,757.18
− 14,768.27
− 14,770.08
− 14,766.15
− 14,764.24

AICc values of models tested on different scenarios are the best model’s values (i.e. under the most supported scenario) and bold values indicated the lowest value for each study area.
Table 4  Averaged (mean ± SD)
resistance values obtained for
each of the nine landscape
elements considered in
landscape genetics analyses.
In the north-eastern (central)
patch, 1399 (625) scenarios
were averaged

Patch

Land cover class

Resistance value

North-eastern

Arable areas
Permanent crops
Pastures and permanent grasslands
Low fragmented forested area (q1)
Medium low fragmented forested area (q2)
Medium high fragmented forested area (q3)
Highly fragmented forested area (q4)
Water bodies
Anthropized areas
Arable areas
Permanent crops
Pastures and permanent grasslands
Low fragmented forested area (q1)
Medium low fragmented forested area (q2)
Medium high fragmented forested area (q3)
Highly fragmented forested area (q4)
Water bodies
Anthropized areas

25.77 ± 4.32
65.62 ± 28.26
25.77 ± 4.32
25.77 ± 4.32
68.07 ± 27.44
65.99 ± 26.82
62.44 ± 27.84
60.51 ± 28.33
94.07 ± 10.64
1±0
50.2 ± 35.10
1±0
1±0
1±0
50.2 ± 35.10
50.2 ± 35.10
50.2 ± 35.10
1±0

Central

pastures and permanent grasslands, low and medium low
forested areas and anthropized areas had, in addition, highly
conserved values across the equivalent scenarios (small differences between resistance values in the best scenario and
the averaged resistance values over the equivalent scenarios,
see Supplementary data 7, Figure S8) suggesting that these
landscape elements are among the most important in determining landscape impacts on gene flow in the north-eastern
population patch.
Similarly, in the central population patch, corresponding
to the colonization front, arable areas, pastures and permanent grasslands and lowly fragmented forested areas were
highly permeable to gene flow (Table 4) as in the northeastern area. In this population patch however, medium low
fragmented forested areas (q2) and, surprisingly, anthropized
areas were also highly permeable to gene flow. All other
considered habitat categories (fragmented forested areas (q3,
q4), permanent crops and water bodies) showed intermediate

levels of resistance. Based on the variation of resistance
values between the first top scenario and resistance values
obtained after averaging across 625 scenarios, arable areas,
pastures and permanent grasslands, lowly fragmented forested areas and anthropized areas appeared to be among the
most important landscape feature determining gene flow in
the colonization front (Supplementary data 7, Figure S8).

Discussion
The aim of this study was to determine if, and how, landscape features impacted gene flow in European wildcats in
France. We therefore investigated population genetic diversity and structures in two French population patches wellseparated by the Paris-Lyon axis. These two populations do
not have the same demographic status: the north-eastern
population is the endemic historical population while the
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central one is more recent and expands toward the southwest of the country. We detected high genetic diversity and
the presence of a spatial genetic structure in both patches.
In the historical north-eastern patch, the spatial distribution
of genetic variability suggested the presence of two wildcat groups, with moderate genetic differentiation and thus
high levels of gene flow. The spatial genetic structure of the
expanding central deme was more diffuse and followed an
isolation by distance pattern. In both population patches,
considered landscape features had an impact on gene flow
but not the distance to forested areas. Arable areas, pastures
and permanent grasslands and lowly fragmented forested
areas were permeable to gene flow and were among the most
important drivers of gene flow in both populations, confirming the importance of resources and shelters for European
wildcats. Anthropized areas also had a strong impact on
gene flow in both population patches but with an opposite
effect as they were highly resistant in the north-eastern patch
and highly permeable in the central patch. Between populations differences in genetic structures and landscape genetic
connectivity suggested that different behaviours might
be observed according to the demographic context of the
populations.

Genetic diversity and spatial genetic structure
of French wildcat populations
Genetic diversity was relatively high in both population
patches, as previously observed in both France (Say et al.
2012) and other countries (e.g. Germany, Hartmann et al.
2013, Würstlin et al. 2016, Steyer et al. 2016; Sardinia, Mattucci et al. 2013). In both population patches, a significant
global structure was revealed by sPCA but spatial patterns
of genetic differentiation varied. In the north-eastern patch,
two genetic groups might be distinguished and isolation by
distance was absent or weak. More precisely, wildcats living near the German and the Swiss borders seemed to be
slightly differentiated from each other. It is noteworthy that
this genetic structure was weak since it was not detected
by the clustering approach (see Supplementary data 8, Figure S9). In the central patch, no clear spatial interpretation
could be found when looking at the sPCA scores, the spatial
genetic signal appeared more clinal and followed an isolation by distance pattern.
Such genetic patterns agreed with our expectations.
Indeed, the north-eastern patch is considered as the historical French wildcat population deme while the central patch
is thought to be the colonization front of the population.
Having been settled for a longer time, individuals in the
north-eastern patch might be expected to be less mobile, performing less exploratory movements and to be more faithful
to their home range. Indeed, alternative dispersal strategies
and enhanced dispersal capacities can be observed in the
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colonization front as compared to core species distribution
(Simmons & Thomas 2004). This phenomenon has been
particularly studied in invasive species (Lindström et al.
2013; Courant et al. 2019). Different dispersal behaviours
might thus explain the uneven distribution of genetic variability in the north-eastern patch and the more clinal one in
the colonization front.

Landscape elements determining gene flow
in European wildcats
In both French wildcat population patches, landscape had an
impact on gene flow. Indeed, models accounting for isolation
by resistance received better support than models accounting only for isolation by distance. Since distance to forested
areas has been previously identified as an important landscape feature for wildcat habitat suitability (Klar et al. 2008),
we expected this landscape characteristic to also impact gene
flow. Surprisingly, models including habitat characteristics
and distance to forests received less support than models
including habitat only, suggesting that distance to forest
patches had no impact on gene flow and that the wildcat is
not as forest-specialist as previously thought for its dispersal.
In the habitat-only models, forested areas with low levels
of fragmentation were nevertheless among the most important drivers of gene flow in both population patches and were
permeable to gene flow, especially in the central patch. In
accordance with the negative effect of forest fragmentation
on the presence of felids (European wildcat, Anile et al.
2019; Eurasian lynx, Niedzialkowska et al. 2006), forest
patches with a higher degree of fragmentation (namely, q3
and q4) were more resistant to gene flow. It is nevertheless
noteworthy that, in the present study, fragmented forests
represented only a limited proportion of available forested
areas (see Supplementary data 4, Table S2). Accordingly,
evidencing an impact of forest fragmentation in an area in
which forests are mostly unfragmented might be challenging
(Short-Bull et al. 2011). It might explain why fragmented
forested areas had a high variability among equally supported scenarios, suggesting that these land-cover categories
were less determining for wildcat gene flow (see Supplementary data 7, Figure S8). Without focusing on the fragmentation degree, forested areas have been shown to be positively
selected by the European wildcat in spatial ecology studies
(e.g. Sarmento et al. 2006, Beugin et al. 2016, Oliveira et al.
2018, Kilshaw et al. 2016, but see Silva et al. 2013). This
preference was associated with the need for individuals to
include shelters in their home range (e.g. vegetation cover,
dead wood or dense structures in forested areas), and more
particularly, for breeding females (Beugin et al. 2016; Jerosch et al. 2018; Oliveira et al. 2018). Permeability of forested areas observed in the present study thus revealed that
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the presence of shelters is also one of the main parameters
determining European wildcat gene flow.
Another crucial point for wildcat habitat suitability is
prey availability (Klar et al. 2008, Monterosso et al. 2009,
Silva et al. 2013). We therefore expected habitats providing
small mammals and rabbits (wildcat prey, Malo et al. 2004;
Apostolico et al. 2015) as well as shelters to be permeable to
gene flow. However, while permanent crops can provide both
(e.g. rabbits in vineyards, Barrio et al. 2010; and shelters in
trees and shrubs in orchards, Jerosch et al. 2018), relatively
high resistance values were observed for this landscape variable which had, in addition, highly variable values across
equivalent scenarios (Supplementary data 7, Figure S8). Permanent crops included essentially vineyards, but also fruit
trees and berry plantations (Table 2, Supplementary data 9,
Figure S10) where human presence might be high, explaining the higher-than-expected resistance to gene flow. Indeed,
wildcats were strongly persecuted in the twentieth century
in Europe and in France (see Lozano & Malo 2012; Von
Thaden et al. 2021 and references therein) and are known
to be wary and elusive animals. As a consequence, human
presence and infrastructures have been repeatedly shown to
be avoided by wildcats (e.g. Klar et al. 2008; Oliveira et al.
2018). This landscape variable was nevertheless, as fragmented forested areas, only sparsely present in the study
areas (Supplementary data 4, Table S2). Concluding about
its effects on gene flow is thus challenging.
In contrast, despite probable high human presence, arable
areas and pastures and permanent grasslands were among
the most important drivers of gene flow (Supplementary
data 7, Figure S8) and were permeable to gene flow in both
study areas. These two landscape variables can host rabbits
and small mammals (Lombardi et al. 2007; de la Peña et al.
2003). However, while we expected pastures and permanent
grasslands to also provide shelters (e.g. hedgerows, scattered trees) and thus to be permeable to gene flow, arable
areas were expected to be more resistant, providing prey but
no, or few, shelters. Indeed, this habitat category included
mostly non-irrigated arable land which represent annually
harvested non-permanent crops, often under a crop rotation
system (see Table 2 and Supplementary data 9, Figure S10).
In Mediterranean areas (Lozano et al. 2003; Lozano 2010)
and in Germany (Jerosch et al. 2009, 2017, 2018) shrubs,
tall herbaceous vegetation and cereal/rapeseed fields have
nevertheless been shown to represent a high enough degree
of shelter to be favourable to wildcat presence. The same can
occur in France, crops cultivated in arable lands might be
dense or tall enough to provide shelters. In addition, notwithstanding the large agricultural re-parcelling of rural areas
that occurred in France at the end of the twentieth century
and which dramatically reduced the number of hedgerows,
such linear landscape features might still be present at a nonnegligible rate and provide additional shelters and covered

pathways for dispersal. Positive effects of agricultural areas
for wildcat gene flow have also recently been evidenced in
Germany (Westekemper et al. 2021).
An a priori counter-intuitive result was the intermediate
level of resistance observed for water bodies in both population patches, since we expected them to provide neither
resources nor shelters. Water bodies have previously been
identified as either limiting (Hartmann et al. 2013) or not
(Würstlin et al. 2016) European wildcat gene flow. These
discrepancies can be linked to river characteristics, such as
river width, water level and flow velocity but also to the
different histories of populations, one being the result of
recent colonization events and the other being settled since
numerous decades (Würstlin et al. 2016). Similar contrasting results can be observed in spatial ecology studies, with
watercourses being negatively correlated to wildcat presence in Scotland (Silva et al. 2013) and riparian areas being
positively selected in Germany (Klar et al. 2008). The positive influence of riparian habitats was associated with the
presence of high diversity and abundance of prey in conjunction with shelters provided by riparian vegetation (Virgos 2001; Sullivan & Sullivan 2006; Klar et al. 2008). In
the present study, due to rasterization in spatial units of 10
km2, pixels assigned to the water bodies category in resistance surfaces are likely the largest parts of water bodies
and courses, expected to be the most resistant to gene flow
(Würstlin et al. 2016). The intermediate resistance values we
observed might suggest that these areas in France were not
providing particularly ideal amounts of resources or shelters
but still enough to not be completely avoided. Alternatively,
the occurrence of both water bodies with suitable riparian
vegetation and areas without vegetation in this landscape
variable (Table 2) might have resulted in this intermediate resistance level. It is noteworthy that resistance values
nevertheless varied between the equivalent scenarios (Supplementary data 7, Figure S8), suggesting that this habitat
category was not among the main drivers of gene flow and
that conclusions about it should be considered with caution.
Finally, since human presence and infrastructures (e.g.
roads) have been shown to be avoided by European wildcats
in several populations (e.g. Klar et al. 2008, Monterosso
et al. 2009, Oliveira et al. 2018, Anile et al. 2019, Westekemper et al. 2021, but see Mueller et al. 2020), anthropized
areas were expected to be resistant to gene flow. This avoidance has been suggested to be a result of disturbances (noise,
light, walkers, dogs and feral cats, Klar et al. 2008) and has
also been reported in other felid species (e.g. Eurasian lynx,
Sunde et al. 1998, female jaguars, Panthera onca, Conde
et al. 2010). Disturbances might thus translate into gene flow
limitations since very high resistance values were assigned
to anthropized areas in the north-eastern population patch.
Interestingly, a completely different effect was observed in
the central patch since anthropized areas had a very high
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permeability to gene flow. It is noteworthy that, in both
population patches, anthropized areas were key landscape
features determining gene flow (Supplementary data 7,
Figure S8). While wildlife avoidance of anthropized areas
can be easily understood, permeability is more difficult to
understand.
A high density in human population has, for instance,
been suggested as an explanation of a higher number of visits made by wolves (Canis lupus) in house-yards (Kojola
et al. 2006). In the central patch, more pixels were classified as anthropized than in the north-eastern patch, which
might explain a higher propensity to use human-dominated
habitats. In addition, even if felid species are often described
as avoiding human presence, they can be found in urban
areas (e.g. bobcats, Tigas et al. 2002), distances between
resting sites and human presence or roads can be low (e.g.
for bobcats, Sunde et al. 1998; European wildcat, Jerosch
et al. 2009) and some individuals might be observed very
close to human infrastructures (e.g. males jaguar, Conde
et al. 2010). European wildcats have, furthermore, been
suggested to habituate to human presence as long as other
favourable habitats were available in close proximity (Jerosch et al. 2009). Westekemper et al. (2021) also showed that
human settlements were resistant to gene flow but particularly when they were in synergy with other landscape features such as roads or absence of suitable habitats. All these
elements might participate in increasing the permeability of
anthropized areas to gene flow in the central patch. Finally,
the central patch is considered the colonization front of the
population and dispersal behaviour might be different (for
instance, less shy) in this demographic context, thus decreasing anthropized areas’ resistance to gene flow. In line with
this hypothesis, in this area, none of the habitat categories
considered had a resistance value higher than 50 and four
imposed no resistance to gene flow. In addition, the spatial
distribution of genetic variability was less patchy than in the
north-eastern patch. Dispersal of European wildcats across
human-dominated landscape and roads has been recently
reported in a context of spatial recolonization (Mueller et al.
2020).
Such increased frequentation of human-dominated landscape might have important conservation implications
regarding introgression. Expansion of wildcat populations
in areas already occupied by domestic counterparts might
indeed result in introgression from domestic to wild cats
(Nussberger et al. 2018). This was suggested to be a result
of negative density-dependent dispersal (most probably of
male wildcats): dispersing individuals avoiding areas occupied by conspecifics being thus more prone to encounter
domestic individuals (Quilodrán et al. 2019). The higher use
of anthropized areas (hypothesized to host higher domestic cat densities) for movements observed in the expanding population here might be proposed as an explanation
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for hybridization rate and demographic status correlation
observed elsewhere. Hybridization with domestic cats is one
of the most severe threats to European wildcats (Hertwig
et al. 2009; Yamaguchi et al. 2015) and, while expansion is
a positive fact for this endangered species, special attention
should be given in the future regarding the introgression it
might result in.

Conclusion and perspectives
While historically considered as a forest specialist, evidence
is accumulating to describe the European wildcat as a habitat
generalist species for which the co-occurrence of shelters,
resources and landscape heterogeneity are highly important
(Klar et al. 2008, Monterroso et al. 2009, Lozano et al. 2003,
Silva et al. 2013, Kilshaw et al. 2016, Jerosch et al. 2017,
2018). Similar importance of shelters and prey for habitat
suitability has been shown in other felids, also highlighting
the importance of shrubs and not only forested areas for
these species (e.g. Iberian lynx, Palomares 2001; Fernandez et al. 2003). Impacts of habitat categories on gene flow
described in both French population patches in the present
study were in line with these results, revealing a higher than
expected permeability to gene flow of open and agricultural
habitats. Our study also suggested that differences in demographic context in which population patches are found might
lead to differences in the permeability of anthropized areas,
which can, in turn, have implications in terms of introgression from domestic cats.
Altogether these results highlighted the importance of
performing spatial replication in conservation genetics
studies to accurately assess the effects of landscape characteristics on population structure, genetic diversity and
persistence probability (Short-Bull et al. 2011; Habel et al.
2013). Additional spatial replications in other more or less
anthropized ecological contexts (e.g. Mediterranean areas,
other European countries) would represent an interesting
pursuit to the present study and help assess the spatial variability in the risk of introgression in other expanding populations provided that habitat variables are standardized across
studies. In addition, recent detection of European wildcats
in areas between the Pyrenees and the French Central massif have been reported (S. Ruette, pers. comm.). It is, for
now, unknown if these individuals reached these areas from
the Pyrenees or from the central patch studied here. Further
genetic analyses would allow the answering of such questions and determine if similar landscape features are permeable to gene flow.
Future landscape genetics studies in European wildcats
should be performed sex-specifically, an improvement that
sample sizes of the present study did not allow. Indeed,
recent spatial ecology studies highlighted that females and
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males use space differently and might exhibit different dispersal abilities and behaviours (Würstlin et al. 2016; Beugin
et al. 2016; Oliveira et al. 2018; Jerosch et al. 2017, 2018).
These differences can translate into differences in landscape
connectivity (see e.g. Portanier et al. 2018), the description of which would help in designing appropriate conservation strategies. Similar studies should also be performed
on hybrid individuals living in the wild. Hybrids and wild
individuals seem to have different spatial behaviour and
habitat requirement: hybrids being more flexible in their
habitat choices than wildcats (Germain 2007; Germain et al.
2008). These differences might have important implications
for hybridization and introgression. A better knowledge
about dispersal and landscape connectivity for hybrid individuals would help designing conservation plans preventing
hybridization when needed. Finally, it would also be relevant
to account explicitly for linear landscape features. Indeed,
roads and rivers might play a crucial role in determining
wildcat gene flow (Hartmann et al. 2013; Westekemper et al.
2021). While no strong barrier effect was detected in the
present study, since no strong within-patch genetic structure was detected, gaining better knowledge about which
characteristics of linear features might be resistant to gene
flow (e.g. river and roads width, water velocity, presence of
border/riparian vegetation) would also be useful for wildcat
conservation.
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