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Abstract. In the Carpathian population of the European badger, existing studies show a considerable discrepancy in the level of sexual
dimorphism. The main goal of the study was to assess the sexual size dimorphism of the Carpathian Meles meles population in the light of
the main hypotheses explaining this phenomenon. We measured 22 craniometric characteristics on sexed skulls of adult specimens from
the Western Carpathians and assessed the morphological differences between males and females. A multi-model approach combined with
predictive modelling was used to identify craniological parameters that discriminate badger sexes. The sexual size dimorphism was manifested
mainly in differences of the feeding apparatus. The inner (IMW) and outer width of mandible (OMW) showed the highest power to discriminate
between males and females (classification accuracy > 80 %). The IMW and OMW of 30 and 69 mm, respectively, may be used as rough
threshold values for determination of the badger sex in the Western Carpathians. Our results seem to be in accordance with the hypothesis of
sexual selection. We suppose that more even distribution of small families or individuals in the mainland Europe implicates higher level of
mating competition which leads to favouring bigger and stronger males. We suppose also some role of a predatory selection by large carnivores

and competition with other burrowing species leading to a potentially higher survival chance of bigger individuals in the Carpathians.

Key words: morphometry, predictive modelling, mandible, hypotheses, Slovakia

Introduction

Formerly, only one badger species was assumed to
occupy almost the whole Palearctic (Lynchetal. 1997).
Subsequent analyses based on the mitochondrial
DNA distinguished four phylogeographic groups in
the Meles genus (Marmi et al. 2006), leading to the
recognition of four species: the European badger Meles
meles (Linnaeus, 1758), the Asian badger M. leucurus
(Hodgson, 1847), the Japanese badger M. anakuma
Temminck, 1844, and M. canescens Blanford, 1875
from Southwest Asia and the mountains of Middle
Asia (Abramov & Puzachenko 2013, Sato 2016).
Recent studies recognise three subspecies of the
European badger (Abramov & Puzachenko 2013): the
Scandinavian M. m. meles (Linnaeus), the Norwegian
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M. m. milleri Baryshnikov et al. 2003, and the
European M. m. taxus (Boddaert, 1785).

Within the badger species, there is little sexual size
dimorphism (SSD). Several studies did not find clear
differences in quantitative craniological parameters
between sexes of the European badger (e.g. Wiig
1986, Hell & Paule 1989). Sharp SSD in craniometric
characteristics has been seldom reported (Liips &
Roper 1988, Lee & Mill 2004, Florijanci¢ et al. 2011).
A meta-analysis performed by Lynch et al. (1997)
showed the highest level of SSD in the population
from Slovakia (the Carpathians), and the lowest one
in the populations from Ireland and Great Britain.
Abramov & Puzachenko (2005) argue that the degree
of SSD in the European badger varies geographically

220



and SSD provides an opportunity for more or
less rapid modifications in response to changes in
environmental factors, such as population density,
seasonality, climate change, diet etc.

Carnivores are known to exhibit SSD while several
hypotheses have been proposed to explain this
phenomenon. These hypotheses fall into two main
categories (Johnson & Macdonald 2001, Stevens &
Kennedy 2005): sexual selection (Erlinge 1979, Moors
1980) and resource partitioning (Brown & Lasiewski
1972). The first of them is based on a presumption that
bigger males have greater chance to be successful in
mating whereas smaller females save energy for feeding
cubs. The second hypothesis predicts that different size
of sexes, leading to partial dietary separation, reduces
intraspecific competition for food.

In a heavily modified European landscapes, the
Carpathians have a specific position owing to their
high biodiversity, well-preserved natural or semi-
natural forest networks, as well as continuous
presence of all carnivores (Zingstra et al. 2009). Thus,
these mountains offer an exceptional opportunity
to study natural relationships in animal populations
(Leso & Kropil 2007). The main goal of the study was
to assess SSD of the Carpathian M. meles population
in the light of the main hypotheses. The only complex
craniometrical data analysis of the badger skulls
from the Carpathians was published by Hell & Paule
(1989). They found a very slight sexual dimorphism
in the size and shape of the skulls, which contrasts
with the meta-analysis performed by Lynch et al.
(1997). Thus, different interpretation of the results in

the context of two main hypotheses may arise. In order
to solve this discrepancy, we collected sexed skulls of
the European badger from the Western Carpathians
and aimed 1) to assess a morphological difference
between males and females and 2) to identify the
best craniological parameters that discriminate
between the badger sexes. In contrast to previous
studies, we went beyond the significance tests of
null model hypotheses and validated the predictive
accuracy of discrimination models on out-of-sample
data, which allows evaluating practical usefulness
of craniometric measures for differentiation between
sexes. Moreover, we estimated threshold values for
various morphological characteristics that may be
used for determination of the badger sexes.

Material and Methods

Cranial morphometry

The study is based on 90 skulls of adult individuals of
the European badger (50 females and 40 males). The
skulls were measured on annual hunting displays in
10 districts during the period 2014-2016. The districts
were evenly distributed across the area of Slovakia
belonging to the Western Carpathians. All the badger
skulls of adult individuals hunted within each district
were measured. Since skull growth in badgers is
complete by the third year of life (Lynch et al. 1997),
the individuals younger than 2.5 years were excluded
from the analysis to minimize the variability caused
by age differences (Lee & Mill 2004). The age of each
individual was estimated using the morphological
features of skull structure, especially the development
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Fig. 1. The scheme of the cranial measurements. For codes of craniometric measures see Table 1.
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Table 1. Summary characteristics of 22 craniometric measures of the European badger. Mean values + standard errors and ranges [min-max] are

displayed separately for the female and male skulls.

Craniometric characteristics Unit  Code Female (n = 50) Male (n = 40)
Condylobasal length mm CBL 128 +0.46 [122-135] 130+ 0.58 [124-139]
Total length mm TL 129 +0.57 [122-139] 131+£0.71 [125-139]
Length of teeth row in maxilla mm TMX 44 £0.45 [41-56] 45+ 0.65 [37-58]
Palatal length mm PL 72 +£0.51 [63-79] 73 +0.47 [64-78]
Zygomatic width mm W 76 +0.49 [68-84] 78 £0.72 [72-89]
Orbital width mm ow 36 +£0.19 [34-38] 37 +£0.16 [34-38]
Interorbital width mm IOW 32 +0.41[27-39] 33 +£0.45 [28-42]
Postorbital width mm POW 24 +£0.27 [21-29] 25+0.36 [19-33]
Mastoid width mm MW 61 +0.58 [42-70] 63 +0.32 [58-67]
Bimolar width mm BW 43 +0.32 [39-49] 43 +0.31 [39-49]
Width of rostrum mm RW 32 +0.33 [29-39] 32 +0.23 [29-39]
Neurocranial capacity cm? NC 52.6 £0.57 [43.0-64.0] 53.3 £0.53 [43.0-62.0]
Length of teeth row in mandible mm TMD 50 +0.54 [41-59] 51 +0.36 [46-54]
Maximal height of mandible mm MH 37+0.29 [31-41] 37 +0.24 [35-41]
Length of mandible mm ML 90 +0.49 [85-99] 91 £0.45 [85-99]
Inner width of mandible mm MW 28 +£0.30 [26-38] 32 +£0.55[27-39]
Outer width of mandible mm oMW 67 +0.42 [62-76] 71 £0.47 [64-79]
Distance between mental foramens mm MFD 5+0.12 [4-7] 5+0.12 [4-6]

Length of upper P4 mm P4L 7.8+ 0.08 [7.0-9.0] 7.8 £0.09 [6.5-9.0]
Length of upper M1 mm MIL 16.1 £0.18 [13.5-19.8] 15.9+0.14 [13.3-17.4]
Width of upper M1 mm MIW 12.0£0.20 [11.0-19.0] 11.94+0.07 [11.1-13.0]
Ratio of cranium length to width C/W 1.7+0.01[1.5-1.8] 1.7+0.02 [1.5-1.9]

of a sagittal crest, complete adult dentition and
sutures ossification. Skulls with complete adult
dentition, distinct sagittal crest and ossified nasal
sutures were considered to be adult (following
polecats age estimation by Ansorge & Suchentrunk
2001). Since all badgers were hunted in autumn (legal
hunting season), the age estimation was restricted to
distinguishing 1.5 years old individuals from the older
ones. The skulls with ambiguous characteristics for
reliable age estimation were avoided. Only the skulls
of known origin (locality and date of killing) and sex

Data analysis

We assessed sexual dimorphism of the European
badger using a multi-model approach in combination
with predictive modelling. The craniological data were
fitted by several models of different complexity in
order to prevent discarding any important information

and to ensure robustness of the results.

As a first step, we evaluated sexual dimorphism
using all craniological measures simultaneously. We
performed the partial least squares discriminant analysis
(PLS-DA) which is capable to effectively handle many

were included in the analysis.

For craniometric measurements, a calliper accurate
to 0.1 mm was used. Neurocranial capacity was
measured by filling the neurocranial space with small
lead shots and subsequently measuring their volume
in graduated cylinder. Altogether, 22 parameters
were measured on each skull (Fig. 1) or derived
from measurement as a length/width ratio. Summary
characteristics of craniometric parameters are given

in the Table 1.
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highly correlated predictors in a single model (Barker
& Rayens 2003). Prior to the analysis, craniometric
characteristics were standardized equalizing the
weight of the dimensionally heterogeneous variables.
The optimal number of components maximizing the
classification success of the model was selected using
the ten-fold cross-validation (see below for further
details). The amount of variance explained by PLS-
DA components was assessed by the randomization
test in which the observed variance was compared with
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Table 2. Results of the simple logistic GLMs testing for the craniometric differences between females and males of the European badger. Cross-
validated classification accuracy and its 95 % confidence intervals (in square brackets) are given along with the test criteria (x?) and probabilities ()
from the likelihood-ratio tests. In addition, threshold values [95%CI] and classification to sex above these thresholds are also displayed. Note that we
did not calculate thresholds for models with inflection points out of range of the data (N/A). Threshold units are listed in the Table 1.

Craniometric characteristics Accuracy (%) e p Threshold Sex
Condylobasal length 58 [47-66] 4.77 0.0289 130 [127-135] male
Total length 63 [52-73] 5.22 0.0223 132 [128-137] male
Length of teeth row in maxilla 56 [49-62] 1.20 0.2731 47 [40-55] male
Palatal length 56 [48-63] 2.51 0.1133 74 [69-78] male
Zygomatic width 67 [55-78] 6.86 0.0088 78 [75-83] male
Orbital width 69 [64-73] 16.95 <0.0001 37 [36-37] male
Interorbital width 55 [45-64] 4.05 0.0441 34 [31-39] male
Postorbital width 58 [52-64] 2.54 0.1109 25[22-31] male
Mastoid width 57 [49-65] 5.07 0.0243 63 [61-67] male
Bimolar width 53 [47-58] 0.98 0.3213 44 141-48] male
Width of rostrum 51 [48-52] 0.12 0.7321 37[31-39] male
Neurocranial capacity 53 [48-60] 0.76 0.3840 56.1 [48.3-63.0] male
Length of teeth row in mandible 45 [36-52] 0.93 0.3336 53 [46-59] male
Maximal height of mandible 55 [40-67] 1.96 0.1620 38 [35-41] male
Length of mandible 50 [41-63] 2.47 0.1159 92 [88-97] male
Inner width of mandible 83 [71-91] 43.03 <0.0001 30 [29-31] male
Outer width of mandible 81 [70-88] 37.95 <0.0001 69 [68-71] male
Distance between mental foramens 63 [53-70] 4.47 0.0346 5[4-6] female
Length of upper P* 47 [35-53] 0.03 0.8525 N/A N/A
Length of upper M! 49 [43-53] 0.65 0.4206 15.0[13.3-15.7] female
Width of upper M! 52 [46-55] 0.29 0.5881 N/A N/A

its distribution under the null model (no craniometric
differences between female and male skulls) obtained
from 10000 simulated datasets with randomly reshuffied
sexes among individuals (Manly 1997). The importance
of each craniometric measure for discrimination of the
badger sexes was calculated as a sum of the absolute
model coefficients weighed proportionally to the
reduction in the sums of squares by each PLS-DA
component (Kuhn & Johnson 2013).

Subsequently, we fitted the generalized linear model
(GLM) with binomial errors and logit link function
(McCullagh & Nelder 1989) to discriminate sex
of the European badger using as few craniometric
variables as possible. To avoid a collinearity problem,
we screened correlation matrix of 22 craniometric
characteristics (Table 3) while focusing on strongly
correlated pairs (absolute Pearson’s r > 0.7) and
removing that variable from each pair which showed
the largest mean absolute correlation. Altogether,
two variables were excluded from the analysis due
to collinearity; condylobasal length and zygomatic

width. The remaining craniometric characteristics
did not show considerable multicollinearity when
included in the full model with all variables (variance
inflation factor < 10, cf. Quinn & Keogh 2002). The
minimum adequate GLM was built via sequential
deletion of the non-significant terms from the full
model using likelihood-ratio tests (o = 0.05).

To ensure that we did not overlook any important
sex discriminator, we fit a series of simple logistic
GLMs relating sex of European badger to individual
craniometric characteristics. Again, significance
of the models was assessed using likelihood-ratio
tests. In addition, we calculated the threshold value
for each craniometric characteristic as an inflection
point of the logistic curve (p = 0.5) above which
the model predicts a higher probability of being of
opposite sex than below the threshold. Ninety-five
percent confidence intervals were calculated for each
threshold using a non-parametric bootstrap procedure
(10000 replicates) and percentile method (Efron &
Tibshirani 1986).
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Fig. 2. The PLS-DA plot. The plot shows the morphological differentiation between males (white circles) and females (black circles) of the European
badger based on 22 craniometric characteristics (left). Correlations of the measured characteristics with discriminant components (Pearson’s r)
and the importance of each variable for discrimination are displayed as vectors and circles of the size proportional to the variable importance,
respectively (right). Ninety-five percent prediction ellipses (depicted in gray) and proportion of variance explained by each component (in parentheses)
are displayed to facilitate the interpretation of the results. For codes of craniometric measures see Table 1.

Finally, we went beyond potentially misleading Cross-validated predictive performance of the
significance tests (cf. Johnson 1999) and evaluated minimum adequate GLM slightly outperformed
predictive performance of each model on out-of- PLS-DA (classification accuracy [95%CI]: 83 [72-
sample data (Shmueli 2010) using 10-fold cross-  92] %). The minimum adequate GLM ()’ = 55.3,
validation which ensures the unbiased estimate of p <0.0001) involved the four craniometric variables:
classification success (Kuhn & Johnson 2013). This interorbital width (IOW), width of rostrum (RW),
approach allowed us to assess practical relevance of inner width of mandible (IMW), and outer width of
the results and ability of the models to generalize to mandible (OMW). Probability of being classified as a
out-of-sample situations, such as sex determination of  female can be calculated from the following logistic
new badger skulls. Proportion of specimens correctly — equation:

classified to sex (classification accuracy) was used as a 1

measure of predictive performance. Mean classification 1 + e (33:83-2.34I0W +4.18 RW - 4.57IMW — 3.750MW)

accuracy averaged across validation folds was reported

along with bootstrap 95 % confidence intervals (10000  Finally, a series of simple logistic GLMs revealed nine
replicates). All analyses were conducted in R version significant craniometric characteristics that can be
3.2.3 (R Core Team 2015) using the packages caret used for determination of the European badger sexes

(Kuhn 2016) and pls (Mevik et al. 2015). (Table 2). In general, simple logistic GLMs showed a
significantly lower classification accuracy than more
Results complex models. Notable exceptions are two GLMs

Combination of all craniometric measures in the PLS-  involving the inner (IMW) and outer (OMW) width
DA model with two components showed significant of mandible with classification accuracy comparable
differences in morphology of male and female skulls  to minimum adequate GLM and PLS-DA.

of the European badger (expl. variance = 28.5 %, p =

0.0068). The model correctly classified the sex of 81 Discussion

% of the badger skulls (95 % confidence interval (CI)  Craniological parameters discriminating between the
of classification accuracy: 70-89 %). The inner width  badger sexes

of mandible (IMW), outer width of mandible (OMW) We have shown that males and females of the
and orbital width (OW) played the most important  Carpathian badger population significantly differ in
role in discrimination between sexes (Fig. 2). several morphometric parameters of their skulls. Our
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results support the previous conclusions that, in the
European mainland, the European badger displays
a certain degree of sexual dimorphism (Wiig 1986,
Liips & Roper 1988, Lynch et al. 1997, Florijanci¢ et
al. 2011).

In the Western Carpathians, Hell & Paule (1989) found
only slight differences in quantitative skull parameters.
However, they based the analysis on47 skulls (33 males,
14 females) and the small sample size might be one of
the reasons for a weak differentiation between sexes.
They found wider skulls, thicker mandibles and greater
neurocranial capacity in males. The authors concluded
that sexual differences between male and female
skulls were based on their size, not on their shape. On
the contrary, the multi-model approach adopted here
revealed some significant differences in morphology
of male and female skulls, which supports the findings
of Lynch et al. (1997). In particular, measures of
mandible width emerged as the best discriminators of
the badger sexes with high classification accuracy. The
badger skulls investigated here were generally smaller
than those analyzed by Hell & Paule (1989). For
example, the observed mean total lengths of male and
female skulls were 131 and 129 mm, which contrasted
with 137 and 131 mm presented by the mentioned
authors. However, condylobasal length was very
similar (females: 128 vs. 125 mm, males: 130 vs. 130
mm). Also the skull width was comparable between
the data sets. The difference in skull sizes between our
data and those of Hell & Paule (1989) lies probably in
the source of skull material. We examined a random
sample of skulls from all hunted animals while Hell &
Paule (1989) measured mostly skulls presented at the
national hunting exhibition (majority of those skulls
were of medal category) which likely introduced a
bias towards above-average skull sizes since medal
specimens are usually the oldest with well-developed
sagittal crest, which contributes notably to the total
skull length.

Various measures were evaluated to distinguish
between the sexes in the badger. Lee & Mill (2004)
analysed British badgers and found sexual dimorphism
primarily manifested in the height of the sagittal crest
opposed to the width of the zygomatic arch. Florijanci¢
et al. (2011) quoted sharp differences between sexes
in several craniometric characteristics of the badgers
from Croatia, although their analysis was restricted to
19 skulls only. Apart from some special parameters,
they confirmed significantly higher values of the
average skull length and breadth in males. This finding
was not confirmed in other populations, including our
results. It seems that the size of skull only is not a good

tool to detect sexual dimorphism. Size is rather plastic
and thus responds more directly to the environment
(Cardini & Elton 2017).

In our study, sexual size dimorphism was manifested
mainly in differences of the feeding apparatus.
Specifically, females showed significantly lower
inner (IMW) and outer width of mandible (OMW)
than males. Dimorphism in the feeding apparatus was
observed in other studies as well. For example, Liips
& Roper (1988) recorded a significant sex difference
in the condylobasal length and size of the canines in
the Swiss population of the European badger. Johnson
& Macdonald (2001) demonstrated significant sexual
dimorphism in the zygomatic arch width, both canine
cross-section length and canine cross-section width.
In general, canine dimensions seem to be the most
widely used parameters distinguishing the European
badger sexes (e.g. Liips & Roper 1988, Johnson &
Macdonald 2001, Abramov & Puzachenko 2005). The
differences in feeding apparatus are usually attributed
to some level of selection for niche separation between
the sexes (Dayan & Simberloff 1996, Johnson &
Macdonald 2001). Other researchers, however,
pointed to the absence of actual resource partitioning
in badgers and assumed that this sexual dimorphism
may rather be related to interspecific or intergroup
aggression (Lynch et al. 1997, McDonald 2002). Also
Abramov & Puzachenko (2005) concluded that it is
highly improbable that dietary differences alone can
explain sexual dimorphism in the European badger.

Main hypotheses explaining the phenomenon of
sexual dimorphism

In general, there are two principal hypotheses for
sexual dimorphism in carnivores: sexual selection and
resource partitioning (Johnson & Macdonald 2001).
The sexual selection hypothesis predicts that SSD
results from mate competition among males (bigger
males have higher success in mating), and bioenergetic
constraints of reproduction among females (smaller
females have lower food requirements; Erlinge
1979, Moors 1980). Some authors mentioned also
better passability of burrows for smaller females
when pursue prey or during pregnancy (Gliwicz
1988). The European badger belongs to the most
social mustelid species which are known to have
a relatively low level of SSD (Johnson et al. 2000,
Jonhson & Macdonald 2001). The lower importance
of male mate competition may be one of the reasons
on low level of SSD. The European badger population
from the British Islands has a relatively low sexual
dimorphism in body mass, probably due to its
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more patchy distribution (social groups) and social
behaviour based on hierarchical structure (Johnson
et al. 2000). However, no correlation was revealed
between the SSD level and sociality or diet in
different populations of two badger species (Abramov
& Puzachenko 2005). On the other hand, Lynch et al.
(1996) found that the European otter Lutra lutra in the
Shetlands, where it is particularly social, had a lower
cranial and dental sexual dimorphism than within
populations of conspecifics elsewhere. Our results
seem to be in accordance with this finding. Population
distribution of the badger in the continental Europe is
more even. The species occurs in smaller families or
individually which probably results in higher level of
mate competition among males comparing to British
Islands where badgers occur in big societies with
hierarchical structure leading to exceptionally high
density (Griffiths & Thomas 1997, Lara-Romero et al.
2012, Chiatante et al. 2017). Thus, male competition
for females should play more important role in the
Western Carpathians which may lead to higher level of
SSD. However, differences in the level of intraspecific
competition between even distributed populations
and those from large societies might not be so clear.
Macdonald (1983) formulated a resource dispersion
hypothesis which predicts that food resource patches
within a territory may be rich enough to sustain
nutrition requirements of large groups of badgers.
In such groups, the feeding competition might be
relatively low. In contrast, Johnson & Macdonald
(2001) confirmed significant SSD also in socialized
populations which leads to the suggestion that feeding
competition may not necessarily be low even in large
social groups.

The resource partitioning hypothesis predicts that SSD
reduces intraspecific competition for food (Brown &
Lasiewski 1972). SSD as aresult of intersexual selection
displays in different food exploitation by males and
females enabling both sexes to exploit different food
sources in the same area (Erlinge 1979, Magnusdottir
etal. 2012). Thus, sexual dimorphism might contribute
to a certain degree of dietary separation between
sexes (Abramov & Tumanov 2003). Van Valen (1965)
formulated the niche variation hypothesis, which can
be considered as some development of the resource
partitioning hypothesis. The hypothesis predicts
greater morphological variability in populations
occupying wide ecological niches than in those
occupying narrow ones. Meiri et al. (2005) did not
support this hypothesis, since they found no consistent
difference in the degree of sexual size dimorphism
between insular and mainland carnivores for either

skull length or canine diameter. They hypothesized that
gene flow was the main source of the greater variability
in mainland populations. Otherwise, recently Law &
Mehta (2018) highlighted niche divergence as an
important mechanism that maintains the evolution of
sexual dimorphism in musteloids, displaying in cranial
size and bite force dimorphism rather than in cranial
shape. Korablev et al. (2013) interpreted differences
in the degree of SSD in four Mustelidae species
in accordance with the niche variation hypothesis.
Results of Zalewski (2007) suggest that food-niche
partitioning between male and female pine martens
changes across different habitat and food conditions,
and is not related to sexual size dimorphism, but rather
to behavioural differences between sexes. Rozhnov &
Abramov (2006) found a low level of SSD in marbled
polecat occupying narrow trophic niche. The food
niche of badgers was found to be the broadest at 45-
55° N and became narrower at both lower and higher
latitudes (Goszczynski et al. 2000), which might
lead to higher level of its morphological variability
in temperate zone sensu Van Valen (1965). Several
studies dealing with the badgers’ diet in Central Europe
have been published (Goszczynski et al. 2000, Lanszki
2004, Lanszki & Heltai 2011) but none of them was
focused on differences between sexes. Some authors
have found differences in the diet of males and females
(Madsen et al. 2002), but no results are known from
the Carpathians. The available data on the European
badger foraging ecology does not allow us to consider
the relatively higher (comparing to island populations)
distinctions in cranial parameters between males and
females to be attributed to differences in foraging
preferences.

Genetic models suggest that all of the above
hypotheses are plausible and each of the mechanisms
operates in natural populations (Hedrick & Temeles
1989). Difficulty of understanding the differences
in morphological characters found in this species
probably lies also in the variability of its ecological
adaptations, behaviour and social systems across the
area (Kruuk 1989). Contrary to Western Europe and
British Islands, the carnivore guild in the Carpathians
has multispecies composition. The specificity of the
Carpathians is an optimally saturated population
density of large carnivores (Chapron et al. 2014,
Lesova 2015). Contrary to the Western Europe, the
large carnivores have been occupying the area of
the Carpathians continuously. The phenomenon
of the Carpathians was proved also in wolf. Sexual
dimorphism in wolf was much more pronounced
among individuals from the Carpathian mountains
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than from lowland forests of the Biatlowieza Primeval
Forest (Okarma & Buchalczyk 1993). We suppose
also some role of predatory selection leading to a
potentially higher survival chance ofbigger individuals
(e.g. when attacked by lynx or wolf; Palomares &
Caro 1999) in affecting morphological characters of
the European badger in the Carpathians. However,
this effect has not been tested and the role of predation
in the SSD accentuating seems to be questionable,
since predatory pressure would affects also females.
The effect of predation may affect also indirectly by
means of modifying badgers’ diet (Sidorovich et al.
2011). Moreover, the badger is a species that compete
with other burrowing species such as the red fox and
the raccoon dog. Especially the red fox is an important
competitor to the European badger (Macdonald et
al. 2004). The stronger feeding apparatus, mainly in
male, of the badger might reflect one of the responses
to the competitive pressure. This relationship was
confirmed in fox species. Szuma (2008) found that
red foxes from regions of sympatric co-occurrence
with other closely-related Vulpes species were more
sexually dimorphic in terms of tooth size than red
foxes from allopatric regions.

Irrespective of the underlining hypotheses, we
suggest IMW and OMW may be used as easily
measurable and reliable (> 80 % correctly classified
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out-of-sample skulls) craniological parameters for
a quick sex determination. The threshold values of
several craniometric characters reported in this study
(Table 2) might be used as simple decision rules for
determination of the European badger sex, especially
in the case of the limited availability of craniometrical
measures (e.g. determination of skull fragments etc.).
Still, the reliability of these thresholds outside the
Western Carpathians need to be verified or adjusted
regionally, since badgers’ morphological parameters
may vary considerably even in a relatively small area
(Pertoldi et al. 2003, Abramov & Puzachenko 2005).
Although molecular genetics has become the most
reliable method for taxonomic studies, craniometry
remains an important tool for practical determination
of sexes or geographical forms of mammal species
as well as in ecological research and conservation
biology (Pertoldi et al. 2003, Sladek & Butora 2005).

Acknowledgements

This work was supported by the Slovak Research and Development
Agency under the Contract No. APVV-14-0637, by the research
grant no. 2/0052/15 of the Slovak Grant Agency for Science
(VEGA) and from European Regional Development Fund-Project
“Mechanisms and dynamics of macromolecular complexes: from
single molecules to cells” (No. CZ.02.1.01/0.0/0.0/15_003/0000
441). We thank to Dr. Jana Luptdkova for revising English, and
anonymous reviewers for improving the manuscript.

Abramov A.V. & Puzachenko A.Y. 2005: Sexual dimorphism of craniological characters in Eurasian badgers, Meles spp. (Carnivora,

Mustelidae). Zool. Anz. 244: 11-29.

Abramov A.V. & Puzachenko A.Y. 2013: The taxonomic status of badgers (Mammalia, Mustelidae) from Southwest Asia based on
cranial morphometrics, with the redescription of Meles canescens. Zootaxa 3681: 44-58.
Abramov A.V. & Tumanov I.L. 2003: Sexual dimorphism in the skull of the European mink Mustela lutreola from NW part of Russia.

Acta Theriol. 48: 239-246.

Ansorge H. & Suchentrunk F. 2001: Aging steppe polecats (Mustela eversmanni) and polecats (Mustela putorius) by canine cementum
layers and skull characters. Wiss. Mitt. Niederdsterr. Landesmus. 14: 79—106.

Barker M. & Rayens W. 2003: Partial least squares for discrimination. J. Chemom. 17: 166—173.

Baryshnikov G.F., Puzachenko A.Yu. & Abramov A.V. 2003: New analysis of variability of check teeth in Eurasian badgers (Carnivora,

Mustelidae, Meles). Russ. J. Theriol. 1: 133—149.

Brown J.H. & Lasiewski R.C. 1972: Metabolism of weasels: the costs of being long and thin. Ecology 53: 939-943.
Cardini A. & Elton S. 2017: Is there a “Wainer’s rule”? Testing which sex varies most as an example analysis using GueSDat, the free

Guenon Skull Database. Hystrix 28: 147—156.

Chapron G., Kaczensky P., Linell J.D. et al. 2014: Recovery of large carnivores in Europe’s modern human-dominated landscapes.

Science 346: 1517-1519.

Chiatante G., Dondina O., Lucchelli M. et al. 2017: Habitat selection of European badger Meles meles in a highly fragmented forest
landscape in northern Italy: the importance of hedgerows and agro-forestry systems. Hystrix 28: 247-252.

Dayan T. & Simberloff D. 1996: Patterns of size separation in carnivore communities. In: Gittleman J.L. (ed.), Carnivore behavior,
ecology, and evolution, vol. 2. Comstock Publishing, Ithaca, New York: 243-266.

Efron B. & Tibshirani R. 1986: Bootstrap methods for standard errors, confidence intervals, and other measures of statistical accuracy.

Stat. Sci. 1: 54-75.

Erlinge S. 1979: Adaptive significance of sexual dimorphism in weasels. Oikos 33: 233-245.

Florijan¢i¢ T., Speranda M., Boskovié I. et al. 2011: Craniometric analysis of Eurasian badger (Meles meles L.) from Eastern Croatia.
Abstract volume of 6" European Congress of Mammalogy, 19.-23. July, Paris, France: 37.

Gliwicz J. 1988: Sexual dimorphism in small mustelids — body diameter limitation. Oikos 53: 411-414.

228

Downloaded From: https://bioone.org/journals/Folia-Zoologica on 09 Feb 2025
Terms of Use: https://bioone.org/terms-of-use



Goszczynski J., Jedrzejewska J. & Jedrzejewski W. 2000: Diet composition of badger (Meles meles) in a pristine forest and rural habitats
of Poland compared to other European populations. J. Zool. Lond. 250: 495-505.

Griffiths H.I. & Thomas D.H. 1997: The conservation and management of the European badger (Meles meles). Nature and Environment,
no. 90, Council of Europe Publishing, Strasbourg.

Hedrick A.V. & Temeles E.J. 1989: The evolution of sexual dimorphism in animals: hypotheses and tests. Trends Ecol. Evol. 4: 136—138.

Hell P. & Paule L. 1989: Craniometrical investigations of the European badger (Meles meles) from the Slovak Carpathians. Folia Zool.
38:307-323.

Johnson D.H. 1999: The insignificance of statistical significance testing. J. Wildlife Manage. 63: 763—772.

Johnson D.D.P. & Macdonald D.W. 2001: Why are group-living badgers (Meles meles) sexually dimorphic? J. Zool. Lond. 255: 199-204.

Johnson D.D.P., Macdonald D.W. & Dickman A.J. 2000: An analysis and review of models of the sociobiology of the Mustelidae.
Mammal Rev. 30: 171-196.

Korablev M.P., Korablev N.P. & Korablev P.N. 2013: Population aspects of sexual dimorphism in Mustelidae from the example of four
species (Mustela lutreola, Neovison vison, Mustela putorius, and Martes martes). Biol. Bull. 40: 61-69.

Kruuk H. 1989: The social badger. Oxford University Press, Oxford, U.K.

Kuhn M. 2016: Caret: classification and regression training. R package version 6.0-64. https://github.com/topepo/caret/

Kuhn M. & Johnson K. 2013: Applied predictive modeling. Springer, New York.

Lanszki J. 2004: Diet of badgers living in a deciduous forest in Hungary. Mamm. Biol. 69: 354-358.

Lanszki J. & Heltai M. 2011: Feeding habits of sympatric mustelids in an agricultural area of Hungary. Acta Zool. Acad. Sci. Hung. 57:
291-304.

Lara-Romero C., Virgés E. & Revilla E. 2012: Sett density as an estimator of population density in the European badger Meles meles.
Mammal Rev. 42: 78-84.

Law C.J. & Mehta R.S. 2018: Carnivory maintains cranial dimorphism between males and females: evidence for niche divergence in
extant Musteloidea. Evolution: doi: epdf/10.1111/evo.13514.

Lee S. & Mill P.J. 2004: Cranial variation in British mustelids. J. Morphol. 260: 57—64.

Leso P. & Kropil R. 2007: A comparison of three different approaches for the classification of bird foraging guilds: an effect of leaf
phenophase. Folia Zool. 56: 51-70.

Lesova A. 2015: Management of large carnivores in Europe and in Slovakia. In: LeSova A. & Antal V. (eds.), Protection and management
of large carnivores in Slovakia. State Nature Conservancy of the Slovak Republic: 117—132.

Liips P. & Roper T.J. 1988: Tooth size in the European badger (Meles meles) with special reference to sexual dimorphism, diet and intra-
specific aggression. Acta Theriol. 33: 21-33.

Lynch J.M., Conroy J.W.H., Kitchener A.C. et al. 1996: Variation in cranial form and sexual dimorphism among five European
populations of the otter Lutra lutra. J. Zool. Lond. 238: 81-96.

Lynch J., Whelan R., Fituri A.I. & Hayden T.J. 1997: Craniometric variation in the Eurasian badger, Meles meles. J. Zool. Lond. 242:
31-44.

Macdonald D.W. 1983: The ecology of carnivore social behaviour. Nature (Lond.) 301: 379-384.

Macdonald D.W., Buesching C.D., Stopka P. et al. 2004: Encounters between two sympatric carnivores: red foxes (Vulpes vulpes) and
European badgers (Meles meles). J. Zool. Lond. 263: 385—392.

Madsen S.A., Madsen A.B. & Elmeros M. 2002: Seasonal food of badgers (Meles meles) in Denmark. Mammalia 66: 341-352.

Magnusdottir R., Stefansson R.A., von Schmalensee M. et al. 2012: Habitat- and sex-related differences in a small carnivore’s diet in a
competitor-free environment. Eur. J. Wildlife Res. 58: 669—676.

Manly B.F.J. 1997: Randomization, bootstrap and Monte Carlo methods in biology. Chapman & Hall, London.

Marmi J., Lopez-Giraldez F., Macdonald D.W. et al. 2006: Mitochondrial DNA reveals a strong phylogeographic structure in the badger
across Eurasia. Mol. Ecol. 15: 1007-1020.

McCullagh P. & Nelder J.A. 1989: Generalized linear models, 2™ ed. Chapman & Hall/CRC, Boca Raton.

McDonald R.A. 2002: Resource partitioning among British and Irish mustelids. J. Anim. Ecol. 71: 185-200.

Meiri S., Dayan T. & Simberloff D. 2005: Variability and sexual size dimorphism in carnivores: testing the niche variation hypothesis.
Ecology 86: 1432—1440.

Mevik B.H., Wehrens R. & Lilan K.H. 2015: PlIs: partial least squares and principal component regression. R package version 2.5-0.
http://mevik.net/work/software/pls.html

Moors P.J. 1980: Sexual dimorphism in the body size of mustelids (Carnivora): the roles of food habits and breeding systems. Oikos
34: 147-158.

Okarma H. & Buchalczyk T. 1993: Craniometrical characteristics of wolves Canis lupus from Poland. Acta Theriol. 38: 253-262.

Palomares F. & Caro T.M. 1999: Interspecific killing among mammalian carnivores. Am. Nat. 153: 492-508.

Pertoldi C., Bach L., Madsen A.B. et al. 2003: Developmental instability in Danish populations of the Eurasian badger Meles meles. J.
Biogeogr. 30: 949-953.

Quinn G.P. & Keough M.J. 2002: Experimental design and data analysis for biologists. Cambridge University Press, Cambridge.

R Core Team 2015: R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.

Rozhnov V.V. & Abramov A.V. 2006: Sexual dimorphism of marbled polecat Vormela peregusna (Carnivora: Mustelidae). Biol. Bull.
33: 144-148.

Sato J.J. 2016: The systematics and taxonomy of the world’s badger species —a review. In: Proulx G. & Do Linh San E. (eds.), Badgers:
systematics, biology, conservation and research techniques. Alpha Wildlife Publications, Sherwood Park, Alberta, Canada: 1-30.

Shmueli G. 2010: To explain or to predict? Stat. Sci. 25: 289-310.

229

Downloaded From: https://bioone.org/journals/Folia-Zoologica on 09 Feb 2025
Terms of Use: https://bioone.org/terms-of-use



Sidorovich V.E., Rotenko L.I. & Krasko D.A. 2011: Badger Meles meles spatial structure and diet in an area of low earthworm biomass
and high predation risk. Ann. Zool. Fenn. 48: 1-16.

Sladek J. & Butora L. 2005: Contribution to the knowledge about the craniological characteristics of the Western Carpathian Mts. pine
marten (Martes martes). Folia Venatoria 35: 163—178.

Stevens R.T. & Kennedy M.L. 2005: Spatial patterns of sexual dimorphism in minks (Mustela vison). Am. Midl. Nat. 154: 207-216.

Szuma E. 2008: Evolutionary and climatic factors affecting tooth size in the red fox Vulpes vulpes in the Holarctic. Acta Theriol. 53:
289-332.

Van Valen L.M. 1965: Morphological variation and the width of the ecological niche. Am. Nat. 99: 377-390.

Wiig @. 1986: Sexual dimorphism in the skull of minks Mustela vison, badgers Meles meles and otters Lutra lutra. Zool. J. Linn. Soc.
87:163-179.

Zalewski A. 2007: Does size dimorphism reduce competition between sexes? The diet of male and female pine martens at local and
wider geographical scales. Acta Theriol. 52: 237-250.

Zingstra H.L., Seffer J., Lasak R. et al. 2009: Towards and ecological network for the Carpathians. Wageningen International,
Wageningen, Netherlands.

230

Downloaded From: https://bioone.org/journals/Folia-Zoologica on 09 Feb 2025
Terms of Use: https://bioone.org/terms-of-use



