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Abstract. The Montpellier snake Malpolon monspessulanus is a wide-ranging species that inhabits Western and East-
ern Europe, North Africa and Middle East. Four clades have been recognised as two species, M. insignitus and M. 
monspessulanus, each with two subspecies. Clades have been substantially identified on the basis of molecular data, 
pholidosis and colouration, while morphometric traits have been ignored. We compared head shape of 54 specimens 
belonging to three out of the four clades (M. insignitus insignitus, M. i. fuscus, and M. monspessulanus monspessu-
lanus) by means of geometric morphometrics. We found a significant differentiation: the supraocular and frontal area 
showed the largest amount of variation, being respectively much thinner in M. i. insignitus, a bit less thin in M. i. 
fuscus and definitely wider in M. m. monspessulanus. Our findings are fully in agreement with the genetic studies and 
phylogeny explains more than 20% of the observed variation, supporting the taxonomic distinction inside the genus 
Malpolon. The functional and/or adaptive meaning of the observed differences is not clear, but it seems unlikely that 
it may be related to diet. Combining morphological data with phylogeography and environmental features, we formu-
lated an explanatory hypothesis that allowed a precise and testable prediction.

Keywords.	 Taxonomy, phylogeography, Psammophiinae, Malpolon, Mediterranean, Geometric morphometrics, non-
parametric MANOVA, variation partitioning.

INTRODUCTION

The genus Malpolon Fitzinger 1826 belongs to the 
subfamily Psammophiinae (family Lamprophiidae; Pyron 
et al., 2013), a taxonomic group of snakes which includes 
49 species (Uetz and Hošek, 2013) with an Afro-asiatic 
distribution (Sindaco et al., 2013; Uetz and Hošek, 2013). 
The genus currently counts two Mediterranean species 
(Böhme and De Pury, 2011), which show allopatric geo-
graphic distributions (Fig. 1): Malpolon monspessulanus 
Hermann 1804 (western Montpellier snake), which rang-
es from Liguria (W Italy) through France, Iberian Penin-
sula, Morocco, and Western Sahara (Fahd and Pleguez-
uelos, 2001; Geniez et al., 2006; Sindaco et al., 2013); M. 
insignitus Geoffroy Sant-Hilaire 1827 (eastern Montpellier 

snake), which spreads from eastern Morocco eastward 
around the Mediterranean Sea, reaching Anatolia and 
Balkans, Middle East, Iraq and Iran, and also Caucasia 
and Transcaucasia (Sindaco et al., 2013). Two subspecies 
are currently recognized within each species (Fig. 1, see 
also Sindaco et al., 2013; Uetz and Hošek, 2013): M. insig-
nitus insignitus Geoffroy Sant-Hilaire 1827, which occurs 
in the eastern coast of Mediterranean Africa (from east-
ern Morocco to Egypt) and Middle East (De Haan, 1999; 
Carranza et al., 2006), and M. i. fuscus Fleischmann 1831, 
which occupies the remnant part of the areal (Balkans, 
Anatolia, Caucasia and Transcaucasia, Iraq and Iran; Fig. 
1; De Haan, 1999); M. monspessulanus monspessulanus 
Hermann 1804, which ranges from eastern Morocco to 
South-western Europe, and M. m. saharatlanticus Geniez, 
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Cluchier and De Haan 2006, a vicariant of the nomi-
nal subspecies, in western Morocco and Western Sahara 
(Geniez et al., 2006).

Specific and subspecific distinctions are based on 
molecular data and phenotypic traits. The phylogenetic 
reconstruction using mitochondrial DNA (cyt b and 12S 
rRNA; Carranza et al., 2006) revealed that i) the genetic 
distance between the eastern (M. insignitus) and west-
ern (M. monspessulanus) clades justifies their raising to 
the status of distinct species (Carranza et al., 2006), ii) 
the occurrence in the eastern clade of a greater genetic 
diversity, which suggests maintaining the subspecies M. 
i. fuscus, and iii) the genetic variability of the western 
clade is far lower, even comparing Moroccan populations 
to European ones, supporting the hypothesis that cur-
rent European populations are descendant of a recent re-
colonization from Morocco through Gibraltar (80,000–
170,000 years ago; Carranza et al., 2006). Since molecular 
investigations did not cover the westernmost part of the 
M. monspessulanus range in Africa, they failed to detect 
the subspecies M. m. saharatlanticus, whose description 
is then based only on morphology (Geniez et al., 2006). 
Nevertheless, as noticed by Geniez et al. (2006), a par-
tial molecular support to its validity comes from the sole 
specimen from the northern limit of M. m. saharatlanti-
cus (from Essaouria, SW Morocco; Fig. 1; Carranza et al., 
2006), which has been included in the genetic analysis, in 

fact this specimen partly diverges from M. m. monspes-
sulanus, suggesting a possible genetic differentiation also 
within the western clade.

In addition to the genetic differences, a set of phe-
notypic traits allows discrimination among the species 
and subspecies of the genus (Table 1; Szyndlar, 1988; 
De Haan, 1999; Geniez et al., 2006). These traits con-
cern pholidosis (i.e., scales arrangement), colour pat-
tern and skull morphology, but, interestingly, none of 
them involves morphometric features. Actually, as far 
as we know, the only attempt to differentiate members 
of the genus Malpolon through morphometric meas-
ures was carried out by Geniez et al. (2006). Their study 
considers three out of the four Malpolon clades (M. i. 
fuscus was excluded) and, besides colouration and pho-
lidosis, it is focused on the head shape, represented by 
four linear measures (see Table 1 in Geniez et al., 2006). 
Even though their analysis has been able to discriminate 
the three clades, the contribution of the morphomet-
ric characters appears to be negligible, with little differ-
ences in head shape among clades (at least for the meas-
ured traits). Despite Geniez et al. (2006) did not address 
explicitly this issue, the analysis of the data presented in 
their article supports this deduction because: i) all the 
linear measures are highly correlated to each other and to 
snout-to-vent length (see the loadings of the first princi-
pal component in table 5 of Geniez et al., 2006); ii) PC1 

Fig. 1. Left: Map showing the distribution of the genus Malpolon taking into account its species and subspecies; the general distribution 
map was based on Sindaco et al. (2013), while the approximate limits of each subspecies were obtained from De Haan (1999) and Geniez et 
al. (2006). Since it was not possible to obtain a precise localization of each analysed specimen, two types of localities are shown: unmistak-
ably identified localities (dots), and localities arbitrarily chosen inside the State where specimens were collected (stars). Right: Phylogenetic 
tree inferred from cytochrome b and 12S rRNA with recognizable clades (modified from Carranza et al., 2006). Names of the tips of the tree 
are the original ones by Carranza et al., 2006 and correspond to the accepted scientific names at the time of their publication. Clades are 
named with the current nomenclature.
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axis is a surrogate of the specimen’s size, thus clades dif-
ferentiation along PC1 represents the linear size differ-
ence among subsamples (directly appreciable from table 
2 in Geniez et al., 2006); iii) PC2 axis is weakly correlated 
to morphometric measures; iv) coherently with the points 
above, the authors do not use morphometrics to explain 
the observed differentiation (see Table 6 and discussion 
in Geniez et al., 2006). In other words, the analysis, by 
merging size with shape, does not allow detecting the 
actual occurrence of morphometric differentiation, there-
fore a study explicitly addressing this issue and compar-
ing Malpolon clades from a morphometric perspective is 
still lacking.

In order to start filling the gap, we decided to focus 
on the head for at least two reasons. Firstly, the snake 
head is thought to be subject to strong ecological and 
evolutionary constraints (Shine, 1991; Bonnet et al., 2001; 
Aubret et al., 2004; Manier, 2004; Vincent et al., 2006; 
Gentilli et al., 2009; Hampton, 2011; Llorente et al., 2012; 
Henderson et al., 2013), so the different evolutionary 
histories undergone by each clade may have left traces 
on the head shape (Shine, 1991; Grudzien et al., 1992; 
Forsman and Shine, 1997; Hibbitts and Fitzgerald, 2005; 
Vincent et al., 2006a; Herrel et al., 2008). Secondly, the 
genus Malpolon is characterised by a peculiar head shape: 
the combination of large eyes and oblique supraocular 
scales gives this snake a typical “grim facial expression” 
(Kreiner, 2007). This trait is shared with other species 
of Psammophiinae (even if not so accentuated; Cob-
orn, 1991), suggesting its possible genetic base and thus 
a potential systematic value. In this scenario, our study 
aims to answer three main questions: i) does head shape 
vary among the Malpolon clades? ii) Is the morphometric 
variation in agreement with the phylogenetic relationship 
among clades? iii) Is there any relationship between geo-
graphic pattern of head shape variation and environmen-
tal features?

MATERIALS AND METHODS

Samples and geometric morphometrics

We analysed 54 specimens (36 males and 18 females) 
obtained from the collections preserved in the Natural History 
Museums of Milan (MSNM), Florence (“La Specola”, MZUF) 
and Genoa (“Giacomo Doria”, MSNG; Table 2; Table S1). Only 
adult males and females were considered (age was assessed fol-
lowing Feriche et al., 2008) and specimens from Lampedusa 
and Cyprus were excluded in order to avoid a possible “island” 
effect on the size and shape of the head (Bobak, 2006). Unfortu-
nately, all collections lacked specimens of the subspecies M. m. 
saharatlanticus, which, consequently, was not included in our 
comparison. Each specimen was assigned to one of the remnant 
three subspecies on a geographic base (Fig. 1; De Haan, 1999; 
Carranza et al., 2006; Geniez et al., 2006; Sindaco et al., 2013). 
The species identification was confirmed by pholidosis and col-
ouration, whenever possible.

For each specimen we recorded sex and snout-to-vent 
length (SVL) and we took a picture of the dorsal view of the 
head, using a Nikon D50 Professional camera at 6.1 megapixel 
resolution equipped with a Nikkor 60 mm AF-S Micro lens, 
at a fixed distance of 18 cm. Photos were subsequently used to 
perform the analysis of the shape by means of geometric mor-
phometrics. Geometric morphometrics is a well-established 
technique (Claude, 2008; Kaliotzopoulou, 2011; Adams et al., 
2012) that effectively allows removing non-shape informa-
tion from geometric structures (Bookstein, 1997; Dryden and 
Mardia, 1998) and has been proved to be more powerful than 
traditional morphometrics (Rohlf, 2000). Fourteen two-dimen-
sional landmarks and eight semi-landmarks (Fig. 2; Table S2) 
were digitized for each specimen using TpsDig2 (Rohlf, 2010; 
available at: http://life.bio.sunysb.edu/morph/), which resulted 
in 22 pairs of coordinates that together described head shape. 
These configurations were superimposed using a general pro-
crustes analysis (GPA; Rohlf and Slice, 1990) in order to remove 
information concerning size and orientation and to preserve 
only information related to shape (Dryden and Mardia, 1998; 
Claude, 2008). Since head is a bilaterally symmetric structure 
and we were not interested in the quantification of the deviation 
from this condition, we followed the procedure suggested by 
Klingenberg et al. (2002) to remove left-right asymmetry from 

Table 1. Main phenotypic traits used to distinguish Malpolon species and subspecies from literature (Szlyndar, 1988; De Haan, 1999; Geniez 
et al., 2006). “Saddle-complex” refers to the dark drawing of the dorsal region of male body, which may assume a characteristic saddle-like 
shape. “No. of basioccipital processes” refers to the shape of the posterior part of the basioccipital bone, which may have two posterior pro-
cesses (even reduced to callosities) or a single well-developed spur. For a more exhaustive description of colour patterns (also in females), 
see Table 6 in Geniez et al. (2006) and De Haan (1999).

Species Subspecies Saddle-complex No. of scales at 
mid-body

Basioccipital 
processes

M. monspessulanus monspessulanus present, limited to the first third of the trunk 19 1
M. monspessulanus saharatlanticus present, extended on the major part of the body 19 1
M. insignitus insignitus Absent 19 2
M. insignitus fuscus Absent 17 2
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the global shape. The procedure involves three steps: 1) generat-
ing a reflected copy of each configuration; 2) superimposing the 
combined collection of original and mirrored configurations; 3) 
averaging the coordinates of corresponding landmarks in the 
original and mirrored configuration of each specimen in order 
to obtain a perfectly symmetric configuration. We specifically 
implemented the first and third step in R (version 3.0.1; R core 
Team, 2013), while general procrustes superimposition (sec-
ond step) was performed by the “gpagen” function of the “geo-
morph” R-package (Adams and Otarola-Castillo, 2013).

Head shape variation among clades

Differences in head shapes were analysed by means of 
a non-parametric distance-based MANOVA (hereafter NP-
MANOVA, Anderson, 2001; McArdle and Anderson, 2001). 
This method substitutes the usual raw data matrix of the 
dependent variables of MANOVA with a distance matrix com-
puted between each pair of observations; hence it decomposes 
the sum of the square pairwise distances in an ANOVA-like way 
(see Anderson, 2001 for details). The technique allows covari-
ates and interactions and the P-values of the model terms are 
assessed via permutation of the observations (Anderson, 2001). 
We applied the NP-MANOVA to the matrix of the pairwise 

Procrustes distances (Claude, 2008) computed on the superim-
posed configurations, using “clade” (three levels factor: M. m. 
monspessulanus, M. i. insignitus, M. i. fuscus), “SVL” (covari-
ate) and their interaction as independent variable. SVL was 
included to take into account a possible allometric effect and it 
was log-transformed according to the non-linearity of the gen-
eral allometric function (Gayon, 2000; Claude, 2008). The vari-
able “sex” was excluded from the model because of the low and 
unbalanced number of females in our sample (we had only two 
adult females for M. i. fuscus; Table 2). Since “sex” could affect 
head shape, we tried to ensure the reliability of the results by 
assessing the coherence of the outcomes of a model that con-
siders only males (MALE) with those of a model that considers 
both sexes (BOTH). Both models were based on the same set 
of independent variables, i.e., clade, SVL and their interaction. 
MALE tests if head shape of males varies among the clades, 
taking into account allometry; BOTH should allow a generali-
zation of MALE results under the a priori assumption that no 
sexual dimorphism occurs in head shape. To give some support 
to this assumption, we tested the occurrence of intersexual dif-
ference in head shape in the M. m. monspessulanus clade, where 
males and females were balanced and numerous enough (Table 
2). NP-MANOVA was performed with the function “adonis” 
of the “vegan” R package (Oksanen et al., 2013), and we tested 
the assumption of homogeneity of dispersions among clades 

Fig. 2. Configuration of the landmarks (black dots) and semi-landmarks (white dots) taken on each image. For a detailed definition of each 
landmark see Table S2.
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(Anderson, 2001, 2006; Warton et al., 2012) with the functions 
“betadisper” and “permutest” (Anderson, 2006; Borcard et al., 
2011) of the “vegan” R package obtaining always a non-signifi-
cant difference among the three groups (P > 0.05, no. of permu-
tations = 4999).

Relationship between head shape and phylogeny

The relationship between phylogeny and morphology was 
assessed by the combination of two analyses. Firstly, we used the 
partitioning of the determination coefficient (the so-called “vari-
ation partitioning”; Peres-Neto et al., 2006) of MALE and BOTH 
models to disentangle the pure contribution of the variables 
“clade” and “SVL” from their shared effects. Secondly, we com-
pared the topology of the phylogenetic tree linking the analysed 
clades with that of an analogous tree built on the morphomet-
ric distances among the mean shapes predicted by the models 
for each clade. Indeed, if head shape had a partial genetic base, 
we would expect that the predicted forms for the two subspecies 
of M. insignitus should resemble each other more than with the 
predicted shape for M. m. monspessulanus. Since we had only 
three clades, we lacked the power to test statistically our expecta-
tion (only three topologies are possible with three groups), so we 
just assessed the coherence of the trees. Partition variation was 
performed with the function “varpart” of the vegan R package 
(Oksanen et al., 2013), while the morphometric tree was gener-
ated with the base function “hclust” in R (R core Team, 2013).

Relationship between head shape and environment

To characterize the areas inhabited by each clade we used 
the map by Sindaco et al. (2013) and extracted from it the set 
of one-degree cells where Malpolon has been reported to occur. 
Each cell was assigned to a clade on the basis of its geograph-
ic position (De Haan, 1999; Geniez et al., 2006; Carranza et 
al., 2006). Then, for each cell, we computed the mean value of 
two climatic variables, mean temperature of the coldest month 
(MTCM) and annual precipitation (AP), both obtained from 
www.worldclim.org (Hijmans et al., 2005) at 10 arc-minutes res-
olution. We chose these variables to take into account the ther-
mophily of Montpellier snakes (Ottonello et al., 2006; Moreno-

Rueda et al., 2009) and to capture climate-habitat relationship at 
this spatial resolution via correlation (McGill, 2010; Mangiacotti 
et al., 2013). The two variables were weakly correlated (Spear-
man correlation coefficient: rs = 0.22), indicating their ability to 
load different kind of environmental information.

The environmental difference among the areas inhabited 
by the four Malpolon clades was assessed by a NP-MANOVA: 
the pairwise Euclidean distances of the scaled (standardized) 
values of the climatic variables of each occurrence cell (Leg-
endre and Legendre, 1998) were used as the dependent matrix 
and “clades” (four levels-factor) as the independent variable. 
Given the low number of clades, the analysis of the relationship 
between morphometry and environment was just qualitative.

RESULTS

Head shape variation among clades

The difference in head shape among the three Mal-
polon clades was highly significant for both MALE and 
BOTH models (Table 3). No sexual dimorphism in head 
shape was detected in M. m. monspessulanus (“sex”: F1,20 
= 0.90, P > 0.05, no. of permutations = 9999).

The visual comparison of the predicted forms for 
each group allowed recognizing two main patterns of 
variation, loaded by different regions of the head (Fig. 
3A; Fig. S1). The most evident one regarded the supraoc-
ular area and the external margin of the parietal scales, 
which showed a clear differentiation between the two 
species (M. i. insignitus and M. i. fuscus on one side and 
M. m. monspessulanus on the other side; Fig. 3B, 3C). In 
particular the two subspecies of M. insignitus had: i) a 
less flared frontal scale; ii) thinner and longer supraocu-
lar scales, which determine a more acute silhouette of 
the anterior part of the head; iii) a more arched margin 
between the frontal and supraocular scales; iv) a less 
curved posterolateral margin of the parietal scales. The 
difference between the subspecies of M. insignitus were 
less evident and were loaded by the prefrontal and pari-

Table 2. Characteristics of the samples used in the present study. 
Only adults were considered. SVL stand for “snout-to-vent” length 
and is expressed in millimeters.

n SVL (mean ± SD)

M. m. monspessulanus ♂♂ 12 918 ± 249
♀♀ 12 812 ± 110

M. i. insignitus ♂♂ 11 838 ± 251
♀♀ 4 800 ± 34

M. i. fuscus ♂♂ 13 780 ± 85
♀♀ 2 769 ± 16

Table 3. Significance of the terms included in the models tested via 
NP-MANOVA with 9999 permutations. MALE refers to the model 
based only on males, BOTH to the model based on both males and 
females. F is the F-statistic of the model, P the associated P-value 
obtained by randomization; df = degrees of freedom; SVL is log-
transformed; clade x SVL represents the interaction term.

Term df
MALE BOTH

F P F P

clade 2 6.78 0.0001 7.25 0.0001
SVL 1 2.57 0.0170 2.37 0.0310
clade x SVL 2 1.44 0.1314 1.32 0.1893
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etal regions: the intersection point between prefrontal 
and frontal scales as well as the intersection between the 
posterior margin of the parietals were shifted to the front 
in M. i. fuscus with respect to M. i. insignitus (Fig. 3D).

The NP-MANOVA also detected a significant allo-
metric effect (Table 3), which was shared by all clades 
(the interaction term was indeed not significant). Allom-
etry seemed to act mainly on the prefrontal scales, lead-
ing to a relative elongation of the scales with increasing 
size (Fig. 4). Correspondingly, the anterior margin of the 
frontal scale and the posterior margin between the pari-
etals became more acute.

Relationship between head shape and phylogeny

The partition of the determination coefficient 
assigned a remarkable part of variation to the factor 

“clade” (more than 20% in both models; Fig. 5A), while 
the effect of size appeared negligible (no more than 1%). 
The overlap between the two variables was null in both 
models (Fig. 5A), indicating that the pure effect of the 
phylogenetic factor weighted considerably more than 
allometry. The morphometric tree obtained from the 
mean predicted shapes showed that the two subspecies 
of M. insignitus were more similar to each other than to 
M. m. monspessulanus (Fig. 5B), i.e., the morphometric 
relationship among clades predicted by the factor “clade” 
matched the phylogenetic one.

Relationship between head shape and environment

The environmental features of the occurrence cells 
are significantly different among clades (F3,349 = 60.28, P 
≤ 0.0001, no. of permutations = 9999; Fig. 6A). In par-

Fig. 3. A) Head configurations predicted by the model MALE for each clade at its mean SVL. B) Deformation grid highlighting the most 
stressed zones when mean predicted shape of M. m. monspessulanus is converted to the mean predicted shape of M. i. insignitus. C), D) 
same as B) but with the other two clades comparisons. In panels B, C and D, shape differences are amplified 0.5 times. No amplification is 
used in panel A.
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ticular, M. m. monspessulanus and M. i. fuscus inhabit 
relatively colder and rainier areas than the couple M. m. 
saharatlanticus – M. i. insignitus, which, conversely, share 
a drier and warmer environment (Fig. 6A). The analysis 
of the climatic distance confirmed this crossed resem-
blance between the least related clades (Fig. 6B).

DISCUSSION

The species and subspecies of the genus Malpolon 
have been substantially identified on the basis of molec-
ular data and, to a less extent, on pholidosis and col-

ouration pattern (De Haan, 1999; Carranza et al., 2006; 
Geniez et al., 2006). On the other hand, morphometric 
traits have been practically ignored, even though such 
information can be very helpful, not only for taxonomic 
purposes, but also in order to shed light on the evolu-
tionary mechanisms that had driven the differentiation of 
Malpolon lineages. With this in mind, we looked for the 
occurrence of a morphometric diversification in three out 
of the four recognised clades of the Montpellier snakes, 
by focusing on head shape because of its potential genet-
ic, evolutionary and adaptive meaning (Shine, 1991; Fors-
man and Shine, 1997; Bonnet et al., 2001; Manier, 2004; 
Vincent et al., 2006a; Herrel et al., 2008; Gentilli et al., 
2009; Hampton, 2011; Llorente et al., 2012; Henderson et 
al., 2013). We found three important results, i.e., i) head 
shape varies significantly among the three clades; ii) the 
differences are fully in agreement with the previous phy-
logenetic analyses and phylogeny explains a relevant part 
of the observed shape variation; iii) the tree obtained 
from climatic data does not match that from phylogeny.

The largest difference in head shape occurs between 
the western and eastern clades and is loaded by the fron-
tal and supraocular regions: the frontal scale is more 
flared in M. insignitus than in M. monspessulanus and, 
contemporarily, the supraocular scales are larger and with 
a continuous joint with the parietals. The two subspe-
cies of the eastern species are less differentiated between 
each other, with M. i. fuscus showing a little enlargement 
of the pre-parietal zone and an anterior shift along the 
mid-line of the intersection point between the frontal 
and prefrontal scales as well as the posterior intersection 
between the parietal scales. All these differences cannot 
be ascribed neither to a combination of allometric effect 
nor to an inhomogeneous distribution of size classes in 
our sample (Table 2) because SVL is not statistically dif-
ferent among clades (F2,33 = 1.42; P > 0.05), allometry has 
an overall low effect (Fig. 5A), and it does not involve the 
same regions of clade (allometry involved mainly the pre-
frontal region, whereas clades were loaded by the frontal, 
supraocular and partly parietal one; compare Fig. 3 and 
Fig. 4). Even when some overlapping effect of clade and 
size occurs (eastern clades, where specimens have smaller 
SVL; Table 2), shape changes due to clade are opposite to 
what could be expected on the basis of size differences 
between samples (Fig. 3D and Fig. 4).

Our results suggest that head shape patterns of Mont-
pellier snakes match the phylogenetic reconstruction based 
on genetic data. A similar result has been already obtained 
for other snakes (e.g., Vipera aspis, Gentilli et al., 2009; 
Coronella austriaca, Llorente et al., 2012), but we found 
that this effect seems more pronounced in the genus Mal-
polon. Indeed, the differences in head shapes showed in 

Fig. 4. Allometric effect: head configurations predicted by the mod-
el MALE for each clade when SVL is set to the minimum and max-
imum observed value.
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Fig. 3A were not amplified, contrary to what was done by 
both Gentilli et al. (2009) and Llorente et al. (2012), sup-
porting the intensity of the “clade” effect. Therefore, we can 
reliably state that our results corroborate the distinction of 
the two species (M. monspessulanus and M. insignitus) and 
also the recognition of two subspecies inside the insignitus 

clade, as suggested by both molecular analysis (Carranza et 
al., 2006) and pholidosis (De Haan, 1999).

The functional and/or adaptive meaning of the 
observed shape differences is not clear. Herpetologists 
have usually related head shape modification in snakes to 
diet and prey size (Shine, 1991; Grudzien et al., 1992; Bon-

Fig. 5. A) Variation partitioning plot: percentage contribution of each variable in the model MALE (bold) and BOTH (italic). The intersec-
tion of the circles shows the variation arbitrarily assignable to clade or size. B) The tree obtained from the matrix of pairwise procrustes 
distances among the mean predicted configurations.

Figure 6. A) Climatic comparison among geographic areas occupied by the four clades of the genus Malpolon: black symbols represent 
clade centroid; vertical and horizontal lines centred on each symbol represent the standard deviation of the climatic variable on the y and x 
axis. Mmm = M. m. monspessulanus; Mms = M. m. saharatlanticus; Mii = M. i. insignitus; Mif = M. i. fuscus. B) The tree obtained from the 
matrix of pairwise climatic distances among the clades. Before computing the Euclidean distances, each climatic variable was standardized 
(scaled).
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net et al., 2001; King, 2002; Aubret et al., 2004; Boback, 
2006; Vincent et al., 2006a, b; Hampton, 2011), but this 
idea does not seem to fit the Malpolon case because of two 
main reasons: firstly, the head features associated with prey 
size are mainly related to head width and snout length/
width (Shine, 1991; Bonnet et al., 2001; Hampton, 2011); 
these traits are expected to mould the shape of the parietal 
scales, while our results focused mainly on the pre-parietal 
area. Secondly, the (scanty) data about Malpolon diet do 
not highlight any sort of difference between eastern and 
western populations and describe Montpellier snake as an 
opportunistic predator of items of various sizes (De Haan, 
1999; Ottonello et al., 2006; Plezueguelos et al., 2009). The 
occurrence of a systematic difference in the size of avail-
able prey is a prerequisite for a diet-shape relationship 
(Aubret et al., 2004). Since it does not seem so, we do not 
think feeding is the major key to understand the observed 
pattern of head shape variation in Montpellier snakes, 
even though further studies are needed to exclude the diet 
divergence hypothesis.

An alternative hypothesis to explain the observed 
pattern of head shape variation may come from the com-
bination of the morphological data with the phylogeogra-
phy of the genus and with the environmental features of 
the geographical areas occupied by each clade of Malpo-
lon. Each clade inhabits climatically and topographically 
different areas, suggesting that these environmental fac-
tors could be among the causal factors for the observed 
morphological variation. More interestingly, the compari-
son identifies two main climatic groups: M. i. fuscus and 
M. m. monspessulanus on the one hand, M. i. insignitus 
and M. m. saharatlanticus on the other hand. If we com-
pare the mean head shape of the three analysed clades 
(Fig. 3), we notice that the enlargement of frontal and 
supraocular scales of M. i. fuscus with respect to M. i. 
insignitus seems to shift the insignitus head to the mon-
spessulanus form (Fig. 5B). In the light of the phylogeo-
graphic reconstruction by Carranza et al. (2006), the two 
above considerations allow formulating a testable hypoth-
esis: after the speciation event that led to the distinction 
of the eastern and western Montpellier snake, M. insigni-
tus dispersed eastward along the Mediterranean coast of 
North Africa, penetrated into Middle-East and, through 
Turkey into Balkans and Caucasia. Here it encountered 
different environmental conditions, which have induced 
the modification of the head shape (this is the hypotheti-
cal assumption: the environment-shape causal relation-
ship). Since the conditions of this region partially match 
those occurring in the western part of the Malpolon 
range, M. m. monspessulanus and M. i. fuscus may have 
shown a certain degree of evolutionary convergence in 
head shape. Even if this interpretation is quite specula-

tive, it has the advantage of giving a symmetric predic-
tion for the other two clades: under the same assumption 
head shape of M. m. saharatlanticus should slightly differ 
from that of the nominal subspecies in the direction that 
tends towards M. i. insignitus.

A further and complementary consideration is that 
the region of the head which shows the greatest variabil-
ity involves the typical trait of the genus, i.e., the “grim 
facial expression” (Kreiner, 2007): this suggests that the 
key to the interpretation of the observed head shape 
variation may lie in the functional meaning of this trait. 
Even if no information is available about it (as far as 
we know), some indications may come from the hunt-
ing style of the Montpellier snakes: preys are spotted by 
sight and the first third of the trunk is often uplifted in 
order to have a better view of the surroundings (Arnold 
and Burton, 1985; De Haan, 1999; Kreiner, 2007). Such 
a tactic justifies the great development of the eyes and, 
consequently, the expansion of the supraoculars and the 
parallel reduction of the frontal. It is not improbable 
that also the degree of binocular vision could have taken 
advantage from this particular configuration, improving 
hunting performance (Hibbitts and Fitzgerald, 2005). So, 
different environmental characteristics may have required 
slightly different eyes-supraoculars-frontal packages and 
the observed among-clades differences may be the result 
of this adaptation.

In conclusion our study gives strong support to the 
taxonomic and phylogenetic relationships among three 
out of the four currently recognized clades inside the 
genus Malpolon; it highlights the potential importance of 
head shape in the reconstruction of the evolutionary his-
tory of the Montpellier snakes; it shows how geometric 
morphometrics can be a powerful instrument to validate 
molecular phylogeny and to investigate the underlying 
causal mechanisms (Rohlf, 2002; Kaliontzopoulou, 2011).
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