E Journal of Biogeography

Journal of Biogeography (J. Biogeogr.) (2013) 40, 1143-1155

ORIGINAL

ARTICLE

Comparative phylogeography reveals
distinct colonization patterns of Cretan
snakes

Panagiota Kyriazi"**, Panagiotis Kornilios"**™¥, Zoltin Tamds Nagy?,
Nikos Poulakakis'?, Yusuf Kumluta§4, Cetin Ilgaz4, Aziz Aver’,
Bayram Gogmen® and Petros Lymberakis'

'Natural History Museum of Crete,
University of Crete, GR-71409, Irakleio,
Crete, Greece, “Department of Biology,
University of Crete, Vassilika Vouton,
GR-71409, Trakleio, Crete, Greece, *Joint
Experimental Molecular Unit, Royal Belgian
Institute of Natural Sciences, B-1000,
Brussels, Belgium, *Department of Biology,
Faculty of Science, Dokuz Eyliil University,
35160, Buca-Izmir, Turkey, 5Depurtment of
Biology, Faculty of Science and Arts, Adnan
Menderes University, 09010, Aydin, Turkey,
®Zoology Section, Department of Biology,
Faculty of Science, Ege University, 35100,
Bornova, Izmir, Turkey

*Correspondence: Panagiotis Kornilios,
Department of Biology, School of Natural
Sciences, GR-26500 Patras, Greece.

E-mail: korniliospan@yahoo.gr

"Department of Biology, University of Patras,
Panepistimioupoli Patron, GR-26500, Patra,
Greece.

¥These authors contributed equally to this
work.

ABSTRACT

Aim We assessed genetic relationships among populations for each of the four
snake species found on Crete (Zamenis situla, Hierophis gemonensis, Telescopus
fallax and Natrix tessellata), including conspecific populations from the Aegean
area. Our aim was to reconstruct their phylogeographical histories, especially
regarding their occurrence on Crete.

Location Crete, Aegean Sea and eastern Mediterranean.

Methods Genetic diversity and relationships were based on sequences of the
mitochondrial marker cytochrome b, applying phylogenetic analyses (maxi-
mum likelihood, Bayesian inference and neighbour-joining), a median-joining
network analysis and a molecular dating analysis.

Results The Z. situla phylogeny includes a clade with specimens from Crete,
the Peloponnese and Thera, while specimens from Turkey, northern Greece
and the eastern Aegean islands form a separate clade. The H. gemonensis tree
also presents two clades: one comprising specimens from Crete and Kythera,
and another representing the continental part of the species’ distribution. For
N. tessellata, Cretan populations are found as the sister clade to populations
from Europe and western Turkey. A more complex genetic structure is found
in T. fallax: specimens from Crete, Thera and Antikythera form a clade, which
itself forms part of a ‘western’ clade, and an ‘eastern’ clade includes specimens
from Turkey, the eastern Aegean islands and Cyprus. The splits resulting in the
Cretan clades for T. fallax and N. tessellata occurred at the end of the Miocene
and the Pliocene/Pleistocene boundary, respectively. The Cretan lineages of
H. gemonensis and Z. situla diversified during the Pleistocene.

Main conclusions Zamenis situla and H. gemonensis exhibit a phylogeograph-
ical pattern that involves a transmarine dispersal from southern continental
Greece to Crete (possibly by humans in the case of Z. situla). The occurrence
of T. fallax on Crete is explained by a natural dispersal from the west and iso-
lation by vicariance. Although these two patterns have also been inferred for
other studied herptiles of Crete, the pattern in N. tessellata is unique and
involves a transmarine dispersal from south-western Turkey to Crete.

Keywords
Biogeography, Colubridae, Crete, dispersal, divergence times, eastern Mediter-
ranean, phylogeny, reptiles, vicariance.

INTRODUCTION

The main goal of comparative phylogeography is the search
for concordant geographical distributions of lineages in
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different species, which would indicate the influence of com-
2010).
phylogeographical studies have been conducted for animal

mon historical factors (Hickerson et al., Several

taxa in the Aegean archipelago, with reptiles and amphibians
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proving to be sensitive indicators of palaeogeographical and
palaeoclimatic events (reviewed in Lymberakis & Poulakakis,
2010).

The Aegean area (Fig. 1) can be described as one of nat-
ure’s most active laboratories. The biogeographical and evo-
lutionary histories of many terrestrial animals inhabiting the
Aegean have been influenced by (1) its position at the south-
eastern margin of Europe, (2) its complex geological history,
(3) global and regional climatic changes, and (4) intense
human activities during the past 10,000 years (Lymberakis &
Poulakakis, 2010, and references therein). The Aegean archi-
pelago includes a large number of islands that vary in size,
geological history and their palaeogeographical relationships
with adjacent islands and continental regions. Thus, the
observed distribution and differentiation of organisms in the
Aegean can be explained by dispersal and vicariance events,
their combination and by human activity.

Crete, the fifth largest Mediterranean island, lies at the
southern edge of the Aegean. A major geological event that

isolated Crete from the east was the formation of the mid-
Aegean trench (east of Crete and west of Kasos—Karpathos;
Fig. 1), which began some 12 million years ago (Ma) and was
completed at 10-9 Ma (Dermitzakis & Papanikolaou, 1981).
In the same period, Crete became isolated from the Cyclades
(Dermitzakis, 1990) and was only connected in the north-
west with the Peloponnese (Dermitzakis & Papanikolaou,
1981) (Fig. 1). During the Messinian Salinity Crisis (MSGC;
¢. 5.9-5.3 Ma; Krijgsman et al., 2010, and references therein),
Crete was connected to southern Greece, but became perma-
nently isolated after the re-flooding of the Mediterranean
basin (5.3 Ma; Bache et al., 2012). An earlier isolation from
the Peloponnese, in the Tortonian (c. 8 Ma), has also been
suggested (see maps in Lymberakis & Poulakakis, 2010).

From the end of the Miocene until the Pliocene, Crete
consisted of several islands corresponding to the present
major mountain peaks, whereas in the Pleistocene, these
islands began to form a united landmass due to regional
uplift (Dermitzakis, 1990).
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Figure 1 Maps showing sampling localities for the four studied species — (a) Zamenis situla, (b) Hierophis gemonensis, (c) Natrix
tessellata, and (d) Telescopus fallax — in the circum-Aegean area (continental Greece, western Turkey, Crete and the Aegean islands).
Sampling localities outside this area (Europe, Asia and Africa) are not shown, but the respective specimen codes and sampling localities
are given in Appendix S1. For each species, the total geographical distribution is given as a separate inset. The map in panel (a) also
shows several important regions and islands mentioned in the text. The distributions of mtDNA clades are shown with different
symbols. Z. situla: closed circles = Crete, Peloponnese, Thera; triangles = Turkey, northern continental Greece, eastern Aegean islands.
H. gemonensis: closed circles = Crete, Kythera; triangles = Croatia and continental Greece. N. tessellata: closed circles = Crete;

triangles = Greece; squares = Europe, north-west Turkey; open circles = south-west Turkey. T. fallax: closed circles = Crete,
Antikythera; squares = continental Greece, Skyros, Croatia; open circles = Cyclades; triangles = eastern clade.
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Cretan herpetofauna

Although Crete’s diverse geomorphology has played an
important role in producing and sustaining biodiversity, its
herpetofauna consists of a relatively small number of species,
especially in comparison with other Mediterranean islands,
comprising four species of snakes, seven lizards, one freshwa-
ter turtle and three anuran amphibians (15 species in total,
two endemics). In comparison, the herpetofauna of other
large Mediterranean islands (Corsica, Sardinia, Sicily, Cyprus,
and even the smaller islands such as Lesbos and Rhodes)
includes 21-27 species, with numbers of endemics reaching as
high as 10 species in the case of Sardinia (Corti et al., 1999).

Several phylogeographical studies have been conducted for
Cretan herptiles. Only three of them are ‘old inhabitants’ of
the island — Pelophylax cretensis (Lymberakis et al., 2007;
Akin et al., 2010), Mediodactylus kotschyi (Kasapidis et al.,
2005) and Podarcis cretensis (Poulakakis et al., 2005a; Lym-
berakis et al., 2008) — whereas seven of them have colonized
Crete recently (even in historical times) — Hyla arborea
(Stock et al., 2008), Bufo viridis (Stock et al., 2006), Maure-
mys rivulata (Mantziou et al., 2004), Tarentola mauritanica
(Harris et al., 2004), Ablepharus kitaibelii (Poulakakis et al.,
2005b), Hemidactylus turcicus (Carranza & Arnold, 2006)
and Chalcides ocellatus (Kornilios et al., 2010).

All Cretan snakes belong to the family Colubridae. Three of
them — the leopard snake, Zamenis situla (Linnaeus, 1758), the
Balkan whip snake, Hierophis gemonensis (Laurenti, 1768), and
the European cat snake, Telescopus fallax (Fleischmann, 1831)
— belong to the subfamily Colubrinae, whereas the dice snake —
Natrix tessellata (Laurenti, 1768) — belongs to Natricinae.

To date, N. tessellata is the only species for which phylo-
geographical patterns have been investigated (Guicking et al.,
2006, 2009). It exhibits a well-resolved phylogeny, with Cre-
tan populations having a sister-group relationship with pop-
ulations from continental Europe. However, questions
regarding the colonization of Crete by N. fessellata still need
to be addressed.

In this study, we assess the genetic relationships among
populations of each of the four snakes of Crete, and conspe-
cific populations from the Aegean area (continental Greece,
Aegean islands and Turkey), in a comparative phylogeo-
graphical manner. By using complete sequences of the mito-
chondrial marker cytochrome b (cyt b), we aim to: (1)
depict their evolutionary and biogeographical history, espe-
cially regarding their occurrence on Crete, (2) explore simi-
larities and differences in their phylogeographical structure,
and (3) explore the roles of vicariance and dispersal and the
influence of historical factors such as palacogeography, palae-
oclimate and human activities in shaping the phylogeograph-
ical patterns observed. This is the first phylogeographical
study of Z. situla, H. gemonensis and T. fallax, while we
revise the phylogeography of N. tessellata with the addition
of new data from continental Greece and Crete and, most
importantly, from western Turkey, that had not been previ-
ously assessed.
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MATERIALS AND METHODS

Taxon sampling

In total, 117 cyt b sequences of the four studied species were
generated in the current study (see Appendix S1 in Support-
ing Information). For Z. situla, all 21 analysed sequences
were new, while for the H. gemonensis analyses, we produced
33 sequences and added another one from Nagy et al
(2003a). For N. tessellata, we analysed 27 new cyt b
sequences and 78 additional ones from Guicking et al.
(2009). For T. fallax, we analysed 36 new cyt b sequences
and one from a previous study (Nagy et al, 2003b). Sam-
pling localities for the circum-Aegean area and the distribu-
tions of clades and species are shown in Fig. 1. As
outgroups, we used both published sequences (Appendix S2)
and others produced here, viz. Hierophis cypriensis and
Telescopus tripolitanus. Finally, for the molecular dating, a
large number of published sequences (Appendix S2) were
combined with the ones from the present study, reconstruct-
ing a cyt b phylogeny of Colubrinae and Natricinae.

DNA extraction, amplification and sequencing

Tissue samples were preserved in ethanol. Total genomic
DNA was extracted using the NucleoSpin Tissue kit (Mache-
rey-Nagel, Diiren, Germany). The entire cyt b gene was
amplified with the primers L14910 and H16064 (Burbrink
et al., 2000; modified by de Queiroz et al., 2002). Polymerase
chain reaction (PCR) conditions were: 94 °C for 3 min; 40
cycles of 94 °C for 40 s, 46.5 °C for 30 s and 72 °C for 75 s;
and 72 °C for 7 min. Products were purified using the Nu-
cleoFast 96 PCR Plate (Macherey-Nagel) and sequenced
using the primers L14903 (the shorter version of L14910)
and L-410 (Nagy et al., 2003b). DNA sequencing was carried
out on an ABI 3130x] automated capillary sequencer
(Applied Biosystems, Foster City, CA, USA) using BigDye
vl.1 (Applied Biosystems) and following the manufacturer’s
instructions.

Phylogenetic and dating analyses

Sequences were aligned in CrustarX 2.0.12 (Larkin et al.,
2007) using the default parameters, and redundant haplo-
types were removed using DNASP 5.00.07 (Librado & Rozas,
2009). Nucleotide sequences of each unique haplotype have
been deposited in GenBank (accession numbers: JX315462—
JX315531; Appendix S1).

We employed three methods of phylogenetic analysis:
maximum likelihood (ML), Bayesian inference (BI) and
neighbour-joining (NJ). The best-fit model of DNA substitu-
tion was selected with yMopeLTEsT v.0.1.1 (Posada, 2008),
under the Bayesian information criterion (BIC; Schwarz,
1978). The most suitable models for our data sets were
TrN+I (Tamura & Nei, 1993) for H. gemonensis and Z. situ-
la, TIN+I+G for N. tessellata and TrN+G for T. fallax. For
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the molecular clock analyses, the most suitable model for the
entire cyt b data set, and also for each of the three codon
positions, was GTR+I+G (Tavaré, 1986).

Maximum-likelihood analyses (Felsenstein, 1981) were
conducted in PHYML 3.0 (Guindon & Gascuel, 2003), apply-
ing the subtree pruning and regrafting (SPR) method (Hord-
ijk & Gascuel, 2005) with 10 random starting neighbour-
joining trees. Node support was assessed both with 1000
bootstrap replicates and the approximate likelihood-ratio test
(aLRT), using the nonparametric Shimodaira—Hasegawa-like
(SH-like) procedure (Anisimova & Gascuel, 2006).

Bayesian analysis was performed in MrBAYEs 3.1.2 (Ron-
quist & Huelsenbeck, 2003). Four independent runs, with
eight incrementally heated Markov chains and the default
heating values, were used for 2 x 10° generations for Z. situ-
la, H. gemonensis and T. fallax, and 6 x 10° generations for
N. tessellata. The current tree was saved to file every 100 gen-
erations. We used TrAacCer 1.5 (Rambaut & Drummond,
2009) to confirm stationarity (all parameters had effective
sample sizes > 200). The first 10% of the trees were dis-
carded, and a majority-rule consensus tree was generated
from the post-burn-in trees.

An NJ tree was calculated in MEGA v5 (Tamura et al.,
2011), based on genetic distance values under the Tamura—
Nei (TrN) model of evolution. Node support was assessed
with 1000 bootstrap pseudoreplicates.

We estimated divergence times, using ‘external’ calibration
age constraints. For this purpose, we produced a phyloge-
netic tree of Colubrinae and Natricinae, as inferred by Bur-
brink & Lawson (2007) and Pyron et al. (2011), by
combining our data with cyt b data from GenBank for a
total of 170 sequences (Appendix S2). A similar approach
was followed recently by Kuriyama et al. (2011) and Wood
et al. (2011), who estimated divergence times for a colubrine
(Elaphe quadrivirgata) and a natricine snake (Thamnophis
rufipunctatus), respectively. For the calibration of the molec-
ular clock, we used the age of six fossil records. Four of these
are situated within the Colubrinae and were used in Kuriy-
ama et al. (2011), while two are situated within the Natrici-
nae and were used in Wood et al. (2011). These calibration
points are: Call (earliest Coluber and Masticophis fossils),
Cal2 (earliest Salvadora fossil), Cal3 (earliest Lampropeltis
fossil), Cal4 (earliest Pantherophis fossil), Cal5 (earliest
Thamnophis fossil) and Cal6 (the first fossil appearance of
the tribe Thamnophinii) [see Appendix S3, but also Burbrink
& Lawson (2007), Kuriyama et al. (2011) and Wood et al.
(2011) for further discussion of the composition and ages of
these constraints]. We incorporated the fossil ages as in
Kuriyama et al. (2011), by choosing prior age distributions
so that the youngest age of the distribution corresponded to
the youngest possible age at which that lineage existed. We
chose a standard deviation so that 95% of the lognormal dis-
tribution was younger than the oldest age of appearance.

Finally, for the molecular clock analysis, we used Bayes
factors to test two different partitioning strategies: employing
either one substitution model for the entire cyt b segment,
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or three models of substitution for each of the three codon
positions. We determined the Bayes factor by calculating the
marginal likelihood for all analyses using TRACER and con-
sidered 2 In Bayes factor > 10 as strong evidence for a
hypothesis (Brown & Lemmon, 2007). The best partitioning
strategy for the molecular clock analysis was the use of sepa-
rate models for each codon position (2 In Bayes fac-
tor = 1191.024).

All analyses were run in BEAsT 1.6.2 (Drummond & Ram-
baut, 2007) under an uncorrelated lognormal relaxed molec-
ular clock with a Yule prior on rates of cladogenesis. Four
runs were conducted with a chain length of 3 x 107 itera-
tions and a burn-in of 1.5 x 107 iterations. The four runs
were analysed in TRACER to check for convergence of the
chains and combined in LocComBINER (Drummond &
Rambaut, 2007). TREEANNOTATOR (Drummond & Rambaut,
2007) was used for the production of the chronogram.

Haplotype network analyses

Network approaches can be more effective than classical phy-
logenetic ones for representing intraspecific evolution
(Posada & Crandall, 2001). In this sense, median-joining
haplotype networks (Bandelt et al., 1999) were calculated
with NeTwork 4.5.1 (available from http://www.fluxus-
engineering.com/) for each of the studied species.

RESULTS

The Z. situla data set consisted of seven haplotypes, two of
which, differing by one mutation, corresponded to the 12
specimens from Crete. All phylogenetic analyses produced
trees of the same topology. Two major clades were found
within Z. situla (Fig. 2a): one included specimens from
Crete, the Peloponnese and Thera (Santorini), while speci-
mens from Turkey, northern continental Greece and the
eastern Aegean islands formed a separate clade. The network
analysis showed that these two clades were separated by 16
substitutions (Fig. 2a).

Thirteen haplotypes were found in H. gemonensis. Three of
them corresponded to the 18 Cretan specimens. The Cretan
haplotype HapH3 was also shared by individuals from
Antikythera and differed by a single substitution each of the
haplotypes H1 and H2. The H. gemonensis phylogenetic tree
(Fig. 2b) also presented two clades. One of them included
specimens from Crete and Kythera while the other included
all specimens from the continental part of the species’ distri-
bution (continental Greece and Croatia). Seven substitutions
separated these two clades (Fig. 2b).

The six N. tessellata specimens from Crete correspond to
four haplotypes, with the most common one (HapN16) dif-
fering by 1-4 substitutions from the other three. The phylo-
genetic tree of N. tessellata agreed with that of Guicking
et al. (2009), also based on cyt b (Fig. 3): it distinguished the
same major clades and exhibited similar values of nodal sup-
port. The Cretan clade was found to be sister to a clade that
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Figure 2 (a) Phylogenetic relationships among the studied Zamenis situla haplotypes/specimens. Right: maximum likelihood (ML) tree
based on the cyt b haplotype data set, with Bayesian inference (BI) and neighbour-joining (NJ) methods resulting in trees of the same
topology. Zamenis lineatus and Z. longissimus were used as outgroups (not shown). Numbers at terminal nodes refer to haplotype
numbers presented in Appendix SI. Numbers in parentheses beside each haplotype correspond to specimen working codes, also shown
in Appendix S1. Numbers above branches are NJ bootstrap values (BS)/BI posterior probabilities (PP), while numbers below branches
are ML bootstrap values/values of PHYML approximate likelihood ratio test for branches. Only BS > 50% and PP > 0.50 are shown.
Asterisks indicate full support (BS 100% or PP 1.00). Clade symbols are the same as those in Fig. 1. Left: a median-joining haplotype
network based on the cyt b sequences. Each line (between two bars) represents a mutational step; dark yellow circles represent Cretan
haplotypes; pale yellow circles represent haplotypes other than the Cretan ones sampled in the analysis; and dark grey circles represent
missing haplotypes inferred using NETwork 4.5.1. The area of each circle is proportional to the number of individuals. (b) Phylogenetic
relationships among Hierophis gemonensis haplotypes/specimens of the present study. Hierophis cypriensis and H. viridiflavus were used
as outgroups (not shown). For a description of all information shown in this panel, see (a) above.

comprised specimens from Europe and western Turkey, con-
sistent with the results of Guicking et al. (2009).

The number of haplotypes observed in T. fallax was 27.
The eight T. fallax specimens from Crete and surrounding
islets contained seven haplotypes. Together with four speci-
mens from Antikythera and two specimens from Thera, these
form a group of 11 haplotypes that are differentiated by 1-2
substitutions. Results from the phylogenetic and network
analyses showed a more complex genetic structure within
T. fallax than in Z. situla or H. gemonensis. As shown in the
phylogenetic tree (Fig. 4), numerous clades and subclades
occur within T. fallax, and in several instances their interre-
lationships are not well resolved. Specimens from Crete and
surrounding islets, along with the specimens from the islands
of Thera and Antikythera, formed a monophyletic clade
which was resolved as sister to a clade comprising samples
from continental Greece, the central and northern Aegean
islands, and Croatia, albeit with low statistical support
(Fig. 4). We refer to this larger clade as the ‘western’ clade.
An ‘eastern’ clade was also resolved that included specimens
from several parts of Turkey, the eastern Aegean islands and
Cyprus. The haplotype network analysis showed that the
Cretan clade is genetically closer to the continental Greece/
Cyclades haplotypes than to the eastern clade (Fig. 4).

The chronogram from the molecular dating analysis for
the entire Colubrinae and Natricinae phylogeny is shown in

Journal of Biogeography 40, 1143-1155
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Appendix S3. A simplified version of this chronogram,
mainly showing estimated dates for the Cretan lineages of
the four studied species in a comparative manner, is pre-
sented in Fig. 5. The separation of Cretan T. fallax from all
other populations probably occurred at the end of the Mio-
cene (mean age: 5.4 Ma; 95% confidence intervals: 7.4—
3.6 Ma), while for N. tessellata, the equivalent event occurred
in the late Pliocene to early Pleistocene (2.3 Ma; 3.4—
1.4 Ma). The Cretan lineages in H. gemonensis and Z. situla
seem to have diversified from other conspecific populations
recently, during the Pleistocene [0.9 Ma (1.7-0.4 Ma) for
H. gemonensis; 0.3 Ma (0.7-0.0 Ma) for Z. situla].

DISCUSSION

Phylogenetic structure, relationships and
biogeography

Zamenis situla

The phylogenetic tree of Z. situla (Fig. 2a) shows two dis-
tinct clades: one comprises specimens from Crete, Thera and
the Peloponnese, while the other includes specimens from
Turkey, northern parts of continental Greece, and the eastern
Aegean island of Samos. Specimens from Turkey and north-
ern Greece share the same haplotype, HapZ6 (Fig. 2a). This
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Figure 3 Phylogenetic relationships among Natrix tessellata haplotypes/specimens of the present study. Natrix natrix and N. maura
were used as outgroups (not shown). For a description of all information shown in the figure, see Fig. 2(a).

close genetic relationship could represent a very recent dis-

persal or a human translocation. Our sampling was restricted

to the Cretan populations and adjacent regions

and, there-

fore, the overall phylogenetic structure and biogeographical
history of Z. situla cannot be thoroughly inferred. Neverthe-
less, we can assume that its diversification occurred at least
0.8 Ma (Fig. 5). Better geographical sampling and analysis of

further molecular markers could offer a clearer

view of its

phylogeography (D. Jandzik et al., work in preparation).
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Both the tree and the network (Fig. 2a) present a very

close relationship between populations from Crete and the
Peloponnese, which differ by very few substitutions. The
clades on Crete and the Peloponnese probably diverged very
recently, ¢. 0.3 Ma (0.7-0.0 Ma; Fig. 5). However, Crete has
been permanently isolated since the Pliocene, with deep-sea

barriers that very few animals (mostly large mammals) have

managed to cross (Sondaar et al,

1986; Dermitzakis & De

Vos, 1987). It seems that Z. situla colonized Crete from the
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Figure 4 Phylogenetic relationships among Telescopus fallax haplotypes/specimens of the present study. Telescopus tripolitanus was used
as outgroup (not shown). For a description of all information shown in the figure, see Fig. 2(a).

Peloponnese via transmarine dispersal during the Pleistocene
or Holocene. The island of Kythera may have acted as a step-
ping stone for this colonization.

Alternatively, the colonization of Crete could have been
anthropogenic. Valakos et al. (2004) remarked that the geo-
graphical distribution of Z. situla coincides with the ancient
Greek colonies and that this snake could have been inten-
tionally translocated in the past. This, in combination with
our results, could suggest a scenario of a human-induced
dispersal from the Peloponnese to Crete. Additionally, we
hypothesize a similar situation for the colonization of Thera,
with human-mediated dispersal from Crete. In fact, Gruber
(1979) proposed that the volcanic eruption of Thera
(1650 BC) resulted in species extinctions, with Z. situla and
T. fallax succeeding in recolonizing the island by drifting or
human transport.

Hierophis gemonensis

Hierophis gemonensis has a restricted geographical distribu-
tion, occurring in the western Balkan Peninsula and adja-
and on Kythera, Antikythera and Crete

cent islands,

Journal of Biogeography 40, 1143-1155
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(Fig. 1). Our study covers the greater part of this distribu-
tion, with specimens from the south (continental Greece
and the islands of Crete and Kythera) and the north (Croa-
tia). We distinguish two clades that correspond to two
groups in the network analysis (Fig. 2b). These two groups
differ by eight substitutions, while only one or two substi-
tutions differentiate haplotypes within each group. The
molecular-clock analysis suggests a recent diversification of
H. gemonensis, probably occurring in the early to middle
Pleistocene (Fig. 5).

The second clade (Fig. 2b) includes specimens from Crete
and Kythera (haplotype HapH3 is shared by individuals from
both islands). Diversification between the Crete/Kythera
clade and the continental clade is dated at c¢. 0.9 Ma (1.7—
0.4 Ma). As with Z. situla, H. gemonensis may have colonized
Crete from the Peloponnese via transmarine dispersal during
the early to middle Pleistocene.

Natrix tessellata

Our N. tessellata phylogeny confirms the conclusions of
Guicking et al. (2009), in the identification of major
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figure.

phylogenetic/geographical groups, relationships and species’
origin (Fig. 3). However, new information is revealed with the
addition of new sampling localities and the molecular-clock
analysis under a Bayesian framework.

In Guicking et al. (2009), diversification dates were esti-
mated using a strict molecular clock approach and applying
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an evolutionary rate of 1.35% sequence divergence per mil-
lion years (rate inferred in Guicking et al., 2006). Our
relaxed molecular clock approach, with an unlinked model
of evolution for each codon position and the use of six inde-
pendent calibration points, shifts the timeframe of the evolu-
tionary history within N. fessellata. It seems that the strict-
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clock approach (Guicking et al, 2009) underestimated the
age of older events, while the two approaches (strict and
relaxed) agree when it comes to more recent phylogenetic
splits. A similar result was shown for N. natrix in a recent
study (Fritz et al., 2012). Consequently, the most basal split,
separating the Iranian clade from all other accessions,
occurred some 9.6 Ma (12.6-6.8 Ma) in the Tortonian, pos-
sibly related to a major aridification/cooling climatic event
(An et al., 2001; van Dam, 2006), implicated in other phylo-
geographical studies of reptiles (Kapli et al, 2008; Kornilios
et al., 2012). The Jordanian and Greek clades branch off
next, indicating possible refugia, but the sequence of these
events is not clear because they appear as a polytomy (Fig. 3;
Guicking et al., 2009). Nevertheless, the timing of these
events is estimated at c¢. 7.4 Ma (9.6-5.3 Ma) and 6.7 Ma
(8.8-4.9 Ma), during the late Miocene, although the end of
the MSC (5.3 Ma) has been proposed as the agent that iso-
lated Greek populations in the west (Guicking et al., 2009).
The estimated dates of these diversification events coincide
with those of other studies on reptiles and amphibians in the
same area (Weisrock et al., 2001; Kyriazi et al., 2008; Wiel-
stra et al., 2010; Kornilios et al., 2012) and could relate to
another major aridification event that occurred in the eastern
Mediterranean (Eronen et al., 2009).

All of the new specimens from continental Greece lie
within the Greek clade, which includes three monophyletic
subclades, revealing a complex phylogeographical structure
for N. tessellata in continental Greece. Their diversification
begins ¢ 2.4 Ma (3.7-1.5 Ma) at the Pliocene/Pleistocene
boundary, and continues through the Pleistocene, probably
corresponding to the glacial cycles and revealing the exis-
tence of subrefugia in the southern Balkan Peninsula. The
Pliocene/Pleistocene transition has already been shown to
have coincided with major diversification events in several
ectothermic Mediterranean species (Gvozdik et al., 2010a,b;
Kornilios et al., 2010; and references therein) because major
climatic changes from hotter/wetter to colder/drier condi-
tions (Bennett, 1990; Webb & Bartlein, 1992; Willis et al.,
1999) resulted in widespread extinctions outside refugia.

A similar pattern to that of continental Greece is observed
within eastern Turkey, with the identification of three subc-
lades that began to diverge c. 2.0 Ma (2.9-1.2 Ma). The
specimen from Cyprus (NTBG2007_253, HapN10) lies
within one of these subclades, implying a very recent — possi-
bly human-mediated — dispersal from Turkey to Cyprus for
N. tessellata, whose presence on Cyprus has been very
recently confirmed (Go¢men et al., 2008).

Finally, populations from western Turkey, not previously
assessed, are found within the European clade of Guicking
et al. (2009). Populations from Crete form a sister clade to
the Europe + west Turkey clade. The divergence time of
these two clades is c¢. 2.3 Ma (3.4-1.4 Ma) at the Pliocene/
Pleistocene transition, a time also proposed by Guicking
et al. (2009). Given that Crete has been isolated from the
mainland since the end of the Messinian, the colonization of
Crete may have occurred across water, and probably from
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south-western Turkey based on geographical proximity. This
transmarine dispersal would have been possible because at
the Pliocene/Pleistocene boundary the sea level was consider-
ably lower due to eustatic movements caused by the earliest
glaciations (Zachariasse et al., 1990; Naish, 1997), and
because N. tessellata is an exceptional swimmer and reason-
ably tolerant of saline water (Gruschwitz et al., 1999).

Telescopus fallax

The T. fallax phylogenetic tree included three major clades,
named the ‘easternmost clade’ (Iran, east Turkey), ‘eastern’
clade (Turkey, east Aegean islands, Cyprus) and ‘western’
clade (Croatia, continental Greece, Skyros, central Aegean
islands, Crete and surrounding islets) (Fig. 4). Although the
monophyly of the eastern clade is strongly supported, support
values for the western clade are low. Additionally, the eastern
clade shows a complex internal phylogenetic structure. The
complex and, to some extent, unresolved phylogeny of T. fal-
lax requires a more thorough geographical sampling and
analysis of more mitochondrial and nuclear markers (Z.T.
Nagy et al., work in preparation). Concerning the phylogeog-
raphy in the Aegean, the cyt b phylogenetic tree (Fig. 4) and
the chronogram (Fig. 5) seem to imply an east—west dispersal
event, occurring after the formation of the mid-Aegean
trench, possibly through a path from Asia Minor to northern
Greece, a scenario that needs further investigation.

During the MSC, Crete was probably connected with the
Peloponnese with a land bridge that also included Antiky-
thera, but was not connected to the Cyclades due to deep sea
barriers. Therefore, T. fallax probably colonized Crete from
the Peloponnese via that land bridge. It was subsequently
isolated in Crete after the end of the MSC, 5.3 Ma. Indeed,
the estimated time of divergence between the Cretan clade
and the continental Greece/Cyclades clade is 5.4 Ma (7.4—
3.6 Ma). Finally, the occurrence of T. fallax on Thera is
probably the result of human dispersal, similar to that for
Z. situla (Gruber, 1979). This snake has been intentionally
translocated to other islands for religious purposes (War-
necke, 1988), and similar practices continue to this day.

Phylogeographical patterns and conclusions

There are several conclusions to be drawn from comparing
the phylogeographical patterns of the four snakes of Crete,
taking into consideration the source/direction of coloniza-
tion, the time of colonization/isolation and the underlying
biogeographical mechanisms.

As far as the colonization source is concerned, Z. situla,
H. gemonensis and T. fallax probably colonized Crete from
the west, i.e. southern continental Greece. On the other
hand, N. tessellata colonized Crete from the east (Turkey).
Animals with relatively restricted dispersal capacities, such as
herptiles, may have found it more difficult to overcome the
deep and older sea barriers between Crete and Kasos/Karpa-
thos in the east (Fig. 1) or between Crete and the central
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Aegean islands in the north, whereas there were opportuni-
ties of dispersal routes (transmarine or through land bridges)
in the west. Considering the time of colonization and subse-
quent isolation on Crete, and the biogeogaphical mechanisms
responsible for their current presence on the island, three
unique biogeographical histories can be identified: recent
(Pleistocene) over-sea dispersal from the west, with the pos-
sible role of islands as stepping stones, for H. gemonensis and
Z. situla (human-mediated dispersal for Z. situla is possible)
(pattern A), much older (Pliocene/Pleistocene boundary)
over-sea dispersal from the east in N. tessellata (pattern B),
and natural dispersal through a land bridge from the west
and isolation by vicariance at the end of the MSC for T. fal-
lax (pattern C). Anthropogenic dispersal has been suggested
for three lizard species of Crete — Tarentola mauritanica
(Harris et al., 2004), Hemidactylus turcicus (Carranza &
Arnold, 2006) and Chalcides ocellatus (Kornilios et al., 2010)
— and could also be the case for Z. situla. Hyla arborea
(Stock et al., 2008) and Bufo viridis (Stock et al., 2006) may
also correspond to pattern A. On the other hand, the lacertid
Podarcis cretensis (Poulakakis et al., 2005a; Lymberakis et al.,
2008) and the water frog Pelophylax cretensis (Lymberakis
et al., 2007) follow pattern C, but for the latter species an
even older isolation on Crete has also been proposed (Akin
et al, 2010). The biogeographical pattern of N. tessellata
(pattern B) is unique among the herptiles studied to date,
partly comparable only to that of the freshwater terrapin
Mauremys rivulata, which probably colonized Crete from the
east very recently (Mantziou et al., 2004).

Finally, no geographical structure among the identified
haplotypes within Crete was found in any of the species
examined, implying high levels of gene flow. The palacogeog-
raphy of Crete and its surrounding islets does not seem to
have left a genetic imprint on the two assumed ‘older’ inhab-
itants, N. tessellata and T. fallax, at least on their mtDNA.
The fine-scale genetic structure within Crete could be
assessed with other markers, such as microsatellites. So far,
the lizard Podarcis cretensis is the only Cretan herptile that
exhibits a deep geographical structure within Crete. Its diver-
sification into three groups on Crete (two in western Crete
and nearby islets and one in the islets of eastern Crete) began
¢. 2.9 Ma, while the animal is absent from central and east-
ern Crete due to an unidentified extinction event (Poulakakis
et al., 2005a). We may hypothesize that this event did not
affect Cretan snakes or that they managed to overcome this
‘barrier’ due to better dispersal abilities.

ACKNOWLEDGEMENTS

Moysis Mylonas (Natural History Museum of Crete, Univer-
sity of Crete) is responsible for the original idea. The authors
would like to thank Maria Dimaki, Ulrich Joger and Werner
Mayer for contributing specimens and tissue samples. We
would also like to thank four anonymous referees and Mark
Carine for their valuable comments and suggestions.

1152

REFERENCES

Akin, C., Bilgin, C.C., Beerli, P., Westaway, R., Ohst, T,
Litvinchuk, S.N., Uzzell, T., Bilgin, M., Hotz, H., Guex,
G.-D. & Plotner, J. (2010) Phylogeographic patterns of
genetic diversity in eastern Mediterranean water frogs
were determined by geological processes and climate
change in the Late Cenozoic. Journal of Biogeography, 37,
2111-2124.

An, Z., Kutzbach, J.E., Prell, W.L. & Porter, S.C. (2001) Evo-
lution of Asian monsoons and phased uplift of the Hima-
laya—Tibetan plateau since Late Miocene times. Nature,
411, 62-66.

Anisimova, M. & Gascuel, O. (2006) Approximate likeli-
hood-ratio test for branches: a fast, accurate, and powerful
alternative. Systematic Biology, 55, 539—552.

Bache, F., Popescu, S.-M., Rabineau, M. et al. (2012) A two-
step process for the reflooding of the Mediterranean after
the Messinian Salinity Crisis. Basin Research, 24, 125-153.

Bandelt, H.-]., Forster, P. & Rohl, A. (1999) Median-joining
networks for inferring intraspecific phylogenies. Molecular
Biology and Evolution, 16, 37—48.

Bennett, K.D. (1990) Milankovitch cycles and their effects on
species in ecological and evolutionary time. Paleobiology,
16, 11-21.

Brown, J.M. & Lemmon, A.R. (2007) The importance of data
partitioning and the utility of Bayes factors in Bayesian
phylogenetics. Systematic Biology, 56, 643—655.

Burbrink, F.T. & Lawson, R. (2007) How and when did Old
World rat snakes disperse into the New World? Molecular
Phylogenetics and Evolution, 43, 173—189.

Burbrink, F.T., Lawson, R. & Slowinski, J.B. (2000) Mito-
chondrial DNA phylogeography of the polytypic North
American rat snake (Elaphe obsoleta): a critique of the sub-
species concept. Evolution, 54, 2107-2118.

Carranza, S. & Arnold, E.N. (2006) Systematics, biogeogra-
phy, and evolution of Hemidactylus geckos (Reptilia:
Gekkonidae) elucidated using mitochondrial DNA sequences.
Molecular Phylogenetics and Evolution, 38, 531-545.

Corti, C., Masseti, M., Delfino, M. & Pérez-Mellado, V.
(1999) Man and herpetofauna of the Mediterranean
islands. Revista Espafniola de Herpetologia, 13, 83-100.

van Dam, J.A. (2006) Geographic and temporal patterns in
the late Neogene (12-3 Ma) aridification of Europe: the
use of small mammals as paleoprecipitation proxies. Pal-
aeogeography, Palaeoclimatology, Palaeoecology, 238, 190—
218.

Dermitzakis, M.D. (1990) Paleogeography, geodynamics,
processes and event stratigraphy during the Late Cenozoic
of the Aegean area. International Symposium on Biogeo-
graphical Aspects of Insularity, Rome (18-22 May 1987),
Atti dei Convegni Lincei, 85, 263-288. Accademia Nazio-
nale dei Lincei, Rome, Italy.

Dermitzakis, M.D. & De Vos, J. (1987) Faunal succession
and the evolution of mammals in Crete during the Pleisto-

Journal of Biogeography 40, 1143-1155
© 2012 Blackwell Publishing Ltd



cene. Neues Jahrbuch fiir Geologie und Palaontologie,
Abhandlungen, 173, 377—408.

Dermitzakis, M.D. & Papanikolaou, D.J. (1981) Paleogeogra-
phy and geodynamics of the Aegean region during the
Neogene. Annales Géologiques des Pays Helléniques, 4, 245—
289.

Drummond, A.J. & Rambaut, A. (2007) BEAST: Bayesian
evolutionary analysis by sampling trees. BMC Evolutionary
Biology, 7, 214.

Eronen, J.T., Ataabadi, M.M., Micheels, A., Karme, A., Ber-
nor, R.L. & Fortelius, M. (2009) Distribution history and
climatic controls of the Late Miocene Pikermian chronofa-
una. Proceedings of the National Academy of Sciences USA,
106, 11867-11871.

Felsenstein, J. (1981) Evolutionary trees from DNA
sequences: a maximum likelihood approach. Journal of
Molecular Evolution, 17, 368-376.

Fritz, U., Corti, C. & Pickert, M. (2012) Mitochondrial DNA
sequences suggest unexpected phylogenetic position of
Corso-Sardinian grass snakes (Natrix cetti) and do not
support their species status, with notes on phylogeography
and subspecies delineation of grass snakes. Organisms
Diversity & Evolution, 12, 71-80.

Gogmen, B., Kasot, N., Yildiz, M.Z., Sas, 1., Akman, B,
Yal¢inkaya, D. & Giicel, S. (2008) Results of the herpeto-
logical trips to northern Cyprus. North-Western Journal of
Zoology, 4, 139-149.

Gruber, U. (1979) Patterns of relationships and ecology of
the Aegean snakes. Biologia Gallo-Hellenica, 8, 345-348.
Gruschwitz, M., Lenz, S., Mebert, K. & Lanka, V. (1999)

Natrix tessellata (Laurenti, 1768) —Wiirfelnatter. Schlangen
(Serpentes) II (ed. by W. Bohme), pp. 581-644. Handbuch
der Reptilien und Amphibien Europas 3/Ila. Aula Verlag,

Wiesbaden, Germany.

Guicking, D., Lawson, R., Joger, U. & Wink, M. (2006) Evo-
lution and phylogeny of the genus Natrix (Serpentes:
Colubridae). Biological Journal of the Linnean Society, 87,
127-143.

Guicking, D., Joger, U. & Wink, M. (2009) Cryptic diversity
in a Eurasian watersnake (Natrix tessellata, Serpentes:
Colubridae): evidence from mitochondrial sequence data
and nuclear ISSR-PCR fingerprinting. Organisms Diversity
and Evolution, 9, 201-214.

Guindon, S. & Gascuel, O. (2003) A simple, fast and accurate
method to estimate large phylogenies by maximum-likeli-
hood. Systematic Biology, 52, 696—704.

Gvozdik, V., Jandzik, D., Lymberakis, P., Jablonski, D. &
Moravec, J. (2010a) Slow worm, Anguis fragilis (Reptilia:
Anguidae) as a species complex: genetic structure reveals
deep divergences. Molecular Phylogenetics and Evolution,
55, 460-472.

Gvozdik, V., Moravec, J., Kliitsch, C. & Kotlik, P. (2010b)
Phylogeography of the Middle Eastern tree frogs (Hyla,
Hylidae, Amphibia) as inferred from nuclear and mito-
chondrial DNA variation, with a description of a new spe-
cies. Molecular Phylogenetics and Evolution, 55, 1146-1166.

Journal of Biogeography 40, 1143-1155
© 2012 Blackwell Publishing Ltd

Comparative phylogeography of Cretan snakes

Harris, D.J., Batista, V., Lymberakis, P. & Carretero, M.A.
(2004) Complex estimates of evolutionary relationships in
Tarentola mauritanica (Reptilia: Gekkonidae) derived from
mitochondrial DNA sequences. Molecular Phylogenetics
and Evolution, 30, 855—859.

Hickerson, M.]., Carstens, B.C., Cavender-Bares, J., Crandall,
K.A., Graham, C.H., Johnson, J.B., Rissler, L., Victoriano,
P.F. & Yoder, A.D. (2010) Phylogeography’s past, present,
and future: 10 years after Avise, 2000. Molecular Phyloge-
netics and Evolution, 54, 291-301.

Hordijk, W. & Gascuel, O. (2005) Improving the efficiency
of SPR moves in phylogenetic tree search methods based
on maximum likelihood. Bioinformatics, 21, 4338—4347.

Kapli, P., Lymberakis, P., Poulakakis, N., Mantziou, G., Par-
makelis, A. & Mylonas, M. (2008) Molecular phylogeny of
three Mesalina (Reptilia: Lacertidae) species (M. guttulata,
M. brevirostris and M. bahaeldini) from North Africa and
the Middle East: another case of paraphyly? Molecular Phy-
logenetics and Evolution, 49, 102—110.

Kasapidis, P., Magoulas, A., Mylonas, M. & Zouros, E.
(2005) The phylogeography of the gecko Cyrtopodion kots-
chyi (Reptilia: Gekkonidae) in the Aegean archipelago.
Molecular Phylogenetics and Evolution, 35, 612—623.

Kornilios, P., Kyriazi, P., Poulakakis, N., Kumlutas, Y., Ilgaz,
C., Mylonas, M. & Lymberakis, P. (2010) Phylogeography
of the ocellated skink Chalcides ocellatus (Squamata, Scin-
cidae), with the use of mtDNA sequences: a hitch-hiker’s
guide to the Mediterranean. Molecular Phylogenetics and
Evolution, 54, 445-456.

Kornilios, P., Ilgaz, C., Kumlutas, Y., Lymberakis, P., Mora-
vec, J., Sindaco, R., Rastegar-Pouyani, N., Afroosheh, M.,
Giokas, S., Fraguedakis-Tsolis, S. & Chondropoulos, B.
(2012) Neogene climatic oscillations shape the biogeogra-
phy and evolutionary history of the Eurasian blindsnake.
Molecular Phylogenetics and Evolution, 62, 856—873.

Krijgsman, W., Stoica, M., Vasiliev, I. & Popov, V.V. (2010)
Rise and fall of the Paratethys Sea during the Messinian
Salinity Crisis. Earth and Planetary Science Letters, 290,
183-191.

Kuriyama, T., Brandley, M.C., Katayama, A., Mori, A,
Honda, M. & Hasegawa, M. (2011) A time-calibrated phy-
logenetic approach to assessing the phylogeography, colo-
nization history and phenotypic evolution of snakes in the
Japanese Izu Islands. Journal of Biogeography, 38, 259-271.

Kyriazi, P., Poulakakis, N., Parmakelis, A., Crochet, P.A,,
Moravec, J., Rastegar-Pouyani, N., Tsigenopoulos, C.S.,
Magoulas, A., Mylonas, M. & Lymberakis, P. (2008) Mito-
chondrial DNA reveals the genealogical history of the
snake-eyed lizards (Ophisops elegans and O. occidentalis)
(Sauria: Lacertidae). Molecular Phylogenetics and Evolution,
49, 795-805.

Larkin, M.A., Blackshields, G., Brown, N.P., Chenna, R.,
McGettigan, P.A., McWilliam, H., Valentin, F., Wallace,
LM., Wilm, A., Lopez, R., Thompson, J.D., Gibson, T.J. &
Higgins, D.G. (2007) Clustal W and Clustal X version 2.0.
Bioinformatics, 23, 2947-2948.

1153



P. Kyriazi et al.

Librado, P. & Rozas, J. (2009) DnaSP v5: a software for com-
prehensive analysis of DNA polymorphism data. Bioinfor-
matics, 25, 1451-1452.

Lymberakis, P. & Poulakakis, N. (2010) Three continents
claiming an archipelago: the evolution of Aegean’s herpe-
tofaunal diversity. Diversity, 2, 233-255.

Lymberakis, P., Poulakakis, N., Manthalou, G., Tsigenopou-
los, C.S., Magoulas, A. & Mylonas, M. (2007) Mitochon-
drial phylogeography of Rana (Pelophylax) populations in
the Eastern Mediterranean region. Molecular Phylogenetics
and Evolution, 44, 115-125.

Lymberakis, P., Poulakakis, N., Kaliontzopotilou, A., Valakos,
E. & Mylonas, M. (2008) Two new species of Podarcis
(Squamata; Lacertidae) from Greece. Systematics and Bio-
diversity, 6, 307-318.

Mantziou, G., Poulakakis, N., Lymberakis, P., Valakos, E. &
Mylonas, M. (2004) The inter- and intaspecific status of
Aegean Mauremys rivulata (Chelonia, Bataguridae) as
inferred by mitochondrial DNA sequences. Herpetological
Journal, 14, 35—45.

Nagy, Z.T., Schmidtler, J.F., Joger, U. & Wink, M. (2003a)
Systematik der Zwergnattern (Reptilia: Colubridae: Eirenis)
und verwandter Gruppen anhand von DNA-Sequenzen
und morphologischen Daten [Systematics of dwarf snakes
(Reptilia: Colubridae: Eirenis) and relatives, as inferred
from DNA sequences and morphological data]. Salaman-
dra, 39, 149-168 (in German with English abstract).

Nagy, Z.T., Joger, U, Wink, M., Glaw, F. & Vences, M.
(2003b) Multiple colonization of Madagascar and Socotra
by colubrid snakes: evidence from nuclear and mitochon-
drial gene phylogenies. Proceedings of the Royal Society B:
Biological Sciences, 270, 2613-2621.

Naish, T. (1997) Constraints on the amplitude of late Plio-
cene eustatic sea-level fluctuations: new evidence from the
New Zealand shallow-marine sediment record. Geology, 25,
1139-1142.

Posada, D. (2008) jModelTest: phylogenetic model averaging.
Molecular Biology and Evolution, 25, 1253—1256.

Posada, D. & Crandall, K.A. (2001) Intraspecific gene geneal-
ogies: trees grafting into networks. Trends in Ecology and
Evolution, 16, 37—45.

Poulakakis, N., Lymberakis, P., Valakos, E., Zouros, E. &
Mylonas, M. (2005a) Phylogenetic relationships and bioge-
ography of Podarcis species from the Balkan Peninsula, by
Bayesian and maximum likelihood analyses of mitochon-
drial DNA sequences. Molecular Phylogenetics and Evolu-
tion, 37, 845-857.

Poulakakis, N., Lymberakis, P., Tsigenopoulos, C.S., Magou-
las, A. & Mylonas, M. (2005b) Phylogenetic relationships
and evolutionary history of snake-eyed skink Ablepharus
kitaibelii (Sauria: Scincidae). Molecular Phylogenetics and
Evolution, 34, 245-256.

Pyron, R.A., Burbrink, F.T., Colli, G.R., Nieto Montes de
Oca, A, Vitt, LJ., Kuczynski, C.A. & Wiens, J.J. (2011)
The phylogeny of advanced snakes (Colubroidea), with
discovery of a new subfamily and comparison of support

1154

methods for likelihood trees. Molecular Phylogenetics and
Evolution, 58, 329-342.

de Queiroz, A., Lawson, R. & Lemos-Espinal, J.A. (2002)
Phylogenetic relationships of North American garter
snakes (Thamnophis) based on four mitochondrial genes:
how much DNA sequence is enough? Molecular Phyloge-
netics and Evolution, 22, 315-329.

Rambaut, A. & Drummond, A.J. (2009) Tracer v1.5.0. Avail-
able at: http://beast.bio.ed.ac.uk/Tracer.

Ronquist, F. & Huelsenbeck, J.P. (2003) MrBayes 3: Bayesian
phylogenetic inference under mixed models. Bioinformat-
ics, 19, 1572-1574.

Schwarz, G. (1978) Estimating the dimension of a model.
Annals of Statistics, 6, 461-464.

Sondaar, P.Y., De Vos, J. & Dermitzakis, M.D. (1986) Late
Cenozoic faunal evolution and palaecogeography of the
South Aegean island arc. Modern Geology, 10, 249-259.

Stock, M., Moritz, C., Hickerson, M., Frynta, D., Dujsebay-
eva, T., Eremchenko, V., Macey, J.R., Papenfuss, T.J. &
Wake, D.B. (2006) Evolution of mitochondrial relation-
ships and biogeography of Palearctic green toads (Bufo vir-
idis subgroup) with insights in their genomic plasticity.
Molecular Phylogenetics and Evolution, 41, 663—689.

Stock, M., Dubey, S., Kliitsch, C., Litvinchuk, S.N., Scheidt,
U. & Perrin, N. (2008) Mitochondrial and nuclear phylog-
eny of circum-Mediterranean tree frogs from the Hyla
arborea group. Molecular Phylogenetics and Evolution, 49,
1019-1024.

Tamura, K. & Nei, M. (1993) Estimation of the number of
nucleotide substitutions in the control region of mito-
chondrial DNA in humans and chimpanzees. Molecular
Biology and Evolution, 10, 512-526.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M.
& Kumar, S. (2011) MEGA5: molecular evolutionary
genetics analysis using maximum likelihood, evolutionary
distance, and maximum parsimony methods. Molecular
Biology and Evolution, 28, 2731-2739.

Tavaré, S. (1986) Some probabilistic and statistical problems
in the analysis of DNA sequences. Some mathematical
questions in biology: DNA sequence analysis (ed. by RM.
Miura), pp. 57-86. American Mathematical Society, Provi-
dence, RI.

Valakos, S., Dimaki, M. & Pafilis, P. (2004) Natural history
of Lesvos island. Amphibians & reptiles. University of Ath-
ens, Athens.

Warnecke, H. (1988) Telescopus fallax (Fleischmann, 1831)
auf den ozeanischen Strophaden-Inseln? Salamandra, 24,
16—-19.

Webb, T., III & Bartlein, P.J. (1992) Global changes during
the last 3 million years: climatic controls and biotic
responses. Annual Review of Ecology and Systematics, 23,
141-173.

Weisrock, D.W., Macey, J.R., Ugurtas, LH., Larson, A. &
Papenfuss, T.J. (2001) Molecular phylogenetics and histori-

«

cal biogeography among salamandrids of the “true” sala-

mander clade: rapid branching of numerous highly

Journal of Biogeography 40, 1143-1155
© 2012 Blackwell Publishing Ltd



divergent lineages in Mertensiella luschani associated with the
rise of Anatolia. Molecular Phylogenetics and Evolution, 18,
434-448.

Wielstra, B., Espregueira Themudo, G., Giiglii, O., Olgun,
K., Poyarkov, N.A. & Arntzen, J.W. (2010) Cryptic
crested newt diversity at the Eurasian transition: the
mitochondrial DNA phylogeography of Near Eastern
Triturus newts. Molecular Phylogenetics and Evolution, 56,
888-896.

Willis, K.J., Kleczkowski, A. & Crowhurst, S.J. (1999)
124,000-year periodicity in terrestrial vegetation change
during the late Pliocene epoch. Nature, 397, 685—688.

Wood, D.A., Vandergast, A.G., Lemos Espinal, J.A., Fisher,
R.N. & Holycross, A.T. (2011) Refugial isolation and
divergence in the Narrowheaded Gartersnake species
complex (Thamnophis rufipunctatus) as revealed by
multilocus DNA sequence data. Molecular Ecology, 20,
3856-3878.

Zachariasse, W.J., Gudjonsson, L., Hilgen, F.J., Lourens,
L.J., Verhallen, P.J.J.M., Langereis, C.G. & Zijderveld,
J.D.A. (1990) Late Gauss to early Matuyama invasions of
Neogloboquadrina atlantica in the Mediterranean and
associated record of climatic change. Paleoceanography, 5,
239-252.

Journal of Biogeography 40, 1143-1155
© 2012 Blackwell Publishing Ltd

Comparative phylogeography of Cretan snakes

SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Samples used in this study.

Appendix S2 GenBank accession numbers and reference of
other taxa.

Appendix S3 Chronogram showing a time-calibrated phy-
logeny of Colubrinae and Natricinae.

BIOSKETCH

The authors’ main research interests lie in the fields of ecol-
ogy, biogeography, genetics, systematics and evolution of
amphibians and reptiles.

Author contributions: N.P. and P.L. conceived the idea;
P.Xyr., P.Kor., ZT.N and P.L. designed the work; Z.T.N.,
YK, CI, AA, B.G. and P.L. collected the specimens;
P.Kyr., P.Kor. and Z.T.N. carried out laboratory work and
analyses; P.Kyr. and P.Kor. led the writing of the manuscript;
all authors were involved in the writing process.

Editor: Mark Carine

1155



