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Abstract

Craniometric characteristics and sexual dimorphism have been described for many carnivore
species in Europe. However, very few studies have focused on cranial variability of golden jackal
(Canis aureus Linnaeus, 1758) in Europe, despite its expanding distribution in recent decades.
Although numerous works have addressed sexual dimorphism in carnivore skull size, only few
studies have attempted to study dimorphism in overall cranial shape. The present study proposes
the first comprehensive analysis of golden jackal skull morphometry in Bulgaria, trying to clarify
shape and size related cranial variability and differentiation. Extensive morphometric data of jack-
al skulls were analysed by applying recently developed statistical tools to answer the following
questions: (i) is there a geographic variation in skull size and shape among golden jackal popula-
tion in Bulgaria, (ii) are there age-related cranial differences, and (iii) how pronounced is the sexu-
al dimorphism in skull shape and size? A total of 176 skulls of golden jackals, collected all over the
country, were analysed by univariate and multivariate statistical methods. Principal component
analysis and linear discriminant analysis were applied on the standardized and log-transformed
ratios of the original measurements to clearly separate specimens by shape and size. Skulls of
golden jackal in Bulgaria show considerable individual variability but weak intrapopulation differ-
entiation. The differences in shape and size of the jackal skulls, as far as they exist, are age-re-
lated, but only juveniles younger than 11 months could be easily distinguished. Subadult and
adult jackals largely overlap in skull size and shape. Sexual dimorphism in jackal skulls is weakly
pronounced, with older males a little bit larger than females. The results of the present research
are consistent with recent genetic and morphological studies and give new insights on patterns in
cranial variability and population structure of golden jackal in Bulgaria.

Key words: Canis aureus, cranial variability, geographic variation, sex dimorphism, skull mor-
phometry, skull shape.

Introduction

Craniometric characteristics and sexu-
al dimorphism have been described for
many carnivore species in Europe (Petrov
et al. 1992, Gittleman and Valkenburgh
1997, Milenkovi¢ et al. 2010). Sexual size
dimorphism is common among verte-

brates, with males usually being the larg-
er sex (Ralls 1977). In the end of the last
century, the extreme dimorphism in Mus-
telidae (Moors 1980, Wiig 1986), Felidae
(Wiig and Andersen 1986) and Pinnipedia
(Stirling 1975), and the reversed dimor-
phism in predatory birds (Andersson and
Norberg 1981, Pleasants 1988) attracted
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particular interest, and new theories were
proposed, associating the sexual dimor-
phism with divergent selection pressures
on males and females (Moors 1980, Wiig
1986, Wiig and Andersen 1986). Howev-
er, sexual dimorphism in Canidae, when
present at all, is usually minimal, with
males being slightly larger than females
(Jolicoeur 1959, Hell et al. 1989, Simon-
sen et al. 2003, Schutz et al. 2009, Sille-
ro-Zubiri 2009). In African jackals (Canis
lupaster Hemprich and Ehrenberg, 1832;
Lupulella adusta (Sundevall, 1847); and
Lupulella mesomelas (Schreber, 1775))
sexual dimorphism varies among regions
and is even less pronounced than in oth-
er canids (Van Valkenburgh and Wayne
1994). Up to date, very few studies have
focused on cranial variability of golden
jackal (Canis aureus Linnaeus, 1758) in
Europe (Kry$tufek and Tvrtkovi¢ 1990,
Stoyanov 2012, Markov et al. 2017, Rezi¢
et al. 2017, Krendl et al. 2018), despite its
expanding distribution in recent decades.

Golden jackal is one of the most widely
distributed canid species and is found in
many areas of Europe and Asia (Jhala and
Moehlman 2004, Arnold et al. 2012, Hoff-
mann et al. 2018, Moehlman and Hayssen
2018, Spassov and Acosta-Pankov 2019).
Since 1980s, jackals have increased in
their distribution and abundance in what is
arguably the most dramatic recent expan-
sion among native predators on the con-
tinent (Jhala and Moehiman 2004, Salek
et al. 2014, Koepfli et al. 2015, Trouwborst
et al. 2015). The jackal expansion in the
last two decades has been rapid and still
ongoing. The jackals reached Switzerland,
Lichtenstein, Germany, Denmark, Poland,
France, Netherlands, Baltic states, Belar-
us, and, in 2019, also Finland (PySkova
et al. 2016, Krofel et al. 2017, Potocnik et
al. 2019). The ongoing expansion of the
species in Europe has caused concerns

regarding possible negative effects its
presence could exert, due to excessive
predation of other wildlife species or live-
stock, and the transmission of pathogens
(Rutkowski et al. 2015, Cirovi¢ et al. 2016).
In addition, there are several uncertainties
regarding jackal management and poli-
cies, often in association with the unknown
origins of jackal populations (Trouwborst
et al. 2015). Jackal expansion in the last
decades has triggered research interest in
Europe. Many aspects of golden jackal's
ecology, diet, population density, genetics,
legal implications of range expansion, and
management have been studied in the last
two decades in Europe (see full review in
Potocnik et al. 2019). Bulgarian territory is
considered the core area of golden jackal
distribution in Europe with the highest pop-
ulation density (Stoyanov 2013, Spassov
and Acosta-Pankov 2019), but morpho-
metric studies, including skulls from Bul-
garia, were very scarce and local so far
(e.g. Markov et al. 2017, Krendl et al.
2018). Despite numerous studies of sexu-
al dimorphism in carnivore skull size, only
few studies have attempted to study di-
morphism in overall cranial shape (Schutz
et al. 2009, Rezi¢ et al. 2017).

The present study is the first compre-
hensive analysis of golden jackal skull
morphometry in Bulgaria, trying to clarify
shape and size related cranial variability
and differentiation. Extensive morpho-
metric data of jackal skulls were analysed
by applying recently developed statistical
tools to answer the following questions:
(i) is there a geographic variation in skull
size and shape among golden jackal pop-
ulation in Bulgaria, (ii) are there age-relat-
ed cranial differences, and (iii) how pro-
nounced is the sexual dimorphism in skull
shape and size? Although modern genetic
methods have been applied recently in
phylogeny and taxonomy, understanding
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patterns in cranial variability of golden
jackal still provides very valuable insights
on population structure. Furthermore, it is
not only crucial for understanding the phy-
logeny, but also for management and con-
servation. Moreover, integration of genetic
techniques and morphometrics represent
a valuable tool in the resolution of taxo-
nomic uncertainty.

Material and Methods

A total of 176 skulls of golden jackal from
Bulgaria were analysed. The sample
comprised of 84 specimens, collected
between 1998 and 2007 from 20 different
sites all over the country, but most of them
coming from three main regions with high-
est jackal's population density: Yambol,
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Fig. 1. Skull measurements employed in the analyses (following von den Driesch 1976).
Note: See measurements description in Table 1: A. Canis cranium, dorsal view; B. Canis
cranium, basal view; C. Canis cranium, left side view; D. Canis cranium, nuchal view; E. Canis
maxillary teeth (P4, M' and M?2), length (L) and breadth (B); F. Canis mandible, left side, lateral
view; G. Canis mandibular teeth (M,—M,), length (L) and breadth (B).
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Veliko Tarnovo and Burgas. It also includ-
ed 57 skulls, collected by Stoyan Vassilev
in the end of 1980s, 20 specimens from
the scientific collection of the National
Museum of Natural History dating back to
the last century, and 15 skulls, collected
between 2008 and 2012, measured at a
national trophy exhibition in 2012. The
skulls with unknown sex were excluded
from the analyses. The age of jackals
was determined in consideration of up-
per incisive teeth wear (Lombaard 1971)
and for some individuals also by counting
the annual cementum layers in canines
(Klevezal and Kleinenberg 1967). Both
methods are reliable enough for the pur-

poses of the study and provide accurate
results, with precision up to one year for
the first one (Harris et al. 1992, Rajchev
2002). The skulls were assigned to three
age groups: juveniles, subadults and
adults. Juveniles were defined as individ-
uals with fully developed second dentition
but less than 10 months of age, subadults
as individuals older than 11 months, when
they reach sexual maturity, but less than
two years of age, and adults as two years
old and over. On each specimen 70 mea-
surements were taken by digital sliding
calliper, i.e. 47 cranial and 23 from man-
dibles (see Fig. 1 and Table 1), following
von den Driesch (1976).

Table 1. Description of Canis skull measurements (following von den Driesch 1976).

No Measurements description

Abbreviation

Cranium

1 Total length: Akrokranion — Basion T
1a  Greatest skull length: Akrokranion — front border of the Incisivi Anteriori Maxl
2 Condylobasal length: aboral border of the occipital condiles — Prosthion Cbl
3 Basal length: Basion — Prosthion Bl
4 Basicranial axis: Basion — Synsphenion Bca
5 Basifacial axis: Synsphenion — Prosthion Bfa
6 Neurocranium length: Basion — Nasion Ncl
7 Upper neurocranium length: Acrocranion — Frontal midpoint Uncl
8 Viscerocranium length: Nasion — Prosthion Vel
9 Facial length: Frontal midpoint — Prosthion Fl
10  Greatest length of the nasals: Nasion — Rhinion Nasl
11 Length of braincase Brcl
12 Snout length: oral border of the orbits — Prosthion Snl
13  Medial palatal length: Staphilion — Prosthion Mpl
Palatal length: median point joining deepest intersection Choanae —
13a . PI
Prosthion
14  Length of the horizontal part of the palatine: Staphylion — Palatinoorale Mplh
14a Length of the horizontal part of the palatine corresponding to 13a Plh
15  Length of the cheektooth row Lp1m2
15a Length from oral border of C' to aboral border of M? Lcim2
16 Length of the molar row Molr
17  Length of the premolar row Prmr
18  Length of the carnassial, measured at the cingulum Lp4
18a Greatest breadth of the carnassial Bp4
19  Length of the carnassial alveolus Lpda
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No Measurements description Abbreviation
20  Length of M", measured at the cingulum Lm1
20a Breadth of M', measured at the cingulum Bm1
21 Length of M2, measured at the cingulum Lm2
21a Breadth of M2, measured at the cingulum Bm2
22 Greatest diameter of the auditory bulla Bull
23  Greatest mastoid breadth: Otion — Otion Mst
24  Breadth dorsal to the external auditory meatus Mstau
25  Greatest breadth of the occipital condyles Occb
26  Greatest breadth of the bases of paraoccipital processes Poprb
27  Greatest breadth of the foramen magnum Fmagb
28  Height of the foramen magnum: Basion — Opisthion Fmagh
29  Greatest neurocranium breadth: Euryon — Euryon Skb
30  Zygomatic breadth: Zygion — Zygion Zyg
31 Least breadth of skull: breadth at the postorbital constriction Pob
32  Frontal breadth: Ectorbitale — Ectorbitle Fb
33  Least breadth between the orbits: Entorbitle — Entorbitale lob
34 Grelgltest palatal breadth: measured across the outer borders of the al- Palb
veoli
35  Least palatal breadth: measured behind the canines Lpalb
36  Breadth at the canine alveoli Rb
37  Greatest inner height of the orbit Orb
38  Skull height Skh
39  Skull height without the sagital crest Skhs
40 Height of the occipital triangle: Akrokranion — Basion Otrh
Mandible
1 Total length: from condyle process — Infradentale Mand
2 Length: the angular process — Infradentale Milapid
3 Length: the indentation between condyle process and angular process — Miapcpid
Infradentale
4 Length: the condyle process — aboral border of the canine alveolus Micpca
5 Length: the indentation between the condyle process and the angular Mlapcp-
process — aboral border of the canine alveolus ca
6 Length: the angular process — aboral border of the canine alveolus Mlapca
Length: the aboral border of the alveolus of M, — aboral border of the
7 canine alveolus ’ Micams
8 Length of the cheektooth row, M,—P,, measured along the alveoli Mip1m3
9 Length of the cheektooth row, M,—P,, measured along the alveoli Mip2m3
10 Length of the molar row, M,—M,, measured along the alveoli Mmolr
11 Length of the premolar row, P,—P,, measured at the cingulum Mprmr
12 Length of the premolar row, P,—P,, measured at the cingulum Mip2p4
13 Length of the carnassial, measured at the cingulum Mim1
13a Breadth of the carnassial, measured at the cingulum Mbm1
14  Length of the carnassial alveolus Mim1a
15 Length of M,, measured at the cingulum Mim2
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No Measurements description Abbreviation
15a Breadth of M,, measured at the cingulum Mbm2
16 Length of M,, measured at the cingulum MIim3
16a Breadth of M,, measured at the cingulum Mbm3
17  Greatest thickness of the body of jaw below M, Mjaw

18 :itce)lr?ht of the vertical ramus: basal point of the angular process — Coro- Manh

19 Height of the mandible behind M,, measured on the lingual side Mhm1
20  Height of the mandible between P, and P,, measured on the lingual side Mhp2

Statistical methods

All measurements were tested for nor-
mality by QQ plots and Shapiro-Wilk test.
Differences in size of skull between age
groups were tested by one-way analy-
sis of variance (ANOVA) and visualized
by applying Tukey’s Honestly Significant
Difference test (Tukey’s HSD). Statistical
significance of the difference in means
between males and females for each
cranial measurement was examined by
using Student’s t-test. Multivariate anal-
yses were employed in order to explore
the most significant variation in size and
shape of skulls. Shape in general tends
to provide more reliable information than
size on the morphology of organisms (Jol-
icoeur and Mosimann 1960). Size is often
considered as a nuisance because it is
strongly dependent on ecological factors
(McCoy et al. 2006), but separation of size
and shape in multivariate studies of mor-
phological data is problematic (Claude
2008).

This problem was addressed by using
principal component analysis (PCA). The
first principal component of PCA is usually
considered as a general size axis, while
the remaining principal components rep-
resent the shape space. However, it also
includes size related shape information
(Jolicoeur and Mosimann 1960) and has
been identified by Jolicoeur (1963) heu-
ristically as a multivariate allometric size

axis. The mixture of size and size related
shape information in the first component
makes the interpretation of the other com-
ponents of a PCA rather difficult. Baur and
Leuenberger (2011) have developed new
methods allowing interpretation of prin-
cipal components in terms of ratios and
clear separation of size and shape. The
authors defined an isometric size axis,
called ‘isosize’, as the geometric mean of
the original measurements and thus com-
prising only differences in scaling. For the
exact definition of ‘isosize’, see Baur and
Leuenberger (2011). Allometry free shape
variables could be obtained by projecting
the measurements orthogonal to isosize.
APCA calculated on the covariance matrix
of these shape variables then accounts
solely for differences in proportions. Baur
and Leuenberger (2011) suggested to plot
the isosize against each significant shape
component in order to assess the amount
of allometry in the data.

Hence, for clear separation of shape
and size, the PCA was applied on the
standardized (dividing each measurement
by geometric mean) and log-transformed
ratios of the original measurements
(Claude 2008, Baur and Leuenberger
2011). To examine how well the skulls of
males and females are separated, the
data were subjected to a linear discrimi-
nant analysis (LDA). The performance of
the LDA was assessed by means of cross
validation (Rencher 2002), where one
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specimen is omitted from the analysis and
classified according to the discriminant
function found for the remaining speci-
mens in the data set.

Geometric interpretation of PCA and
LDAwas made by using graphical tools de-
veloped by Baur and Leuenberger (2011).
The ‘PCA ratio spectrum’ was applied for
the interpretation of principal components
in shape space, and the ‘LDA ratio ex-
tractor’ was used for finding the best ra-
tios that separate the skulls of males and
females. The amount of allometry in the
data was assessed by the ‘allometry ratio
spectrum’. For detailed mathematical de-
scription and statistical framework of the
applied methods see Claude (2008) and
Baur and Leuenberger (2011).

All statistical and graphical analyses
were performed with R, version 3.6.1 (R
Core Team 2019). Slightly modified ver-
sions of the R-scripts provided by Baur and
Leuenberger (2011) and Claude (2008)
were employed for calculations. PCA and
LDA were performed by using package
MASS (Venables and Ripley 2002).

Ethics Statement

The skull samples used in this study were
obtained from individuals that died in vehi-
cle collisions, due to natural causes or as
a result of legal hunting. Specimens from
the National Museum of Natural History
and private collections were measured, as
well. No animal was killed for the purpose
of this study.

Results

Shapiro-Wilk tests and QQ plots showed
that all measurements did not deviate
significantly from normal distribution.

It allowed applying t-test and one-way
ANOVA. However, for most of the follow-
ing statistical methods the assumption of
normally distributed data is not strongly
suggested. The results from ANOVA and
Tuckey’'s HSD test showed that in the
most skull traits juveniles, i.e. jackals be-
tween 7—10 months of age, differed from
the older animals (Fig. 2). Only in two
measurements, zygomatic breadth and
least breadth between the orbits, there
were significant differences between sub-
adult and adult specimens. Hence, sum-
mary statistics of the skull measurements
were calculated for joint group of subadult
and adult jackals. Sexual dimorphism in
skull size was examined by t-test (Table
2). Almost in all skull measurements dif-
ferences in means between males and fe-
males were statistically significant. How-
ever, there is a large overlap in all skull
traits, therefore both sexes could be hard-
ly differentiated only by skull size (Fig. 3).
The very high level of statistical signifi-
cance, as demonstrated by t-test, is due
to a large sample size.

The PCA was applied on specimens
from all age groups. The first principal
component in shape space accounted for
17.98 % of the variance. Projecting the
data along isosize and first principal com-
ponent in shape space did not reveal any
specific patterns in distribution or clus-
tering of the individuals (Fig. 4). Only 12
specimens of the whole sample belonged
to juveniles, i.e. below 11 months of age.
Although with some overlap, their cluster
was well separated from subadult and
adult animals as it is shown by the ellipses
enclosing 95 % of the confidence interval
for each age group (Fig. 4A). Most of sub-
adults are enclosed by adults on a plot.
The sex dimorphism in shape and size
of the skull is not pronounced and there
is a large overlap between males and fe-



432 S. Stoyanov

95% family-wise confidence level 95% family-wise confidence level
Total length Condylobasal length
3 - 3 -
T T T T 1 T T T T
-5 0 5 10 15 20 -5 0 5 10 15
Differences in mean levels of age Differences in mean levels of age
95% family-wise confidence level 95% family-wise confidence level
Zygomatic breadth Mastoid breadth
3 3
T T T T T
0 5 10 -2 0 2 4
Differences in mean levels of age Differences in mean levels of age

Fig. 2. Differences by age in some basic cranial measurements. Results from Tukey’s
Honestly Significant Difference test.

Table 2. Descriptive statistics of basic skull measurements and statistical significance
of the differences examined by Student’s t-test.

L. Males (n=83) Females (n=51)
No Abbreviation - — - — P
min max X s min max X s
Cranium
1a Maxl 1541 1834 168.8 6.2 158.0 1755 164.6 4.4 0.0000™

1 T 1520 181.0 1665 6.3 1559 1754 1623 4.4 0.0000™
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e Males (n=83) Females (n=51)
No Abbreviation . — - — P
min max X s min max X s
2 Cbl 1448 168.7 1581 53 1478 1629 154.0 3.7 0.0000™
10 Nasl 52.9 68.0 59.7 3.7 50.9 64.8 58.0 3.2 0.0058"
18 P4 15.6 18.6 172 0.6 15.0 18.0 16.8 0.6 0.0004™
22 Bull 220 286 25.1 14 219 271 24.5 1.2 0.0206°
23 Mst 51.2 61.4 56.5 2.0 521 60.4 55.2 1.5 0.0001™
29 Skb 49.5 56.0 52.5 14 4738 54.5 51.5 1.4 0.0000™
30 Zyg 820 97.2 803 36 776 94.1 86.6 3.7 0.0001™
31 Pob 23.9 34.2 283 21 222 335 279 2.0 0.2609
32 Fb 36.1 51.0 422 3.0 359 466 415 29 0.1685
33 lob 21.4 315 263 1.8 226 30.7 254 1.7 0.0066™
34 Palb 49.7 59.0 53.9 1.8 50.0 57.0 52.9 1.6 0.0004™
36 Rb 26.0 32.3 29.7 1.3 268 30.7  28.7 1.0 0.0000™
38 Skh 44.7 53.0 48.5 1.8 434 55.1 47.8 1.9 0.0405
Mandible

1 Mand 109.5 1334 1219 45 113.0 1276 1189 3.3 0.0000™
8 P-M, 59.1 69.1 656 20 611 68.0 64.6 1.8 0.0057"
13 M, 176  20.9 192 0.7 176  20.0 18.8 0.6 0.0007™
18 Manh 41.8 534 487 25 431 529 46.8 2.2 0.0000™

Note: Level of statistical significance: ‘p <0.05, “ p <0.01, “p <0.001. X— mean, s — standard

deviation.

males. Differences are mainly in size but
not in shape. Older males have bigger
skulls, but this does not depend on their
exact age. Most of subadults and females
could not be separated by size and shape
of the skull. The differences in cranial size
and shape did not depend on the geo-
graphic region as well (Fig. 4B).

The first two principal components in
shape space accounted for 28.66 % of the
variance (Fig. 5). Projecting the data along
first and second principal components re-
veals only differences in skull shape. The
group of juvenile jackals could be distin-
guished from subadults and adults only
along first principal component, but with
a large overlap between clusters. There
are no differences in skull shape between

males and females (Fig. 5A), and be-
tween jackals from different regions, as
well (Fig. 5B).

The ‘PCA ratio spectrum‘ allows the
interpretation of principal components
in shape space (Fig. 6). It is statistically
stable because of the narrow confidence
intervals shown on the graph. Consider-
ing factor loadings, ratios between least
breadth at the postorbital constriction
(Pob), least breadth between the orbits
(lob), greatest diameter of the auditory
bulla (Bull), frontal breadth (Fb), length of
the nasals (Nasl), height of the mandible
(Manh), and some dental measurements,
such as length and breadth of the upper
and lower molars, explained a large pro-
portion of the variance of the first and
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Fig. 3. Histograms showing differences in basic cranial measurements
between adult males and females.
Note: Bars represent number of animals falling in each interval on the measurement scale.

second shape principal components. The
same ratios, however, showed the most
distinctive allometric behaviour as could
be seen from the ‘allometry ratio spec-
trum’ (Fig. 7). Presence of allometry could
be assessed as well, while projecting the
first shape principal component orthogo-

nal to the isometric size (Fig. 4A). Judging
from the graph, there is only a very mod-
erate correlation between shape and size.
Hence, allometric variation was of margin-
al importance concerning my data set.
Following the distribution patterns from
PCA, only adult and subadult jackals (83
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males and 51 females) were subjected between sexes (Wilks A=0.372, F=1.52,
to linear discriminant analysis in order to  df=1, 132, p=0.047, D?=2.66) and their
separate males from females. The LDA possible separation by shape and size
indicated the presence of differences of skull (Fig. 8). However, the LDA per-
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formance estimated by cross validation
was problematic. It showed that 49 % of
females (25 skulls) and 35 % of males (29
skulls) were misclassified, meaning that
almost 40 % of all specimens (regardless
the sex) were not assigned correctly to
the group they belong. Hence, the use of
discriminant function for classification of
jackal skulls with unknown sex is more
than doubtful.

For practical reasons, a few characters
that would allow quick and easy identifi-
cation of most specimens might some-
times be useful, for instance in field work.
One or two ratios would be preferable, as
these are easily calculated and differenc-
es in proportions can sometimes even
be estimated by eye (Reichenbach et al.
2012). Hence, the LDA ratio extractor was
applied (Baur and Leuenberger 2011) to
find the best ratios that could easily sep-
arate the skulls of male and female jack-
als. However, even these ratios could
not clearly separate males from females
(Fig. 9).
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Note: The measure ¢ indicates how well shape dis-
criminates in relation to size. A value of & close to unity
means that separation is mainly due to size, whereas for
a value close to zero mostly shape is important. Ellipses
enclose 95 % confidence interval for each sex.

Discussion

The results suggest that the dif-
ferences in shape and size of
the jackal skulls, as far as they
exist, are age-related. However,
there is no clear differentiation
between subadult and adult jack-
als. Only juveniles, i.e. younger
than 11 months, could be sepa-
rated by shape and size of skull.
Univariate analyses showed that
in all skull traits juveniles differed
from the older jackals (Fig. 2). In
most canine species skull growth
slows, and even stops after repro-
ductive maturation (e.g. Larter et
al. 2012). In many species, how-
ever, growth continues through-
out life, so that the oldest individ-
uals in the population are gener-
ally the largest. Golden jackals
reach sexual maturity at the age
of 10-11 months (Taryannikov
1976), but they rarely reproduce
at this age. In Tanzania 70 %
of known surviving pups were
observed helping with the next
year’s litter and thus didn’t rear
their own offspring (Moehliman
1987). According to the same au-
thor, retaining helpers potentially
increases the parents’ reproduc-
tive success, that is, it increases
the parents’ chances of passing
on their genes to future genera-
tions. My results showed that the
jackals in reproductive age reach
full growth of the skull, but some
cranial dimensions continue to
increase in size. Obviously, the
skull breadth grows up even after
the jackals reach sexual maturi-
ty. Still, most of the traits did not
show any significant differences
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between subadults and adult jackals. Sub-
adults differ from adults only by zygomat-
ic breadth and least breadth between the
orbits. All inferences about skull growth,
based on such studies, however, should
be treated cautiously. The data did not al-
low following ontogenetic development of
jackal skulls because we compare differ-
ent individuals. Usually more viable and
healthy individuals reach senescence,
while weaker and smaller animals die ear-
lier and do not reach more than 2-3 years
of age (Stoyanov 2013). Thus, post mortal
comparison of skulls leads to biased data.
On the other side, all such studies rely on
samples collected post mortal and such
bias could not be overcome.

Dividing the whole sample to three age
groups is based on population demogra-
phy of golden jackal and differences in the
reproductive value of subadult and adult
individuals. However, even multivariate
analyses did not clearly separate sub-
adults from adults. There was large over-
lap between both groups on the plots (figs
4A and 5A). The results suggest that there
is no clear differentiation among Bulgarian
jackals in skull size and shape, excluding
juveniles. Although the sample size includ-
ed in the analyses was relatively large, the
projected data form a homogenous clus-
ter but with large individual variability. Fur-
thermore, there could be hardly seen any
differences in skull shape between jackals
from different regions of the country (figs
4B and 5B). The amount of geographical
variation in Bulgarian population is com-
parable with sex and age differences. The
similarities in skull morphology and mor-
phometrics of the jackals from Bulgaria,
Serbia, Hungary, Croatia and Austria were
confirmed also by other studies (Markov
et al. 2017, Rezic¢ et al. 2017, Krendl et
al. 2018). The results are consistent with
recent genetic research as well. Studies

focused on jackals in Bulgaria, Serbia,
Croatia and Italy suggested a low level of
genetic diversity and weakly pronounced
genetic structure, with only the coastal
population from Dalmatia clearly differen-
tiated from other Balkan samples (Zachos
et al. 2009, Fabbri et al. 2014, Rutkowski
et al. 2015).

The sexual dimorphism in skull size
was not pronounced, despite statistical
significance of the differences in mean
values of all measurements between
males and females. The same results
were confirmed by other studies, as well
(Markov et al. 2017, Krendl et al. 2018).
The high level of statistical significance,
as demonstrated by t-test, was due to the
large sample size, and could be mislead-
ing. However, there is large overlap be-
tween males and females in all skull traits,
and they could be hardly differentiated
only by skull size (Fig. 3). Furthermore,
principal component analysis did not re-
veal any differentiation in skull size and
shape between males and females.

The LDA performance in separating
jackal skulls by sex was problematic.
About 40 % of all specimens were not as-
signed correctly to the group they belong.
Hence, the use of discriminant function for
classification of skulls with unknown sex is
more than doubtful. Even the best ratios,
revealed by the LDA ratio extractor, could
not clearly separate males from females.
Differences between sexes on these two
ratios, as far as they exist, are primarily
related to the shape of the skull (6<0.5).

Sexual dimorphism in Canidae, when
present at all, is usually minimal, with
males being slightly larger than females
(Sillero-Zubiri 2009), although studies on
wolves from the Balkans show significant
sexual dimorphism in adult individuals
(Trbojevié and Cirovié 2016). Such sex-
ual dimorphism of golden jackal skulls,
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with males a little bit larger than females,
could be explained with monogamous
reproductive system of jackals, and the
presence of male parental care (Moore
1981, Moehlman 1987). Golden jackals
form pair-bonds that are characterized by
friendly behaviour and last the 6 to 8 years
of their usual lifespans, there is little sexu-
al dimorphism, either physically or behav-
iourally, and they share equally in most
activities, such as marking and defending
their territory, foraging and resting (Moe-
himan 1987). Such low degree of sexual
dimorphism in Canidae was confirmed by
other studies, as well (Jolicoeur 1959, Hell
et al. 1989, Simonsen et al. 2003, Schutz
et al. 2009).

Conclusion

Skulls of golden jackal in Bulgaria show
considerable individual variability, but
weak intrapopulation differentiation. The
differences in shape and size of the jackal
skulls, as far as they exist, are age-relat-
ed, but only juvenile specimens younger
than 11 months could be easily distin-
guished. Subadult and adult jackals large-
ly overlap in skull size and shape. Sexual
dimorphism in jackal skull is weakly pro-
nounced, with older males having slightly
larger skull than females. My results are
consistent with recent genetic and mor-
phological studies and give new insights
on patterns in cranial variability and pop-
ulation structure of golden jackal in Bul-
garia.
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