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Abstract. This study provides first insight into patterns of adult cranial size and shape sexual dimorphism in the yellow-bellied toad

(Bombina variegata). Our results revealed significant cranial sexual size and shape differences in this species, with a very small

impact of allometry on the shape diversity. The pattern of cranial sexual dimorphism indicates early differentiation of the sexes

followed by parallel growth trajectories. Males have a larger cranium than females. Shape differences between the sexes are

pronounced in the trophic part of the cranium. In comparison to females males have the lateral part of the nasal displaced

posteriorly, a shorter anterior pterygoid process and the posterior part of the quadratojugal and pterygoid displaced toward the

snout. Therefore, males have a wider but shorter posterior part of the cranium. Adaptation to divergent trophic niches driven by

natural selection rather than sexual selection could have led to sexual size and shape differences in the yellow-bellied toad.

However, further analysis of cranial variation patterns including ontogenetic aspects of cranial variation and ecological niche

analyses are crucial to elucidate how different developmental and evolutionary mechanisms act on the cranium and result in size

and shape sexual dimorphism.
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Introduction

Sexual dimorphism, defined as phenotypic differences be-
tween conspecific males and females, is a widespread phe-
nomenon in animals (Shine 1989). The impact of sexual di-
morphism on evolution and ecology of organisms is usually
profound and crucial for better understanding the patterns
and processes at both micro and macroevolutionary levels
(Butler et al. 2007, Berns & Adams 2013, De Lisle & Rowe
2015). At least two adaptive processes and their interplay
can lead to the evolution of sexual dimorphism in pheno-
typic traits: sexual selection and natural selection. Sexual se-
lection arises from variance in mating success, while natural
selection arises from variance in other components of fitness
(e.g. viability, fecundity, fertility) (Arnold & Wade 1984). For
example, sexual selection is accepted in general as an expla-
nation for sexual size differences in anurans, where competi-
tion between males (intrasexual selection) and female choice
(intersexual selection) are the main drivers (Shine 1989).

Sexual dimorphism in anuran amphibians exists for
many traits, such as coloration (Bell & Zamudio 2012), skin
texture and skin glands (Brunetti 2015), vocalization and
breeding behavior (Shine 1979, Leininger & Kelley 2015),
body size (Han & Fu 2013) and body shape (Herrel et al.
2012).

Regarding body size, most of the studied amphibian
species have larger females than males due to the advantage
of a larger body for increased fecundity (Shine 1989, Liao &
Chen 2012, Han & Fu 2013). Nevertheless, competition
among males, female choice, parental care and vocalization
are the main drivers for larger individuals among males
(Shine 1989, Kupfer 2007). Although sexual shape dimor-
phism for different morphological traits, such as whole body
shape (Malmgren & Thollesson 1999, Ivanovi¢ et al. 2008,
Hasumi 2010, Reinhard & Kupfer 2015), limb shape (Ba-
logové et al. 2015) and cranial shape (Ivanovi¢ & Kalezi¢

2012), has been widely studied for tailed amphibians, few
analyses of sexual shape dimorphism have been made in
anurans. They showed that head and forelimb shapes were
sexually dimorphic, with males having narrower heads (Di
Cerbo & Biancardi 2012, Arantes et al. 2015) and longer fore-
limbs (Lee 2001, Arantes et al. 2015).

The importance of examining cranial morphological
variation in evolutionary studies and therefore in studies of
sexual dimorphism, is reflected through the lack of in-depth
knowledge about the causes of its morphological complex-
ity. The cranium comprises different regions, such as the
auditory region, braincase, orbits and nasal regions that de-
velop semi-independently and thus can be recognized as dif-
ferent modules (Moss & Young 1960, Emerson & Bramble
1993). In addition, the interplay of different developmental
and evolutionary mechanisms that affect different parts of
the cranium emphasizes cranial complexity. In order to un-
derstand proximal processes and evolutionary pressures that
act in each sex and lead to the absence or presence of mor-
phological differentiation in the cranium of adult males and
females, the first step is a description of the patterns of cra-
nial sexual dimorphism.

The cranium of anurans has been widely analyzed in the
light of taxon determination, phylogenetic relationships and
evolutionary studies (Mendelson et al. 2000, Fabrezi 2006,
Smirnov 2011, Acevedo et al. 2016, Yildirim & Kaya 2017),
development and integration (Hanken & Hall 1987, 1988,
Rocek 1999, Larson 2000, Vera & Ponssa 2004, Schoch 2006,
Yildirim & Kaya 2016), ossification sequences (Weisbecker &
Mitgutsch 2010, Harrington et al. 2013) and diet (Emerson
1985). Cranial sexual dimorphism has been evaluated mostly
in mammals (Gittleman & Valkenburgh 1997, Morris & Car-
rier 2016, Porobi¢ et al. 2016) and lizards (Kaliontzopoulou et
al. 2008, Kuo et al. 2009, Ljubisavljevi¢ et al. 2010) with, to
the best of our knowledge, just one paper regarding tailed
amphibians (Ivanovié¢ & Kalezi¢ 2012), and no studies on an-
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urans.

Patterns of sexual dimorphism in the yellow-bellied toad
(Bombina variagata, Bombinatoridae) have rarely been inves-
tigated (Radojici¢ et al. 2002, Di Cebro et al. 2011), so shape
variation in complex morphological structures such as the
cranium, has not yet been assessed. Therefore, the goal of
this study was to describe patterns of cranial size and shape
sexual dimorphism in adult B. variagata. We used geometric
morphometrics as a powerful tool for an in-depth investiga-
tion of morphological structures as this allows an integrated
study of morphological variation (Bookstein et al. 1999,
2003).

Material and methods

Yellow-bellied toad (B. variegata, Serbia, Prohor Pé¢injski: 34 males, 26
females) specimens were obtained from the Batrachological Collec-
tions of the Institute for Biological Research “Sinisa Stankovié,” Bel-
grade. The sample size in this geometric morphometric study was
large enough for appropriate estimation of different parameters
(Cardini & Elton 2007). The body size (SVL - snout-vent length) of
each specimen was measured before the skulls were cleaned.

Skulls were taken only from adult specimens (determined by
gonad examination) and were cleared with trypsin and potassium
hydroxide (KOH), stained with Alizarin Red S to better distinguish
cranial elements and their articulations (Dingerkus & Uhler 1977)
and then preserved in glycerol. Images of each dorsal and ventral
cranium were obtained with a Sony DSC-F828 digital camera (reso-
lution 8.0 MP; Sony Corp., Tokyo, Japan). Ten two-dimensional
landmarks for the dorsal cranium and thirteen for the ventral cra-
nium were digitized using TpsDig2 software (Rohlf 2008). The cho-
sen configuration of landmarks provides an adequate summary of
specific aspects of dorsal and ventral cranium morphology. The posi-
tions and definitions of the chosen landmarks are shown in Fig. 1.

First, we examined how absolute head size (log CS, see below)
differences between the sexes were related to total body size (log
SVL). This allows questions about the direct target of evolutionary
mechanisms, overall body size or head size to be answered.

We applied Generalized Procrustes analysis (GPA) (Dryden &
Mardia 1998) in Morpho] 1.02b (Klingenberg 2011) to analyze sexual
dimorphism in dorsal and ventral cranial size and shape. A GPA
was used to obtain a matrix of shape co-ordinates from which differ-
ences due to position, scale and orientation were removed (Dryden
& Mardia 1998). Variation in dorsal and ventral cranium size was
evaluated by Student’s t-test on centroid size (CS). Variations in dor-
sal and ventral cranial shape between the sexes were analyzed by
multivariate analysis of variance (MANOVA) on cranial shape vari-
ables (partial warps and uniform components), which can be used as
shape variables in any conventional statistical analysis (Zelditch et
al. 2004). The differences in shape between females and males were
quantified as Procrustes distances. The Procrustes distance, a linear
measure of shape differences between landmark configurations, was
used as an index of sexual dimorphism in shape (ISShD). To quantify
the level of sexual dimorphism in size (SSD), the standard index of
SSD was calculated using CS values: ISSD = size of the larger sex
(males)/size of the smaller sex (females).

In order to access the optimal estimate of the impact of allometry
on shape changes, pooled within-group allometric regression using
centroid size (Size) was performed on the Procrustes coordinates
(Shape). Our assumption for using this method was that groups
shared the same allometry (Klingenberg 2016). The homogeneity of
allometric slopes between the sexes was tested using the homogene-
ity of slope test, with shape variables as dependent variables, sex as
factors and CS as an independent variable. Factor x CS interaction
would indicate that size-dependent shape changes differ between
the sexes. The percentages of predicted allometry in each sex were
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Figure 1. Two-dimensional landmarks digitized on the dorsal
and ventral cranium of an individual of Bombina variegata.

Dorsal cranium (DC): 1. Medial point of exoccipital; 2. Anterior-
most point of premaxilla; 3. Suture between parietal and
prootic; 4. Lateralmost point of squamosal; 5. Lateralmost point
of sphenethmoid; 6. Lateralmost point of nasal (posterior); 7.
Lateralmost point of nasal (anterior); 8. Medial point of nasal; 9.
Mostanterior point of suture between premaxilla and maxilla;
10. Posteriormost point of exoccipital.

Ventral cranium (VC): 1. Posteriormost point of parasphenoid; 2.
Anteriormost point of premaxilla; 3. Anteriormost base of lat-
eral process of parasphenoid; 4. Tip of medial pterygoid process
(towards the auditory capsule); 5. Tip of lateral pterygoid proc-
ess (towards the quadrate); 6. Most lateral point of quadratum;
7. Lateralmost point of sphenethmoid (posterior); 8. Lateralmost
point of sphenethmoid (anterior); 9. Tip of anterior pterygoid
process (towards the maxilla); 10. Anteriormost point of max-
illa; 11. Posteriormost base of lateral process of parasphenoid;
12. Tip of occipital condyle; 13. Anteriormost point of
sphenethmoid.

calculated with the statistical significance of the allometric regres-
sions (tested with permutation tests against the null hypothesis of al-
lometry independence).

In order to access size-independent shape variation, residuals of
pooled within-group allometric regression were used for statistical
analysis and investigation of shape variation of the dorsal and ven-
tral cranium. Canonical variate analysis (CVA) was used to verify
which shape variations could distinguish the sexes regarding dorsal
and ventral cranium. The differences in size-independent shape be-
tween females and males were quantified as Procrustes distances.
The index of sexual dimorphism in shape - standardized
(ISShD(stand)) was calculated as the Procrustes distance between
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sexes using the size-independent shape variation.

Results

Differences in body and cranial size

The t-test showed non-significant difference in body size be-
tween the sexes (P > 0.05). The interaction logSVL X sex was
also non-significant (F = 0.00094, P > 0.05), indicating no sex
specific cranial size/body size trajectories. However, males
and females of the yellow-bellied toad had significantly dif-

ferent cranial size (t-test: dorsal cranium P < 0.001; ventral
cranium P < 0.01), with male crania being larger at a given
body size (Table 1). Although significant cranial SSD was not
pronounced, males had a 6% larger dorsal cranium and a 4%
larger ventral cranium than females (Table 1).

Differences in cranial shape

Multivariate analysis of variance with sex as a factor indi-
cated significant variation in shape between the sexes for the
dorsal but not for the ventral cranium (dorsal cranium
Wilks” Lambda = 0.5379, Fi74, = 2.1227, P < 0.05; ventral cra-
nium Wilks” Lambda = 0.5396, F2334 = 1.26134, P > 0.05). The
permutation test (10000 iterations) of pairwise Procrustes
distances showed statistical significance for the differences
between mean dorsal and ventral cranial shape of males and
females (dorsal P < 0.01; ventral P < 0.05). As a quantitative
index of sexual dimorphism in cranial shape, Procrustes dis-
tances between mean dorsal and ventral cranial shapes for
males and females are given in Table 1 (see Isshp).

Analysis of cranial allometry

The homogeneity of slope test revealed that allometric
slopes for males and females were the same for both dorsal
and ventral cranium (dorsal cranium Wilks’ Lambda =
0.7312, Fi740 = 0.8648, P > 0.05; ventral cranium Wilks’
Lambda = 0.6036, F233, = 0.9135, P > 0.05). Therefore, analy-
sis of allometric shape changes was conducted on the whole
sample (sexes pooled).

Multivariate regression of shape on log-transformed CS
showed that shape changes were significantly correlated
with changes in size for both dorsal and ventral cranium, but
that allometric changes were not that pronounced (dorsal
cranium 6.38 %, P < 0.001; ventral cranium 6.83 %, P < 0.001).

Dorsal cranial shape changes from smaller to larger CS
included coordinated displacement of landmarks on the na-
sal (landmarks 6, 7, 8), sphenethmoid (landmark 5), maxilla
(landmark 9), frontoparietal (landmark 3) and prootic
(landmark 10). Individuals with larger CS had bigger but
narrower nasals, more elongated maxillas, narrower fronto-
parietals and shortened posterior part of the cranium (Fig.
2). Ventral cranial shape changes from smaller to larger CS
included coordinated displacement of landmarks on the
sphenethmoid (landmarks 7, 8, 13), pterygoid (landmarks 5,
6, 9) and occipital condyle (landmark 12). Individuals with
larger CS had wider and longer sphenethmoid, more elon-
gated pterygoid processes, and shortened posterior part of
the cranium (Fig. 2).

Non-allometric cranial sexual shape dimorphism
As intersex differences in shape related to size exist, com-
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Table 1. Means and standard deviations of dorsal and ventral cra-
nium size, indices of sexual size dimorphism (ISSD) and sexual
shape dimorphism, unstandardized and standardized values
(ISShD, ISShD(stand)). SD, standard deviation.

N CSMean CSSD Issp Isshp  IsshD (stand.)

Dorsal cranium

males 34 1570 0.88
females 26 14.79 0.92 1.0615 00166 0.0170
Ventral cranium
males 34 1752 0.97
females 24 16.76 0.88 10453 0.0168  0.0194
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Figure 2. Cranium shape changes associated with static allometry
in the yellow-bellied toad from smaller to larger centroid size.

parison of mean shapes after removing the effect of size on
shape showed statistically significant differences in the dor-
sal and ventral cranium between the sexes (permutation test
of pairwise Procrustes distances: dorsal cranuim P < 0.01,
ventral cranium P < 0.01). The quantitative index of non-
allometric sexual dimorphism in cranial shape, Procrustes
distances between mean dorsal and ventral cranial shape for
males and females are given in Table 1 (see Isshp (stand))-

Non-allometric shape changes in the dorsal cranium be-
tween males and females were caused by displacement of
landmarks on the squamosal (landmark 4), prootic (land-
marks 1, 10), frontoparietal (landmark 3) and nasal (land-
marks 6, 7). Males had a wider and shorter posterior part of
the cranium with the lateral nasal displaced posteriorly (Fig.
3).

Non-allometric shape changes in the ventral cranium be-
tween males and females were caused by displacement of
landmarks on the quadratojugal (landmark 6), posterior and
anterior pterygoid processes (landmarks 5, 9), occipital
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Figure 3. Cranium shape changes associated with non-allometric
SShD between the sexes in the yellow-bellied toad (from fe-
males to males).

condyle (landmark 12), posterior part of the parasphenoid
(landmark 1). Males had a wider posterior part of the cra-
nium, shorter anterior pterygoid processes and displaced
posterior part of the quadratojugal and pterygoid towards
the snout (Fig. 3).

Discussion

Our results provide first insight into patterns of sexual di-
morphism for adult cranial size and shape in the yellow-
bellied toad (B. variegata). While no significant sex differ-
ences were observed for body size, cranial size and shape
differences were statistically significant with a very small
impact of allometry on shape differences. Thus, male toads
have a slightly larger cranium than females at a given body
size. More pronounced sexual divergence is present in the
trophic part of the cranium where males have a wider but
shorter posterior part.

Our analysis shows that differences in cranial size be-
tween the sexes in the yellow-bellied toad are consistent
with other studies on head sexual size dimorphism in the
same and closely related groups (e.g. anurans - Katsikaros &
Shine 1997, lizards - Carpenter 1995, Herrel et al. 2001;
snakes - Shine 1991, Andjelkovi¢ et al. 2016). The most
commonly observed dimorphism could be explained by
adaptive processes and therefore by the influence of natural
and/or sexual selection. Selection can act on overall body
size, or a particular body part with specific features that
might exhibit over-development in one sex independently of
total size. Since male yellow-bellied toads had a larger cra-
nium than females with no significant body size difference
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between the sexes, the adaptive processes could be related
directly to head dimensions and not overall body size.

A larger cranium in one sex is a result of sexual selection
if head enlargement (relative to body size) has some advan-
tage in social interaction, intraspecific combat or courtship.
Moreover, natural selection can affect cranial size if head
enlargement provides some advantage in consuming large
prey, antipredator display, and sensory organ ability. Many
studies in lizards and anurans have confirmed that increased
male head size increases their bite force, which is advanta-
geous in male-male combats and/or copulation with fe-
males (Carpenter 1995, Herrel et al. 2001, Katsikaros & Shine
1997). Studies of snakes connected divergence in head size
between the sexes with divergence in feeding behavior, diet
and differential prey selection between the sexes (Shine 1993,
Vincent & Herrel 2007).

One factor most commonly involved in cranial size
enlargement is male territorial behavior (e.g. Ljubisavljevi¢
et al. 2010). Breeding males of the yellow-bellied toad defend
their territory during short-term spawning aggregations.
Territorial males try to climb on the back of the intruder and
eventually obtain a hold on the others back or around its
legs. The loser emits release calls and rapidly swims away
after being set free without direct male to male combat
(Seidel, 1999). As they do not use just their head in some
specific aggressive territorial behavior, the whole body size
and not just relative head size could be an advantage in
these intraspecific combats. Therefore, the larger cranium in
B. variegata males found here probably cannot be explained
only by male territorial behavior. Further, more detailed
studies are needed to prove/disprove this.

On the other hand, the hypothesis of dietary divergence
of the sexes is most often used to explain how an increase in
the maximum size of prey might be reflected in an evolu-
tionary increase in head size, which in the most cases is ac-
companied with head shape changes (Shine 1977). If dietary
divergence in prey size is the main driver for cranium sexual
dimorphism, the most pronounced differences should be in
parts directly associated with feeding. And indeed our re-
sults revealed the most pronounced shape changes in the
skull of the yellow bellied toad were in the part associated
with feeding. The dorsal and ventral cranium show differ-
ences between the sexes mainly in trophic structures (associ-
ated with feeding) such as squamosal, quadratojugal, ptery-
goid, with small differences in non-trophic structures (mak-
ing up the roof of the brain case and cranium) such as the
prootic, frontoparietal, nasal, occipital and posterior part of
the parasphenoid. In comparison to females males had the
lateral part of the nasal displaced posteriorly, shorter ante-
rior pterygoid processes and the posterior part of quadrato-
jugal and pterygoid displaced towards the snout. That
means that males have a wider but shorter posterior part of
the cranium. Therefore, our study indicates that divergence
in feeding behavior could be the driver for cranial sexual
dimorphism in the yellow bellied toad. Indeed, males and
females of this species differ in diet and feeding techniques.
Males mostly use the so called "active foraging" feeding
method, while females use both the "active foraging" and "sit
and wait" techniques (Perry & Pianka 1997). However, diet
analyses for the yellow-bellied toad are scarce (Ghiurcd &
Zaharia 2005, Bisa et al. 2007), particularly those dealing
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with niche divergence between the sexes (Sas et al. 2005). Al-
though females consumed larger amounts of prey with
greater mobility (Sas et al. 2005), prey size was not quanti-
fied. Therefore analysis of diet composition in parallel with
cranial shape analysis should be performed to elucidate if
prey size plays an important role in shaping the cranium of
this species. However, additional aspects of interaction be-
tween individual and habitat could promote evolution of
sexual dimorphism, for example ecological niche segrega-
tion, differential sensitivity of the sexes to ecological factors,
phenotypic plasticity (Temeles et al. 2000, Jones et al. 2009,
Stillwell & Fox 2007, but see Delph & Bell 2008). Unfortu-
nately, more data are needed to elucidate the importance of
these factors for variation in sexual size and shape, espe-
cially regarding the cranium.

Allometric analysis for B. variagata showed that only 7 %
of cranial shape changes for both sexes were due to changes
in size, with no difference in allometric slopes between
males and females. Adult cranial shape differences followed
with parallel allometric trajectories indicate that the devel-
opment strategy for this species could be through early dif-
ferentiation in cranial shape between the sexes (Sanger et al.
2013). Parallel growth trajectories point to the possible exis-
tence of a common developmental mechanism for each sex.
During growth, yellow-bellied toads have larger but nar-
rower nasals, more elongated maxillas, narrower frontopa-
rietals, wider and longer sphenethmoid, elongated pterygoid
processes and shortened posterior part of the cranium. The
most pronounced changes are in the middle part of the skull
(changes in nasal and sphenethmoid). Studies of allometric
changes in anurans are important because this group goes
through profound morphological changes during metamor-
phosis, and their skull is structurally repatterned from a lar-
val skull, well suited for aquatic feeding and respiration, to a
skull adapted to terrestrial life (Hanken & Summers 1988).
Therefore, early and late cranial growth periods probably
are not correlated and shapes could be stage specific. As al-
lometric growth is one of the dominant but not deeply ex-
plored factors of morphological variation and an important
source of diversification (Gould 1966, Webster & Zelditch
2005), more ontogenetic sampling and analyses of yellow-
bellied toads would be a crucial step towards understanding
the developmental origins of their cranial morphological
variation. As cranial shapes differ between the sexes in the
adult stage, it would be interesting to determine when dur-
ing ontogeny males and females start to diverge. Different
studies have shown that adult sexual size dimorphism in
amphibians could be influenced by size at hatching, rate of
growth, duration of the growth period, age at maturation,
size-dependent survival (Monnet & Cherry 2002). Yellow-
bellied toad adult males have a higher survival rate and a
lower body size at maturation than females, but a similar age
at maturation and longevity (Barandun et al. 1997). These
life history traits could influence the observed cranial sexual
dimorphism, but further analyses of complex relationships
between life histories and cranial sexual dimorphism are
necessary.

Although many studies describe and analyze different
aspects of anuran morphology, data about cranial sexual size
and shape dimorphism are scarce. That still keeps us far
from large comparative studies and an ultimate ecological
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understanding of sex-specific cranium evolution.
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