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Abstract

Knowledge of genetic diversity is important to wildlife conservation because genetically depleted populations experience an
increased risk of extinction. Mammalian carnivores are characterized by small and fragmented populations and low dispersal,
so that genetic erosion can lead to the fixation of deleterious genes relatively quickly, leading to morphological abnormali-
ties. Kinked tails and cowlicks are indicative of inbreeding depression and have been described in two wild cat species so
far, the puma (Puma concolor) and the cheetah (Acinonyx jubatus). Here we report the first records of morphological abnor-
malities in five populations of the European wildcat (Felis silvestris silvestris) in Italy by using (1) camera-trapping and (2)
necropsy of road-killed individuals assessed through genetic analysis. We collected 24,055 trap-nights from 251 cameras
and recorded 566 wildcat detections, from which we identified 148 wildcats. Among these, 11 individuals had a kinked tail
and four displayed brachyuria, whereas three wildcats from Sicily had cowlicks on the thorax. We recovered 28 road-killed
wildcats and two of them (from Sicily and Friuli Venezia Giulia) had a kinked tail. Among these, one female with a kinked
tail had a male foetus with a kinked tail, which proved that this characteristic was genetically inherited. We are unsure why
brachyuria or cowlicks were not detected across all monitored wildcat populations, given we found kinked tails throughout
Italy. The frequencies at which we have detected these abnormalities in wildcats are far lower than reports from Florida
panthers (Puma concolor). Future research is needed to verify whether these abnormalities are also associated with low
genetic diversity or other morphological defects which might lower fitness. We recommend a nationwide effort, using these
techniques within a standardized sampling design, to further understand the status of the wildcat in Italy.
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Introduction

Carnivoran populations are suffering globally due to
human exploitation of natural ecosystems and also direct
exploitation of carnivorans, which have threatened wild-
life populations (Dirzo et al. 2015; Ripple et al. 2019;
Brodie et al. 2021) that may be characterized by reduced
genetic variability. These populations are more affected
by stochastic events (Azizan and Paradis 2021), which is a
great concern (Hedrick & Kalinowski, 2000; Luque et al.,
2016) given the higher frequency of extreme weather con-
ditions and increasing climate extremes (Maxwell et al.
2019). This scenario can be even worse for smaller car-
nivoran species, which are incapable of dispersing over
large distances (Macdonald et al. 2018) or threatened by
increased road-kill mortality (Bastianelli et al. 2021). In
these cases, such species can become locally threatened,
even though their population densities might not be too
low to raise concerns (Miller-Butterworth et al. 2021).
The largest wild cat species (e.g. tigers Panthera tigris
and lions Panthera lion) have been greatly impacted by
humans, mainly due to competition for food (Dirzo et al.
2015; Ripple et al. 2016, 2019; Bogoni et al. 2020) and
retaliatory killing following conflict with humans, includ-
ing direct killing of people (Dhanwatey et al. 2013; Anile
and Devillard 2020). However, populations of smaller cat
species populations can also be severely affected by human
disturbance (Dickman, 2015; Fleschutz et al., 2016), while
also being largely understudied when compared to larger
species (Macdonald and Loveridge 2010; Anile and Devil-
lard 2020; Marneweck et al. 2021). Nevertheless, ecosys-
tem services provided by small cats are essential for any
ecosystem by regulating the distribution and abundance of
a variety of prey species (Williams et al. 2018).

Kinked tails, which appear as abnormal deviations/turns
of the tail with respect to its normal central axial develop-
ment (i.e. the character is determined by fusion and dys-
morphology of the tail vertebrae) (Farkas and Chapman
2009), were first described in domestic cats (Felis catus)
in Asia, where the frequency of this character is particu-
larly high (Darwin 1868). Kinked tails can occur anywhere
along the length of the tail (Ernest et al. 2014) and with
three modalities (minor/medium/extreme) currently recog-
nized (Xu et al. 2016) and where there is also a reduction
of the tail length accompanying the kink (i.e. leading to
brachyuria — the loss of part or the entirety of the tail)
(Beddington et al., 1992).

Shortened tails are found in at least five different breeds
of the domestic cat (Lyons 2015), suggesting that at least
three different independent events have led to the fixa-
tion of this character in the domestic cat (Xu et al., 2016).
Whether kinked tails and brachyuria are also associated
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with diminished fitness is controversial (Pimm et al.
2006b, a; Ernest et al. 2014; Xu et al. 2016), although it
is evident this condition is caused by an unusual devel-
opment of the tail but is possible that other important
parts of the body, such as internal organs, may be affected
(e.g. cryptorchidism and atrial septal defects) (Farkas and
Chapman 2009; Johnson et al. 2010; Terio et al. 2018).
Given the tail is of paramount importance for the normal
execution of several behaviours (e.g. locomotion, ther-
moregulation, and communication), which are connected
to a healthy body condition (Xu et al. 2016), knowledge of
any abnormalities of the tail is important for anticipating
potential negative health impacts in cat populations.

Another abnormality frequently observed is the cowlick,
which appear as small regions (i.e. few cm?) of the coat
where the hairs grow in clockwise or counter-clockwise
directions and against the prevalent direction of hair growth
in the surrounding area, providing a clear whirled appear-
ance (Kerk et al., 2019; O’Brien, 2003). This particular trait
was detected at a very high frequency (more than 90%) in
Florida panthers (Puma concolor) before the introduction
of individuals from the Texas population (Darrell & Lacy,
2000; Johnson et al., 2010). Interestingly, when cowlicks
are present on the front of the head in humans (Homo sapi-
ens), they are associated with the FG syndrome (Unger et al.
2007), a rare disease caused by mutations found on the X
chromosome, which, although not lethal, can greatly impair
affected individuals.

Evidence of wild cat populations showing low levels of
genetic diversity (Hedrick and Kalinowski 2000) are accu-
mulating across the world (Azizan & Paradis, 2021), from
small cats like the Andean mountain cat (Leopardus jaco-
bita) (Cossios et al. 2012) to larger cats like the cheetah
(Terio et al. 2018) and the lion (Trinkel et al., 2010); these
studies reported clear signs of inbreeding depression. Puma
(Puma concolor) populations in Florida (Roelke et al. 1993;
Pimm et al. 2006a; Kerk et al. 2019) and California (Ernest
et al. 2014) had kinked tails, cowlicks, and other associated
abnormalities at alarming frequencies (Johnson et al. 2010).
Both abnormalities were associated with a reduced genetic
richness in affected individuals (Ernest et al. 2014) and inde-
pendent studies conducted on both populations documented
a sharp reduction in the occurrence of such characters after
the introduction of new individuals from a different popula-
tion (Darrell and Lacy 2000; Johnson et al. 2010; Gustafson
et al. 2017).

The European wildcat (Felis silvestris silvestris) — here-
after wildcat — is a small felid species currently listed as
“Least Concern” in the [IUCN Red List of Threatened Spe-
cies™, although its populations are highly fragmented with
increasing evidence that hybridization with the domestic cat
occurs and threatens the species (Yamaguchi et al. 2015). In
addition, wildcat population densities are usually extremely
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low (Soto and Palomares 2013; Gil-Sanchez et al. 2020;
Matias et al. 2021) even when considering the ecological
laws underpinning population density regulation (Anile &
Devillard, 2020). Wildcats also face threats from livestock,
feral pigs, and human disturbance (Anile et al., 2019, 2021).
Taken together, this evidence indicates that wildcats deserve
increased conservation actions and support from wildlife
agencies.

Studies of wildcat genetics have mainly assessed the rate
of introgression with domestic cats, population structure,
and divergence times among populations (Mattucci et al.
2013, 2019; Witzenberger and Hochkirch 2014; Senn et al.
2019; Howard-McCombe et al. 2021). In Italy, wildcats did
not experience a historical bottleneck (Mattucci et al. 2013)
and genetic diversity is relatively high (Mattucci et al. 2016),
but see Randi and Ragni (1991) for discordant results. How-
ever, the genetic structure of wildcats indicated a persistent
(~5000 generations) low level of gene flow among popula-
tions, and hence local episodes of genetic drift/erosion were
possible (Mattucci et al. 2016).

Fig. 1 Locations of the cameras
used to survey the four wildcat
populations in Italy (points)
and of the road-killed wildcats
(triangles) analysed in the cur-
rent study. European wildcat
distribution range across the
Italian peninsula is shown in
light grey
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We report the first records of kinked tails, brachyuria, and
cowlicks across five different Italian wildcat populations,
which represent different ecological functional units (Boi-
tani and Powell 2012), as assessed by visual inspection of
camera-trapping images and necropsy on road-killed wild-
cats, whose species identification was confirmed via genetic
analysis. To our knowledge, this is also the first study that
has documented the occurrence of such abnormalities in
wildcats, hence providing a benchmark for future studies.

Materials and methods
Study area

Our sampling surveys took place in Italy, including the
regions of Sicily, Basilicata and Apulia (southern), Umbria
(central), and Friuli Venezia Giulia (north) (Fig. 1). Exten-
sive descriptions of the study areas located in Sicily (Etna
Regional Park), Apulia (Gargano National Park), and Friuli
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Venezia Giulia are provided elsewhere (Anile et al. 2019;
Franchini et al. 2019; Filacorda et al. 2021; Gaudiano et al.
2021). In Basilicata region, a variety of habitats (e.g. for-
ests, rocky formations, creeks and ponds, and agricultural
areas) were sampled in the province of Potenza, between the
Basento, Bradano, and Ofanto rivers. The sampling area in
Umbria region was relatively small (7 km?), consisting of
two sites ~40 km apart, located in a low (< 1000 m) moun-
tain range (Martani mountains) mainly populated by oaks
Quercus sp.; this region represents a stronghold for wildcat
conservation in Italy (Ragni et al. 1994).

Camera-trapping

Wildcats were detected through either opportunistic sur-
veys (Gaudiano et al. 2021), species-specific surveys (Anile
et al. 2009, 2010, Anile et al., 2012a, Anile et al., 2014,
Anile et al., 2019, Anile et al., 2021), or a continuing citizen
science project. We used a variety of camera brands and
models (e.g. film and digital cameras from different manu-
facturers). In addition, some species-specific surveys used a
lure (Valerian officinalis tincture), though with unsatisfac-
tory results (Anile et al. 2009, 2012b). We identified indi-
viduals as domestic cat, wildcat, or hybrid (putative when
genetic analysis for a given individuals was not available, i.e.
camera-trapped individuals); all images were examined by
a single experienced researcher (SA) to minimize the bias
associated with multiple observers (Alexander et al. 2020;
Johansson et al. 2020). Cats were considered to belong to
the wild species if (i) they had the typical coat marking sys-
tem described by Ragni and Possenti (1996); or (ii) they did
not exhibit any evident anomalous features (e.g. large white
area over the body or the typical caudalis of the domestic
cat — with a stripe, well defined or not, going throughout
the tail), which suggest introgression with the domestic cat
(Kitchener et al., 2005). Putative hybrids (Velli et al. 2015)
were not considered further.

During two of the surveys conducted in Sicily, the genetic
status of the population was also assessed via genetic

Table1 Summary of the results from camera-trapping surveys of
wildcats from five regions of Italy. The number of road-killed wild-
cats is also reported in column N and F.V.G.=Friuli Venezia Giulia.
Cameras indicates the number of sampling sites, cameras+ indi-
cates the number of sampling sites with wildcat detections, event is

analysis of the scats collected through systematic sampling
(Anile et al., 2014, 2019). Domestic cats or hybrids were not
detected, either via cameras or genetic analysis, providing
support for the congruency between the protocol developed
by Ragni and Possenti (1996), and further refined by Kitch-
ener et al. (2005), and genetic analysis (Kilshaw et al. 2010;
Devillard et al. 2013; Ballesteros-Duperon et al. 2014; Senn
et al. 2019). However, one domestic cat was detected via
camera-trapping during a subsequent survey (Anile et al.
2012b).

Necropsy

Cats subjected to necropsy were collected as road-kills
through opportunistic sampling in each region except
Apulia and Umbria. Routine necropsy procedures are fully
described elsewhere (Falsone et al. 2014) and for each cat, a
sample of muscle tissue was taken and further processed for
genetic analysis (Mattucci et al. 2013) to confirm genetic sta-
tus (i.e. wildcat, domestic cat, or hybrid). Each carcass was
also inspected for coat markings (Ragni & Possenti, 1996),
while standard biometric measures were also recorded (e.g.
nutritional status, weight, and the lengths of the body, of
the tail, and of the hind foot). To be consistent with the
camera-trapping protocol, hybrids, as determined via genetic
analysis, were not considered further.

Results

We collected over 24,055 trap-nights from 251 cameras and
we recorded 556 wildcat detections at 135 cameras, leading
to the identification of 148 wildcats (Table 1). Individuals
with kinked tails were observed in all study regions across
the populations, whereas brachyuria was detected only in
Basilicata and Puglia and cowlicks were detected only in
Sicily (Table 1).

Among these cats, 11 had a kinked tail (Fig. 2;
Online Resource 1 and 2), two had a very short tail (i.e.

the number of wildcat detections obtained, and n.wildcat indicates
the number of individual wildcats identified. K, B, and C indicate
the numbers of wildcats with a kinked tail, brachyuria, or cowlicks,
respectively; the frequency (%) for a given abnormality across the
populations is reported beside the number of wildcats

Region Start—end monitoring period Cameras/cameras + Trap-days Events/n.wildcat N K B C
Sicily 11/04/06-10/12/18 118/75 10,441 348/91 12 8/7.7 0 3129
Basilicata 23/05/10-20/07/21 36/26 7587 106/30 9 2/5.1 3/1.1 0
Apulia 29/09/13-10/05/19 61/30 1747 47/12 0 0/0 1/0.1 0
FV.G 28/08/12-20/09/21 16/14 2259 35/9 7 1/6.2 0 0
Umbria 15/04/17-20/09/21 20/20 4333 130/6 2/33 0 0
Total 11/04/06-20/09/21 251/135 24,055 566/148 28 13/22.8 4/7 3/1.7
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Fig.2 Kinked wildcats from
camera-trapping (a= Sicily;
b =Basilicata)

approximately less than one-third of the normal length
observed in wildcats), one had a tail which was half of the
normal length, and one had no tail at all (i.e. the whole tail
was apparently missing) (Online Resource 3 and 4). In addi-
tion, three cats from Sicily had a cowlick in the dorsal por-
tion of the thoracic region (Fig. 3).

We necropsied 28 wildcats from Sicily, Basilicata, and
Friuli Venezia Giulia. Only one female from Sicily and one
male from Friuli Venezia Giulia had a kinked tail. The tail
kink of the male from Friuli Venezia Giulia was located at
the distal tip (Fig. 4a). The kink-tailed female from Sicily
was pregnant with two foetuses; the male foetus, but not the
female foetus, also had a kinked tail. Here, the kink of the
adult female was located at the centre of the tail (Fig. 4b),
whereas the kink of the male foetus was located at the
base of the tail (Fig. 5). Mean and standard error of the
mean (s.e.m.) of the body, tail, and hind foot lengths were
73.9+3.2,26.3+1.2, and 11.3+0.4 cm, respectively.

Discussion

We used camera-trapping and necropsies on road-killed
wildcats, which were genetically confirmed to show no
evidence of recent hybridization (Mattucci et al. 2013), to
investigate the occurrence of morphological abnormali-
ties across five wildcat populations in Italy. In addition, we
documented how the kinked-tail trait was likely transmit-
ted via genetic inheritance from an affected individual to
its offsprings. This observation also provides evidence that
the kinked-tail trait can be found in both sexes, although it
might occur at different frequencies (Benirschke et al. 1981).
Wildcats with kinked tails were detected across the popula-
tions at a relatively similar frequency (5-7%); we consider
the 33% value observed in Umbria was likely an outlier due
to small sample sizes.

Fig.3 Three Sicilian wildcats showing the cowlicks on the dorsal
portion of the thoracic region
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Fig.4 Kinked tails in road-killed wildcats (a=Sicily; b="Friuli Ven-
ezia Venezia Giulia)

Fig.5 The two foetuses from the female wildcat with a kinked tail
(Fig. 4b) from Sicily (Mt. Etna); the male showing a kinked tail

Interestingly, some of these abnormalities appear to be
population-specific. For example, cowlicks were detected
only in Sicily, an island with no gene flow with other wildcat
populations (Mattucci et al. 2016). Relative to other wildcat
populations in Italy, the Sicilian population had the low-
est: (i) number of alleles per locus (3.6); (ii) allelic rich-
ness (2.1); and (iii) heterozygosity, either observed (0.46)
or expected (0.50) (Mattucci et al., 2013). Given these find-
ings, the genetic status of the Sicilian wildcat population
is more typical of a cat species classified by the IUCN Red
list of Threatened Species™ as Critically Endangered, like
the Asian cheetah (Acinonyx jubatus spp. venaticus), or
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Endangered, like the Andean mountain cat Leopardus jaco-
bita and the Iberian lynx (Lynx pardinus) (Azizan and Para-
dis 2021). Alternatively, the detection of such abnormalities
might be related to the local set-up of cameras in this study
area, given the surveys conducted in Sicily always focused
on wildcats. Thus individuals were more likely to be located
at the centre of the image and at a relative short distance
with a white flash; these features might have enhanced the
detection of cowlicks when inspecting photographs.

Similarly, none of the road-killed wildcats in the Basili-
cata region had any abnormalities, but three camera-trapped
individuals were affected by brachyuria (one total and two
— most likely siblings — partial) and two had kinked tails.
Two potential, and likely concurrent, explanations may have
caused this apparent contradiction: (1) overlap between the
areas surveyed with cameras and where the road-kills were
collected (Falsone et al. 2014) (south of the region around
the Regional Park of Gallipoli Cognato) was extremely low,
hence we may have sampled two different sub-populations
within the same region; and (2) temporal overlap between
camera surveys and collection of road-kill was extremely
low, hence we may have sampled the same population during
different time periods. We also detected two wildcats (one
male and the other undetermined) with a kinked tail, via
a citizen camera-trapping project from the Umbria region,
providing further evidence that the kinked-tail trait is also
found in this wildcat population. Furthermore, we are aware
of some road-killed wildcats with kinked tails collected in
central Italy by Prof. Bernardino Ragni and his team, but we
did not have access to this historical dataset.

We are unsure why brachyuria or cowlicks were not
detected across all monitored wildcat populations, given
we found kinked tails throughout Italy. However, the fixa-
tion of a particular phenotypic trait in isolated cat popula-
tions is not uncommon. For example, pseudomelanism was
detected at relatively high frequency (~37%) only in the tiger
population of the Similipal Tiger Reserve, India (Sagar et al.
2021). Likewise, melanism in servals (Leptailurus serval) is
frequent only around the moorland of the Aberdares and Mt.
Kenya (Grimshaw et al. 1995) and it was detected in margays
(Leopardus wiedii) only in two localities from Colombia and
Chile (Gonzalez-Maya et al. 2018). Similarly, albinism in
the fishing cat (Prionailurus viverrinus) was observed only
in the Haor Basin area in Bangladesh (Giordano et al. 2013)
and erythristic leopards (Panthera pardus) are reported only
from India and South Africa (Pirie et al. 2016).

We have not yet investigated further whether indi-
viduals with kinked tails among the road-kill dataset also
have a lower genetic diversity, or any defects of the atrial
septa in the heart (Johnson et al., 2010). No road-killed
wildcats with kinked tails had any apparent morphologi-
cal abnormalities in the heart, although detection of this
kind of abnormality would require more detailed necropsy.
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Hence, we recommend researchers conduct more thorough
necropsies on wildcats in Italy to fill this gap. Likewise,
we could not ascertain if wildcats with brachyuria had a
lower fitness, although we note these individuals were not
detected throughout the years. Given that our camera-trap-
ping surveys in both Apulia and Basilicata spanned several
years, this finding might suggest a lower survival of these
individuals.

In general, the frequencies at which we detected these
abnormalities in wildcats are far lower (1.7%, 7%, and 22.8%
for cowlicks, brachyuria, and kinked tails) than reports (90%
and 81% for kinked tails and cowlicks, respectively) from
Florida panthers (Johnson et al. 2010). Regardless, our
findings urgently call for extensive investigation into the
genetic associations with these abnormalities, with greater
collaboration among conservation agencies, universities, and
stakeholders throughout Italy (Karanth 2016). If the associa-
tion between these abnormalities and reduced genetic diver-
sity were confirmed, it would be then extremely important
to identify their causes. Multiple factors can increase the
genetic erosion in a wild cat population. For example, when
populations are too fragmented, dispersal is inhibited (Ken-
ney et al. 2014), leading to local extirpations and population
bottlenecks. Alternatively, male wildcats may not disperse if
population densities are too low (Anile and Devillard 2020),
similar to findings for the leopard (Fattebert et al. 2015). In
addition, dispersal capacity is correlated to body size (Bow-
man et al. 2002) and hence wildcats in Italy may be faced
with another threat.

In conclusion, we recommend a standardized sampling
protocol to better link genetics and morphometrics (i.e. via
camera-trapping surveys coupled with scat collection fol-
lowed by genetic analysis) in Italian wildcats. Even though
such a sampling protocol would require a profound commit-
ment to field work over large areas for achieving satisfactory
results (Anile et al. 2014, 2019), the number of genotyped
individuals (n=32) is promising. In addition, there is a lack
of a national plan based on the best scientific knowledge
and expertise for monitoring wildcats in Italy. However, the
recent establishment of the Eurowildcat network (https://
eurowildcat.org/; accessed 25/02/2021), which aims to
improve wildcat conservation and collaboration, has built
the basis for a pragmatic, science-based cooperative effort
across countries. This network will surely contribute to a
more standardized approach across scientific disciplines for
fostering the conservation of wildcats in Italy and across
Europe (Bastianelli et al. 2021).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13364-022-00627-5.

Acknowledgements SA and SF thank Ettore Randi and Federica Mat-
tucci from the ISPRA for kindly assessing the genetic status of the
wildcats collected and used in this study. SA thanks Marisa Mazzaglia,

former president of the Etna Regional Park, for supporting the wildcat
research project without any hesitation. SA also thanks Dr. Michele
Leonardi and Dr. Rosa Spampinato (Etna Park officers) for supporting
his research throughout the years. Dr. Luigi Piccinini and Maurizio
Pennisi from the “Ripartizione Faunistico Vena-toria di Catania” kindly
provided the cameras used in this study. The wildcat project on Mt.
Etna was funded by Etna Park in 2015-2016 and 2018. SA is also
extremely graceful to the citizen scientists which are collaborating to
the wildcat camera-trapping project “Piccoli Fototrappolatori Indip-
endenti.” The comments of two anonymous reviewers have improved
this study.

Funding The wildcat project on Mt. Etna was funded by Etna Park in
2015-2016 and 2018.

Data availability Not applicable.

Code availability Not applicable.

Declarations

Conflict of interest The authors declare no competing interests.

References

Alexander JS, Johansson O, Sharma K, et al (2020) Snow leopard iden-
tification good practices

Anile S, Devillard S (2020) Spatial variance-mass allometry of popu-
lation density in felids from camera-trapping studies worldwide.
Sci Rep 10:14814. https://doi.org/10.1038/s41598-020-71725-0

Anile S, Bizzarri L, Ragni B (2009) Camera trapping the European
wildcat (Felis silvestris silvestris) in Sicily (southern Italy): pre-
liminary results. Hystrix Ital ] Mammal 20(1):55-60

Anile S, Bizzarri L, Ragni B (2010) Estimation of European wildcat
population size in Sicily (Italy) using camera trapping and cap-
ture-recapture analyses. Ital J Zool 77(2):241-246

Anile S, Amico C, Ragni B (2012a) Population density estimation
of the European wildcat (Felis silvestris) in Sicily using camera
trapping. Wildl Biol Pract 8(1):1-12

Anile S, Arrabbito C, Mazzamuto MV et al (2012b) A non-invasive
monitoring on European wildcat (Felis silvestris silvestris Schre-
ber, 1777) in Sicily using hair trapping and camera trapping: does
scented lure work? Hystrix Ital J Mammal 23(2):45-50

Anile S, Ragni B, Randi E et al (2014) Wildcat population density
on the Etna volcano, Italy: a comparison of density estimation
methods. J Zool 293:252-261. https://doi.org/10.1111/jz0.12141

Anile S, Devillard S, Nielsen CK, Valvo ML (2021) Anthropogenic
threats drive spatio-temporal responses of wildcat on Mt. Etna Eur
J Wildl Res 67:50. https://doi.org/10.1007/s10344-021-01499-x

Anile S, Devillard S, Ragni B, et al (2019) Habitat fragmentation and
anthropogenic factors affect wildcat (Felis silvestris silvestris)
occupancy and detectability on Mt. Etna. Wildl Biol. https://doi.
org/10.2981/wlb.00561

Azizan A, Paradis E (2021) Patterns and drivers of genetic diversity
among Felidae species. Biodivers Conserv. https://doi.org/10.
1007/s10531-020-02103-5

Ballesteros-Duperon E, Virgés E, Mole6n M et al (2014) How accurate
are coat traits for discriminating wild and hybrid forms of Felis
silvestris? Mammalia 79(1):101-110

Bastianelli ML, Premier J, Herrmann M et al (2021) Survival and
cause-specific mortality of European wildcat (Felis silvestris)

@ Springer


https://eurowildcat.org/
https://eurowildcat.org/
https://doi.org/10.1007/s13364-022-00627-5
https://doi.org/10.1038/s41598-020-71725-0
https://doi.org/10.1111/jzo.12141
https://doi.org/10.1007/s10344-021-01499-x
https://doi.org/10.2981/wlb.00561
https://doi.org/10.2981/wlb.00561
https://doi.org/10.1007/s10531-020-02103-5
https://doi.org/10.1007/s10531-020-02103-5

Mammal Research

across Europe. Biol Conserv 261:109239. https://doi.org/10.
1016/j.biocon.2021.109239

Beddington RSP, Rashbass P, Wilson V (1992) Brachyury—a gene
affecting mouse gastrulation and early organogenesis. Develop-
ment 10

Benirschke K, Kumamoto AT, Bogart MH (1981) Congenital anoma-
lies in Lemur variegatus. J Med Primatol 10:38-45. https://doi.
org/10.1159/000460050

Bogoni JA, Peres CA, Ferraz KMPMB (2020) Extent, intensity and
drivers of mammal defaunation: a continental-scale analysis
across the Neotropics. Sci Rep 10:14750. https://doi.org/10.
1038/s41598-020-72010-w

Boitani L, Powell RA (eds) (2012) Carnivore ecology and conser-
vation: a handbook of techniques. Oxford University Press,
Oxford, New York

Bowman J, Jaeger JAG, Fahrig L (2002) Dispersal distance of mam-
mals is proportional to home range size. Ecology 83:2049-2055.
https://doi.org/10.1890/0012-9658(2002)083[2049: DDOMIP]
2.0.CO;2

JF Brodie S Williams B Garner 2021 The decline of mammal func-
tional and evolutionary diversity worldwide Proc Natl Acad Sci
118 https://doi.org/10.1073/pnas.1921849118

Cossios E, Walker R, Lucherini M et al (2012) Population structure
and conservation of a high-altitude specialist, the Andean cat
Leopardus jacobita. Endanger Species Res 16:283-294. https://
doi.org/10.3354/esr00402

Darrell E, Lacy RC (2000) Introgression level achieved through
Florida panther genetic restoration campaign. Endanger Spe-
cies Update 17:99-103

Darwin C (1868) The variation of animals and plants under domes-
tication. John Murray, London, UK

Devillard S, Jombart T, Leger F et al (2013) How reliable are mor-
phological and anatomical characters to distinguish European
wildcats, domestic cats and their hybrids in France? J Zool Syst
Evol Res 52(2):154-162

Dhanwatey HS, Crawford JC, Abade LAS et al (2013) Large carni-
vore attacks on humans in central India: a case study from the
Tadoba-Andhari Tiger Reserve. Oryx 47:221-227. https://doi.
org/10.1017/S0030605311001803

Dickman S (2015) Priorities for global felid conservation. Conserv
Biol

Dirzo R, Young HS, Galetti M et al (2015) Defaunation in the Anthro-
pocene. Science 345(6195):401-4016. https://doi.org/10.1126/
science.1251817

Ernest HB, Vickers TW, Morrison SA et al (2014) Fractured genetic
connectivity threatens a Southern California puma (Puma con-
color) population. PLoS ONE 9:e107985. https://doi.org/10.1371/
journal.pone.0107985

Falsone L, Brianti E, Gaglio G et al (2014) The European wildcats
(Felis silvestris silvestris) as reservoir hosts of Troglostrongylus
brevior (Strongylida:Crenosomatidae) lungworms. Vet Parasitol
205(1):193-198

Farkas DR, Chapman DL (2009) Kinked tail mutation results in noto-
chord defects in heterozygotes and distal visceral endoderm
defects in homozygotes. Dev Dyn 238:3237-3247. https://doi.
org/10.1002/dvdy.22141

Fattebert J, Balme G, Dickerson T et al (2015) Density-dependent natal
dispersal patterns in a leopard population recovering from over-
harvest. PLoS ONE 10:e0122355. https://doi.org/10.1371/journ
al.pone.0122355

Filacorda S, Comin A, Franchini M et al (2021) Cortisol in hair: do
habitat fragmentation and competition with golden jackal (Canis
aureus) measurably affect the long-term physiological response in
European wildcat (Felis silvestris)? Ann Zool Fenn 59:16

Fleschutz MM, Galvez N, Pe’er G, et al (2016) Response of a
small felid of conservation concern to habitat fragmentation.

@ Springer

Biodivers Conserv 25:1447-1463. https://doi.org/10.1007/
s10531-016-1118-6

Franchini M, Prandi A, Filacorda S et al (2019) Cortisol in hair: a com-
parison between wild and feral cats in the north-eastern Alps. Eur
J Wildl Res 65:90. https://doi.org/10.1007/s10344-019-1330-2

Gaudiano L, Pucciarelli L, Mori E (2021) Livestock grazing affects
movements and activity pattern of Italian roe deer in South-
ern Italy. Eur J Wildl Res 67:66. https://doi.org/10.1007/
$10344-021-01506-1

Gil-Sanchez JM, Barea-Azcon JM, Jaramillo J et al (2020) Fragmen-
tation and low density as major conservation challenges for the
southernmost populations of the European wildcat. PLoS ONE
15:¢0227708. https://doi.org/10.1371/journal.pone.0227708

Giordano AJ, Reza AHMA, Feeroz MM (2013) Albinism in the fishing
cat (Prionailurus viverrinus) from the Haor Basin of Bangladesh.
Cat News 58:37-38

Gonzalez-Maya JF, Arias-Alzate A, Granados-Pefia R, et al (2018)
Margay also hide their spots: first records of melanistic Leopardus
wiedii from Colombia and Costa Rica. Rev Mex Biodivers 89:.
https://doi.org/10.22201/ib.20078706e.2018.2.1921

Grimshaw JM, Cordeiro NJ, Foley CAH (1995) The mammals of Kili-
manjaro. J East Afr Nat Hist 84(2):105-139

Gustafson KD, Vickers TW, Boyce WM, Ernest HB (2017) A single
migrant enhances the genetic diversity of an inbred puma popu-
lation. R Soc Open Sci 4:170115. https://doi.org/10.1098/rsos.
170115

Hedrick PW, Kalinowski ST (2000) Inbreeding depression in conserva-
tion biology. Annu Rev Ecol Syst 31:139-162. https://doi.org/10.
1146/annurev.ecolsys.31.1.139

Howard-McCombe J, Ward D, Kitchener AC et al (2021) On the use
of genome-wide data to model and date the time of anthropogenic
hybridisation: an example from the Scottish wildcat. Mol Ecol n/a.
https://doi.org/10.1111/mec.16000

Johansson O, Samelius G, Wikberg E et al (2020) Identification
errors in camera-trap studies result in systematic population
overestimation. Sci Rep 10:6393. https://doi.org/10.1038/
$41598-020-63367-z

Johnson WE, Onorato DP, Roelke ME et al (2010) Genetic restoration
of the Florida panther. Science 329:1641-1645. https://doi.org/
10.1126/science.1192891

Karanth KU (2016) The trouble with tiger numbers. In: Sci. Am.
https://www.scientificamerican.com/article/the-trouble-with-tiger-
numbers/. Accessed 27 Jun 2020

Kenney J, Allendorf FW, McDougal C, Smith JLD (2014) How much
gene flow is needed to avoid inbreeding depression in wild tiger
populations? Proc R Soc B Biol Sci 281:20133337. https://doi.
org/10.1098/rspb.2013.3337

Kilshaw K, Drake A, Macdonald DW, Kitchener AC (2010) The Scot-
tish wildcat: a comparison of genetic and pelage characteristics.
Scottish Natural Heritage

Kitchener AC, Yamaguchi N, Ward JM, Macdonald DW (2005) A
diagnosis for the Scottish wildcat (Felis silvestris): a tool for con-
servation action for a critically-endangered felid. Anim Conserv
8:223-237

Luque GM, Vayssade C, Facon B et al (2016) The genetic Allee effect:
a unified framework for the genetics and demography of small
populations. Ecosphere 7:¢01413. https://doi.org/10.1002/ecs2.
1413

Lyons LA (2015) DNA mutations of the cat: the good, the bad and
the ugly. J Feline Med Surg 17:203-219. https://doi.org/10.1177/
1098612X15571878

Macdonald DW, Loveridge AJ (2010) The biology and conservation of
wild felids. Oxford University Press, New York, USA

Macdonald EA, Cushman SA, Landguth EL et al (2018) Simulating
impacts of rapid forest loss on population size, connectivity and
genetic diversity of Sunda clouded leopards (Neofelis diardi) in


https://doi.org/10.1016/j.biocon.2021.109239
https://doi.org/10.1016/j.biocon.2021.109239
https://doi.org/10.1159/000460050
https://doi.org/10.1159/000460050
https://doi.org/10.1038/s41598-020-72010-w
https://doi.org/10.1038/s41598-020-72010-w
https://doi.org/10.1890/0012-9658(2002)083[2049:DDOMIP]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[2049:DDOMIP]2.0.CO;2
https://doi.org/10.1073/pnas.1921849118
https://doi.org/10.3354/esr00402
https://doi.org/10.3354/esr00402
https://doi.org/10.1017/S0030605311001803
https://doi.org/10.1017/S0030605311001803
https://doi.org/10.1126/science.1251817
https://doi.org/10.1126/science.1251817
https://doi.org/10.1371/journal.pone.0107985
https://doi.org/10.1371/journal.pone.0107985
https://doi.org/10.1002/dvdy.22141
https://doi.org/10.1002/dvdy.22141
https://doi.org/10.1371/journal.pone.0122355
https://doi.org/10.1371/journal.pone.0122355
https://doi.org/10.1007/s10531-016-1118-6
https://doi.org/10.1007/s10531-016-1118-6
https://doi.org/10.1007/s10344-019-1330-2
https://doi.org/10.1007/s10344-021-01506-1
https://doi.org/10.1007/s10344-021-01506-1
https://doi.org/10.1371/journal.pone.0227708
https://doi.org/10.22201/ib.20078706e.2018.2.1921
https://doi.org/10.1098/rsos.170115
https://doi.org/10.1098/rsos.170115
https://doi.org/10.1146/annurev.ecolsys.31.1.139
https://doi.org/10.1146/annurev.ecolsys.31.1.139
https://doi.org/10.1111/mec.16000
https://doi.org/10.1038/s41598-020-63367-z
https://doi.org/10.1038/s41598-020-63367-z
https://doi.org/10.1126/science.1192891
https://doi.org/10.1126/science.1192891
https://www.scientificamerican.com/article/the-trouble-with-tiger-numbers/
https://www.scientificamerican.com/article/the-trouble-with-tiger-numbers/
https://doi.org/10.1098/rspb.2013.3337
https://doi.org/10.1098/rspb.2013.3337
https://doi.org/10.1002/ecs2.1413
https://doi.org/10.1002/ecs2.1413
https://doi.org/10.1177/1098612X15571878
https://doi.org/10.1177/1098612X15571878

Mammal Research

Borneo. PLoS ONE 13:e0196974. https://doi.org/10.1371/journ
al.pone.0196974

Marneweck C, Butler AR, Gigliotti LC et al (2021) Shining the spot-
light on small mammalian carnivores: global status and threats.
Biol Conserv 255:109005. https://doi.org/10.1016/j.biocon.2021.
109005

Matias G, Rosalino LM, Rosa JL, Monterroso P (2021) Wildcat popu-
lation density in NE Portugal: a regional stronghold for a nation-
ally threatened felid. Popul Ecol 1438-390X.12088. https://doi.
org/10.1002/1438-390X.12088

Mattucci F, Oliveira R, Bizzarri L et al (2013) Genetic structure
of wildcat (Felis silvestris) populations in Italy. Ecol Evol
3:2443-2458

Mattucci F, Oliveira R, Lyons LA et al (2016) European wildcat popu-
lations are subdivided into five main biogeographic groups: con-
sequences of Pleistocene climate changes or recent anthropogenic
fragmentation? Ecol Evol 6(1):3-22

Mattucci F, Galaverni M, Lyons LA et al (2019) Genomic approaches
to identify hybrids and estimate admixture times in European
wildcat populations. Sci Rep 9:11612. https://doi.org/10.1038/
s41598-019-48002-w

Maxwell SL, Butt N, Maron M et al (2019) Conservation implications
of ecological responses to extreme weather and climate events.
Divers Distrib 25:613-625. https://doi.org/10.1111/ddi.12878

Miller-Butterworth CM, Diefenbach DR, Edson JE, et al (2021)
Demographic changes and loss of genetic diversity in two insular
populations of bobcats (Lynx rufus). Glob Ecol Conserv e01457.
https://doi.org/10.1016/j.gecco.2021.e01457

O’Brien SJ (2003) Tears of the cheetah: and other tales from the
genetic frontier, 1st edn. Thomas Dunne Books/St. Martin’s Press,
New York

Pimm SL, Dollar L, Bass OL (2006) The genetic rescue of the Florida
panther. Anim Conserv 9:115-122. https://doi.org/10.1111/j.
1469-1795.2005.00010.x

Pimm SL, Bass OL, Dollar L (2006a) Ockham and Garp. Reply to
Maehr et al.’s (2006a) response to Pimm et al. (2006). Anim
Conserv 9:133-134. https://doi.org/10.1111/j.1469-1795.2006.
00026.x

TJ Pirie RL Thomas MDE Fellowes 2016 Erythristic leopards Panthera
pardus in South Africa Bothalia 46 https://doi.org/10.4102/abc.
v46i1.2034

Ragni B, Possenti MG, Sforzi A, et al (1994) The wildcat in Central-
Northern Italian peninsula: a biogeographical dilemma. Bioge-
ographia XVII:553-566

Ragni B, Possenti M (1996) Variability of coat-colour and markings
system in Felis silvestris. Ital J Zool 63:285-292

Randi E, Ragni B (1991) Genetic variability and biochemical systemat-
ics of domestic and wild cat populations (Felis silvestris: Felidae).
J Mammal 72:79-88. https://doi.org/10.2307/1381981

Ripple WIJ, Abernethy K, Betts MG et al (2016) Bushmeat hunting
and extinction risk to the world’s mammals. R Soc Open Sci
3:160498. https://doi.org/10.1098/rsos.160498

Ripple WJ, Wolf C, Newsome TM et al (2019) Are we eating the
world’s megafauna to extinction? Conserv Lett 12:¢12627. https://
doi.org/10.1111/conl. 12627

Roelke E, Martenson JS, O’Brien SJ (1993) The consequences of
demographic reduction and genetic depletion in the endangered
Florida panther. Curr Biol 3:11

V Sagar CB Kaelin M Natesh et al 2021 High frequency of an other-
wise rare phenotype in a small and isolated tiger population Proc
Natl Acad Sci 118 https://doi.org/10.1073/pnas.2025273118

Senn HV, Ghazali M, Kaden J et al (2019) Distinguishing the victim
from the threat: SNP-based methods reveal the extent of introgres-
sive hybridization between wildcats and domestic cats in Scotland
and inform future in situ and ex situ management options for spe-
cies restoration. Evol Appl 12:399-414. https://doi.org/10.1111/
eva.12720

Soto CA, Palomares F (2013) Surprising low abundance of European
wildcats in a Mediterranean protected area of southwestern Spain.
Mammalia 78(1):57-65

Terio KA, Mitchell E, Walzer C, et al (2018) Diseases impacting cap-
tive and free-ranging cheetahs. In: Cheetahs: biology and conser-
vation. Elsevier, pp 349-364

Trinkel M, Funston P, Hofmeyr M et al (2010) Inbreeding and density-
dependent population growth in a small, isolated lion population.
Anim Conserv 13:374-382. https://doi.org/10.1111/j.1469-1795.
2009.00344.x

Unger S, Mainberger A, Spitz C et al (2007) Filamin A mutation is one
cause of FG syndrome. Am J Med Genet A 143A:1876-1879.
https://doi.org/10.1002/ajmg.a.31751

van de Kerk M, Onorato DP, Hostetler JA et al (2019) Dynamics,
persistence, and genetic management of the endangered Florida
panther population. Wildl Monogr 203:3-35. https://doi.org/10.
1002/wmon.1041

Velli E, Bologna MA, Castelli S et al (2015) Non-invasive monitoring
of the European wildcat (Felis silvestris silvestris Schreber, 1777):
comparative analysis of three different monitoring techniques and
evaluation of their integration. Eur J Wildl Res 61(5):657-668

Williams ST, Maree N, Taylor P et al (2018) Predation by small mam-
malian carnivores in rural agro-ecosystems: an undervalued eco-
system service? Ecosyst Serv 30:362-371. https://doi.org/10.
1016/j.ecoser.2017.12.006

Witzenberger KA, Hochkirch A (2014) The genetic integrity of the ex
situ population of the European wildcat (Felis silvestris silvestris)
is seriously threatened by introgression from domestic cats (Felis
silvestris catus). PLoS ONE 9:¢106083. https://doi.org/10.1371/
journal.pone.0106083

Xu X, Sun X, Hu X-S et al (2016) Whole genome sequencing identi-
fies a missense mutation in HES7 associated with short tails in
Asian domestic cats. Sci Rep 6:31583. https://doi.org/10.1038/
srep31583

Yamaguchi N, Kitchener A, Driscoll C, Nussberger B (2015) Felis
silvestris. The IUCN Red List of Threatened Species 2015:
e.T60354712A50652361.en. IUCN

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1371/journal.pone.0196974
https://doi.org/10.1371/journal.pone.0196974
https://doi.org/10.1016/j.biocon.2021.109005
https://doi.org/10.1016/j.biocon.2021.109005
https://doi.org/10.1002/1438-390X.12088
https://doi.org/10.1002/1438-390X.12088
https://doi.org/10.1038/s41598-019-48002-w
https://doi.org/10.1038/s41598-019-48002-w
https://doi.org/10.1111/ddi.12878
https://doi.org/10.1016/j.gecco.2021.e01457
https://doi.org/10.1111/j.1469-1795.2005.00010.x
https://doi.org/10.1111/j.1469-1795.2005.00010.x
https://doi.org/10.1111/j.1469-1795.2006.00026.x
https://doi.org/10.1111/j.1469-1795.2006.00026.x
https://doi.org/10.4102/abc.v46i1.2034
https://doi.org/10.4102/abc.v46i1.2034
https://doi.org/10.2307/1381981
https://doi.org/10.1098/rsos.160498
https://doi.org/10.1111/conl.12627
https://doi.org/10.1111/conl.12627
https://doi.org/10.1073/pnas.2025273118
https://doi.org/10.1111/eva.12720
https://doi.org/10.1111/eva.12720
https://doi.org/10.1111/j.1469-1795.2009.00344.x
https://doi.org/10.1111/j.1469-1795.2009.00344.x
https://doi.org/10.1002/ajmg.a.31751
https://doi.org/10.1002/wmon.1041
https://doi.org/10.1002/wmon.1041
https://doi.org/10.1016/j.ecoser.2017.12.006
https://doi.org/10.1016/j.ecoser.2017.12.006
https://doi.org/10.1371/journal.pone.0106083
https://doi.org/10.1371/journal.pone.0106083
https://doi.org/10.1038/srep31583
https://doi.org/10.1038/srep31583

	Show me your tail, if you have one! Is inbreeding depression occurring in wildcats (Felis silvestris silvestris) from Italy?
	Abstract
	Introduction
	Materials and methods
	Study area
	Camera-trapping
	Necropsy

	Results
	Discussion
	Acknowledgements 
	References


