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Abstract

European mustelids include the European polecat, Mustela putorius, and the steppe polecat, M. eversmanii. Both occur sympat-
rically in the Pannonian Basin, where M. eversmanii hungarica represents the westernmost part of the latter species and they
allegedly hybridize. We investigated the morphological relationships in sympatric and allopatric populations of these mustelids
with representative sampling, taxonomic and geographic coverage. We evaluated inter- and intraspecific patterns of morpholog-
ical differentiation of 20 cranial measurements and four external traits by distance-based morphometric approaches and multi-
variate analyses. Our results revealed a considerable heterogeneity in cranial morphology. The two species appeared to be clearly
differentiated although sympatric populations were closer to each other and had a slight overlap in the morphometric space.
Within M. eversmanii, the subspecies and the nominal taxon only partially overlapped, and M. eversmanii eversmanii was more
distant from M. putorius than subspecies hungarica. Although morphometric analyses revealed several intermediate individuals
in size in sympatric M. eversmanii and M. putorius populations, only a small fraction of such specimens showed conflict in
discrete morphological characters with the diagnostic discriminant function. We interpret these results as an indication of ongoing
hybridisation between sympatric populations, but the low number of hybrids identified suggests limited genetic exchange

between the species.
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Introduction

Three extant polecat species of the subgenus Putorius are
recognized: the European polecat (Mustela putorius L.,
1758), the steppe polecat (M. eversmanii Lesson, 1827) and
the black-footed ferret (M. nigripes (Audubon et Bachman,
1851)). They form the most clearly defined species group of
the genus Mustela (Abramov 2000). M. putorius occurs
throughout most of Europe from the Great Britain to the
Ural Mountains (Croose et al. 2018) with an unclear eastern
border in the European forest-steppe zone (see Fig. 1).
M. eversmanii is distributed from the southern regions of cen-
tral and eastern Europe, throughout southern Russia (includ-
ing southern Siberia) and Middle Asia to Mongolia and north-
e and western China (Heptner et al. 1967). The eastern part
of the distribution range of European polecat lies within the
range of M. eversmanii. The once widespread M. nigripes
exists in a few remaining populations in North America
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Fig. 1 Geographic origin of the samples studied. Points may correspond
to geographically very close localities (black squares =M. eversmanii,
white squares = M. putorius). Distribution range of M. eversmanii (red
line) has been drawn according to I[UCN Red List assessment (Maran
et al. 2016) and of the M. putorius (yellow line) according to the [TUCN
Red List assessment (Skumatov et al. 2016) and Heptner at el. 1967

(Matchett 2016). The domestic ferret (Mustela furo or
M. putorius furo), generally thought to be domesticated from
M. putorius (see, e.g. Sato et al. 2003), was bred in captivity as
early as the fourth century BC and was introduced to many
parts of the world (Nowak and Paradiso 1983).

Generally, polecats are characterized by a remarkable var-
iability in size both between and within sexes (Buchalczyk
and Ruprecht 1977). This sexual size dimorphism (SSD) is
more pronounced in European polecat than in steppe polecat
(Abramov et al. 2016b); however, the average male-biased
SSD in both polecat species lies within the range that of other
small mustelids. The amplitude of intraspecific variation of
values of the steppe polecat is very large and, in general, is
larger than in M. putorius. The skull of M. eversmanii is more
massive than that of M. putorius and represents a further step
of specialization towards carnivory as compared to
M. putorius (Heptner 1964). Although morphologic and ge-
netic geographical variation of M. putorius was examined in
more detail (Buchalczyk and Ruprecht 1977; De Marinis
1995; Lawes and Andrews 1987), M. eversmanii has been
remained poorly studied so far. A remarkable exception is
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(complementary black line). According to IUCN Red List assessment,
the eastern boundary of the M. putorius lies in the centre of Ukraine, but
museum data indicate that the species was spreading further in the east
than IUCN indicated, so the map published by Heptner et al. (1967) may
be more relevant

the study of Abramov et al. (2016a) who examined
craniometrics of M. putorius and M. eversmanii using multi-
variate statistics with M. eversmanii sampled from a narrow
geographic range (i.e. specimens were collected exclusively in
the central part of the Baraba forest-steppe, Novosibirsk
Region, Russia). Wolsan (1993a, b) performed the most
extensive and complete morphological study of M. putorius
and M. eversmanii; so far, however, multivariate statistical
analysis was not performed on that dataset. Wolsan (1993a,
b) also studied morphological introgression between the two
European polecat species and provided important results in
support of the introgression.

Although several subspecies of M. eversmanii have been
described—Wilson and Reeder (2005) mentioned six of
them—morphological studies have not confirmed the pres-
ence of more than two (Wolsan 1993b): M. eversmanii
eversmanii and M. eversmanii hungarica Ehik 1928.
Wolsan (1993b) described clear morphological differences
between the two subspecies: M. eversmanii hungarica popu-
lations are characterized by >50% proportion of two-rooted
P2 and a relatively large M1, in contrast to the nominal form
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where the proportion of two-rooted P2 is much less than 50%,
and M1 is relatively small. The distribution range of M. e.
hungarica covers the Pannonian Basin (shared by SE part of
the Czech Republic, SW Ukraine, E Austria, Hungary, N
Serbia, S Slovakia and W Romania); the European range of
M. e. eversmanii includes NE Bulgaria, SE Romania, SE
Poland, Moldova, Ukraine east of the Carpathians, southern
European Russia and European part of Kazakhstan (the Asian
range was reviewed by Maran et al. (2016)). Of the tradition-
ally proposed 12 subspecies of M. putorius, Wolsan (1993b)
accepted only two: M. putorius putorius and M. putorius furo.
Wilson and Reeder (2005) named seven, but Lariviere and
Jennings (2009)—in contrast—mentioned the existence of
22 subspecies (without listing them); thus, the subgeneric
classification is quite unexplored in the European polecat, so
a review of geographical variation and an integrative taxo-
nomic revision based on novel and detailed morphologic
and genetic studies for both M. putorius and M. eversmanii
is timely.

According to Heptner (1964), hybridization of polecats
was not rare on the territory of the former Soviet Union; even
the trappers had an own term, “Polecat Tumak” for the hy-
brids. However, hybridisation was assessed to be of far lesser
magnitude than one might expect from their sympatry and
close systematic proximity (Heptner et al. 1967). Hybrids
were reported from several regions in Eastern Europe: in the
forest-steppe zone of Ukraine, in Kursk and Voronezh
Regions of SW Russia and in the Trans-Carpathians (i.e.
SW Ukraine in the Pannonian Basin). However, in spite of
occasional reports of hybrid specimens, hybrid swarms are not
observed, and a zone of transgression between the two species
is apparently absent (Heptner et al. 1967; Tatarinov 1956).
Other reports (Polushina 1958; Zagorodniuk 2011) did not
approve the presence of hybrids between the Ukrainian pole-
cats, but detailed studies on this particular question are miss-
ing so far. Nevertheless, detecting animal hybrids from exter-
nal morphology is a remarkably difficult task (e.g. Rees et al.
2003). It is also emerging that gene exchange (hybridisation
and introgression) among animal species has been more com-
mon than previously believed, and its frequency has been
underestimated in the past (Abbott et al. 2013). Hybrids of
M. eversmanii and M. sibirica, M. putorius and M. sibirica
or M. lutreola and M. putorius are also known to exist
(Abramov 2000; Heptner et al. 1967; Ternovsky and
Ternovskaya 1994), but occurrence of hybrids in natural pop-
ulation is not reported. Cabria et al. (2011) suggested that
hybridisation and genetic introgression between the endan-
gered M. lutreola and the more abundant M. putorius should
be considered a rather uncommon event.

Our knowledge on the phylogenetic relationships between
species of polecats is growing; however, the relationships
among major geographical populations are quite unexplored.
Davison et al. (1999) and Kurose et al. (2008) investigated the

mtDNA phylogeny of mustelids, and the results suggest that
both polecats and the European mink either recently speciated
or gene flow through hybridisation has prevented haplotype
divergence, resulting in an unresolved molecular phylogeny.
Moreover, molecular analyses could not still answer the ques-
tion whether ferrets were originally domesticated from
M. putorius and/or M. eversmanii. The genetic differentiation
was the same as the level of intraspecific variations of other
mustelids. M. eversmanii likely diverged from M. putorius
approximately 1.5 million years ago based on the nuclear
DNA region inter-receptor binding protein (IRBP), though
cytochrome b (CytB) transversions indicate a younger date
of 430,000 years (Sato et al. 2003). Since these species are
occasionally reported to hybridize where they have an overlap
in their distribution, the reality of a true species split has been
debated (Blandford 1987), and some authors have also con-
sidered if M. putorius, M. eversmanii and M. nigripes could be
viewed as a single Holarctic species (Anderson 1977;
Anderson et al. 1986; O’Brien et al. 1989). More recently,
the phylogenetic relationships between the extant species of
polecats (including M. furo) were fully resolved (Wolsan and
Sato 2010; Sato et al. 2012). M. furo was more closely related
to M. putorius than to M. eversmanii, and interestingly, both
parsimony and Bayesian analyses of Wolsan and Sato (2010)
recovered M. nigripes as basal to a clade containing
M. putorius, M. eversmanii and M. lutreola.

We aimed in this study to identify the patterns of morpho-
logical differentiation associated with both sympatric and non-
sympatric populations of M. eversmanii and M. putorius using
distance-based (‘traditional’) morphometric approaches and
multivariate analysis. We sampled intact adult specimens to
investigate (1) differences among sympatric and non-
sympatric populations of M. eversmanii and M. putorius; (2)
intraspecific variation in cranial size between M. eversmanii
hungarica and M. eversmanii eversmanii; and (3) the presence
of potential interspecific hybrid individuals. The present study
is the first multivariate analysis which includes specimens
from the western range of the steppe polecat (including the
poorly studied subspecies M. eversmanii hungarica) examin-
ing not only the cranial measurements but also the geograph-
ical distribution and frequency of the external features
described by Pocock (1932) and Wolsan (1993Db).

Materials and methods

The sample set analysed consisted of 273 specimens
representing almost the full latitudinal range of M. putorius
and M. eversmanii kept in the scientific collections of the
Hungarian Natural History Museum, Budapest (HNHM),
National Museum of Natural History at the National
Academy of Sciences of Ukraine, Kyiv (NMNHU), National
Museum of Natural History; Smithsonian Institution;
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Washington, DC, (USNM), and the Natural History Museum
of Geneva (MHNG) (see Table 1 and S1 for collection
numbers). Out of these, 178 samples were complete skulls,
so they were suitable for taking the measurements. The rest
of the samples were checked for external phenotypic charac-
teristics only. As some character states in juvenile specimens
may be common to both species (Ansorge and Suchentrunk
2001), only fully grown specimens (judged from the com-
pleteness of ossification of skull bones) were used, and juve-
niles were excluded from all analyses. Specimens were iden-
tified by the museum catalogues and cranial identification
keys for mustelids (Heptner et al. 1967; Ujhelyi 1994;
Wolsan 1993b).

On the basis of the postulated geographical ranges of tra-
ditionally recognized species and subspecies, specimens were
divided a priori into six geographical groups:

(1) Allopatric putorius group (MP ALLO)

(2) Sympatric putorius group (MP SYM)

(3) (2a) Sympatric putorius group of samples collected east
of the Carpathians in Ukraine (MP SYM UKR)—divi-
sion made only in the analysis of external phenotypical
characters

(4) Sympatric eversmanii group including subspecies
M. eversmanii hungarica (MEH SYM)

(5) Sympatric eversmanii group including subspecies
M. eversmanii eversmanii (MEE SYM)

(6) Allopatric eversmanii group including M. eversmanii
eversmanii (MEE ALLO)

The American mink (Neovison vison) served as a compar-
ative outgroup (NV). Because of sample sizes and missing
values, LDA between sexes was conducted separately only
for the MP SYM, MEH SYM and MEE SYM samples.

External phenotypic characteristics

We paid special attention to external cranial morphological char-
acters as these are described as species-specific characters
distinguishing between the two European mustelids by Pocock
(1932) and Wolsan (1993b). The following such traits are exam-
ined on skulls of the 229 studied specimens (Table 1):

‘A’—height of nasal cavity exceeds its width in
M. putorius, whereas it is approximately the same in
M. eversmanii.

‘B’—nasal bone is triangular in M. putorius, whereas it is
elongated bell or calyx shaped in M. eversmanii.
‘C’—postorbital constriction almost straight in
M. putorius, in contrast, it has a distinct ‘waist’ in
M. eversmanii.

‘D’—degree of curvature of the hamular process of the
internal pterygoid which is only slightly bent posteriorly
in eversmanii, but strongly hooked at the tip in the
putorius.

We examined the frequency of individuals carrying atypi-
cal external phenotypic characteristics or the mixture of the
species-specific characteristics in each population and
analysed the positions of these atypical samples within the
morphological space. The conflict between size and pheno-
type could be a strong indication of hybridisation, so we
match the size and phenotype in several putative hybrids.

Measurements
Measurements were taken following the definition and num-

bering of Abramov and Puzachenko (2009): 1, condylobasal
length (CbL); 5, palatal length (PL); 6, maxillary tooth-row

Table 1 The sample size of the

different groups considered in this #  Group Sample size of Sample size of Country of origin Collection
study morphometric phenotype
analysis characterization
1 MPALLO 25 24 France and MHNG
Switzerland
2  MPSYM 40 74 Ukraine, Hungary, HNHM,
Romania and NMNHU
Slovakia
3  MEHSYM 51 47 Hungary HNHM
MEE SYM 41 74 Ukraine and Russia HNHM,
NMNHU
5 MEE ALLO 10 10 Russia, Kazakhstan USNM,
and China NMNHU,
HNHM
6  N.vison 11 - Captive-bred and HNHM

Canada

For the abbreviations of group names consult main text. Collection numbers and capture locations for specimens
analysed can be found in Table S1 Supplementary #1
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length (MxtL); 7, upper carnassial tooth Pm4 length (PM4L);
8, length of the auditory bulla (AbL); 9, greatest length be-
tween oral border of the auditory bulla and aboral border of
the occipital condyles (BcL); 10, zygomatic width (ZyW); 11,
mastoid width of skull (MW); 12, postorbital width (PoW);
13, interorbital width (IW); 14, width of rostrum (RW); 15,
greatest palatal width (GpW); 16, width of the auditory bulla
(AbW); 17, width of upper molar M1 (M1W); 18, cranial
height (CH); 19, total length of the mandible (ML); 20, length
between the angular process and infradentale (AL); 21, man-
dibular tooth-row length (MatL); 22, length of lower carnas-
sial tooth M1 (M1L); and 23, height of mandible in the verti-
cal ramus (MaH). All measurements were taken by the same
person (Csaba Kiss) using Mitutoyo digital calliper connected
to a notebook.

Statistical analysis

The normality of data distribution and the homogeneity of the
variances were tested by Shapiro-Wilk test, respectively.
Because no substantial departures from normality was found
within the samples (all p > 0.05), a two-way multivariate anal-
ysis of variance (MANOVA) was performed to evaluate var-
iation across the variables in relation to groups. The signifi-
cance level was set at p < 0.05. Linear discriminant analysis
(LDA) was carried out on the variables to estimate the per-
centage of correctly classified specimens into each group.
Because of sample sizes and missing values, LDA between
sexes was conducted separately only for the MP SYM, MEH
SYM and MEE SYM samples. The jack-knife procedure was
used to avoid the risk of overfitting of data. Matrix of Squared
Mahalanobis distances among groups, as obtained in LDA,
was compared to the morphometric D2distance matrix.
Unweighted pair group method with arithmetic mean
(UPGMA) was used to make a distance-based tree to visualize
phenetic relationships using distance matrix derived from
morphometric measurements. Pairwise comparisons through
Student’s ¢ test were conducted on the morphological traits
among the subspecies of M. eversmanii and M. putorius for
characters showing the largest differences among groups. All
statistical analyses were conducted using STATISTICA ver.
8.0 (STATSOFT 2007) and PAST v3 (Hammer et al. 2001).

Results
External morphology: phenotypical variability

The two species show clear morphometric differences in cra-
nial morphology (Fig. 2). We determined the frequency of
samples exhibiting the species-specific traits of the other spe-
cies (Tables 2 and 3). Samples from allopatric populations had
species-specific characteristics, whereas 0-8.5% of the

samples exhibited the traits of the other species in sympatric
populations. This rate was substantially higher in the group of
the M. putorius samples from Ukraine, where the ‘B’ and ‘C’
characteristics were atypical in 15.4 and 23.1%, while the ‘A’
characteristics in 38.5%; however, the sample size was quite
small. Due to the relatively high number of atypical samples in
more groups, we could assume that the rate of misidentified
samples could be high. To exclude this possibility, we evalu-
ated the datasets with multivariate analysis.

Craniometrics

MANOVA indicated a significant difference in size among
the populations (F=9.8, p <0.0001). Mahalanobis distances
and F-statistics computed from canonical variate scores on the
subset of 20 variables indicated that M. putorius populations
were significantly different from all other populations. The
relationships among all involved populations were summa-
rized on an UPGMA dendrogram derived from Mahalanobis
distances on a sample set including Neovison vison (Fig. 3).
Based on the UPGMA dendrogram, the samples were ar-
ranged in two main clusters with both of them supported by
high bootstrap values: (1) M. putorius, without observable
inner structures, and (2) M. eversmanii eversmanii +
M. eversmanii hungarica. The samples of the eversmanii
group were also arranged in two clusters supported by strong
bootstrap (bs) score (bs>83%). The Mahalanobis distance
between the sympatric, same sex M. putorius and
M. eversmanii hungarica groups was considerably smaller
(female: 5.9; male: 7.9) than the distance between sympatric,
same sex M. putorius and M. eversmanii eversmanii (female,
11.0; male, 15.1) groups. The greatest distance was found
between the geographically most remote Asian
M. eversmanii (MEE ALLO) and M. putorius (16.8-20.5).
The eversmanii groups of the same sex but different subspe-
cies were also located at small distances (female, 4.9; male,
6.0), and these distances were smaller than the distances be-
tween sexes within taxa (MEE SYM, 6.8; MEH, 8.4; MP
SYM, 9.3). The smallest distance was indicated between
M. eversmanii hungarica and M. eversmanii eversmanii; al-
though it is worth noting that the difference was also signifi-
cant between these groups, but their data clouds overlapped
partly in the morphometric space. The distance between the
female groups was always smaller than among the male
groups.

Linear discriminant analysis

Craniometric dataset was also used in discriminant analysis,
which strongly supports MANOVA’s results. Allopatric
groups did not overlap in the morphological space (Figs. 4),
but sympatric groups were much closer to each other and
displayed a slight overlap. Quite notably, the groups of the
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Fig. 2 Species-specific cranial
characters distinguishing between
the two European mustelids after
Wolsan (1993b): ‘A’, nasal cavi-
ty; ‘B’, nasal bone; ‘C’, postor-
bital constriction; ‘D’, degree of
curvature of the hamular process
of the internal pterygoid. Part of
this figure is taken from Wolsan
(1993b: fig. 208)

two species showed a remarkable differentiation, especially in
the presence of a relatively distant outgroup. Within

Table 2 Frequency of individuals (in percentage of sample size) with
atypical external phenotypic characteristics for species-specific characters
‘A’ to ‘D’ as defined above (see Material and methods)

# Group A B C D
MP ALLO 0 0 0 0
2 MP SYM 4.8 32 1.6 1.6
2a MP SYM UKR 38.5 15.4 23.1 0
3 MEH SYM 2.1 2.1 8.5 2.1
MEE SYM 35 1.7 3.5 3.5
5 MEE ALLO 0 0 0 0

@ Springer

M. eversmanii, the two subspecies only partially overlapped.
Obviously, M. eversmanii hungarica was closer to sympatric
M. putorius than was any group of M. eversmanii eversmanii.

According to our jack-knife resampling, the rate of the
correctly classified samples was 82.1% in our LDA. The dis-
criminant scores applied to the identification of M. eversmanii
and M. putorius mostly agreed with the determinations based
on the assessment of museum catalogues, qualitative pelage
and cranial characters (Table 4) as all but three individuals
were correctly classified into their respective species groups.
Those two intermediate-sized M. putorius (NMNHU 11619/2,
Lozova, Ukraine; HNHM 4025.2, Tapioszele, Hungary) had
species-specific phenotype, and it was also true for that single
M. eversmanii eversmanii (NMNHU 102, Black Sea Reserve,
Ukraine) (Tables 4)
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Table3  Symmetrical pairwise squared Mahalanobis distance matrix based on craniometric traits between our analysed groups of European mustelids

MP SYM-f MP ALLO MEE ALLO MEE SYM-m MEE SYM-f MEH SYM-m MEH SYM-f NV
MP SYM-m 9.3 42 16.8 15.1 17.6 7.9 12.8 382
MP SYM-f 6.0 18.8 18.8 11.0 15.1 5.9 32.1
MP ALLO 20.5 18.9 15.4 13.7 13.2 41.6
MEE ALLO 4.6 8.8 4.6 8.9 44.4
MEE SYM-m 6.8 6.0 11.0 44.4
MEE SYM-f 11.5 49 41.2
MEH SYM-m 8.4 33.6
MEH SYM-f 27.8

f female, m male

In LDA the first axis explained high proportion of variance
(48.8%) and had positive correlation coefficients with all but
two variables (Table 2); this component was therefore
interpreted as the main size factor. The second axis explained
also a high proportion of variance (37.9%), and this compo-
nent was, therefore, interpreted as the postorbital width (mea-
surement #12). Actually, the samples of our focal species were
separated partly along the second axis. The two polecat spe-
cies, especially their allopatric populations, were mostly dif-
ferentiated along the first canonical axis. The most relevant
characters to the separation were the postorbital width (mea-
surement #12) and, to a lesser extent, the maxillary tooth-row
length (6). The most important trait (widely used to distin-
guish between the species) is the shape of the postorbital re-
gion. Size ratios of these measurements between both species
were 1.03 for maxillary tooth-row length (measurement #6)
and 1.11 for postorbital width (measurement #12). The
M. eversmanii hungarica population, and also the outgroup
N. vison, were mostly differentiated along the second canon-
ical axis, whose coefficients vector indicate a relevant influ-
ence of the zygomatic width (#10) and the mastoid width
(#11). We repeated the LDA without the outgroup (results

Distance

9 80 70 60 50 40 30 20 10

L 1 N N h i h h I

M. putorius SYM_male

M. putorius SYM_female

M. putorius ALLO

700 M. e. eversmanii SYM_male

100
M. e. eversmanii SYM_female
M. e. eversmanii ALLO

100 83

M. e. hungarica SYM_male

M. e. hungarica SYM_female

N. vison
Fig. 3 UPGMA dendrogram derived from Mahalanobis D2distances

among groups, including Neovison vison as outgroup. Numbers on
nodes are bootstrap values (1000 replicates)

shown and included as a Supplementary Fig. S2), and in this
test, the characters 1, 10, 19 and 20 had the highest discrimi-
native power. Independent #-tests showed that characters 1, 19
and 20 in male M. eversmanii hungarica were significantly
higher than those in male M. eversmanii eversmanii (=
19.995, p=0.032; and 7= 18.850, p <0.001, respectively);
however, the test did not reveal significant differences for
females (p>0.05). T-test with the same characters of
M. putorius and M. eversmanii hungarica showed a signifi-
cant difference only in character #19 (¢=2.78, p = 0.007) (Fig.
5).

Congruence between size and phenotype

Hybrids are not always intermediate in morphology between
parental types; therefore, discrete phenotypic characters were
given preference in assigning hybrids when discrepancies oc-
curred. All specimens in allopatric populations displayed a
species-specific phenotype—their size was congruent with
the phenotype. However, this was not evident in sympatric
populations where numerous atypical specimens were
detected.

Of the 11 M. putorius samples collected in Ukraine, only
five were undamaged and therefore suitable to record mea-
surements. Two of those five Ukrainian M. putorius speci-
mens exhibited a mosaic of character states (Table 5), but in
the LDA, they were, indeed, unambiguously placed within the
putorius group (see Fig. 4). Furthermore, only half of the
unmeasured Ukrainian putorius showed the species-specific
characteristics; the others displayed a mixture of characteris-
tics of M. eversmanii and M. putorius.

Regarding M. eversmanii collected in Ukraine, two speci-
mens had putorius-like phenotype (NMNHU 5211.3
Striltsivskyi Steppe Reserve, Luhansk Region; NMNHU
1658.99 Black Sea Reserve). This latter one was measured
and the LDA supported its classification as M. eversmanii.
NMNHU 5211.3 was not measured; however, it was collected
in a steppe region of Eastern Ukraine where the occurrence of
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MP’ALLO
HNH
NHU14403 = 12 MEE SYM
9 /We
@
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< -8.0 6.4 4.8 -3.2 1.6 . 48
~ <HNIKM3625
<

Axis 1 (48.8%)

Fig. 4 Projection of analysed specimens of mustelids in the
morphological space as described along the first two axes of a linear
discriminant analysis. Percentage of variance explained by the axes are
in parentheses. Convex hulls show the dispersion of specimens within
each group; for abbreviation, see Table 1. The overlaps between sample
groups of the two species are highlighted. The individually displayed
specimens represent samples which could be classified to the other

M. putorius is highly improbable; moreover, numerous other
M. eversmanii individuals with species-specific phenotype
and size originate from this (typical) habitat.
Morphological evidence (discrete characters) for
hybridisation between M. putorius and M. eversmanii
hungarica was found in a single M. putorius specimen

. 78
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species based on their external craniological characteristics as defined in
Table 2. Two M. putorius samples (red squares) exhibited eversmanii-like
phenotype, whereas the black dots represent samples of M. eversmanii
with putorius-like appearance; however, by their measurements and by
the LDA, all these three samples were classified to the other species.
Character vectors show relative contribution of the most important
linear measurements

(HNHM 68.10.1.; Szabadszallas, Hungary; see Table 5). It
had a pure putorius-like coat pattern, but the skull was strik-
ingly characteristic of M. eversmanii. In the LDA, it was un-
ambiguously placed within the putorius group (see Fig. 4).
Among the M. eversmanii hungarica specimens, four samples
exhibited a mosaic of discrete characters of the two species
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Table 4 Results of the

discriminant analysis when Given MP MP MP MEE. MEE MEE. MEH MEH N. vison
clustering the sampled Mustela group/ SYMm SYMf ALLO ALLO SYMm SYMf SYMm SYMf
populations into eight groups + predicted
N. vison as outgroup
MP SYMm 23 2 0 0 0 0 1* 1* 0
MP SYMf 0 14 1 0 0 0 0 0 0
MP ALLO 3 2 20 0 0 0 0 0 0
MEE ALLO 0 0 6 1 1 1 1 0
MEE 1% 0 6 25 1 3 0 0
SYMm
MEE SYMf 0 0 0 1 3 17 0 0 0
MEH 0 0 0 3 0 0 30 1 0
SYMm
MEH SYMf 0 0 0 15 0
N. vison 0 0 0 0 0 0 0 11
Total 27 18 21 17 29 20 35 18 11

Asterisk indicates incorrectly assigned individuals. Confusion matrix: column, predicted group; rows, given

group

(HNHM 69.80.5. and HNHM 69.80.6. (Balmazujvaros,
Hungary), HNHM 3625 and HNHM 3626 (Tolna and BAZ
Counties, Hungary). Three of them were measured and the
LDA supported their classification as M. eversmanii.

We examined the congruence of size and phenotype from the
other directions as well: two intermediate-sized M. putorius
(NMNHU 11619/2, Lozova, Kharkiv Region, Ukraine, were
incorrectly determined by the LDA; NMNHU 11623/6
Oleshky, Kherson Region) and four M. eversmanii samples
(HNHM 69.80.4, HNHM 4027, HNHM 3665, HNHM
67.141.4) located in overlapping morphological space of LDA
had species-specific phenotype. The specimens NMNHU 102
and 4025/2 marked by LDA as incorrectly determined individ-
uals must be also listed here. These specimens designated the
zone of intermediate-sized specimens (Fig. 4).

Discussion

The two closely related Palacarctic species of polecats, Mustela
putorius and M. eversmanii, resemble each other morphological-
ly, although M. putorius has a generally dark brown dorsal fur
and tail, whereas the coat of M. eversmanii is light yellowish with
contrasting dark limbs (Wolsan 1993b). Compared to
M. putorius, M. eversmanii is larger in size and has a more robust
skull (Heptner et al. 1967). The morphological differences be-
tween the two species could be related to different habitat pref-
erences and diet (Heptner 1964). M. eversmanii occupies open
fields such as grassland and cropfields, whereas M. putorius
tends to occupy sparse lowland forests, shrubby meadows often
in close proximity to water and smaller human settlements
(Lariviere and Jennings 2009). In Hungary, they may

Table 5 Details of morphological

hybrid polecat samples from Phenotypical characters

Hungary, Ukraine and Russia,

indicating their taxonomic ID by label ~ Sex  Coll. Num. A B C D LDAscores Locality

affiliation based on museum

labels, the classification by MEE f HNHM 3535/02 p p e e 09 Voronezh Region, RUS

discriminant (LDA) scores and MEH m  HNHM 3625 e e p e —07 Tolna County, HUN

zﬁj;:cgt ;)rf; discrete morphological MEH m HNHM 3626 c e p e - BAZ County, HUN
MEH HNHM 69.80.6. e e p e 03 Balmazjvaros, HUN
MEH HNHM 69.80.5. e e p e 1.1 Balmazhjvaros, HUN
MP m HNHM 68.10.1. e e p e 29 Szabadszallas, HUN
MEE f NMNHU 5211.3 p e p p 08 Striltsivskyi Steppe, UKR
MEE f NMNHU 165899 p p p p 09 Black Sea Reserve, UKR
MP m NMNHU 14317 p e e P - Harasimivka, Luhansk, UKR
MP NMNHU 5202 e P e P - Rudnivka, Sumy, UKR
MP m NMNHU 11622 e e p p -l4 Sumy, UKR
MP f NMNHU 14403 e p e p 27 Zaporizhia, UKR

State ‘e’ refers to M. eversmanii and state ‘p’ to M. putorius. Specimens are listed if character ‘C” or at least two
other characters were atypical
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occasionally coexist in lowlands around settlements where the
common hamster (Cricetus cricetus) is frequent (own unpub-
lished data). In Western Europe, M. putorius showed a high level
of specialization in capturing anurans (Hammershgj et al. 2004;
Weber 1989); the diet of the steppe polecat predominantly con-
sists of larger steppe rodents such as sciurids (marmots and
ground squirrels), hamsters and pikas (Heptner et al. 1967,
Termovsky 1977). However, in Hungary, where the two species
live in sympatry, their diet composition do not differ significantly
on the basis of the main food items, and no frog predation was
observed in Hungarian samples of M. putorius (Lanszki and
Heltai 2007).

In the present study, based on a representative sample set of
specimens from sympatric and non-sympatric populations of
both species, we found clear size differences—specifically in
the postorbital width and the maxillary tooth-row length—
between the examined species and subspecies. UPGMA and
LDA both show two main species clusters, and the
M. eversmanii were also divided into separate clusters. The
morphometric analysis of the geographical variation in polecats
revealed a complex picture. Similar to other widely distributed
mustelids and wild felids, polecats varied markedly in body size
and skull characteristics, and males showed a more consider-
able variation in size and form than females, probably influ-
enced by sexual selection, social organization (sex-biased dis-
persal), size and availability of prey (Lariviere and Jennings
2009; Mazak 2010). As our multivariate analyses indicated,
the variation in skull morphology of males is generally greater
among populations and showed a stronger differentiation be-
tween geographical populations than females (Table 3).

Despite an overlap in morphological space, statistical analysis
indicated significant differences in size between the two studied
subspecies of the steppe polecat. M. eversmanii hungarica rep-
resents the westernmost population of the species with almost
total spatial overlap with M. putorius, although the separation by
habitat preference might be substantial. Our morphometric anal-
ysis indicate characteristics that usually represents a valid taxon,
morphologically characterized by larger cranial sizes (see mea-
surements #1, 19 and 20), moreover, according to Wolsan
(1993a) by the frequency of two-rooted P2 (>50% in
M. eversmanii hungarica) and the size of M1, which is larger
in hungarica. The morphological divergence could possibly be
due to an early isolation of a small population, or as a conse-
quence of a bottleneck or ancient hybridisation between
M. putorius and M. eversmanii. Indeed, M. eversmanii hungarica
situated apparently between M. putorius and allopatric
M. eversmanii groups, which could be an indication of ancient
hybridisation as it is known that such hybridisation also leads to a
higher degree of genetic similarity (and by extension morpholog-
ical similarity) (Amold 1997). The lack of gene flow between
eversmanii populations isolated by the Carpathians and genetic
drive may have also played a role in the rapid divergence,
probably amplified by adaptations to local conditions and prey

@ Springer

sources. As a conclusion, following Ehik (1928) and Wolsan
(1993b), we suggest maintaining the subspecies status of
M. eversmanii hungarica, but this taxonomic view should be
also confirmed by appropriate molecular markers (e.g.
microsatellites and RAD-seq). Additionally, we need to check
if the morphological results found in this study can simply be
result of a geographic gradient that aligns east-to-west along the
evolutionary history of subgenus Putorius. For such analyses, the
abovementioned molecular markers are highly suitable.

High number of intermediate-sized individuals may also in-
dicate hybridisation (Benedict 1999; Gligor et al. 2009;
Lehtinen et al. 2016), and in our study, the individuals of sym-
patric populations were located closer to the ‘intermediate zone’
of the morphometric space (Fig. 4). However, detecting hybrids
is not possible only by the size of the individuals. Delimitation
of the four discrete morphological characters used in this study
was found to be unequivocal in our analysis (by the approxi-
mate absence of the characters typical of the other species in the
allopatric populations) and allowed us to disregard intraspecific
variability and focus on mosaics of character states truly diag-
nostic of morphological hybrids. The conflict between size and
phenotype could be a strong indication of hybridisation, so we
match the size and phenotype in several putative hybrids. The
morphological examination of 111 M. putorius and
150 M. eversmanii specimens and the use of LDA yielded
concordant results and allowed the identification of 12 morpho-
logical hybrids in the sympatric populations. However, this is
not necessarily mirrors the exact frequency of hybrids but rather
indicates the potential presence and magnitude of hybridisation.
Mixture of morphological characters is sometimes ambiguous
because hybrids can express a great variety of possible parental
phenotypes. In such cases, correct hybrid detection may be
seriously hindered, and hybridisation rates might be
underestimated (Rhymer and Simberloff 1996). On the other
hand, not all morphological variation has a genetic basis, and
the amount of morphological variation within and among pop-
ulations is often greater than is actually recognized. Hybrids
sometimes express a mosaic of parental phenotypes or display
novel phenotypes (Ackermann et al. 2006), and individuals
from hybrid swarms that contain most of their genes from one
of the parental taxa are often morphologically indistinguishable
from that parental taxon (Allendorf et al. 2001). A study on
dingo (Canis familiaris dingo) showed that hybrids and pure
dingos greatly overlap morphologically, and these intraspecific
hybrids cannot be reliably distinguished by craniometrics (Parr
et al. 2016). In case of Lepus timidus and the L. europaeus,
introgressed hares could not be identified by skull shape anal-
ysis; however, introgressed hares might exhibit significantly
higher inter-individual variability for certain metric variables
than non-introgressed individuals (Suchentrunk et al. 2005).

Wolsan (1993b) also studied sympatric and allopatric pop-
ulations of M. putorius and M. eversmanii, and a number of
specimens showing a combination of species-specific
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characters were nearly twice in sympatric populations com-
pared to the allopatric ones that he regarded as a clear indica-
tion of hybridisation. In our study, the rate of atypical speci-
mens (putative hybrids) was also higher in sympatric popula-
tions, especially among the Ukrainian M. putorius samples.
Molecular analyses definitely would provide a deeper insight
into this phenomenon, but this is seriously hindered by the
lack of recently obtained genetic material from the Eastern
European region. M. eversmanii has almost disappeared from
the Ukrainian fauna due to loss of its habitat and its prey
(Selyunina 2017); the latest known museum specimen was
collected in 1999 in Kherson Region, while the latest obser-
vations of live animals were reported in 2007 from Luhansk
Oblast (Cherednichenko 2008).Certainly, polecats deserve
much more attention from the evolution and conservation bi-
ological scientist and wildlife experts.
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