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Crossing the Rhine: a potential barrier to wildcat
(Felis silvestris silvestris) movement?
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Abstract The European wildcat (Felis silvestris silvestris)

underwent a severe decline across Europe in the early

twentieth century. Remaining populations are often very

small and isolated, though there are indications that wildcat

populations are currently expanding their range. However,

linear landscape elements such as rivers and roads are

thought to present barriers to dispersal, inhibiting gene flow

and, thus, affecting the recolonization process. In this

study, we investigated the fine-scale genetic structure of

wildcats in the Upper Rhine Valley. We specifically anal-

ysed wildcats on both sides of the Rhine River by geno-

typing 55 individual wildcats, using 20 microsatellite loci.

Genetic differentiation was weak and positive spatial

autocorrelation was found up to a distance of 10 km (fe-

males: 5 km, males: 10 km) indicating substantial gene

flow among sampling sites. High levels of gene flow, even

across the Rhine River, indicated that the water body itself

does not necessarily have a strong barrier effect, which is

in contrast to other studies. Our findings could best be

explained by the populations’ history, a local extinction

east of the River Rhine and a current ongoing population

expansion. Our study highlights that potential barriers, such

as rivers, may have different effects in different local

wildcat populations and that the history of the populations

is important to interpret genetic results. As many wildcats

still occur in isolated and patchy forest fragments, main-

taining connectivity between populations is crucial to

ensure their viability in the long term.
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Introduction

Today’s major threat to wildlife is often the loss and

fragmentation of habitat, leading to small and isolated

habitat patches (Wilcove et al. 1986; Brooks et al. 2002).

Limited connectivity between such habitat patches addi-

tionally contributes to the negative effects of habitat frag-

mentation. Potential barriers for species are often linear

landscape elements, such as rivers or roads (Balkenhol and

Waits 2009; Holderegger and Di Giulio 2010). Although

natural structures, like rivers, can impose a direct barrier to

some species (Cozzi and Broekhuis 2013), their effect is

often amplified through extensive use by humans. Addi-

tionally, anthropogenic structures, like roads or railways,

often hinder landscape connectivity. Barriers have, for

instance, shown to alter ranging behaviour and prevent

migration, dispersal and gene flow of animals (Balkenhol

and Waits 2009; Holderegger and Di Giulio 2010).

Because of their relatively large spatial requirements, low

densities and, partially, due to direct persecution from

humans mammalian carnivores are regarded as particularly

sensitive to landscape fragmentation (Noss et al. 1996;

Woodroffe and Ginsberg 1998). For example, the range

expansion of wolves (Canis lupus) was shown to be con-

strained by a river in Spain (Blanco et al. 2005). Negative

effects of landscape barriers are even higher for habitat
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specialists (Devictor et al. 2008) which depend on specific

habitat structures like forested habitats. One such specialist

is the endangered European wildcat (Felis silvestris sil-

vestris, Schreber 1777).

Initially, the distribution range of the European wildcat

spanned the whole of Europe, except Turkey, Caucasus and

Scandinavia (Stahl and Artois 1991). As a result of large-

scale hunting in the early twentieth century and human-

mediated habitat loss and fragmentation, the European

wildcat has undergone a severe reduction in both popula-

tion numbers and sizes, resulting in a fragmented distri-

bution (Piechoki 1990; Stahl and Artois 1991; Nowell and

Jackson 1996a). In Western Europe, the remaining popu-

lations are mostly small and fairly isolated (Eckert 2003),

while the distribution in Eastern Europe appears to be less

fragmented (Piechoki 1990; Stahl and Artois 1991; Nowell

and Jackson 1996). Interestingly, the species is in the

process of recovering in many areas, which can be attrib-

uted to the legal protection of the species under the Bern

Convention (Appendix II) and the European Habitat

Directive 92/43/EEC (Annex IV). Many of the former

agents causing the reduction of wildcat populations have

now been reduced or partially eliminated, e.g. changes in

forest management and agriculture, the reduction of

rodenticides in agriculture and changes in game law. As a

result, wildcat populations could recover in some parts of

Europe (Stahl and Artois 1991) and are currently expand-

ing their range (Say et al. 2012; Steyer et al. 2012).

However, habitat fragmentation is still persistent and the

expansion and re-colonization processes might be hindered

not only by unsuitable habitat, but also by dispersal barriers

between habitat patches. For example, Hartmann et al.

(2013) showed that both the Rhine River and a highway in

the Taunus and Hunsrueck mountain ranges in Germany

were hindering gene flow between wildcat populations.

Here we investigate a potentially fragmented wildcat

population in the border triangle of Germany, France and

Switzerland, intersected by the Rhine River (see Fig. 1). In

France, a continuous, recently expanding distribution is

known in the woodland forest of the Vosges, with a spo-

radic presence in the lowland of the Alsace plain (Say et al.

2012). Wildcats also exist in neighboring regions in the

North, in the Palatine Forest in Germany (Eckert et al.

2010) and in the South, in the Swiss Jura mountains

(Nussberger et al. 2013). In all these regions, the presence

of wildcats has been known for years. In contrast, east of

the Rhine River, in Baden Wuerttemberg, Germany, the

European wildcat was considered to be extinct (Piechoki

1990). However, in 2006, two carcasses confirmed the

presence of the wildcat in Baden Wuerttemberg (Herdt-

felder et al. 2007) and, since then, a small wildcat popu-

lation has been confirmed in the Upper Rhine Valley (Streif

et al. 2012).

In our study, we focus on this newly discovered popu-

lation of wildcats, investigating the fine scale genetic

structure and gene flow in this and neighboring areas.

Microsatellite markers are used to genotype individuals

from those areas, estimating genetic diversity and gene

flow across populations. We specifically test if the Rhine

River acts as a potential barrier and try to identify from

which area the newly discovered population originated.

Two scenarios are possible: In scenario I the population

east of the Rhine River has not been extinct in the twentieth

century but could have survived in small refuges (e.g.

Stromberg-Heuchelberg area) (Herrmann and Vogel 2005).

In this region wildcats have probably a long time been

undetected or confounded with free-roaming domestic cats.

In recent years, the small population in the refuges could

expand and has now established a growing population in

the German Upper Rhine Valley. As a consequence,

wildcats on the east and west side of the Rhine River would

be differentiated and display signs of a genetic bottleneck.

In Scenario II, we assume that the wildcat population east

of the Rhine River got extinct in the twentieth century. In

recent years, however, individuals could disperse to new

areas and the growing population in the Vosges expanded

their range across the Rhine River. In this case, we expect

not to find a barrier effect of the Rhine River and no bot-

tleneck of the small population east of the Rhine River.

Materials and methods

Study area

The study area is located in the border triangle of

Switzerland, France and Germany, in the Upper Rhine

Valley (Fig. 1). This valley (approximately 200 m a.s.l.) is

300 km in length and, on average, 40 km in width. It

encompasses the lowlands from Basel-Landschaft and

Swiss Jura (Switzerland) in the South, up to the Palatine

Forest (Germany) in the North. The western border is the

mountain range of the Vosges (France) and the eastern

border is the low mountain range of the Black Forest

(Germany). With a mean temperature of 18 �C in July and

just 0 �C in January, the valley exhibits a relatively mild

regional climate with a mean precipitation of 600–700 mm

per year. The valley is divided by the Rhine River (Fig. 1).

Within the study area, the river is between 83 and 240 m

wide and has an almost constant discharge of 100 l/s. By

the middle of the last century, the Upper Rhine was partly

canalized between France and Germany to allow naviga-

tion between Basel and Strasbourg and to produce hydro-

electricity. Most of the original wetland forest is now gone

except for a forest line approximately 3 km wide along the

river from Basel to Karlsruhe, on the German side, and
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scattered forest patches on both sides of the Rhine. The

vegetation type has changed from floodplain vegetation to

more desiccation tolerant tree species (e.g. robinia Robinia

pseudoacacia, ash-leaf maple (Acer negundo), ash Fraxi-

nus excelsior and common oak Quercus robur). Today, the

region is mainly characterized by human-used agricultural

fields, grasslands and vineyards, intersected by roads and

settlements (Fig. 1c; for illustration purposes, a part of the

study area with most samples was selected). Two main

motorways and two major railways (two lanes, not fenced)

cross the area, paralleling the Rhine River from north to

south: on the German side, the federal motorway BAB5

(built in 1933, today more than 140,000 vehicles per day, at

most parts six-lanes) and on the French side, the A35 (built

in 1965, today more than 50,000 vehicles per day, at most

parts four-lanes). The smaller motorway on the French site

crosses also the wildcat distribution area while on the

German side the BAB5 is at the border of the wildcat

range.

Samples

A total of 101 wildcat samples were included in the present

study (Fig. 1, Supplementary Tab. S1): 48 samples from

west of the Rhine River and 53 samples from east of it.

Wildcat samples were provided by François Léger (Office

National de la Chasse et de la Faune Sauvage), Beatrice

Nussberger (Institute of Evolutionary Biology and Envi-

ronmental Studies, University of Zurich), Mathias Her-

rmann (ÖKO-LOG), Kathrin Steyer (Conservation

Genetics, Senckenberg Research Institution and Natural

History Museum Frankfurt), and the Zentrum für Fisch-

und Wildtiermedizin (Vetsuisse-Faculty, University of

Bern). It was checked genetically and, if possible, mor-

phologically that all samples originated from pure wildcats.

In total, 50 samples from wildcat carcasses (mostly road

kills), 25 hair samples from captures (using lure sticks or

carcasses), and 26 blood samples from captures were used.

Genetic samples of captured cats were obtained as by-

products of telemetry studies or routine analyses of vet-

erinarians (Streif et al. 2012). Samples from living cats

used in this study were collected in compliance with the

respective local and national laws. No animal was harmed

for the purposes of this study. Sampling was done between

1994 and 2013 by local experts (Supplementary Tab. S1)

(annotation to the sampling period: only six of the samples

used in final data analyses were sampled before the year

2000; running the analyses with only recent samples did

not change results). Tissue samples were stored in 96 %

ethanol and frozen at –20 �C, blood samples were stored in

Fig. 1 a Location of the study area. b sample location of wildcats; all

sampling locations are marked (empty circles), samples analysed

(black filled circles). c selected part of the study area highlighting

infrastructure: mosaic of forest patches, residential area, roads and the

Rhine River within the study area
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EDTA and frozen at -80 �C and hair samples were stored

separately, in the dark, at ?6 �C, prior to laboratory

analysis.

Laboratory techniques

To minimize contamination risks (after Taberlet et al.

1999), DNA isolation and amplification of invasive (blood

and tissue) samples and post-PCR procedures were con-

ducted spatially separated from DNA isolation of non-in-

vasive (hair) samples, in two different lab rooms. For DNA

isolation from hair samples, 10–15 single hairs were pooled

per sample. A minimum of 10 hairs was found to be able to

minimize genotyping errors (allelic dropout and false

alleles) (Goossens et al. 1998) while not showing con-

tamination with other individuals that potentially visited

the same lure stick between two samplings (Steyer et al.

2012). Each hair was visually inspected under the micro-

scope to ensure that a hair root was present. DNA isolation

was done using the First-DNA all-tissue DNA-extraction

kit (GEN-IAL, Troisdorf, Germany) according to the

manufacturers’ protocol. Isolation from blood samples was

done using the QIAamp DNA MicroKit (Qiagen, Hilden,

Germany), and isolation from tissue samples using the

DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany),

following the manufacturers’ instructions. DNA isolates

were stored at -20 �C until polymerase chain reaction

(PCR).

For genotyping, 20 microsatellite loci (Table 1) and one

sex-marker (Menotti-Raymond et al. 1999) were analyzed,

summarized in six multiplex PCRs. Ten ll PCR volume

contained 10–50 ng/ll template DNA, HotStart Mastermix

(Genaxxon bioscience, Ulm, Germany) and 0.6 lM of each

primer mix. The PCR protocol was as follows: initial

denaturation at 95 �C for 15 min, 45 cycles of denaturation

at 94 �C for 30 s, annealing at 52 �C for 90 s and extension

at 72 �C for 60 s, final extension at 72 �C for 30 min. PCR

of each sample was repeated three times to avoid geno-

typing errors by allelic dropout (Navidi et al. 1992).

Negative controls containing no template DNA were

included in each PCR to check for potential contamination.

PCR products were sized on an ABI 3130 DNA Analyzer

(Applied Biosystems, Darmstadt, Germany). Fragment

length was scored using GeneMapper v.4.0 (Applied

Biosystems, Darmstadt, Germany). Consensus genotypes

for the three replicates per sample were generated

manually.

Data analysis

The data set was checked for genotyping errors using the

program DROPOUT ver. 2.3.1 (McKelvey and Schwartz

2005), which identifies both microsatellite loci and samples

that likely contain genotyping errors. To test for possible

hybrids and domestic cats in the data set, the program

STRUCTURE ver. 2.3.4 (Pritchard et al. 2000) was run

with the genotypes from this study and a reference set of 74

domestic cat genotypes and 19 wildcat genotypes (Wildlife

Monitoring, Forest Research Institute Baden-Wuerttem-

berg (FVA), Germany, morphologically and genetically

determined by FVA and Senckenberg Research Institute,

Frankfurt, Germany). The following specifications were

applied: K = 2, length of burn-in period: 10,000, number

of MCMC repetitions after burn-in: 100,000, admixture

model and correlated allele frequencies, iterations: 100. A

probability of Q (individual proportion of membership)

[0.8 was considered as correct assignment to a cluster

(Pierpaoli et al. 2003; Oliveira et al. 2007). Samples that

were assigned to the domestic cat cluster with a proportion

[0.2 were excluded from further analyses.

ARLEQUIN ver. 3.5 (Excoffier et al. 2005) was used to

calculate Hardy–Weinberg-Equilibrium (HWE), observed

(Ho) and expected heterozygosity (He), linkage disequilib-

rium, the number of alleles and allelic size range per locus.

The most likely number of subpopulations for the set of

samples was calculated using the program STRUCTURE.

One to six clusters were tested, K = 1–6, all other specifica-

tions were applied as above. Both log-likelihood values cal-

culated by STRUCTURE and structure harvester (Earl and

VonHoldt 2011), implementing the Evanno method (Evanno

et al. 2005), were used to infer the most likely number of

clusters (K). The runs with the most likely K were pooled

using the program CLUMPP ver. 1.1.2 (Jakobsson and

Rosenberg 2007) and graphically displayed using the program

DISTRUCT ver. 1.1 (Rosenberg 2003). TESS ver. 2.3.1

(Chen et al. 2007)was used to calculate themost likely pattern

of structuring of the data set in a spatially explicit way. The

following specificationswere applied: multiple Ks ranging up

toK = 6, runs per K = 100, sweeps: 50.000, burn-in sweeps:

10.000, admixture (CAR) model. The runs with the 10 %

lowest deviance information criterion (DIC) values were

averaged in CLUMPP (Jakobsson and Rosenberg 2007) and

spatially displayed using the program R ver. 3.0.1 (R Devel-

opment Core Team 2013) using the KridAdmixProportions

script. Additionally, a discriminant analysis of principal

components (DAPC) was performed using the adegenet

package (Jombart2008; function dapc) for the software R (R

Development Core Team 2013) to analyse the population

structure and identify potential clusters of genetically related

individuals. First, DAPC transforms the raw genetic data

using principal components analysis (PCA), then the dis-

criminant analysis attempts to maximize the differentiJom-

bartation between groups while minimizing variation within

groups (Jombart et al. 2010). The optimal number of PCA

components to be retained was determined by applying the

function optim.a.score (Jombart 2008). A Mantel test was
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performed in GenAlEx ver. 6.5 (Peakall and Smouse 2006;

Peakall and Smouse 2012) to test isolation by distance (IBD;

Wright 1943). To examine if thewildcat population east of the

Rhine River could have survived in small refuges, a test of a

recent expansion after a population reduction was executed

with the program Bottleneck 1.2 (Piry et al. 1999). The pro-

gram tests for an excess of heterozygosity, He, (after a popu-

lation bottleneck) compared to the expected heterozygosity in

a population at equilibrium, Heq. The program was run with

5000 iterations assuming a two-phase mutation model (TPM)

with a proportion of mutations that follow the stepwise

mutation model (SMM) set at 80 %. The significance was

assessedwith aWilcoxon sign-rank test.GenAlExwas used to

perform a spatial autocorrelation analysis, analysing the

degree of dependency among observations in a geographic

space. The spatial autocorrelation analysis was done for the

whole data set, as well as for male and female individuals

separately.

Results

DROPOUT identified neither microsatellite loci nor sam-

ples that were likely to contain genotyping errors. From the

initial total set of 101 samples, 81 samples could be

amplified successfully (with missing values in, at most, one

quarter of the microsatellite loci; the total data set of 1620

values contained 36 missing values) and used in statistical

analysis. The STRUCTURE analysis of the data set toge-

ther with domestic cat and wildcat reference genotypes

revealed 13 individuals with no explicit assignment

(Q\ 0.8) to the wildcat cluster. A Q-value less than 0.8

could be an indication for a recent hybridization or a for-

mer introgression with domestic cats. To be on the safe

side, those 13 samples were excluded from the study,

leaving a set of 68 presumably pure wildcat samples for

further analyses. The number of alleles per locus varied

from 4 (FCA23) to 11 (F37) with a mean of 7.8. We did not

find any evidence for linkage disequilibrium and no sig-

nificant deviations from Hardy–Weinberg-Equilibrium

(HWE) could be detected after applying Bonferroni cor-

rection (Table 1). Observed heterozygosity (Ho) across all

loci (mean Ho = 0.642) was not significantly (p = 0.57)

lower than expected heterozygosity (mean He = 0.684).

An agglomeration of samples in the German Upper

Rhine Valley led to an uneven distribution of samples.

Therefore, we reduced half of the German samples, ran-

domly, resulting in a total data set of 55 samples. We used

the reduced data set in all subsequent analyses. Indicated

by log-likelihood values, assignment analysis with

Table 1 Population genetic

summary statistics per

microsatellite locus over all

wildcat samples

Locus MP N k Allelic range Ho He p

FCA171 1 55 9 18 0.73529 0.78094 0.03120

FCA124 1 55 10 19 0.73529 0.79357 0.16606

FCA8 1 42 9 24 0.73585 0.82426 0.05857

FCA571 1 55 6 10 0.66176 0.71198 0.17699

FCA170 2 55 9 24 0.57353 0.67135 0.36164

FCA88 2 55 5 8 0.57353 0.71231 0.03133

FCA275 2 55 5 27 0.76471 0.76133 0.73751

FCA149 2 47 6 10 0.59322 0.75214 0.00642

FCA232 3 55 9 20 0.76119 0.73897 0.38066

FCA58 4 55 6 13 0.23529 0.24205 0.59891

FCA45 4 50 10 17 0.83871 0.84684 0.36038

FCA43 4 54 7 25 0.47761 0.56705 0.24658

FCA23 4 54 4 6 0.66667 0.66933 0.92753

FCA294 5 55 10 20 0.82353 0.79858 0.22976

FCA126 5 55 5 13 0.46269 0.46370 0.64528

FCA77 5 51 8 16 0.74603 0.80457 0.41641

FCA522 5 55 6 23 0.48529 0.47625 0.51494

FCA96 6 53 11 27 0.72308 0.82707 0.09944

FCA26 6 55 10 31 0.80597 0.80305 0.81726

F37 6 53 11 22 0.44615 0.43268 0.47397

Mean 53.2 7.8 18.65 0.64227 0.68390

SD 3.39 2.262 6.961 0.15756 0.16373

MP Multiplex PCR, N sample size, k number of alleles, Ho observed heterozygosity, He expected

heterozygosity, p significance value for HWE (deviations from Hardy–Weinberg-Equilibrium)
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STRUCTURE suggested a compilation of individuals into

just one cluster (K = 1) (Fig. 2, Supplementary Tab S2).

TESS did neither detect spatially discrete clusters of

wildcat individuals (results not shown). In accordance, the

DAPC did not reveal distinct clusters. Based on the

Bayesian information criterion (BIC), the DAPC showed

that all individuals belong to one cluster (Supplementary

Fig. S1). Isolation by distance across the hole study site

was found to be low but significant (R2 = 0.026, slope

0.019, P = 0.03). No significant signals of a recent

bottleneck in the wildcat population east of the Rhine River

were detected (one-tailed Wilcoxon sign-rank test for He

excess, P = 0.61). The expected number of loci with

heterozygosity excess was 11.85 under null hypothesis.

The probability value was 0.57, meaning that the newly

discovered wildcat population east of the Rhine River has

not undergone a recent genetic bottleneck.

Spatial autocorrelation analysis for all individuals

showed that, at a distance up to 10 km, relatedness among

individuals was higher than expected under the assumption

Fig. 2 Graphical display of

STRUCTURE results showing

assignment probabilities of each

of the 55 wildcat individuals to

one of the K clusters. Each bar

represents one individual. The

percentage its genotype shared

with the respective cluster is

indicated by coloration. (Color

figure online)
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of randomness (Fig. 3). This effect was even stronger when

analysing sex separately; males (N = 28) are more closely

related to each other in distances below 10 km, whereas for

females (N = 27) the distance was much shorter (5 km).

Discussion

Here we studied a presumably expanding wildcat popula-

tion in the Upper Rhine Valley, in a fragmented and highly

anthropogenically cultivated landscape. In our study, we

asked if the Rhine River acts as a potential barrier between

the wildcats east and west of the river and tried to answer

where the newly discovered wildcat population on the east

side originated from. We only found weak barrier effects

for the wildcat populations east and west of the river,

supporting our scenario II, a recolonisation of the region.

The weak population structure within the studied individ-

uals confirms that all studied individuals belong to one

wildcat population presumably to the western wildcat

population distributed in France and Germany, which is

genetically separated from a central German population

(Eckert et al. 2010; Hertwig et al. 2009). Furthermore,

genetic diversity by means of observed heterozygosity

(Ho = 0.64) was comparable to values found in other

recent studies of this population, e.g. in Germany

(Ho = 0.65, Hartmann et al. 2013) and France (Ho = 0.69,

Say et al. 2012). As such, our results indicate a better

exchange and higher crossing capability of the species in

this region than previously assumed.

No barrier effect of the Rhine River

Here we specifically investigated if the Rhine River does,

indeed, represent a barrier to wild cat movement and thus

gene flow. We investigated restrictions to gene flow

between neighboring wildcat populations, on either side of

the river. However, we did not find a substantial barrier to

gene flow and no genetic differentiation between the

wildcats east and west of the Rhine River. All analysed

individuals could be assigned to one single wildcat

population.

Those genetic results are further supported by observa-

tional data. In 2010, a radio-tracked individual proved that

wildcats are able to cross the Rhine River, within the study

area, by swimming across the Rhine to an island (Stéphanie

Kraft, FVA, pers. comm.). Such islands may serve as

stepping stones to cross the river. Besides swimming,

wildcats can cross the Rhine River using bridges or dams.

Earlier studies (Klar et al. 2009) already found that wildcats

regularly use crossing structures (such as over- and under-

passes). In the study area, several possibilities for crossing

the Rhine are available, such as watergates and bridges at

power plants with low night traffic, amongst others.

Our results, indicating recent gene flow across the Rhine

River and its associated anthropogenic structures, differ

from the results of a study on wildcats in the Taunus and

Hunsrueck mountains (Rhineland Palatinate, Germany).

The study found a strong genetic separation of wildcat

populations on either side of the river, although they

argued that some individuals actually did migrate from one

area to the other (Hartmann et al. 2013). This area is

located only about 200 km downstream from our study

area. What can explain these somehow contradicting

results? Firstly, the geographical situations at the two study

sites are different. River width, water level and flow

velocity are lower in our study area compared to Hartmann

et al. (2013), possibly facilitating river crossing. In addi-

tion, at our study site, the Rhine River encompasses several

islands where wildcats already have been detected (F.

Légér, pers. comm.). In addition, both study sites have

different population histories. The newly discovered

wildcat population in Baden Wuerttemberg was possibly

colonized by neighboring populations that dispersed to

Germany across the Rhine River in recent years. Thus,

gene flow can be detected across the Rhine. In contrast, in

Rhineland Palatinate, wildcat populations are known to

have survived on either side of the Rhine River since the

last century (Raimer Raimer 1988). As such, isolation

effects might be more pronounced, as populations on each

Fig. 3 Results of spatial autocorrelation analysis a for female

individuals, b for male individuals, c for all individuals; black r,

grey upper and lower bounds of the 95 % confidence interval about

the null hypothesis of no spatial genetic structure as determined by

permutation. If the calculated r value falls outside this confidence belt,

significant (p\ 0.05) spatial autocorrelation exists
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side of the river could have differentiated through genetic

drift over time. The role of rivers as potential barriers to

gene flow was the subject of research in many studies, with

differing outcomes. Strong barrier effects of rivers were,

for example, found in hyenas, wild dogs, cheetahs (Cozzi

and Broekhuis 2013) and tamarins (Vallinoto et al. 2006),

while only moderate barrier effects were identified in

wolves (Blanco et al. 2005) and roe deer (Hepenstrick et al.

2012). Thus, barrier effects of rivers may not only be

dependent on the characteristics of animals, such as size

and ability to swim, but even more on the characteristics of

the river, such as river width, flow rate, crossing structures,

as well as surrounding matrix.

Range expansion across the Rhine River

East of the Rhine River, the wildcat population was

assumed to be extinct between 1912 and 2006. After

rediscovering wildcats in the Upper Rhine Valley in 2006,

it was discussed whether a small population had survived

undetected and is now growing again or whether this

population really had been extinct and has only recently

recolonized the area. Here we provide evidence supporting

scenario II, recolonisation. Firstly, the absence of popula-

tion differentiation is best explained by the hypothesis that

the population originates from the expanding French pop-

ulation crossing the Rhine River. Secondly, we could not

detect a recent genetic bottleneck in the wildcat population

east of the Rhine River, which should have been the case if

the population had survived in small refuges and was

expanding, recently. Thirdly, if a small population had

survived, this population should be present, not only in the

Upper Rhine Valley, but also in suitable habitats of the

Black Forest, as the dispersal time would have been ade-

quate. This indicates recent immigration and ongoing range

expansion from neighboring populations across the Rhine

River. A possible barrier to colonization of Black Forest

habitats could be transportation infrastructure, such as the

federal motorway BAB5. This motorway runs from north

to south, with four lanes and heavy traffic, six road-killed

wildcats have been found there since 2011. In several other

studies roads were already identified as barriers to wildcat

dispersal (Klar et al. 2009; Hartmann et al. 2013).

Local spatial genetic structure

Spatial autocorrelation could be detected when analysing

wildcats individually, indicating gene flow up to 10 km

within the area, with higher distances for males than

females. Those differences in structure between male and

female individuals can be explained by differences in

spatial movement, such as different dispersal distances and

home range sizes (Stahl et al. 1988; Thiel 2004; Monter-

roso et al. 2009). In mammals, dispersal distances are

generally higher (Greenwood 1980) in males than in

females, and male home ranges are generally larger (Har-

estad and Bunnell 1979). Dispersal distances of wildcats

are largely unknown, but several studies found that the

home ranges of males are 2–3 times larger than the home

ranges of females (Stahl et al. 1988; Thiel 2004; Monter-

roso et al. 2009) and can overlap with several female home

ranges (Stahl et al. 1988; Biró et al. 2004). This fits well

with observations in other felid species, where higher dis-

persal distances were found in males than in females (e.g.

Iberian lynx (Lynx pardinus), Revilla et al. 2004; cougar

(Puma concolor), Thompson and Jenks 2010). Low genetic

spatial structure in our study area could, thus, be partially

explained by higher dispersal distances and larger home

ranges of males.

Implications for conservation

The results of this study indicate that the Upper Rhine

Valley east of the Rhine River was recolonized by wildcats

crossing the Rhine River from neighboring populations,

presumably at the end of the twentieth century. The current

study identifies the genetic status quo of this wildcat pop-

ulation and shows that, at least in the recent past, the

crossing of the Rhine River was possible for individual

wildcats. Expanding wildcat populations that were able to

recolonize areas in spite of potential barriers have been

reported previously (Say et al. 2012; Steyer et al. 2012),

raising hope for the conservation of this, as well as other

endangered species.

Nevertheless, existing crossing structures are essential

for the survivability of the wildcat population east of the

Rhine River, if not others. This population is small and

hardly connected with other wildcat populations further

east. At present, no further wildcat populations are known

(e.g. in the Black Forest). Furthermore, within this study

area, the habitat for wildcats surrounding the Rhine River

(i.e. the amount of forest patches bordering on the river

banks) is sparse and highly fragmented. Therefore, con-

servation strategies should focus on the maintenance of

dispersal structures and on the realization of corridor net-

works, which have already been implemented in national

strategies such as those in Baden Wuerttemberg (Müller

et al. 2003) and throughout Germany (Birlenbach and Klar

2009). Of special significance for the wildcat population in

our study area are, in this regard, structures to cross the

BAB5 to allow further expansion towards the Black Forest.

However, to ensure gene flow and, therefore, the long-term

viability of the European wildcat, transnational networks

on a larger scale are required.
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