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Abstract

Using 12 microsatellite loci, mitochondrial DNA sequences and previously published morphological evidence, we examined the phy-
logeographic and taxonomic structure of Natrix helvetica. Our results support tentatively the recognition of five subspecies: (1) N. A.
helvetica (Lacepede, 1789) from Western Europe, (2) N. h. cetti Gené, 1839 from Sardinia, (3) N. A. corsa (Hecht, 1930) from Corsica, (4)
N. h. lanzai Kramer, 1970 from the Po drainage and peninsular Italy, except for parts of Calabria and perhaps Apulia, and (5) N. h. sicula
(Cuvier, 1829) from Sicily and parts of Calabria. The status of the subspecies from Corsica and Sardinia warrants further research. Grass
snakes from the two islands are genetically deeply divergent from their continental and Sicilian conspecifics. However, the mitochondrial
haplotypes of N. h. cetti and N. h. corsa are not reciprocally monophyletic, and our analyses of microsatellite data did not unambiguously
support their distinctness. Natrix helvetica lanzai comprises three mitochondrial lineages and could represent more than one taxon. Grass
snakes of the northern mitochondrial lineage of N. 4. lanzai (mainly from the Po drainage system) were previously assigned to N. 4. hel-
vetica. We propose that the recognition of subspecies within N. helvetica reflects its genetic differentiation best. Our subspecies concept
resembles the definition of Evolutionarily Significant Units (ESUs) in that subspecies should be ideally confirmed by two independent
genetic lines of evidence (mtDNA, nuclear genomic markers). In contrast to species, subspecies are still fully capable of extensive gene
flow and may disappear in the evolutionary process as a consequence of secondary contact. Thus, subspecies represent an early stage of
(incomplete) speciation. Using the subspecies category facilitates communication within and beyond science (legislation, conservation), a
clear advantage compared to the cumbersome concept of ESUs.
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Introduction validity was rejected (Fritz ef al., 2012; KINDLER et al.,
2013), so that the genus Natrix comprised until recently

only three species, the grass snake N. natrix, the viper-

True grass snakes are widely distributed and abundant in
the Western Palearctic. All true grass snakes were tradi-
tionally placed into the polytypic species Natrix natrix
(Linnaeus, 1758) (MERTENS & WERMUTH, 1960; KABISCH,
1999), even though some authors suggested the existence
of two further species based on morphological differ-
ences, Natrix cetti Gené, 1839 and Natrix megalocephala
Orlov & Tuniyev, 1987 (OrLov & TuNIYEV, 1987; VANNI
& CimmaRrUTA, 2011). However, these two putative spe-
cies were not confirmed by molecular markers and their

ine snake N. maura (Linnaeus, 1758) and the dice snake
N. tessellata (Laurenti, 1768). Grass snakes were thought
to inhabit the largest distribution range of all, from North-
western Africa and the Iberian Peninsula through most of
Europe eastwards to Central Asia. Based on morphology,
up to 14 subspecies of N. natrix were distinguished (Ka-
BIsCH, 1999). Several studies using mitochondrial DNA
(mtDNA) sequences and microsatellite loci (GUICKING et
al., 2006, 2008; Fritz et al., 2012; KINDLER et al., 2013,
2014, 2017, 2018a, b; PokrANT et al., 2016) elucidated
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Table 1. Currently recognized subspecies of Natrix helvetica, their distribution ranges and mitochondrial lineages (combined from Ka-
BISCH, 1999; KINDLER et al., 2013, 2017). In Calabria is a contact zone of N. A. lanzai and N. h. sicula (KINDLER et al., 2013).

Subspecies Distribution mtDNA lineage
(KINDLER et al., 2013)
N. h. helvetica (Lacepede, 1789) Rhine region westwards to the Pyrenees, Britain, Po Plain C E
N. h. cetti Gené, 1839 Sardinia B
N. h. corsa (Hecht, 1930) Corsica B
N. h. lanzai Kramer, 1970 Apennine Peninsula south of Po Plain, except Calabria D,F
N. h. sicula (Cuvier, 1829) Sicily, Calabria A

the genetic structure of grass snakes, resulting in the re-
cent recognition of three distinct species (POKRANT ef al.,
2016; KINDLER et al., 2017), none of which corresponds
to those two species proposed on morphological grounds.
The three currently accepted true grass snake species are,
from west to east, the Ibero-Maghrebian red-eyed grass
snake N. astreptophora (Seoane, 1884); the barred grass
snake N. helvetica (Lacepéde, 1789), distributed from
the Pyrenees eastwards to the Rhine region, including
Britain, the Apennine Peninsula, Sicily, Corsica, and Sar-
dinia; and the common or eastern grass snake N. natrix,
occurring from the Rhine region eastwards to Central
Asia.

The barred grass snake comprises several morpho-
logically distinctive forms that have been traditionally
recognized as distinct subspecies (MERTENS & WERMUTH,
1960; KaBiscH, 1999; Table 1). The widest distribution
has the nominotypical subspecies N. h. helvetica, which
occurs in Britain and from the Pyrenees to the Rhine
region; all other subspecies are more localized. Among
the other subspecies are the geographically isolated and
morphologically distinctive grass snakes from Corsica
and Sardinia, which once have been thought to be mor-
phologically so divergent that they deserve recognition
as two ‘incipient species’ in the rank of subspecies of
N. natrix (THORPE, 1979) or as one distinct species with
two subspecies (N. cetti cetti and N. c. corsa; VANNI &
CIMMARUTA, 2011). While the contact zone of N. helveti-
ca and N. natrix has been studied in detail using mtDNA
and 13 microsatellite loci (KINDLER ef al., 2017), genetic
variation within N. helvetica has been examined until
now only using mtDNA. Based on this marker, N. hel-
vetica is comprised of six lineages which are successive
sister taxa in phylogenetic analyses. These lineages do
not completely match with subspecies (Table 1). Unex-
pectedly, grass snakes from Corsica and Sardinia were
neither the most divergent lineage nor reciprocally
monophyletic. Instead, the mitochondrial lineage of Si-
cilian and Calabrian grass snakes, corresponding to the
subspecies N. h. sicula, was sister to a clade containing
the other five lineages, including that from Corsica and
Sardinia (KINDLER ef al., 2013). According to a fossil-
calibrated molecular clock (KiNDLER et al., 2018b), mi-
tochondrial divergence within N. helvetica commenced
approximately 6.8 million years ago (mya), with the line-
age of N. h. sicula being the oldest. The Corso-Sardinian
lineage came out as sister to the three lineages from the
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Apennine Peninsula and the Padan Plain plus the widely
distributed lineage E that corresponds to N. h. helvetica
(KINDLER ef al., 2013). The Corso-Sardinian lineage was
estimated to have diverged approximately 3.9 mya,
whereas the remaining lineages were dated to 2.75 to
0.3 mya, with the split between lineage E of N. h. hel-
vetica and lineage F of N. h. lanzai being the youngest
(KINDLER et al., 2018b).

The wide distribution of lineage E is understood as the
result of a rapid Holocene range expansion from a glacial
refuge in Southern France, in accordance with weak dif-
ferentiation of mitochondrial haplotypes (KINDLER ef al.,
2018a). However, mtDNA is exclusively inherited ma-
ternally. Therefore, in bisexual species, nuclear genom-
ic differentiation may differ significantly. To examine
whether this could be also the case in barred grass snakes,
we used range-wide sampling (Fig. 1) and nuclear micro-
satellite loci, combined with evidence from mtDNA. Our
objective was to address the following questions: (1) Do
the mitochondrial lineages of N. helvetica match or do
they conflict with nuclear genomic clusters, and (2) is the
widely distributed nominotypical subspecies differenti-
ated in local population clusters that are not mirrored by
mtDNA? If the mitochondrial lineages match with nu-
clear genomic clusters, this would support taxonomic
distinctness of the concerned populations. In addition, a
finer population structuring of N. 4. helvetica would have
implications for conservation and could necessitate the
recognition of distinct Management Units in the sense of
MoriTz (1994). Finally, we used our results for a critical
discussion of the subspecies category in zoology.

Materials and Methods

The same genetic markers were employed as in our previ-
ous studies on grass snakes (KINDLER ef al., 2013, 2014,
2017, 2018a, b; PokraNT et al., 2016), i.e. 13 unlinked
polymorphic microsatellite loci (PokrRaNT et al., 2016;
KINDLER et al., 2017, 2018b) and two mtDNA fragments,
the partial ND4 gene plus adjacent DNA coding for
tRNAs (867 bp) and the cyt b gene (1,117 bp). The major-
ity of data was already used for our previous publications
(KINDLER et al., 2013, 2014, 2017, 2018a, b; POKRANT et
al., 2016) but for other purposes. Data for seven samples
from Italy were new (Table S1) and produced accord-
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photo: Wolfgang Bohme.

ing to laboratory procedures described in KINDLER ef al.
(2013) and PokrANT et al. (2016). In total, data from 450
grass snakes were analyzed (Fig. 1; Table S1); 408 sam-
ples represented mitochondrial lineage E; seven samples
corresponded to lineage A; nine samples to lineage B, 12
samples to lineage C, and 13 samples to lineage F. Lin-
eage D was represented only by GenBank data for the
mtDNA of one snake (GUICKING et al., 2006). For analy-
ses of microsatellites, 74 samples of lineage E of Natrix
helvetica helvetica that showed evidence for hybridiza-
tion with N. natrix in KINDLER et al. (2017) were exclud-
ed. Names of mitochondrial lineages follow throughout
the paper KINDLER ef al. (2013). Accession numbers for
haplotypes are given in Table S2.

Mitochondrial DNA sequences were aligned using
BIOEDIT 7.0.9.0 (HALL, 1999), resulting in an 867-bp-long
alignment of 442 sequences corresponding to the ND4
gene and adjacent DNA and an 1,117-bp-long alignment
of 351 cyt b sequences (four cyt b sequences from Kin-
DLER et al., 2013 were excluded because they were too
short for network calculations). For some samples only
one mtDNA fragment was available (Table S1). The mi-
tochondrial lineage of each new sample was identified by
running exploratory Maximum Likelihood (ML) analyses
using RAXML 7.2.8 (Stamartakis, 2006) including previ-
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ously published data (KiNDLER ef al., 2013, 2017), the
GTR + G model and a fast ML search with 100 bootstrap
values. Then, a parsimony network was drawn for each
alignment using TCS (CLEMENT et al., 2000), with gaps
coded as fifth character state. Each fragment was ana-
lyzed separately because TCS software cannot cope with
missing data. Using the default 95% connection limit,
unconnected haplotype clusters were obtained for the
different genetic lineages, which is why the connection
limit was arbitrarily set to 50 steps. Based on haplotypes,
uncorrected p distances (means) were calculated using
MEGA 10.0.1 (KumaRr ef al., 2018) and the pairwise de-
letion option.

For examining the genotypic structure of Natrix hel-
vetica, the same 13 microsatellite loci as in KINDLER et
al. (2017) were used. However, one locus (Nsu3) was
excluded from calculations due to missing data. The
other 12 loci were examined for Hardy-Weinberg equi-
librium (HWE) and linkage disequilibrium using ARLE-
QUIN 3.5.1.3 (ExcoFriErR & LiscHER, 2010). The presence
of null alleles was tested in MICRO-CHECKER 2.2.3 (VAN
OO0sTERHOUT et al., 2004). No evidence was found for null
alleles, linkage disequilibrium or deviation from HWE.
Microsatellite data were then subjected to unsupervised
cluster analyses using STRUCTURE 2.3.4 (PRITCHARD et al.,
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2000; FaLusH et al., 2003). STRUCTURE searches in the data
set for partitions that are, as far as possible, in HWE and,
within each partition, in linkage equilibrium between loci
(PRITCHARD et al., 2000). Because STRUCTURE is known to
be sensitive against uneven sample sizes (PUECHMAILLE,
2016), data for the nominotypical subspecies were rare-
fied by randomly drawing a subsample of 20 individuals
(10 from Southern France and adjacent Italy plus 10 from
the remaining distribution range). The resulting data set
(n=49) consisted of all available data for southern barred
grass snakes plus the data for 20 N. &. helvetica and was
analyzed with STRUCTURE using correlated allele frequen-
cies and the admixture model. The Monte Carlo Markov
chains ran for 1 million generations, and the burn-in was
set to 250,000 generations. For Ks ranging from 1 to 10,
calculations were repeated ten times each. The best K
value was determined using STRUCTURE HARVESTER (EARL
& voNHoLpt, 2012). In addition, posterior probabilities
for K values were inspected. STRUCTURE results were fi-
nally visualized using pisTRUCT 1.1 (ROSENBERG, 2004).
For the microsatellite data of each sTRUCTURE cluster and
the corresponding mtDNA data, pairwise Fg; values and
Analyses of Molecular Variance (AMOVAs) were ob-
tained using ARLEQUIN. To examine the genetic distinc-
tiveness of the clusters without underlying population
genetic presumptions, Principal Component Analyses
(PCAs) were calculated using the R package ADEGENET
(JomBarT, 2008). Furthermore, to examine the geograph-
ic structuring of N. h. helvetica, microsatellite data of all
334 samples of this subspecies were subjected to sTRuUC-
TURE analyses and PCAs, employing for STRUCTURE the
same settings as described above.

Results

Parsimony networks and uncorrected p distances of
mtDNA, geographic distribution of mtDNA lineages.
Each previously identified mtDNA lineage (KINDLER ef
al., 2013) corresponded to a distinct haplotype cluster in
parsimony network analysis, both for the mtDNA frag-
ment consisting of the partial ND4 gene plus adjacent
DNA (ND4 + tRNAs) and for the cyt b gene.

Records of lineage A matched with all samples from
Sicily and one sample from Calabria, where lineage F was
recorded in close proximity. Lineage B was represented
by all samples from Corsica and Sardinia. Records for
lineage C were mainly from the catchment basin of the
Po River, with records from South Tyrol, Trentino, Pied-
mont, and Veneto in Italy, and within Switzerland, from
Ticino and Valais (Wallis). A record from Lago Ritom,
Ticino, Switzerland is from 1,900 m a.s.l.. Another Swiss
record was from beyond the Simplon Pass (2,005 m
a.s.l.), outside the Po drainage (Niedergesteln, Valais).
Lineage D was represented only by GenBank sequences
from a single individual from Southern Apulia (GUICKING
et al., 2000). Lineage E was recorded from continental
France, Great Britain, the Netherlands, Western Germa-
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ny, Switzerland, and a single site in Northwestern Italy, at
the Piedmontese-Ligurian border close to France. Line-
age F corresponded to samples from mainland Italy (Tus-
cany, Lazio, Calabria).

For ND4 + tRNAs (Fig. 2, top), there was a star-like
cluster of 12 haplotypes corresponding to lineage E.
These haplotypes differed by a maximum of two muta-
tion steps. The unique haplotype of the Apulian lineage
D, identified from one GenBank sequence only (Guick-
ING et al., 2006), was connected to cluster E by six muta-
tion steps. The Corso-Sardinian cluster B comprised two
haplotypes separated by one mutation step, and was con-
nected to cluster E by a minimum of 20 mutation steps.
Samples from Corsica and Sardinia had shared haplo-
types (Table S1). Cluster A from Sicily and Calabria con-
sisted of three haplotypes that differed by a maximum of
two mutations. This cluster was connected by 29 muta-
tion steps to the Corso-Sardinian cluster and by 45 steps
to cluster E. In cluster F, from western mainland Italy,
occurred two haplotypes with seven mutation steps dif-
ference that were connected by a minimum of two steps
with cluster E. Lineage C from Northern Italy had only
one haplotype that differed by a minimum of 18 steps
each from lineages F and E.

For the cyt b gene (Fig. 2, bottom) a similar but more
complex pattern was revealed, again with the cluster of
haplotypes from Sicily (A) being the most distinct. Lin-
eage E was represented by a cluster of 29 haplotypes,
with individual haplotypes differing by a maximum of
five mutation steps. The remaining clusters were con-
nected over a large loop. This loop diverged from cluster
E via three mutations that led to cluster F. Cluster F itself
consisted of five haplotypes that were connected over an-
other small loop by a maximum of five steps. Cluster F
was linked over at least 33 steps with cluster B. Cluster B
had five haplotypes differing by a maximum of five mu-
tations, and no shared haplotypes were recorded for Cor-
sica and Sardinia (Table S1). Cluster B was connected
over at least 57 steps with cluster A, and over a minimum
of 33 steps with cluster C. In cluster A occurred four hap-
lotypes having a maximum of four mutations. Cluster A
and cluster C were connected by a minimum of 50 steps.
Cluster C had two haplotypes differing by three muta-
tions. These two haplotypes were connected over at least
18 steps to a missing node haplotype leading over four
additional steps to the unique haplotype of lineage D, and
over another six steps to cluster F to close the loop.

Based on haplotypes, the six lineages differed for
ND4 + tRNAs by uncorrected p distances ranging from
0.63% to 6.01% (within lineage divergences: 0.12—
0.81%) and, for the cyt b gene, by 0.45% to 5.22% (with-
in lineage divergences: 0.13—0.27%; Table S3).

Microsatellite analyses and comparisons with mtDNA
differentiation. For the data set containing 20 random-
ly selected Natrix helvetica helvetica and all southern
samples STRUCTURE HARVESTER suggested K=2 as op-
timal number of clusters. However, the AK value for
K=3 was very similar (Fig. S1). For K=2, all samples
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of N. h. helvetica corresponded to one cluster and all
southern samples to the other (Fig. 3, top). Admixture
between the two clusters occurred in Southern France
and Northwestern Italy (Fig. 4, left). With respect to the
mitochondrial lineages, there was a perfect agreement
between lineage E of KINDLER ef al. (2013) and the nu-
clear cluster of N. h. helvetica (Fig. 3). The second nu-
clear cluster included all samples from Italy and Corsica,
which harbored four distinct mitochondrial lineages (A,
B, C, F). According to an AMOVA using microsatellite
data, 85.09% of the molecular variance occurred within
and 14.91% between these two clusters, corresponding
to an F; value of 0.15.

If the mtDNA sequences of the same clusters were
compared in AMOVAs, for the sequences containing
mtDNA coding for ND4 + tRNAs, 66.67% of the mo-
lecular variance occurred within and 33.33% between
the two clusters (Fg;=0.33). For the cyt b gene, 65.54%
of the molecular variance occurred within and 34.46%
between the clusters (Fg;=0.35). When the AMOVAs
were calculated using the five mitochondrial lineages

SENCKENBERG
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Fig. 2. Parsimony networks for mtDNA
sequences of Natrix helvetica. Symbol size
corresponds to haplotype frequency. Hap-
lotype colors correspond to mitochondrial
lineages as in Figure 1. Small black circles
are missing node haplotypes. Lines con-
necting haplotypes represent one mutation
step, if not otherwise indicated by numbers
of substitutions along lines. Individual hap-
lotype names in grey; for European Nucleo-
tide Archive (ENA) accession numbers, see
Table S2.

A—F as groups, the following pattern was revealed:
For ND4 + tRNAs, only 2.39% of the molecular vari-
ance occurred within and 97.61% among the groups
(Fsr=97.61). For the cyt b gene, 3.16% of the molecu-
lar variance occurred within and 96.84% among and the
groups (Fy;=96.84).

STRUCTURE is known to reveal only the uppermost hi-
erarchical level of genetic differentiation (Evanno ef al.,
2005). Therefore, the data of the southern microsatellite
cluster were examined alone, exclusive of two individu-
als with admixture proportions beyond 20%. For this sec-
ond STRUCTURE analysis, K=2 was also revealed as the
best number of clusters (Fig. S2), and the snakes from
Corsica and Sardinia were assigned to another cluster
than those from mainland Italy and Sicily (Fig. 3, center;
Fig. 4, right). In an AMOVA, 77.93% of the molecu-
lar variance of the microsatellites occurred within, and
22.07% between the two clusters, equaling an F§; value
of 0.22. The calculations for the complete data set using
K=3 matched perfectly with these results in that Corso-
Sardinian grass snakes constituted the third cluster, while
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K=2

Corsica/ | Northern Italy/ Italy
Sardinia | Switzerland (Tuscany/Calabria)
mtDNA
First
STRUCTURE
run
Second
STRUCTURE
run
0.02 AE
AF
K=3
Italy Corsica/ | Northern Italy/ Italy
France N Sicily | Sardinia | Switzerland (Tuscany/Calabria)
mtDNA

Fig. 3. Genotypic structuring of 49 Natrix helvetica. The mitochondrial lineage of each sample is shown above the STRUCTURE diagrams.
Haplotype colors correspond to lineages: light blue (lineage E), yellow (lineage A), dark blue (lineage B), red (lineage C), green (lineage
D) and lilac (lineage F). In the sTrUCTURE diagrams, an individual sample is represented by a vertical bar reflecting its inferred ancestry.
White bars in the second run correspond to excluded admixed snakes. Top: clustering results for K=2 for all samples and the southern sub-
sample. Inset: Branching pattern of mitochondrial lineages from KINDLER e? al. (2013). Bottom: clustering results for K=3 for all samples.

Fig. 4. Genotypic assignment of grass snakes using STRUCTURE analyses of 12 microsatellite loci. Symbol colors correspond to STRUCTURE
barplots (Fig. 3). Mixed ancestries are indicated by differently colored sectors corresponding to inferred genetic percentages of the respec-
tive cluster. Left: STRUCTURE run including 20 randomly selected samples of Natrix helvetica helvetica and all southern samples. Right:
STRUCTURE run without N. h. helvetica. Inset: N. h. cetti (Sette Fratelli, Sardinia); photo: Philippe Geniez.
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Fig. 5. PCA for microsatellite data of 363 samples of Natrix helvetica. Samples are colored according to mitochondrial lineages. The oval
outlines represent 95% confidence intervals. The x axis (PC1) explains 7.9 % and the y axes 4.5% (PC2) and 4.2% (PC3) of the variance.

the other cluster assignments and admixture proportions
remained virtually identical (Fig. 3, bottom).

AMOVAs for the mtDNA of the samples used in the
second sTRUCTURE analyses (Fig. 3, center) found for the
sequences containing the partial ND4 gene and DNA cod-
ing for tRNAs 58.63% of the molecular variance within
and 41.37% between the two clusters (Fg;=0.41) and for
the cyt b gene, 52.89% within and 47.11% between the
clusters (Fg;=0.47).

The PCAs showed much better resolution than the
STRUCTURE analyses. The PCAs returned most grass
snakes harboring different mitochondrial lineages as dis-
tinct clusters, and the two samples from Sardinia differed
also from the three samples from Corsica (Fig. 5). Broad
overlap occurred only with respect to the samples cor-
responding to mtDNA lineages C (Po drainage) and F
(western Apennine Peninsula).

When STRUCTURE analyses were run for all 334 sam-
ples of N. h. helvetica alone (exclusive of all southern
samples representing mtDNA lineages A—C and F),
STRUCTURE HARVESTER found K=3 and K=4 as equally
good solutions for the cluster numbers; K=1 could be
excluded after inspection of the posterior probabilities
for K (Fig. S3). However, both for K=3 and K=4 high
levels of admixture were revealed, indicating weak dif-
ferentiation and extensive gene flow across the range
(Figs 6 and 7). This weak differentiation is in line with
the results of a PCA for the 334 samples (Fig. S4).

SENCKENBERG

Discussion

Using 12 microsatellite loci as nuclear genomic markers,
our study found clusters resembling, but not completely
matching, the differentiation pattern of the mitochondrial
lineages of Natrix helvetica (Fig. 8). Grass snakes of the
nominotypical subspecies N. k. helvetica match excel-
lently with the distribution of the mitochondrial lineage
E and the corresponding microsatellite cluster, except for
Northern Italy (see below). The weak genetic structur-
ing within N. h. helvetica (Figs 6, 7, S4) supports that
its wide distribution range was rapidly colonized in the
Holocene (KINDLER et al., 2018a).

One of the six previously identified mitochondrial
lineages of N. helvetica (KINDLER et al., 2013) could not
be studied using microsatellites (lineage D from Apulia,
only known from GenBank sequences from one indi-
vidual; GuICKING et al., 2006). For the remaining five
lineages microsatellites could be generated. Among
these, lineage A from Sicily and Calabria is most diver-
gent and sister to all remaining lineages of N. helvetica
(Fig. 8), with an estimated mean age of 6.83 mya (Kin-
DLER et al., 2018b). This is in agreement with a general
phylogeographic paradigm that Sicily harbors deeply
divergent genetic lineages that are typically sister to lin-
eages from the Apennine Peninsula and sometimes more
northerly regions (as reviewed in KINDLER ef al., 2013).
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Fig. 6. Genotypic structuring of 334 Natrix helvetica helvetica for K=3 (top) and K=4 (bottom). The high level of genetic admixture
indicates negligible differentiation and extensive gene flow. For further explanation, see Figure 3.
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Fig. 7. Genotypic structuring of 334 Natrix helvetica helvetica for K=3 and K=4. Colors correspond to barplots in Figure 6.

The geographic distribution of lineage A matches the
putative range of the morphologically defined subspe-
cies N. h. sicula (Table 1). Our unsupervised STRUCTURE
analyses did not reveal a distinct nuclear cluster for the
samples representing lineage A (Fig. 3). In contrast, our
PCA showed that this lineage is clearly distinct (Fig.
5). STRUCTURE is known to discover only the uppermost
hierarchical level of divergence (Evanno et al., 2005).
Moreover, the software is sensitive against uneven sam-
ple sizes (PUECHMAILLE, 2016) and, despite our efforts to
generate similar sample sizes, we cannot exclude that
the clustering results of STRUCTURE are still biased from
the small and still somewhat uneven sample sizes for
the individual southern lineages. In any case, STRUCTURE
and PCA calculations agreed in finding lineages E and B
distinct, and PCA discriminated within lineage B even
samples from Corsica and Sardinia. In contrast, line-
ages C and F were not distinct in STRUCTURE analyses and
PCA (Figs 3, 5, 8). Lineage E corresponds to the samples
of N. h. helvetica and lineage B to the Sardinian subspe-
cies N. h. cetti plus the Corsican subspecies N. h. corsa.
Lineages C and F are currently identified with the sub-
species N. h. helvetica and N. h. lanzai, respectively
(Table 1).
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While the morphological distinctness of N. h. lanzai
and N. h. sicula has been doubted (THorPE, 1979, 1980,
1984a, b), the validity of the Corsican and Sardinian taxa
has been generally accepted based on their peculiar mor-
phology (MERTENS, 1947, 1957; MERTENS & WERMUTH,
1960; TaorrE, 1979, 1980, 1984b; KaBiscH, 1999; VaNNI
& CimmaruTa, 2011). Using multivariate analyses of
many morphological characters, THORPE (1979) regarded
each of the two Corso-Sardinian taxa as an ‘incipient
species’ in the rank of a subspecies. In addition to the
Corsican and Sardinian subspecies, THORPE (1979) rec-
ognized only two additional continental grass snake sub-
species in which he lumped together all other subspecies.
This reduction of the number of continental subspecies
to two was not unambiguously appreciated (KRAMER ef
al., 1982; ENGELMANN et al., 1986; GRUBER, 1989; BRANA,
1998; KaBiscH, 1999; KrREINER, 2007; GENIEZ, 2015), and
many authors continued to distinguish additional subspe-
cies. VANNI & CimMARUTA (2011) placed grass snakes
from Corsica and Sardinia in the distinct species Natrix
cetti, with a Corsican (N. c. corsa) and a Sardinian sub-
species (M. c. cetti). However, both the views of THORPE
(1979) and Vanni & CimmaruTa (2011) conflicted with
the mitochondrial differentiation of grass snakes, and
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Fig. 8. Comparison of different genetic markers and morphology for Natrix helvetica. Phylogenetic branching pattern of mtDNA lineages

according to KINDLER ef al. (2013); microsatellite analyses according to the present investigation; morphological differences according to
(1) MerTENS & WERMUTH (1960), (2) KRAMER (1970), KRAMER ef al. (1982), and (3) THorpE (1979). The latter author included in his concept
of the subspecies helvetica also what is now N. astreptophora. Numbers at nodes are estimates for mean divergence times of mitochondrial

lineages from KINDLER ef al. (2018b).

the elevation of Corso-Sardinian grass snakes to species
level was rejected (Fritz et al., 2012). Subsequent stud-
ies using mtDNA and microsatellite loci to examine the
phylogeographic structuring of grass snakes (KINDLER e?
al., 2013, 2014, 2017, 2018a, b; POkRANT et al., 2016)
revealed the existence of three distinct species, each
with multiple genetic lineages. The red-eyed grass snake
N. astreptophora (Seoane, 1884) is distributed over North
Africa and the Iberian Peninsula (POKRANT ef al., 2016;
KINDLER et al., 2018D). Its range abuts in Southwestern
France with that of the barred grass snake, N. helvetica
(Lacepede, 1789). Hybridization between the two spe-
cies is rare (POKRANT et al., 2016). Natrix helvetica is
distributed from the Pyrenees across mainland France
to the Rhine region and also occurs in Britain, Italy (in-
cluding Sicily and Sardinia) and on Corsica. In a narrow
strip in the Rhine region it hybridizes with the common
grass snake Natrix natrix (Linnaeus, 1758), with largely
unidirectional gene flow from N. helvetica into N. natrix
(KINDLER et al., 2017). The range of the latter species in-
cludes Fennoscandia and extends from Central Europe
across Eastern and Southeastern Europe to the Middle
East and Central Asia (BaNNIkoV ef al., 1977; KABISCH,
1999; Sinbaco et al., 2013; KINDLER ef al., 2014).
THorpE (1980, 1984b) regarded the morphological var-
iation within what is now N. astreptophora and N. helvet-
ica as clinal and suggested that two ancestral populations
extended their ranges northwards, one from Southern Ita-
ly and Sicily and the other from the Iberian Peninsula and
North Africa, with the two range expansions meeting in
Western and Central Europe. This hypothesis is untenable
in the light of the genetic differentiation of the involved
grass snake populations representing two distinct biologi-
cal species, N. astreptophora and N. helvetica (POKRANT
et al., 2016). In addition, mtDNA provided unambigu-
ous evidence for several glacial refugia of N. helvetica in
Southern France, Corso-Sardinia, the Apennine Peninsula
and Sicily (KINDLER ef al., 2013, 2018a). In the following,
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we will discuss whether it is justified to recognize these
lineages as distinct taxa and if so, which taxonomic rank
should be applied — species or subspecies.

What is a subspecies? While there is an ever-growing
body of literature about different species concepts and
their pros and cons (see for instance the recent review in
ZAcHos, 2016), distinctly less attention has been paid to
the subspecies category. Within the International Code of
Zoological Nomenclature (ICZN, 1999), and thus in the
Linnean system, the rank of subspecies is recognized in
addition to the rank of species. These two ranks together
constitute the so-called species group (ICZN, 1999: Ar-
ticle 45). For some vertebrate groups, in particular mam-
mals (WiLsoN & REEDER, 2005), birds (CLEMENTS et al.,
2018) and reptiles (UEeTz et al., 2018), subspecies have
traditionally been distinguished and are still widely used,
also in legislation and conservation. A conceptual weak-
ness of subspecies is that there exists no common under-
standing what constitutes this category, and some authors
suggested therefore abandoning the usage of subspecies
(e.g. CrACrAFT, 1983; Frost & HirLis, 1990; Isaac et
al., 2004; vaN NIEUKERKEN ef al., 2016), with the result
that subspecies are rarely used for invertebrates (but see
BRrABY et al., 2012 for butterflies and WALLIN et al., 2017
for beetles), fishes (FRICKE ef al., 2018), and amphibians
(Frost, 2018). In a nutshell, the debate can be focused
upon the question ‘Is a subspecies merely a (local) vari-
ant without evolutionary significance, or does a subspecies
represent a genetic evolutionarily significant lineage?’
Several authors have reviewed aspects of the subspe-
cies debate (PHILLIMORE & OWENS, 2006; BRABY et al.,
2012; TorsTROM et al., 2014; ZacHos, 2016), and the in-
terested reader is referred to these publications. In the
case of Natrix helvetica, abandoning the usage of sub-
species would imply lumping together morphologically
and genetically clearly distinct taxa that are allopatric or
parapatric, including the morphologically highly distinc-

277



KinDLER, C. & Fritz, U.: Phylogeography and taxonomy of the barred grass snake (Natrix helvetica)

tive grass snakes from Corsica and Sardinia. It would
also imply lumping together endangered lineages, in par-
ticular the imperiled grass snake from Sardinia (VANNI
& CIMMARUTA, 2011), and abundant lineages. This would
be clearly counterproductive for conservation. Recently,
HawLiTscHEK et al. (2012) discussed the merits of the
rank of subspecies, especially with respect to allopatric
island taxa that have reached a level of divergence “that
does not yet warrant species status.” We fully agree with
their reasoning but see good arguments for the recogni-
tion of subspecies also beyond island taxa, especially in
the light that subspecies typically originate as the result
of range disjunctions, i.e. in allopatric situations resem-
bling those on islands.

Our understanding of subspecies is similar to MorITz’s
(1994) definition of Evolutionarily Significant Units
(ESUs), resembling the views of BraBY et al. (2012) and
TorstrOM et al. (2014). Accordingly, subspecies should
represent distinct mtDNA lineages (except for cases of
mitochondrial capture), and they should represent also
distinct nuclear genomic clusters, i.e. they should be
confirmed by two independent lines of genetic evidence.
Ideally, but not necessarily, distinct subspecies should
be diagnosable also morphologically. In contrast to spe-
cies, and in agreement with the definition for subspecies
of Avise & BaLL (1990), subspecies differ from species
in that they are capable of extensive gene flow, i.e. they
are completely genetically compatible with other sub-
species. In our definition, subspecies constitute an early
stage in the speciation process that has not reached yet a
pronounced state of reproductive isolation. Thus, our sub-
species concept is firmly embedded within the Biological
Species Concept coined first by MAvYr (1942), inspired by
RENscH’s (1929, 1947) Rassenkreis concept. In parapatric
taxa, gene flow across contact zones represents the test
case for applying the rank of a species or subspecies.

Populations representing distinct subspecies have
gained genetic divergence in allopatry and have devel-
oped a distinct genetic profile, but are still fully capa-
ble of admixture. Therefore, subspecies can disappear
as a consequence of genetic admixture during secondary
contact. This process is similar to despeciation (GRANT
& GRaNT, 2014) or reverse speciation (SEEHAUSEN, 2006;
WEBB et al., 2011) — if the involved taxa were correctly
classified as distinct species — but in subspecies, com-
plete genetic amalgamation should be the rule and not
the exception. The cases of despeciation and reverse
speciation make also clear that the evolutionary transi-
tion between subspecies and species is gradual and that
classification may fail. The advantage of our understand-
ing of subspecies compared to ESUSs is that the usage of
subspecies facilitates communication in science and be-
yond. Often, recognizing subspecies continues also the
usage of well-established scientific names, especially in
some vertebrate groups, and helps to implement legisla-
tive measures for endangered subspecies in national and
international law.

Grass snakes represent an excellent example for our
subspecies concept because this group embraces taxa
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that represent different stages in the speciation process.
Natrix astreptophora and N. helvetica are old evolution-
ary lineages and no longer capable of genetic admix-
ture. According to a fossil-calibrated molecular clock,
N. astreptophora diverged from the common ancestor
of N. natrix and N. helvetica 10.61 mya (mean estimate;
KINDLER ef al., 2018b). In the contact zone of N. astrep-
tophora and N. helvetica hybrids occur only sporadically
(PokRrANT et al., 2016). Natrix helvetica and N. natrix are
genetically less divergent and represent phylogenetically
younger taxa (mean estimate of divergence: 8.64 mya;
KINDLER et al., 2018D). In their contact zone, hybridiza-
tion occurs regularly, but the contact zone is bimodal,
with parental genotypes still present, besides hybrid in-
dividuals. Moreover, the contact zone is narrow, only ap-
proximately 50 km wide, and gene flow is largely unidi-
rectional from N. helvetica into N. natrix (KINDLER ef al.,
2017). Within N. natrix, several distinct genetic lineages
exist, among others the so-called ‘red lineage’ and ‘yel-
low lineage’, that represent mtDNA lineages matching
with distinct nuclear genomic clusters (KINDLER ef al.,
2017). The divergence of the red and yellow lineages
is younger than that between N. helvetica and N. natrix
(6.74 mya; KINDLER et al., 2018b). Their contact zone is
unimodal, with hybrid genotypes but without parental
genotypes, and wide (approximately 680 km), with ex-
tensive wide-ranging gene flow in both directions (Kin-
DLER et al., 2017). Accordingly, the red and the yellow
lineages qualify formally as subspecies, while the taxa
without or restricted unidirectional gene flow can be rec-
ognized full species.

Subspecies of Natrix helvetica (Lacepéde, 1798). Only
limited material is available for the southern lineages of
Natrix helvetica and additional sampling may refine our
conclusions. Not all mitochondrial lineages of N. helvet-
ica match with nuclear genomic clusters (Fig. 8). This is
indirect evidence for gene flow, reflected by lacking nu-
clear genomic differentiation. Mitochondrial DNA (Kin-
DLER et al., 2013) revealed lineage A (Sicily and Calabria)
as sister group to the remaining mtDNA lineages. Thus,
it should be assumed that grass snakes from Sicily and
Calabria are also highly divergent with respect to nuclear
genomic markers. However, microsatellite data indicat-
ed that Sicilian populations are less differentiated from
mainland lineages than those from Corsica and Sardinia
(Fig. 8), even though grass snakes from these two islands
are less divergent in mtDNA. This conflicting pattern can
be explained by past gene flow between Sicilian and pen-
insular Italian grass snakes across the narrow Strait of
Messina. As a consequence of the much wider sea strait
separating Corsica and Sardinia from mainland Italy, ad-
mixture between peninsular and Corso-Sardinian popula-
tions was more restricted, leading to more pronounced
nuclear genomic divergence.

Our relatively few samples from mainland Italy often
prevent direct evidence for gene flow among the main-
land lineages. However, the following observations ar-
gue for their conspecificity: (1) There is clear evidence
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for admixture between lineage E and lineage F in North-
western Italy (Figs 3 and 4); (2) the microsatellite pro-
files of lineages C and F are not distinct (Figs 3 and 5);
and (3) lineage A clusters in STRUCTURE analyses with the
other lineages from mainland Italy. This suggests that all
lineages, including lineage B from Corsica and Sardinia,
should be regarded as conspecific because, if the most
divergent and oldest mitochondrial lineage A is conspe-
cific with the other mainland lineages, also the younger
lineage B should be conspecific (cf. Fig. 8). This is also
supported by STRUCTURE analyses for samples represent-
ing all mitochondrial lineages that place Corso-Sardinian
samples in the same cluster than Sicilian and mainland
Italian samples (Fig. 3, top).

Since GEeNE (1839), grass snakes from Corsica and
Sardinia were always regarded as taxonomically distinct,
and since MERTENS (1957), grass snakes from Corsica and
Sardinia were recognized as two distinct subspecies (e.g.
MERTENS & WERMUTH, 1960; THORrRPE, 1979; KABISCH,
1999; KREINER, 2007; VAaNNI & CIMMARUTA, 2011; GENIEZ,
2015). However, mitochondrial haplotypes from each is-
land were not reciprocally monophyletic (KINDLER ef al.,
2013), even though we found no shared haplotypes for
cyt b in the present study. Moreover, most of our micro-
satellite analyses could not discriminate between snakes
from Corsica and Sardinia; only our PCA revealed dis-
tinct clusters (Figs 5 and 8), but the reliability of this re-
sult is restricted by the small sample size (Corsica: n=3;
Sardinia: n=2). Therefore, Corsican and Sardinian grass
snakes do not fully qualify for all of our criteria for the
recognition of distinct subspecies. However, we are re-
luctant to lump together the two subspecies, also because
Sardinian grass snakes are rare and endangered (VANNI
& CIMMARUTA, 2011). Instead, we encourage further re-
search and propose the continued tentative recognition of
a distinct subspecies for each island.

Problematical is also the status of grass snakes from
Northern Italy and Apulia. GenBank sequences from a
single individual from Southern Apulia (GUICKING et al.,
20006) indicate that a distinct mtDNA lineage (D) occurs
there, which diverged more than 1 mya from its sister
group (KINDLER et al., 2018b; Fig. 8). However, this
lineage could not be studied using microsatellites. In
Northern Italy and adjacent Switzerland, another mito-
chondrial lineage (C) was found (KINDLER ef al., 2013;
this study). In microsatellite analyses, lineage C could
not be discriminated from lineage F which matches with
the putative range of N. 4. lanzai (KrRaMER, 1970; Fig. 8).
Morphologically, Kramer (1970) assigned populations
from the range of lineage C to what is now N. h. helvet-
ica, a taxon regarded by him as distinct from his newly
described subspecies lanzai from further south. Using
multivariate analyses of many morphological characters,
TrorpE (1979) rejected the validity of N. h. lanzai and
identified populations from the Padan Plain (Northern It-
aly) as representing a hybrid zone of what is now N. hel-
vetica and N. natrix. This was not corroborated by genet-
ics (KINDLER ef al., 2013). However, for the Rhine region,
there was a perfect match between the contact zone of
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N. helvetica and N. natrix as identified by THorPE (1979)
and the contact zone revealed by genetics (KINDLER et al.,
2017). Therefore, the conflict of morphological and ge-
netic data for Northern Italy is unexpected and could be
due to morphological peculiarities of the Northern Ital-
ian grass snakes. This calls for further research. For the
time being, we tentatively assign grass snakes of line-
age C to N. h. lanzai because our microsatellite analyses
failed to discriminate it from this subspecies. Pending
further research, we also recommend to identify Apulian
grass snakes with N. &. lanzai. We are aware that this
preliminary subspecies delineation renders the mitochon-
drial lineages of N. h. lanzai paraphyletic with respect to
N. h. helvetica. However, this situation could change if
further studies should reveal further lines of evidence
supporting the taxonomic distinctness of Apulian and
Northern Italian grass snakes. Until this issue is cleared,
each population of N. h. lanzai harboring a distinct mito-
chondrial lineage should be regarded as a Management
Unit. In conclusion, we suggest recognizing tentatively
the following five subspecies of Natrix helvetica (La-
cepede, 1789):

1) Natrix helvetica helvetica (Lacepéde, 1789), Western
Europe from the Pyrences to the Rhine region, in-
cluding Britain.

2) Natrix helvetica cetti Gené, 1839, Sardinia.
3) Natrix hevetica corsa (Hecht, 1930), Corsica.

4) Natrix helvetica lanzai Kramer, 1970, Po drainage
and peninsular Italy, except for parts of Calabria.

5) Natrix helvetica sicula (Cuvier, 1829), Calabria (in
part), Sicily.

The taxonomic identity of grass snakes from Northern It-
aly, Apulia, Corsica, and Sardinia requires further study.
The records of the mitochondrial lineage C of N. A. lan-
zai in the Swiss canton Valais (Wallis), beyond the Po
drainage, and in considerable altitude in the canton Ti-
cino (1,900 m a.s.l.) suggest that this lineage might have
crossed the main chain of the Alps also elsewhere. An
unstudied contact zone of N. h. lanzai and N. natrix is
expected for northeasternmost Italy, from where records
of N. natrix are known east of the Piave River (LaPINI et
al., 1999).
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