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Preserving natural genetic diversity and ecological function of wild species is a
central goal in conservation biology. As such, anthropogenic hybridization is
considered a threat to wild populations, as it can lead to changes in the genetic
makeup of wild species and even to the extinction of wild genomes. In European
wildcats, the genetic and ecological impacts of gene flow from domestic cats are
mostly unknown at the species scale. However, in small and isolated populations,
it is known to include genetic swamping of wild genomes. In this context, it is
crucial to better understand the dynamics of hybridization across the species
range, to inform and implement management measures that maintain the
genetic diversity and integrity of the European wildcat. In the present paper,
we aim to provide an overview of the current scientific understanding of
anthropogenic hybridization in European wildcats, to clarify important aspects
regarding the evaluation of hybridization given the available methodologies, and
to propose guidelines for management and research priorities.
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Introduction

We use the taxonomy of Kitchener et al. (2017) when referring
to Felis silvestris, Felis lybica and Felis catus. Felis silvestris describes
European forest wildcats, Felis lybica includes steppe and bush
wildcats with a wide distribution across Mediterranean Islands,
Africa and Asia. Felis catus refers to domestic cats. We include
indoor-outdoor, free-ranging and feral cats (following the
definitions given by Crowley et al., 2020) but exclude cats that do
not have the potential to hybridize with Felis silvestris, i.e., all cats
living outside the distribution range of wildcats, as well as indoor
cats (following the definition given by Crowley et al., 2020). The
term hybridization is used in a broad sense, including introgression,
i.e.,, gene flow beyond the first generation.

Hybridization as a conservation issue

Protecting wild species against hybridization with their
domestic relatives is an important conservation issue. Keeping
and promoting biodiversity, including the genetic diversity of wild
species, is a legal obligation anchored in national and international
laws and conventions, including the Bern Convention and the
European Habitat Directive (92/43 CE) and the Kunming-
Montreal global biodiversity framework (COP15). Direct and
indirect human impact has altered species distributions
worldwide and brought previously isolated taxa into close
contact. The breakdown of isolating mechanisms between
species may have various consequences, including biodiversity
loss resulting from genetic erosion and the merging of distinct
evolutionary lineages (Allendorf et al., 2001; Mallet, 2005; Abbott
et al., 2016; Quilodran et al., 2020a, Trouwborst and Somsen,
2019; Barton and Hewitt, 1985; Barton, 2001; Harrison and
Larson, 2014; Adavoudi and Pilot, 2021). Anthropogenic
hybridization is defined as the admixture between two taxa as a
result of human action, including but not limited to species
introduction, habitat disturbance, or escape and feralization of
domestic species (McFarlane and Pemberton, 2019), and is
considered an important threat to biodiversity preservation. In
particular, hybridization between wild species and their domestic
counterparts promotes the spread and the frequency of traits
favored during domestication that can be selectively
disadvantageous in natural settings, negatively impacting the
fitness of wild individuals (McGinnity et al, 2003; Tymchuk
et al., 2007; Muhlfeld et al., 2009; Gering et al., 2019).
Moreover, domestication may induce relaxation of natural
selection factors, where some traits and their associated genes,
usually existing at very low frequencies in nature, have higher
frequencies in the domestic forms. Thus, anthropogenic
hybridization will disturb the genetic background of natural
populations, and in some cases induce outbreeding depression
(Frankham et al,, 2011). Though positive effects are also possible,
particularly when associated with adaptive introgression of
beneficial alleles (Feulner et al., 2013; Grossen et al., 2014), the
increasing prevalence of so-called “domestic genes”, i.e. genes
positively selected in domestication, are likely to be maladaptive
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in nature. Therefore, based on a precautionary principle, we
should assume an overall negative effect of anthropogenic
hybridization in wildlife and limit its occurrence.

European wildcats, Felis silvestris, can hybridize with domestic
cats, Felis catus, which was domesticated from the African wildcat,
Felis lybica, to produce fertile offspring (Driscoll et al., 2009;
Kitchener et al., 2017). This contrasts with hybridization between
wolves and dogs or wild boars and pigs, for example, where the
domestic form descends directly from the wild species with which it
hybridizes. Indeed, domestic cats are genetically closer to Felis
lybica, a species that has evolved in a different ecological and
evolutionary context than Felis silvestris. Cat domestication has
involved an artificial selection of traits adapted to life in human care
that are common to pets, including cranial volume, gut length,
seasonal home range, reproductive rate, behavior, and tameness
(Daniels et al., 2002; Kitchener et al., 2005; Germain et al., 2008;
Klar et al,, 2008; Devillard et al., 2014; Grimm, 2014; Montague
et al., 2014; Berteselli et al., 2017). Therefore, domestic cat traits are
potentially maladaptive in the ecological context of the European
wildcat, as shown in other contexts (McGinnity et al., 2003; Araki
et al,, 2007; Gering et al., 2019). European wildcats are the focus of
this article, but hybridization between domestic cats and other
native wildcat species across Africa and Eurasia, though poorly
studied, is likely to pose a similar risk.

Although maladaptive domestic traits are expected to be
selected against in natural settings, domestic animals usually
outnumber their wild counterparts so overwhelmingly that these
unbalanced population sizes can still lead to a genetic swamping
effect, potentially resulting in the genetic extinction of the smaller
wild population (Rhymer and Simberloff, 1996; Allendorf et al.,
2001; Field et al., 2008). Domestic cats are ubiquitous across the
European wildcat range and are expected to be far more numerous
than wildcats (in 2021, in the European Union: 78 million pet cats
(Statista.com) and roughly 50,000-75,000 wildcats (expert guess,
based on population estimates given in the IUCN Red List
Assessment). Data available from various countries provide
examples of the order of magnitude: in 2013, in Germany,
11.5 million domestic cats (Statista.com) and approx. 5,000-7,000
wildcats (German federal office for nature protection); in 2020, in
Switzerland, 1.7 million domestic cats (Statista.com) and approx.
1,000-3,000 wildcats (Swiss federal office for environment). The
reproductive barriers between both species are weak: hybridization
occurs and results in fertile offspring. We hypothesize that, at least
in regions with lower densities of wildcats than domestic cats, the
limited number of intraspecies mating partners can lead wildcats to
mate with the ubiquitous and more abundant domestic cats (see
also discussion in Oliveira et al., 2018 and Tiesmeyer et al., 2020).
We should therefore expect high levels of introgression of domestic
cat genes into wildcat populations as a result of this demographic
unbalance (Rhymer and Simberloff, 1996; Allendorf et al., 2001;
Todesco et al., 2016). The Scottish wildcat is an important example
of extensive domestic introgression due to recent human-mediated
hybridization. In Scotland, the wild population currently resembles
a hybrid swarm (Senn et al, 2018; Breitenmoser et al., 2019),
resulting from repeated backcrossing and mating between
hybrids, creating a genetic continuum between domestic cats and
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wildcats (Senn et al., 2018; Howard-McCombe et al., 2021). The
prevalence of hybrids, which have a mix of parental morphological
traits, confounds accurate field identification (and therefore
population monitoring) and legal protection for wildcats.
Currently, the low number of remaining wildcats, all introgressed
to some extent, has led to a critical state where the wildcat
population in Scotland is considered no longer viable
(Breitenmoser et al., 2019). Modeling of genomic data
demonstrates acute hybridization in Scotland is recent and has
likely developed in the last ~60 years in response to a population
decline and fragmentation. Thus, hybridization in Scotland is likely
to be a consequence of the small population size (Howard-
McCombe, 2021; Howard-McCombe et al., 2021).

The fitness consequences of wildcat hybridization are poorly
understood, but we can speculate on potential ecological
consequences. Domestic cats have a wider diet and habitat
spectrum than European wildcats (Germain et al., 2009). If this
follows the level of introgression, hybridized wildcats may enlarge
their prey and habitat spectrum. Altered home-range sizes
(Ellington and Murray, 2015) and social systems, resulting in
potentially much larger mesopredator biomass per area, may lead
to severely increased predation. Such change in the ecological
function of the wildcats may negatively impact the ecosystem
(Adavoudi and Pilot, 2021). Moreover, introgression may lead to
increased tolerance of wildcats for urban areas, driving more
frequent contact with domestic cats and thus acceleration of
hybridization, and more frequent exposure to other threats, such
as diseases, traffic, or poaching. Further, some introgressed
domestic genes might improve adaptation to anthropogenic
habitats. More studies are needed to address the fitness impacts
of hybridization on individuals and populations of European
wildcats, including, e.g., reproductive success, survival rate,
behavior, and ecological requirements of cats with different
degrees of admixture.

Hybridization levels and
population dynamics

The admixture rate between wildcats and domestic cats varies
substantially across the species range, from almost 100% in Scotland
to less than 2% of individuals of recent admixed ancestry in Central
Germany. In several Central European countries, the hybridization
rate is about 5%, whereas in southern Europe it can reach over 20%
(Tiesmeyer et al., 2020; Urzi et al., 2021). While partly reflecting an
artefact due to variation in methods to quantify introgression, this
regional variation of admixture rate may be explained by local
population dynamics. Hybridization may be more frequent in small
or fragmented wildcat populations, where low wildcat density and a
lack of intraspecific mating partners favor hybridization events
(Hubbs, 1955), as is reported for dogs and wolves (Galaverni
et al,, 2017). Population size determines the relative impact of any
hybridization event, which will be generally larger in small
populations. In small and fragmented populations, animals are
proportionally more often located on fringes (edge effect,
Primack, 1993). Therefore, small and isolated populations are

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1156387

especially threatened by hybridization due to stochastic,
demographic and adaptive factors, including allele swamping,
outbreeding depression, and genomic extinction through
assimilation of the wild species by the domestic taxon (Todesco
et al, 2016). For many small and declining wildcat populations,
levels of hybridization higher than the European average have been
reported, e.g., 21% in Mediterranean regions of the Iberian
Peninsula (Tiesmeyer et al., 2020; Matias et al., 2022), and in
Scotland, where a continuing high rate of hybridization has
generated a hybrid swarm effect (Beaumont et al., 2001; Senn
et al., 2018; Howard-McCombe, 2021).

Hybridization may be more frequent in the context of range
expansion (Currat et al., 2008). This could especially affect wildcats,
as they re-colonize previous areas of their range that are now
human-dominated landscapes with a large domestic cat presence
(Quilodran et al., 2020b). Re-colonized areas typically show low
wildcat population density and scarcity of intraspecific mating
partners, resulting in elevated hybridization propensity and rapid
introgression (Klopfstein et al., 2006; Excoffier et al., 2009). For
example, hybridization in Switzerland is best explained by wildcat
range expansion during the last fifty years, rather than by domestic
cats invading wildcat habitats (Nussberger et al., 2018; Quilodran
et al, 2019). Recent range expansion has been documented in
several other countries (e.g., France: Leger et al.,, 2008;
Netherlands: Janssen et al., 2016; Germany: Steyer et al., 2016;
Mueller et al.,, 2020; northern Italy: Spada et al., 2022). This would
be consistent with the conclusion of several studies that domestic
introgression into wild populations is a recent phenomenon
(Goedbloed et al.,, 2012; Roed et al., 2014, Howard-McCombe
et al,, 2021).

The role of domestic cats in
hybridization with wildcats

Domestic cats have been widespread in Europe at least since
their introduction by the Romans (Faure and Kitchener, 2009;
Krajcarz et al., 2020). There is still substantial genetic
differentiation between domestic cats and European wildcats,
suggesting the presence of reproductive barriers between the two
species (Tiesmeyer et al., 2020; Nieto-Blazquez et al., 2022).
However, this assumption should not be used as proof of the
harmlessness of long-term hybridization between both taxa.
Indeed, we are observing a continuous increase in the number of
domestic cats and an overall degradation of environmental
conditions (e.g., habitat loss, habitat fragmentation, and human
disturbance) that might threaten the long-term persistence of the
wildcat (Sarmento et al., 2009). Pet cat ownership continues to
increase into this century. For example, between 1965 and 2000 the
number of pet cats in the UK doubled, from 4 to 8 million (based on
the statistics of the UK pet food, www.ukpetfood.org). In Germany
the number almost doubled between 2010 and 2019, from 8.2 to
14.8 million (welt-der-katzen.de). Even if many “pet cats” are not
living in contact with wildcats and may be neutered, we assume the
increased number of “pet cats” can still be used as a proxy for the
number of “domestic cats” as we define them in this paper. Even if
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domestic cats are found more often in vicinity of human settlements
and less often in large, forested areas, the preferred wildcat habitat,
the domestic cat habitat spectrum is still quite large and also
includes wildcat habitats (Berberat, 2021; Nussberger et al., 2023).
We assume that an increasing number of domestic cats leads to
more domestic cats present in wildcat habitat, thus more
encounters and thus more mating events with wildcats. Based on
this assumption, increasing domestic cat populations are likely to
promote hybridization. In addition, habitat change or disturbance,
like forest fragmentation or urbanization of rural areas, may also
favor the presence of domestic cats in wildcat habitats and thus
further facilitate encounters between both species.

Methods to determine hybridization
and their pitfalls

The use of appropriate molecular genotyping methods allows
for accurate species discrimination and hybrid level determination.
As hybrids can be morphologically indistinguishable from the
parental species, hybridization impedes formal identification of
wildcats based on phenotypic attributes alone (Hertwig et al.,
2009; Kriiger et al., 2009; Devillard et al., 2014). A broad
correspondence between pelage and genotype has been shown
across the hybrid swarm in Scotland (Senn et al., 2018; Howard-
McCombe et al., 2021), and this provides a useful approximation for
practical management in the absence of a genetic test. However,
studies requiring accurate discrimination between wildcats, hybrids
and domestic cats, must be based on appropriate genetic analyses —
as has also been suggested for other hybridizing species, e.g., wolves
(Donfrancesco et al., 2019; Stronen et al., 2022b). Further, one
should be aware that conclusions drawn from studies based on an
exclusively phenotypical assessment may confound wildcats and
their hybrids.

There are several molecular methodologies for assessing
hybridization between domestic cats and European wildcats.
However, the use of differing molecular approaches can result in
artefactual differences in hybridization rates, based on the
discrimination power of the applied genetic marker set. Earlier
studies (Beaumont et al., 2001; Oliveira et al., 2008a; Oliveira et al.,
2008b; Randi, 2008; Hertwig et al., 2009; Say et al., 2012) were mostly
based on highly polymorphic markers (microsatellites), initially
developed for recognizing population structure in domestic cats, i.e.
chosen to have high levels of differentiation (Fsr-values) within the
species (Menotti-Raymond et al., 1999). More recent studies
(Nussberger et al., 2014a; Nussberger et al., 2014b; Oliveira et al.,
2015; Senn et al,, 2018; Tiesmeyer et al., 2020) rely on diagnostic
markers (SNPs), specifically designed in domestic cats and European
wildcats to increase power in assessing hybridization, i.e. chosen to
have low Fgr-values within the species but very high Fgr-values
between the hybridizing species (Nussberger et al., 2013; Mattucci
et al,, 2019). Polymorphic microsatellites and diagnostic SNPs can be
viewed as complementary molecular approaches. Polymorphic
microsatellites are best used for assessing population structure but
might also be able to detect early stages of hybridization. A panel of
pre-selected diagnostic SNPs offers greater accuracy and
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discrimination power to identify and quantify hybridization, and
higher data comparability between laboratories (Steyer et al., 2018;
Harmoinen et al., 2021). The two approaches are correlated, as
illustrated by Supplementary Table 2, showing a set of wildcat
samples assigned based on polymorphic microsatellites and
diagnostic SNPs (see also introduction in Nussberger et al., 2013
and discussion in Steyer et al., 2018). However, the following
important points should be considered: (i) in studies using
polymorphic markers, cross-checking between polymorphic and
diagnostic markers is advisable to make reliable statements about
hybridization; (i) when comparing different genetic studies, it is
essential to check that the genetic markers that are used show similar
overall discrimination power between the hybridizing species
(depending on the number of markers and the level of
differentiation, e.g., Fsr-values). Also, as polymorphic
microsatellites are highly sensitive toward population substructure,
biased choice of reference populations may lead to false-positive
hybrid identifications (Steyer et al, 2016; Stronen et al, 2022a).
Ideally, genetic studies that need to be compared with each other
should use the same genetic marker sets.

Genetic markers on mitochondrial DNA can also be used as a
complementary information in the context of the hybridization, to
trace the maternal line and thus the directionality of the
hybridization. However, mtDNA alone is not recommended for
studying hybridization, since it does not account for any
information on the paternal line neither from the nuclear
genomic component. In addition, the evolution of mitochondrial
genome reflects the evolution of the organelles, more than the
evolution of the organisms carrying these mitochondria and cases of
mitochondrial introgression can mislead data interpretation (Alves
etal., 2008). Biases in the interpretation of hybridization and species
divergence due to the use of only the mitochondrial genome have
already been reported, for example, polar bears hybridizing with
brown bears (Hailer et al., 2012).

The sampling method is another crucial aspect to reliably detect
the extent of admixture in a population. We advocate systematic
collection of samples, rather than opportunistic sampling, to better
represent the local population. We encourage repeating the sampling
regularly, as hybridization will likely vary over time, following
demographic changes in the wild and domestic populations.

To date, hybridization between European wildcats and domestic
cats has primarily been assessed through opportunistic sampling,
mostly using roadkill. Such studies give only a snapshot in space
and time of the hybridization level in a given population.
Opportunistic approaches can be misleading: roadkill surveys
usually only collect samples from cats with the typical wildcat
phenotype, which a priori exclude many hybrid individuals showing
a less typical phenotype (Steyer et al., 2018). On the other hand, cats
from remote areas, where roadkill is rare, are underrepresented.
Systematic sampling to monitor hybridization should not be limited
to core areas of known wildcat distribution, but instead be
representative of the species distribution, including its edges
where hybrids may be more common. Even though they are
necessary to reveal long-term trends, studies based on systematic
population sampling over a large area and a longer timeframe are
still very scarce (e.g., Leger et al,, 2008; Nussberger et al., 2014a).
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Further, we urge caution when interpreting hybridization levels.
When hybridization levels are below ~10%, they are often qualified
as low or insignificant (e.g., Steyer et al., 2016; Beugin et al., 2020).
Such interpretations may lead to the premature conclusion that
hybridization is harmless, in the sense of being no threat to the
long-term persistence of the population or species, and, as such, not
a serious concern for wildcat conservation. Delimitation of “low”
and “harmless” hybridization levels should not be based on an
arbitrary threshold but should instead be based on the amount of
admixture that can be tolerated without risking the loss of adaptive
wildcat genetic diversity. Currently, there is not enough scientific
evidence to estimate a tolerance threshold (and it is likely to vary
between populations). Therefore, it is premature to qualify existing
hybridization levels as harmless amounts of admixture. Indeed,
model projections show that hybridization tends to increase in
almost all simulated scenarios, and that even seemingly low rates of
hybridization are sufficient to assimilate wildcats to domestic cats
over 50% in less than 100 years (Quilodran et al., 2020b). Recent
evidence shows the hybrid swarm effect has developed even more
rapidly in Scotland (Howard-McCombe, 2021; Howard-McCombe
et al., 2021).

Management implications

Based on a conservationist precautionary principle, we
recommend practitioners to consider any hybridization level as
potentially harmful, and to monitor the evolution of hybridization
rates. This will in turn provide further evidence to estimate the
levels of domestic gene flow potentially leading to irreversible
genetic diversity loss. We predict that hybridization tolerance
levels will be especially low for small and low-density European
wildcat populations.

While it is currently unclear to what degree hybridization with
domestic cats poses a threat to the European wildcat’s long-term
survival and its network of ecological interactions, gene flow from
the domestic to the wild species should be minimized as much as
possible. This statement is based on (i) a precautionary principle,
since negative evolutionary consequences cannot be excluded, and
(ii) on a fundamental conservation goal, which is to maintain
natural adaptive genetic diversity in wild species. Minimizing
gene flow requires a combined effort, involving policymakers (e.g.,
countrywide or regional governmental agencies in charge of wildlife
conservation, as well as politicians), conservation managers, game
keepers, hunters, conservation practitioners, and citizens, especially
cat owners.

In parallel, we need to acquire more knowledge of many aspects
of wildcat biology. Scientists should focus on assessing the impact of
introgression from domestic cats, especially regarding fitness
consequences. We need a better understanding of the genotype-
phenotype map of wildcats and domestic cats to evaluate the impact
of any level of hybridization. Fitness effects of hybridization may
depend on the genomic region that is introgressed, with some
genomic regions having stronger effects than others. More work is
also needed to improve our understanding of when and how
hybridization events occur and what their consequences are by,
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e.g., studying the behavior and ecology of wildcats, domestic cats,
and hybrids with different levels of admixture — as done by Matias
et al. (2022) in a study about variation of genetic integrity across
biomes. This knowledge gained by scientific research is essential for
defining efficient conservation and management measures (Jackiw
et al,, 2015). Expertise exchange and joint projects between
researchers from the disciplines of population genetics, wildcat
ecology, population ecology, eco-evolutionary modeling,
veterinary medicine, and captive management should be
encouraged, as interdisciplinarity is invaluable to effective
implementation of conservation programmes (Stoskopf et al,
2005). Comparing findings from different wildcat populations
across Europe will be especially valuable. The Eurowildcat
Consortium, a scientific network connecting wildcat researchers
across Europe, initiated at a wildcat symposium in Mulhouse in
2013 and formally founded in 2018, was a first step in this direction.
Nevertheless, the management still differs widely across European
countries. For example, in some countries wildcats are considered
as endangered, especially due to high hybridization risk (e.g.,
Portugal). In other European countries wildcats are game species
without a management plan or systematic monitoring, despite high
levels of hybridization have been recorded (e.g., Serbia; Urzi
et al., 2021).

Based on current knowledge, we recognize the following
priorities in conservation management and scientific research
concerning hybridization between wildcats and domestic cats (see
also Table 1):

* Management measures: Due to the lack of knowledge
about their eco-evolutionary consequences, we should
prevent hybridization events as far as possible (complete
avoidance is not realistic), especially by minimizing the
presence of fertile domestic cats in wildcat habitats and
promoting healthy wildcat populations.

* Systematic monitoring: Policymakers should implement
long-term genetic monitoring programmes with reliable
temporal and spatial sampling to assess hybridization at a
biologically meaningful local scale. Additionally,
demographic trends should be regularly determined (stable,
expanding, decreasing populations). Ideally, demographic
trends in domestic—feral cats in the wildcat range should
also be measured. Long-term data are valuable to understand
the spatial and temporal drivers of hybridization. It would
allow conservationists to evaluate the success of measures
taken to minimize hybridization events.

¢ Communication with the wider public: Conservation
managers should encourage projects to raise awareness of
hybridization as a conservation issue and promote
responsible pet ownership. Domestic cat owners should be
aware of their responsibility to keep pets from damaging the
natural environment. Information campaigns describing
wildcats (as a separate species from domestic cats) could use
the wildcat as an attractive flagship species for conservation, as
has been done for example in Germany with the projects
“Rettungsnetz Wildkatze” and “Wildkatzensprung”
(governmental project of BUND). A well-informed public
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TABLE 1 Overview of conservation priorities for Felis silvestris regarding its hybridization with Felis catus under the responsibility of policymakers
(conservation practice) or researchers (conservation research).

Goals

Conservation practice

Measures

Approac

Actors

Document temporal and spatial dynamics
of hybridization to better understand
hybridization and to have a control
instrument

Document population dynamics in space
and time to better understand
hybridization and to have a control
instrument

Monitoring population hybridization level at regional scale,
where hybridization level is measured as gene flow in the
population gene pool (migration rate per generation)

Monitoring population dynamics (abundance, distribution,
growth) at regional scale

Genetics

Genetics, population
ecology

Policymakers, geneticists,
practitioners

Policymakers, geneticists,
ecologists, practitioners

Increase public awareness for existence of
European wildcat and its hybridization
with domestic cats

Education and raising awareness of the wider public to
increase acceptance and implementation of domestic and
feral cat control measures

Public relations, education

Policymakers,
hunters, educators,
citizens

Minimize number of fertile domestic cats
in wildcat habitat to prevent hybridization
events

Minimize number of fertile feral cats in
wildcat habitat to prevent hybridization
events

Optimize wildcat habitat to maximize
health and size of wildcat population

Minimize human disturbance to maximize
health and size of wildcat population

Domestic cat control; neutering campaigns, including
evaluation of the impact of these campaigns

Feral cat control; eradication or sterilization campaigns,
including evaluation of the impact of these campaigns

Increasing habitat heterogeneity (e.g., less intensive,
silviculture and agriculture, more deadwood and
heterogeneous forest structure); mitigating roadkill hotspots;
avoiding fragmentation or increasing connectivity between
wildcat habitats; promoting habitat characteristics susceptible
to increase prey species abundance (e.g., hedgerows)

Promote wilderness areas that are free from human pressures
like intensive tourism

Public relations,
veterinary

Veterinary

Forestry, agriculture

Land use planning, public
relations

Policymakers, veterinaries,
citizens

Policymakers,
gamekeepers,
veterinarians, pet welfare
organizations

Policymakers,
practitioners

Policymakers,
practitioners

Legal support for hybridization prevention
and protection measures

Enshrine in the local laws the need to prevent hybridization
and illegal killing of wild species. In wildcat habitats, hunting
striped tabby cats should be avoided and, at night, the
hunting of any cats.

Juridic procedures

Policymakers, lawmakers,
politicians

Increase hunters’ awareness for existence
of European wildcat and hybridization
Avoidance of illegal hunting of wildcats

Develop methodology to distinguish
admixed and non-admixed individuals in
the field

Education of hunters to avoid illegal killing of wildcats, to
increase protection of wild species

Studies of morphological traits in admixed and non-admixed
individuals to assess influence of hybridization on phenotype;
Rapid and cheap point-of-use genetic tests to assess
admixture in captured cats for immediate treatment
according to the species status

Public relations, education

Camera traps with
genetic-traps, carcass
surveys, artificial
intelligence; genetics

Policymakers,
practitioners, educators

Biologists, Museum
curators

Conservation research

Investigate and define “acceptable”
interspecific gene flow

Investigate and define “acceptable”
interspecific gene flow

Study fitness consequences of gene flow at individual,
population and species scale (e.g., selection, purging,
genotype-phenotype maps)

Simulate evolution of gene flow in future based on current
and past hybridization levels

Genomics, carcass surveys

Modeling, genetic
monitoring

Geneticists (population &
evolutionary genomics)

evolutionary geneticists

Understand the behavioral and ecological
context of hybridization

Study hybridization events in relation to habitat use of
parental species and hybrids, at local scale

Telemetry, carcass surveys

Landscape ecologists

Recognize barriers or enhancers for
interspecies reproduction

Study hybridization events in relation to behavior of parental
species and hybrids at local scale

Telemetry

Ethologists

Investigate wildlife diseases to assess
fitness consequences of hybridization

Study of disease prevalence in wildcats in relation to their
degree of admixture, and in free-ranging cats

Pathogen analyses (data
collection: telemetry,
carcass surveys)

Veterinarians, pathologists
epidemiologists
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would increase the acceptance of domestic and stray cat
management measures and engagement with wildcat
conservation in general.

Domestic cat management: Policymakers should encourage
neutering programmes for owned or semi-owned domestic
cats living in or near typical wildcat habitats (e.g., isolated
farms in rural areas, far away from highly urbanized regions).
This measure aims to minimize successful mating events
between the wild and domestic species. Further, mandatory
microchipping of domestic cats could give a systematic
census of the domestic cats. We recommend controlling
feral cat populations by eradication/neutering programmes
as far as possible. Due to the emotional attachment to cats,
trap-neuter-return (TNR) strategies are generally the best
accepted and thus the most realistic management option to
minimize successful mating events between wildcats and
stray/feral cats. Monitoring should be used to verify the
long-term efficacy of this strategy. A further approach to
domestic cat management was chosen by the Polish
Academy of Sciences, who added Felis catus to the list of
“invasive alien species”, emphasizing in this way the threat
this species represents to biodiversity (e.g., impact as a
predator shown by Kosicki, 2021).

Managing wildcat habitat: Wildcat habitat recovery should
be promoted, by increasing habitat heterogeneity (e.g., less
intensive silviculture and agriculture, more deadwood),
mitigating roadkill hotspots, avoiding fragmentation or
increasing connectivity between wildcat habitats, and
promoting habitat characteristics to increase prey species
abundance (e.g., hedgerows). Habitat improvement may
lead to stable or increasing wildcat populations. Wildcats
are predicted to choose native forest and woodland areas,
avoid human structures like villages, houses, and roads
(Klar et al., 2008), and use well-structured habitats
(Jerosch et al., 20105 Jerosch et al., 2017). Conversely,
poor quality habitat may lead to wildcat dispersal into
human-dominated landscapes, and subsequent
hybridization with domestic cats. Matias et al. (2022) have
shown that wildcat genetic integrity was generally
maximized in regions with a higher forest cover and
larger distances to human settlements. Thus, maintaining
large, connected native forests and woodlands with low
anthropogenic disturbance is pivotal for maintaining large,
demographically and genetically stable wildcat populations.
Limiting human disturbance in wildcat regions: Many
different sources of human disturbance negatively affect
wildcats, such as increased stress levels due to the presence
of intensive tourism (Pifieiro et al., 2012) or mistaken
shooting or poaching (even if rare in most countries
nowadays). Thus, we expect wilderness areas mostly free
from human pressures in whichever form (tourism,
urbanization, hunting) to benefit wildcat populations. In
healthy, large wildcat populations, intraspecies mating
might be favored, thus reducing the probability of
hybridization with domestic cats.
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Legal protection against hybridization: The European
wildcat is a legally protected species in most European
countries. The protection primarily applies to prevent
hunting. Nevertheless, legal protection could be extended
to include the genetic integrity and diversity of the species.
Policymakers might revise legal texts to support measures
against the negative effects of hybridization more explicitly.
For example, in Switzerland, there is a legal duty to ensure
that hybrids that have entered the wild are regulated and do
not spread, and where possible, are removed if they threaten
native species diversity (Hunting ordinance, SR 922.01, Art.
8bis, al. 5). Legislation concerning the regulation of feral
cats as an invasive species might also have the potential for
improvement (Trouwborst and Somsen, 2019).
Communication with hunters: To avoid mistakenly
shooting or poaching of wildcats in countries where
wildcats are legally protected, hunters should be informed
about the presence of the species, its legal status and
problems associated with hybridization with domestic
cats. They should be advised not to shoot tabby cats. The
European wildcat is protected in most European countries,
e.g., by the Council Directive on the conservation of natural
habitats and of wild fauna and flora (92/43/EEC). In
contrast, feral cats can be hunted in some countries, e.g.,
United Kingdom, Germany, Switzerland, Slovakia or
Czechia, which may reduce hybridization, but - in the
absence of adequate information campaigns — might also
increase mistaken shooting of wildcats.

Research: We should fully understand hybridization
dynamics and the impact of gene flow from domestic cats
to European wildcats.

o What are the fitness consequences of hybridization
at the level of individuals, populations, and
species? Individuals: promising approaches include
systematically quantifying differential survival of
kittens with or without recent genetic admixture, or
of radio-collared individuals with or without recent
admixture, as well as quantifying fecundity or disease
prevalence of admixed and non-admixed wildcats.
Populations: life history traits, e.g., reproduction,
survival and growth rate, of populations with
different hybridization levels should be compared
to better understand the impact of hybridization at
a population level. Species: we should better
understand how selection is operating on the flow
of domestic cat genes into the wildcat gene pool,
which genes are more likely to be introgressed and
what are the genotype-phenotype maps of the cat
species. Here, genomic approaches will be of great
importance.

o How does behavior, habitat use, and morphology,
differ between parental species and hybrids with
different levels of admixture? Understanding the
behavioral isolating mechanisms and the spatial
configuration of wildcats, domestic cats and their
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hybrids is crucial to understanding (and limiting)
hybridization events (Matias et al., 2022). The study
of species-specific habitat use may identify optimal
areas for measures to mitigate hybridization. The
study of morphological traits allows better
identification of hybrids in the field, which is
crucial for the fast implementation of management
measures.

o How might hybridization rates change in future?
Simulated data can be used to project future patterns
of hybridization based on past and current
hybridization levels (as in Quilodran et al., 2020b).
It would be useful to compare simulation models for
several populations with different baselines, in terms
of population parameters, like hybridization rate, or
effective population size of the parental species. This
might be relevant to help policymakers define
population-specific thresholds for “acceptable”
levels of gene flow of hybridization.

Summary

Hybridization between European wildcats and domestic cats
appears to be a modern phenomenon, a result of the breakdown of
isolating mechanisms between species previously isolated for
thousands of years. Historic habitat loss, persecution and current
trends in urbanization, habitat fragmentation and domestic cat
ownership suggest hybridization now poses a significant threat to
wildcats, especially in small, isolated, or declining populations. We
currently have a limited understanding of the main drivers of
hybridization, fitness consequences for wildcats or ecosystem
function of hybrids. Despite reported cases of “low” levels of
hybridization across countries in central Europe, a cautious
approach should be taken to managing hybridization. Low levels
of introgression can quickly result in genetic swamping, as has
already been observed in Scotland, where the wildcat population is
now on the verge of extinction. Systems that appear stable may be
capable of switching rapidly into a hybrid swarm if further
disturbed, be this by human forces (e.g., habitat loss or hunting)
or natural events (e.g., prey crashes). Accurate genetic methods now
exist to quantify hybridization and introgression, and we strongly
encourage their consequent application to monitor wildcat
populations periodically. Mitigating hybridization poses complex
management questions, requiring the combined effort of multiple
stakeholders, including scientists, and engagement of the citizens.
However, it is vital to be aware of, and manage, the risks of
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