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Abstract We supplement a previously published mitochon-
drial DNA data set of grass snake sequences (ND1, ND2,
ND4, cyt b, in total 3,806 bp) with sequences of Corso-
Sardinian and Tuscan specimens and infer their phylogeny
using Bayesian, maximum likelihood and maximum parsi-
mony methods. In addition, we estimate divergence times of
grass snake clades using a relaxed molecular clock calibrat-
ed with fossil evidence, and, in a second approach, the post-
Messinian reopening of the Strait of Gibraltar. Recently it
was suggested that Corso-Sardinian grass snakes represent a
distinct species: Natrix cetti. All tree-building methods
revealed well-supported branching patterns and deep diver-
gences among grass snakes. However, sequences of N.
natrix were consistently paraphyletic with respect to
Corso-Sardinian sequences. The sister group of Corso-
Sardinian grass snakes is a clade embracing N. n. helvetica
and N. n. lanzai. Extensive gene flow between N. n. helve-
tica and a more distantly related subspecies (V. n. natrix) is
well known, which is why we conclude that the status of
Corso-Sardinian grass snakes as subspecies of N. natrix
should be reinstated. Many currently recognized grass snake
subspecies conflict with mitochondrial clades, suggestive of
inappropriate morphological taxon delineation and mito-
chondrial introgression. Divergences among grass snakes
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are old, and the results of the two independent dating
approaches are largely congruent. Accordingly, the Alpine
orogenesis seems to have caused the origin of the oldest
clade, corresponding to Iberian N. n. astreptophora. The
formation of Corso-Sardinian grass snakes was dated to
the Early Pliocene and could result from post-Messinian
flooding of the Mediterranean Basin. Another deeply diver-
gent clade of approximately the same age, endemic in cen-
tral and northern Europe, suggests the Pleistocene survival
of grass snakes north of the Alps. At least one glacial refuge
in which old lineages survived Pleistocene cold periods was
located on each of the three major southern European pen-
insulas and in Anatolia. Due to pronounced sequence diver-
gences among Italian and southern Swiss grass snakes, we
hypothesize multiple refugia south of the Alps and in the
Apennine Peninsula, and there is evidence for two refuges
on the Balkan Peninsula.

Keywords Reptilia - Squamata - Serpentes - Natrix natrix

Introduction

The grass snake, Natrix natrix (Linnaeus 1758), is a widely
distributed colubrid species, ranging from North Africa and
the Iberian Peninsula over most of Europe to Lake Baikal in
Central Asia. Grass snakes are associated closely with water,
and swim well. They feed mainly on amphibians and fishes,
but take also small mammals and nestling birds (Arnold and
Burton 1978; Kabisch 1999). Based on morphological char-
acters, many subspecies have been described, and some
recent authors have recognised up to 14 distinct subspecies
(Blosat 2008; Gruber 1989; Kabisch 1999; Kreiner 2007).
In contrast, based on multivariate analyses of phenotypic
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characters, Thorpe (1979) accepted only four subspecies.
According to Thorpe (1979), the subspecies N. n. helvetica
occupies the western part of the distribution range, from
North Africa and the Iberian Peninsula to Central Europe,
and N. n. natrix the eastern part. Both subspecies meet and
hybridize in the Rhine region. Besides N. n. natrix and N. n.
helvetica, Thorpe (1979) recognized the highly distinctive
grass snakes from Sardinia and Corsica as the subspecies N.
n. cetti and N. n. corsa, respectively. Using allozyme data,
Hille (1997) confirmed the hybridization of N. n. natrix and
N. n. helvetica in the Rhine region and the distinctiveness of
Sardinian and Cypriote grass snakes. Later, Guicking (2004)
and Guicking et al. (2006, 2008) published a comprehensive
data set of mtDNA sequences that was used to study phy-
logeny and divergence times within the genus Natrix and for
a preliminary assessment of the subspecies and phylogeog-
raphy of N. natrix. Due to the rareness of Sardinian and
Corsican grass snakes, Guicking (2004) and Guicking et al.
(2006, 2008) were not able to include these taxa. Guicking
et al. (2008) concluded that Thorpe’s (1979) four subspecies
model underestimates the actual taxonomic differentiation,
but that further sampling is needed before drawing definite
taxonomic conclusions. Acknowledging the pronounced
morphological distinctiveness of Corso-Sardinian grass
snakes, Vanni and Cimmaruta (2010) recently transferred
these taxa to the species N. cetti (with the subspecies N. c.
cetti and N. c. corsa). Thus, the two competing schemes
of subspecies delineation of N. natrix represent an unre-
solved problem that was further aggravated by the separa-
tion of N. cetti.

In the present paper we follow the traditional subspecies
delineation of N. natrix and recognise among the studied
grass snakes the subspecies listed in Table 1. However,
acknowledging the latest revision by Vanni and Cimmaruta
(2010), we provisionally treat the Corso-Sardinian grass
snakes as representing the distinct species N. cetti with the
two subspecies N. c. cetti and N. c. corsa. To assess their
taxonomic status, we supplement the data set of Guicking
(2004) and Guicking et al. (2006) with homologous mito-
chondrial DNA sequences of one Tuscan, one Sardinian,
and two Corsican grass snakes (ND1, ND2, ND4, cyt b, in
total 3,806 bp) and use this expanded data set for phyloge-
netic analyses. Even though none of the previous investiga-
tions on grass snakes explicitly used a clearly defined
species concept, the Biological Species Concept (cf. Coyne
and Orr 2004; Mayr 1942)—the prevailing species concept
in European herpetology—was implicitly applied. Within
that framework, distinct evolutionary entities are treated as
subspecies when there is extensive gene flow among them,
as suggested by morphological and genetic evidence for N.
n. natrix, N. n. helvetica and N. n. persa (Hille 1997,
Kabisch 1999; Kreiner 2007; Thorpe 1979). In the absence
of direct evidence (as in allopatric taxa like the island snakes
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N. c. cetti and N. c. corsa), gene flow among parapatric
subspecies may be used as a yardstick. Consequently, if N.
cetti represents a distinct species, a significantly greater
genetic divergence were expected in comparison to subspe-
cies with evident gene flow. In phylogenetic analyses, this
should correspond to a sister group relationship between N.
cetti and N. natrix.

In addition to the taxonomic reappraisal of N. cetti, we
use the expanded data set of Guicking (2004) and Guicking
et al. (2006) to re-evaluate the phylogeography of grass
snakes. We apply a relaxed molecular clock to date the splits
between mitochondrial lineages, in particular to test the
hypothesis that Corso-Sardinian grass snakes are of ancient,
perhaps pre-Pleistocene origin (Lanza 1988). For calibrating
our clock, we use a recently discovered Sardinian Natrix
fossil (Delfino et al. 2011) and, in an independent calcula-
tion, the post-Messinian reopening of the Strait of Gibraltar
(Garcia-Castellanos et al. 2009)—an event often used for
calibrating molecular phylogenies.

Materials and methods
Laboratory procedures

We extracted total genomic DNA from tissue samples using
the DTAB method (Gustincich et al. 1991) and amplified
and sequenced the same four mtDNA fragments as in
Guicking et al. (2006), corresponding to the genes coding
for the NADH dehydrogenase subunits 1, 2, and 4 (NDI,
ND2, ND4) and to the cytochrome b gene (cyt b). For PCR
and sequencing, we applied the primer pairs 16Sb+tRNA-
ile (ND1), L4437b+tRNA-trp(ND2), ND4ab+tRNA-leu
(ND4) and L14724NAT+Thrsnr2 (cyt b) of Guicking et
al. (2006).

We amplified each gene in a total volume of 20 ul con-
taining 1 unit 7aq polymerase (Bioron, Ludwigshafen, Ger-
many), 1 x buffer (as recommended by the supplier), 0.5 uM
of each primer, and 0.2 mM of each ANTP (Fermentas, St.
Leon-Rot, Germany) using the same PCR conditions, with
initial denaturation at 94°C for 5 min, followed by 35 cycles
with denaturation at 94°C for 45 s, annealing at 55°C for
45 s, and extension at 72°C for 60 s. After the last cycle, we
incubated samples in a final extending step at 72°C for
10 min. We purified PCR products using the ExoSAP-IT
enzymatic cleanup (USB Europe, Staufen, Germany; mod-
ified protocol: 30 min at 37°C, 15 min at 80°C) and se-
quenced them on an ABI 3130xI Genetic Analyzer (Applied
Biosystems, Foster City, CA) using the BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems).

The lengths of the resulting mtDNA sequences were 980—
1,083 bp (ND1), 949-975 bp (ND2), 829-883 bp (ND4), and
1,070-1,101 bp (cyt b).
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Alignment, partitioning and phylogenetic analyses

We downloaded homologous GenBank sequences of
known-locality grass snakes (Table 1), corresponding to
the data sets of Guicking (2004) and Guicking et al.
(2006), and aligned these with our newly generated sequen-
ces. As outgroups, we included sequences of Natrix maura,
N. tessellata, and of the distantly related North American
banded water snake (Nerodia fasciata). Acknowledging that
mtDNA represents one and the same locus, we concatenated
the four mtDNA fragments, resulting in an alignment of
3,806 bp total length. Position 1-1,117 of this alignment
corresponded to cyt b; position 1,118-2,081, to ND1; posi-
tion 2,082-3,110, to ND2; and position 3,111-3,806, to
ND4. We determined the best evolutionary model for each
partition in MrMODELTEST 2.3 (Nylander 2004) using the
AIC, resulting in the GTR+G+I model for all partitions
except ND4 for which GTR+G was suggested.

Using PAUP 4.0b10 (Swofford 2002), we recon-
structed the phylogeny of Natrix sequences under max-
imum parsimony (MP) in a branch-and-bound search
with gaps coded as fifth character state. We obtained
clade support using the same search method and 1,000
bootstrap replicates (Felsenstein 1985), with all charac-
ters unordered and equally weighted; gaps were treated
again as fifth character state.

Using RAXML 7.2.8 and the graphical user interface
raxmlGUI 0.95 (Silvestro and Michalak 2011; Stamatakis
2006), we conducted maximum likelihood (ML) analyses,
with data partitioned by gene. Applying the GTR+G+I1
model across all four partitions, we obtained for the best-
scoring ML tree thorough bootstrap support using 1,000
replicates.

In addition, we performed Bayesian Analyses (BA) using
MrBAYES 3.1.2 (Ronquist and Huelsenbeck 2003) and the
implemented Metropolis-coupled Markov chain Monte
Carlo algorithm with two parallel runs, each with one cold
and three heated chains. We set the heating parameter A to
0.1 and let the chains run for 10° generations, with every
100th generation sampled, allowing the two runs to con-
verge onto the stationary distribution. Convergence was
confirmed by average standard deviations of split frequen-
cies approaching zero. We used a burn-in of 3,000 to sample
only the plateau of the most likely trees for generating a
50% majority rule consensus tree. As in the ML analysis, we
partitioned the data by gene and applied best-fit models to
each of the four partitions. We allowed the overall rate to
vary among partitions and set model parameters unlinked
across partitions, so that for each partition a separate set of
parameters was estimated.

Moreover, exploratory parsimony network analyses were
calculated using TCS 1.21 (Clement et al. 2000) for subsets
of the complete alignment. The final data matrix and all
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inferred phylogenetic trees are available from TreeBASE
(http://www.treebase.org) under the ID 12048.

Molecular clock

We performed two independent molecular dating approaches
using BEAST 1.4.8 (Drummond and Rambaut 2007) to esti-
mate node ages and 95% highest posterior density (HPD)
intervals. In the first approach, we used the end of the Messi-
nian Salinity Crisis for dating the split between North African
and European Natrix maura and applied a fixed minimum age
of 5.3 million years (Ma; reopening of the Strait of Gibraltar)
and a soft maximum of 5.96 Ma (onset of the Messinian
Crisis) to the respective node. In the second calculation, we
used a fossil age constraint for the split between Corso-
Sardinian grass snakes and their closest continental relatives,
corresponding to a Pliocene Natrix vertebra excavated in
Sardinia (Delfino et al. 2011). We used its age (3.6 Ma) as
minimum TMRCA prior constraint and the beginning of the
Pliocene (5.3 Ma) as soft maximum. We did not combine the
two calibration points in one analysis to assess whether the
estimates obtained from either approach are similar. By doing
so, we examine also the reliability of the reopening of the
Strait of Gibraltar as a calibration point for water snakes of the
genus Natrix.

In the two calculations using an uncorrelated relaxed
clock (Drummond et al. 2006), we chose a lognormal prior
distribution to capture the soft maximum constraint (Benton
et al. 2009); lognormal means and standard deviations were
accordingly adjusted and the minimum ages (fossil and
palacogeographic constraint, respectively) applied as zero
offset values in order to match the distribution in real space.
We set the MCMC chain to 10 million generations and let
log parameters be sampled every 1,000th generation. We set
the tree prior to speciation (yule process) and activated the
“auto optimise” option to adjust automatically tuning
parameters. We partitioned input sequence data manually
in the XML file generated with BEAUTi according to the
estimates of MIMODELTEST. We obtained linearised con-
sensus trees including posterior probabilities using TREEAN-
NOTATOR (as implemented in the BEAST package;
Rambaut and Drummond 2007) with the burn-in parameter
set to 3,000 and node heights to “mean heights”.

Results

Phylogeny

The three applied tree-building methods revealed largely
congruent topologies with high support values for most

nodes (Fig. 1). The branching patterns of the ML and BA
trees were in perfect agreement. Under MP, three equally
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Fig. 1 Maximum likelihood (ML) tree for Natrix sequences calculated
with RAXML based on 3,806 bp of mtDNA (ND1, ND2, ND4, cyt b).
Numbers above nodes are thorough bootstrap values (RAXML); below
nodes, Bayesian posterior probabilities and bootstrap values obtained
under maximum parsimony (MP; not shown for some terminal clades
with short branch lengths). For new samples, voucher codes (Table 1)

parsimonious trees were found (tree length: 2,281; CI=
0.679, R1=0.820) that differed only with respect to the sister
group relations of the weakly supported branches of the
other two analyses. Consequently, the strict consensus tree
placed these branches in an unresolved polytomy.

The obtained phylogeny (Fig. 1) is in general agreement
with the trees published by Guicking (2004) and Guicking et
al. (2006, 2008) and contradicts the currently debated sub-
species or species delineations within the Natrix natrix
group. In particular, the most basal branch is not constituted
by Corso-Sardinian grass snakes (N. cetti), as expected, but
by the Iberian grass snake (N. n. astreptophora). The latter
taxon is sister to a major clade containing sequences of all
other grass snakes. This major clade consists of two other
well-supported clades (A and B).

Clade A comprises the sequences of N. cetti that consti-
tute a well-supported clade, albeit with very short terminal
branch lengths. The sequences of the two Corsican grass
snakes (N. c. corsa) are the weakly differentiated sister clade
of the only Sardinian specimen (V. c. cetti). The Corso-
Sardinian Natrix are with high support sister to a deeply
structured, well-supported clade embracing sequences of N.
n. helvetica, N. n. lanzai and a German snake from the
hybrid zone between N. n. helvetica and N. n. natrix.
Sequences of N. n. helvetica are paraphyletic with respect
to N. n. lanzai. In parsimony network analysis (Fig. 2),

are preceding taxon names. Asterisks indicate maximum support under
all methods; dashes, branch not found. Symbols correspond to Fig. 4.
Note the paraphyly of N. n. helvetica with respect to N. n. lanzai and
the mismatches between subspecies and mitochondrial clades in clade
B. On the right, species delineation of N. cetti and N. natrix according
to Vanni and Cimmaruta (2010)

sequences of V. c. cetti and N. c. corsa differ by a maximum
of eight mutation steps, while among the sequences of the
paraphyletic helvetica-lanzai clade a maximum of 96 steps
occurs.

Clade B (Fig. 1) consists of several well-supported sub-
clades whose basal branching patterns are poorly resolved,
however. One subclade contains sequences of N. n. natrix
from Denmark and Sweden plus the sequence of another N.
n. helvetica x natrix hybrid from Germany. Another subclade
comprises sequences of several subspecies, viz. N. n. persa
from Armenia, Georgia, and Turkey, N. n. natrix from west-
emmost Russia (Kaliningrad Oblast) and N. n. scutata from
several sites in Russia and Kazakhstan. Its well-supported
sister is a highly divergent sequence of a N. n. persa from
Bulgaria, representing a distinct terminal. A further distinct
subclade corresponds to grass snakes from the hybrid zone
between N. n. natrix and N. n. persa in Hungary, Romania and
Slovenia and a N. n. persa from Greece. Another sequence of
a N. n. persa from Iran is deeply divergent and excluded from
any other subclade, so that clade B contains five distinct
clades or deeply divergent terminals.

Molecular clock

The two calculations, based on two independent calibrations
(post-Messinian reopening of the Strait of Gibraltar or fossil
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lanzai
Italy (Apulia)
helvetica x natrix
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8 corsa
% helvetica
Q England, France

10 steps
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Italy (Tuscany)

cetti
Sardinia
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Fig. 2 Parsimony networks for haplotypes of Natrix natrix helvetica, N.
n. lanzai, a N. n. helvetica x natrix hybrid (left) and Corso-Sardinian grass
snakes (right) based on 3,806 bp of mtDNA (ND1, ND2, ND4, cyt b).
The large symbol for N. n. helvetica indicates that this haplotype was
found twice; small black circles, missing node haplotypes. Connections
between haplotypes show number of mutation steps. Connection of
haplotypes in left network enforced; 95% connection limit: 27 steps

record of Natrix in Sardinia), yielded largely congruent
results (Fig. 3; Table 2). This suggests that the reopening
of the Strait of Gibraltar played for water snakes an impor-
tant role as a vicariant event indeed.

Our divergence time estimates are significantly older than
those suggested by Guicking et al. (2006, 2008), who used
average divergence rates of amino acids and mtDNA
sequences assuming linear relationships between divergence
times and genetic distances. Guicking et al. (2006, 2008)
suggested that differentiation of the genetic lineages of M.
natrix commenced about 6 Ma. Our mean estimates for the
onset of divergence in N. natrix are approximately 9.6 Ma
(fossil calibration) and 10.6 Ma (palaecogeographic calibra-
tion; Table 2: node 1). According to our calculations, Corso-
Sardinian grass snakes diverged some 4.3—4.4 Ma ago (both
calibrations) from the clade embracing sequences of N. n.
helvetica and N. n. lanzai (Table 2: node 3). Most clades
were estimated to be of Upper Miocene age, and only the
diversification of peninsular Italian snakes (N. n. lanzai) and
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N. n. helvetica (nodes 6 and 7), of Balkan grass snakes
(Greece, Hungary, Romania, Slovenia; nodes 11 and 12),
and of eastern European and Anatolian/Caucasian grass
snakes (Russia, Armenia, Georgia, Turkey; node 14) are
likely to be of Pleistocene origin. However, the divergence
times of a highly distinct sequence of a N. n. helvetica from
the southern Alpine part of Switzerland (canton Ticino) and
a grass snake from Bulgaria were estimated to predate the
Pleistocene (nodes 5 and 13).

Discussion

Due to their pronounced morphological differences, the
taxonomic distinctiveness of Corsican and Sardinian grass
snakes has never been doubted since their descriptions
(Gené 1839; Hecht 1930), and even the parsimonious intra-
specific classification system of Thorpe (1979) recognised
both as valid subspecies of Natrix natrix. Later, using allo-
zyme analyses, Hille (1997) found Sardinian grass snakes to
be clearly differentiated, while previous phylogeographic
studies did not include specimens from Corsica and Sardinia
due to their rareness. Especially Sardinian grass snakes are
extremely rare, most probably due to niche competition with
the invasive viperine snake N. maura (Vanni and Cimmaruta
2010). Here we present for the first time an assessment of
the phylogeography of grass snakes including both speci-
mens from Corsica and Sardinia.

According to the geographic distribution of the distinct
mitochondrial clades (Fig. 4), the phylogeography of grass
snakes matches a common pattern, with each of the three
major southern European peninsulas plus Anatolia and
Corso-Sardinia harbouring at least one old genetic lineage
that often predates the Pleistocene (e.g., Hewitt 2000; Joger
et al. 2007; Schmitt 2007; Taberlet et al. 1998). Like in the
European pond turtle (Emys orbicularis; Fritz et al. 2007,
2009), an Anatolian/Caucasian lineage colonised the vast
northeastern part of the range, most probably only in the
Holocene, and allied lineages occur on the Balkan Peninsula.
A further distinct lineage was recorded from Iran.

As already noted by Guicking et al. (2008), most of the
mitochondrial lineages (clades) do not correspond well to
currently recognised taxa within the grass snake complex.
Based on morphological evidence, Thorpe (1979) proposed
that only four subspecies within N. natrix should be recog-
nised, viz. N. n. natrix (eastern part of the range to the Rhine
region), N. n. helvetica (western part of the range to the
Rhine region, where it hybridises with N. n. natrix), N. n.
cetti (Sardinia), and N. n. corsa (Corsica). Many authors,
however, continued to distinguish approximately ten addi-
tional subspecies that differ mainly in coloration (e.g. Blosat
2008; Gruber 1989; Kabisch 1999; Kreiner 2007), and re-
cently the Corso-Sardinian grass snakes were split off as the
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Fig. 3 Estimated split ages of
grass snake clades and their
95% HPD intervals (grey bars).
Narrow grey bars are derived
from the dating approach using
the post-Messinian reopening
of the Strait of Gibraltar as age
constraint (calibration point I);
wide grey bars, using the Sar-
dinian fossil node constraint
(calibration point II). Numbers
along nodes refer to Table 2; see
there for exact values. The
depicted nodal ages are based
on calibration point I

distinct species N. cetti (with the subspecies N. c. cetti and
N. c. corsa; Vanni and Cimmaruta 2010).

Most of the traditionally recognised taxa do not match
mitochondrial clades, and this is also true for Thorpe’s
(1979) more inclusive concept for N. n. natrix and N. n.

I maura Morocco
IIi' maura Spain

tessellata
4 | MZUF 40268 cetti Sardinia

MTD 35388 corsa Corsica
3 MTD 42489 corsa Corsica
Eﬂ helvetica Switzerland (Ticino)
lanzai ltaly (Apulia)
5 MZUF 40267 lanzai ltaly (Tuscany)

6 helvetica France

7W helvetica England

helvetica x natrix Germany (Taunus)

helvetica x natrix Germany (Lake Constance)
natrix Sweden
10 natrix Denmark
persa Bulgaria
2 persa Turkey (Yenicaga)
13 persa Armenia
persa Georgia
14/ | persa Turkey (Sarikale)
scutata Russia (Tula)
scutata Russia (Samara)
9 scutata Kazakhstan
1 natrix Russia (Kaliningrad)
8 scutata Russia (Penza)
natrix x persa Romania (Cluj-Napoca)
natrix x persa Hungary
natrix x persa Romania (Tulcea)
11/12\| natrix x persa Slovenia
persa Greece
persa lran
astreptophora Spain (Catalonia)
astreptophora Spain (Cadiz)

25.0 20.0 15.0 10.0 5.0 0.0
Million years

helvetica. Only the sequences of N. n. astreptophora and of
the Corso-Sardinian grass snakes constitute two distinct and
well-supported clades (Fig. 1) of substantial age (Fig. 3;
Table 2). The mean divergence time estimates for N. n.
astreptophora (9.6 and 10.6 Ma) and N. cetti (4.4 and

Table 2 Divergence time estimates (means; in brackets, 95% HPD intervals) for nodes in grass snake phylogeny in million years. Hybrids are
subsumed under the subspecies corresponding to their mitochondrial haplotype. Node numbers refer to Fig. 3

Node

Fossil calibration ~ Palaeogeographic
calibration

1 — astreptophora+ (all other grass snakes)

2 — Clade A+clade B
3 — (cetti+corsa)+(helvetica, lanzai)

4 — cetti+corsa

5 — helvetica [Switzerland]+ (other helvetica, lanzai)

6 — lanzai [Apulia)+(lanzai [Tuscany]+remaining helvetica)

7 — lanzai [Tuscany]+remaining helvetica

8 — persa [Iran]+(all other persa, natrix, scutata)

9 — persa [Greece, Hungary, Romania, Slovenia]+(remaining persa, natrix, scutata)

10 — natrix+(natrix [Kaliningrad], persa [Armenia, Georgia, Turkey, Bulgaria], scutata)
11 — persa [Greece]+persa [Hungary, Romania, Slovenia]

12 — persa [Hungary, Romania]+persa [Romania, Slovenia]

13 — persa [Bulgaria]+ (natrix [Kaliningrad], persa [Armenia, Georgia, Turkey], scutata)

9.58 (4.80-15.57)  10.61 (3.60-20.15)

7.34 (4.22-11.50)
4.44 (3.63-5.93)
0.41 (0.04-1.04)
2.88 (1.14-4.56)
1.32 (0.42-2.44)
0.49 (0.09-1.08)
5.61 (2.25-9.66)
5.08 (2.26-8.86)
4.53 (1.63-8.09)
1.76 (0.54-3.34)
0.84 (0.20-1.68)
2.86 (0.97-5.31)

14 — Basal divergence within clade (natrix [Kaliningrad], persa [Armenia, Georgia, Turkey], scutata) 1.16 (0.39-2.11)

8.22 (2.91-15.27)
433 (1.28-8.51)
0.35 (0.06-0.83)
2.88 (0.57-5.70)
1.31 (0.28-2.71)
0.46 (0.06-1.04)
6.52 (2.25-12.10)
5.92 (2.33-10.93)
5.40 (1.78-9.73)
1.86 (0.37-4.06)
0.88 (0.16-1.93)
3.27 (1.14-5.95)
1.22 (0.35-2.58)
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Fig. 4 Geographic distribution
of mitochondrial clades in grass
snakes. Symbols correspond to
Fig. 1

4.3 Ma) suggest a long independent history of the two
lineages. The origin of N. n. astreptophora could be related
with the Alpine orogenesis that has been hypothesized as a
major vicariance event for freshwater fishes (Zardoya and
Doadrio 1999). Considering the 95% HPD intervals, the
divergence estimates for the Corso-Sardinian N. cetti agree
well with the Zanclean flooding of the Mediterranean Basin
(5.33 Ma; Garcia-Castellanos et al. 2009), suggesting that
the rising Pliocene sea level triggered their split-off. How-
ever, sequences of N. c. cetti and N. c. corsa are differenti-
ated only weakly (Figs. 1, 2). Their estimated mean
divergence times (0.41 and 0.35 Ma) agree well with a
hypothetical Pleistocene vicariance event due to the well-
known intermittent land connections of Corsica and Sardi-
nia caused by Pleistocene sea level fluctuations (Lambeck et
al. 2004).

An unexpected finding of our study was that sequences
of N. natrix are clearly paraphyletic with respect to N. cetti
(Fig. 1). The sister group of N. cetti is a clade comprising
sequences of N. n. helvetica and N. n. lanzai. There is
overwhelming morphological and allozymic evidence for
the large-scale hybridisation of N. n. helvetica with N. n.
natrix along the Rhine region (Hille 1997; Thorpe 1979). If
these two taxa, being phylogenetically more distantly relat-
ed than N. n. helvetica and N. cetti (Fig. 1) and still capable
of complete genetic amalgamation, are used as a yardstick, it
seems likely that also the allopatric Corso-Sardinian grass
snakes possess a similar genetic compatibility. Consequent-
ly, the recently proposed species status of Corso-Sardinian
grass snakes is no longer tenable under the Biological Spe-
cies Concept.

Two western German grass snakes cluster either with .
n. helvetica or N. n. natrix, in agreement with the evident
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hybridisation of the two subspecies in the Rhine region.
However, as already noted by Guicking et al. (2008),
sequences of N. n. helvetica are paraphyletic with respect
to N. n. lanzai, suggesting their synonymy. On the other
hand, there are deep divergences within this paraphyletic
clade (Fig. 1). This could argue for the existence of more
than two distinct subspecies, especially when the weak
genetic differentiation of the morphologically highly distinct
grass snake subspecies from Corsica and Sardinia is considered
(Fig. 2). It is obvious that the differences within the helvetica-
lanzai clade (including a German hybrid N. n. helvetica x natrix
with helvetica haplotype) are much more pronounced. The
Tuscan haplotype of N. n. lanzai is closer to N. n. helvetica
from England and France and to the German hybrid specimen
than to another haplotype of N. n. lanzai from Apulia. The
haplotype of a N. n. helvetica from the Swiss canton Ticino,
located south of the Alps, is highly distinct. Together with the
considerable age estimates for these lineages, this situation
suggests that several distinct microrefuges existed on the Apen-
nine Peninsula during the Pleistocene, as has been shown for
quite a number of other species (see the review in Pedall et al.
2011), and that along the southern slope of the Alps was
another refuge located that harboured the lineage represented
by the haplotype from Ticino. The similarity of the haplotype of
our new Tuscan sample to haplotypes from England, France
and western Germany implies a Holocene recolonisation of
these more northerly regions from a western Italian glacial
refuge, as in the case of the green lizard (Lacerta bilineata;
Bohme et al. 2007) and the Aesculapian snake (Zamenis long-
issimus; Musilova et al. 2010).

Another deeply divergent clade, with estimated mean
ages of 4.5 and 5.4 Ma, corresponds to N. n. natrix sequen-
ces from Denmark and Sweden, and a further hybrid snake
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from Germany (Lake Constance). The geographic distribu-
tion of this mitochondrial lineage in Central and Northern
Europe, intercalated among three other lineages, implies that
grass snakes must have survived the last glacial also in a
refuge north of the Alps and north of the Balkan Peninsula.

Sequences of the striped subspecies N. n. persa occur
in four deeply divergent clades (Fig. 1), three of which
were also included in the analyses of Guicking (2004) and
Guicking et al. (2006, 2008). As Guicking et al. (2008)
correctly noted, the placement of sequences of the nominal
subspecies N. n. natrix (Kaliningrad Oblast, Russia), N. n.
persa (Armenia, Georgia, Turkey) and N. n. scutata
(Kazakhstan, Russia) in one clade with shallow divergences
suggests that delineation of these subspecies needs revision.
The subspecies N. n. persa is characterised by longitudinal
back stripes, whereas the other two subspecies are unstriped
(Kabisch 1999). This allows the conclusion that the striped
pattern is merely a coloration morph that occurs in distinct
genetic lineages—in other words: “not every striped grass
snake is the same”.

The distinct endemic lineages in the Balkan Peninsula
suggest that at least two glacial refugia were located there.

Conclusions

The delineation of grass snake subspecies needs revision
and would profit from a range-wide phylogeography using a
denser sampling. Most mitochondrial clades do not match
morphologically defined subspecies, suggestive of inappro-
priate morphological taxon delineation and mitochondrial
introgression. The most differentiated mitochondrial clade
corresponds to the Iberian subspecies Natrix natrix astrep-
tophora, while Corso-Sardinian grass snakes represent the
sister group of a paraphyletic assemblage comprising
sequences of N. n. helvetica and N. n. lanzai. Considering
that N. n. helvetica is known to hybridize extensively with
the nominotypical subspecies, the species status of Corso-
Sardinian grass snakes is no longer tenable and their status
should be reinstated as subspecies of N. natrix. The pro-
nounced sequence divergence of the paraphyletic clade em-
bracing N. n. helvetica and N. n. lanzai suggests the
existence of multiple glacial refugia south of the Alps and
in the Apennine Peninsula. Western Europe was recolonized
from one of these refuges in the Holocene. On each of the
other southern European peninsulas and in Anatolia was at
least one other glacial refuge located; for the Balkan Penin-
sula there is evidence for two distinct refugia. In such
refugia genetic lineages of often pre-Pleistocene age sur-
vived. The estimated divergence times of some grass snake
clades are considerable and suggest that the onset of differ-
entiation is related with the Alpine orogenesis. Corso-
Sardinian grass snakes are an ancient lineage that seems to

have diverged in the Early Pliocene. Another deeply diver-
gent clade of approximately the same age from central and
northern Europe suggests the Pleistocene survival of grass
snakes north of the Alps.
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