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Abstract

Viridovipera stejnegeri is one of the most common pit vipers in Asia, with a wide dis-

tribution in southern China and Vietnam. We investigated historical demography and

explored how the environment and climatic factors have shaped genetic diversity and

the evolutionary history of this venomous snake. A total of 171 samples from 47 locali-

ties were sequenced and analysed for two mitochondrial gene fragments and three

nuclear genes. Gene trees reveal the existence of two well-supported clades (Southwest

China and Southeast China) with seven distinct and strongly supported, geographi-

cally structured subclades within V. stejnegeri. Estimation of divergence time and

ancestral area suggests that V. stejnegeri originated at ~6.0 Ma in the late Miocene on

the Yunnan–Guizhou Plateau. The estimated date of origin and divergence of the

island populations of Taiwan and Hainan closely matches the geological origin of the

both islands. The mtDNA gene tree reveals the presence of west–east diversification in

V. stejnegeri populations. Complex orogenesis and heterogeneous habitats, as well as

climate-mediated habitat differentiation including glacial cycles, all have influenced

population structure and the distribution of this taxon. The validity of V. stejnegeri
chenbihuii is questionable, and this subspecies most probably represents an invalid

taxon.
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Introduction

Historical biogeographic factors, contemporary ecology

and organismal behaviour all may play a role in

shaping the genetic diversity of extant species (Avise

et al. 1987). It is well known that climate and geography

are key factors in driving population differentiation

(Hewitt 1999, 2004; Varga 2010; Che et al. 2010; Guo

et al. 2011; Yan et al. 2013). An increasing number of

studies throughout the temperate regions of the world

have explored the influence of climate oscillations and

glacial cycles on population structure, genetic diversity
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and evolutionary history (Guiher & Burbrink 2008;

Ursenbacher et al. 2008; Pyron & Burbrink 2009; Fijar-

czyk et al. 2011; Myers et al. 2013). Subsequently, several

models considering range alterations and patterns of

postglacial colonization have been proposed to account

for historical demographic change throughout the Qua-

ternary (e.g. Wood et al. 2012; also see Fijarczyk et al.

2011).

Eastern and southeastern Asia contains several regio-

nal biodiversity hot spots including the Himalayas,

Indo-Burma and Japan (Critical Ecosystem Partnership

Fund 2015). One of the most important geological

events in this region was the collision of the India sub-

continent plate with Asia, leading to the uplift of the

Himalayas and the Qinghai-Xizang Plateau (Harrison

et al. 1992; Zhang 1999). Undoubtedly, the associated

geographic events would have generated highly vari-

able habitats, heterogeneous environments and new cli-

matic regimes, which may have served as the major

processes for severing connections between populations

and, importantly for biodiversity, modifying and influ-

encing patterns of speciation (Che et al. 2010; Guo et al.

2011; Yan et al. 2013). Thus, eastern and southeastern

Asia is a regionally important area for testing the

effects of geographical change on evolutionary pro-

cesses (Che et al. 2010; Guo et al. 2011; Yan et al. 2013;

Zhu et al. 2016). However, our current knowledge of

Asian biogeography lags behind that of other regions,

such as Europe and the Americas (e.g. Guiher & Bur-

brink 2008; Ursenbacher et al. 2008; Pyron & Burbrink

2009; Fijarczyk et al. 2011; Wood et al. 2012). This is

particularly true for snakes that have been useful for

examining environmental and geological effects on

phylogeographic structure because of their lower dis-

persal abilities and sensitivity to climatic fluctuations

(Bauer 1998; Burbrink & Castoe 2009; Camargo et al.

2010).

Here, we examined the phylogeographic structure of

Stejneger’s pit viper Viridovipera stejnegeri (Schmidt,

1925), an arboreal species broadly distributed in South

Asia. Presently, this species is thought to be restricted

to China and Vietnam in moist terrestrial microhabitats

in forest regions at about 1000 metres above sea level

(Gumprecht et al. 2004; Fig. 1). In China, V. stejnegeri

occurs in the south of the Changjiang River, ranging

from Yunnan to Zhejiang, and from Hainan to northern

Sichuan (Zhao 2006), where two subspecies (the nomi-

nate form and V. s. chenbihuii) are recognized (Gum-

precht et al. 2004; Zhao 2006). Based on regional

sampling, Creer et al. (2001) found the presence of two

mitochondrial clades within Taiwan and proposed mul-

tiple colonization events from continental Asia since the

initial isolation of Taiwan during the Pliocene (Creer

et al. 2001). Unfortunately, with only a few samples

from mainland Asia, it is unknown how and where this

dispersal event occurred.

We sampled V. stejnegeri throughout its range and

used a multilocus approach to infer phylogenetic

structure and estimate historical demographic parame-

ters. Our aims are to explore phylogeographic pat-

terns by assessing genetic diversity and population

structure and test what factors may be responsible for

the observed patterns, to examine the origin of island

populations in order to evaluate the validity of sub-

specific taxa occurring there. This study will provide

a solid contribution to our knowledge of Asian bio-

geography.

Materials and methods

Samples, DNA extraction and sequencing

Samples were obtained via fieldwork and tissue loans

from colleagues and museums. In total, 171 samples of

V. stejnegeri, from 47 localities covering its entire range,

were sequenced and analysed (Fig. 1; Appendix S1, Sup-

porting Information). In addition, three samples of the

closely related species V. gumprechti, V. vogeli and

V. yunnanensis were included as outgroups based on

previous molecular studies (Malhotra & Thorpe 2004).

Total DNA was extracted from 85% ethanol-pre-

served liver or muscle tissue or buffer-preserved blood

using phenol–chloroform protocols (Sambrook & Rus-

sell 2002). Two mitochondrial DNA (mtDNA) frag-

ments from the complete cytochrome b (cyt b) and a

partial NADH subunit 4 (ND4) were amplified using

PCR with primers and cycling parameters given in

Burbrink et al. (2000) and Arevalo et al. (1994), respec-

tively. We also amplified and sequenced three nuclear

genes including two non-protein-coding nuclear frag-

ments, SPTBN1 and Vimentin Intron 4 (VI4), and one

protein-coding nuclear gene Neurotrophin-3 (NT3)

using the primers and conditions described in Pyron &

Burbrink (2009) and Noonan & Chippindale (2006). For

individuals that failed to sequence using the primers

mentioned above, we designed specific primers for

amplification and sequencing (Appendix S2, Support-

ing Information). PCR products were purified and

sequenced by the commercial company BGI (Beijing,

China).

For the three nuclear genes, heterozygous sequences

were resolved using the web-interface SeqPHASE (Flot

2010) and the program Phase (Stephens et al. 2001) with

default settings. Due to few heterozygous individuals

and to avoid extremely time-consuming computations,

only one allele of the phased nuclear gene copies with

the highest posterior probability was chosen to repre-

sent each individual in subsequent analyses.
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Phylogeographic inference

Sequences were edited manually using Seqman in

DNAstar (DNASTAR, Inc.), aligned in Mega 6.0 using

the CLUSTALW algorithm with default parameters

(Tamura et al. 2013) and checked by eye for ambiguous

alignments. We also translated protein-coding frag-

ments into amino acid sequences in Mega 6.0 and

aligned them with published sequences to confirm an

open reading frame was maintained in the protein-cod-

ing loci and that potential pseudogenes had not been

sequenced (Zhang & Hewitt 1996).

We inferred intraspecific phylogenetic relationships

using Bayesian inference (BI) and maximum-likelihood

(ML) methods. Phylogenetic trees were estimated sepa-

rately for the mitochondrial loci and a concatenated

data set of both mtDNA and nuDNA loci. Several dif-

ferent partitioning strategies were evaluated for

mtDNA, and the concatenated data set using Bayes Fac-

tors (BF) (Kass & Raftery 1995) with the stepping-stone

method described in Ronquist et al. (2012). The best-fit

model of nucleotide substitution for each partition

(Posada & Crandall 1998; Posada & Buckley 2004) was

inferred using MRMODELTEST v2.2 (Nylander 2004) under

the Akaike information criterion (AIC). For BI analyses,

three runs and four Markov chains (three heated chains

and a single cold chain) using the best-fit models were

performed in MRBAYES v3.2.2 (Huelsenbeck & Ronquist

2001; Ronquist & Huelsenbeck 2003; Ronquist et al.

2012) using the CIPRES Science Gateway (http://

www.phylo.org/index.php), starting from a random

tree. Substitution parameters were unlinked, and rates

were allowed to vary across partitions. Each run was

conducted for a total of 2 9 107 generations and sam-

pled every 2000 generations with the first 25% samples

discarded as burn-in [cut-off was evaluated using TRA-

CER 1.6 by examining likelihood plots (Rambaut et al.

2014)]. After confirming that three analyses reached sta-

tionarity, and that the topologies were similar, the

resulting trees were combined to calculate posterior

Fig. 1 Topographic map of China and adjoining countries showing the distribution (dashed outline) and sampling localities for Viri-

dovipera stejnegeri from 47 localities analysed in this study. The numbers indicate specimens locality listed in Table 1; the symbols

indicate different subclades. Empty circles: A; filled circles: B; diamonds: C; squares: D; inverted triangles: E; pentagrams: F; trian-

gles: G. Red and green present clades SWC and SEC, respectively.
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probabilities (PP) for each node in a 50% majority-rule

consensus tree. ML trees were estimated in the program

RAXML v7.2.6 (Stamatakis 2006) with a GTRGAMMA

model under the same partitioning scheme as the BI

analyses. Branch support was assessed by performing

1000 nonparametric bootstrap (BS) replicates of the

topology. Nodes with 95% Bayesian posterior probabili-

ties were considered to be strongly supported (Felsen-

stein 2004); in the ML analysis, nodes with 75% BS

support were considered strongly supported (Hillis &

Bull 1993).

We conducted multiple analyses to test whether the

two subspecies are monophyletic. First, we constrained

trees in which subspecies were monophyletic in both

the ML and BI analyses. The best scoring ML trees from

the constrained and unconstrained analyses were com-

pared using the S-H test (Shimodaira & Hasegawa

1999) in RAXML v7.2.6. In the BI analyses, BFs were cal-

culated from the posterior probabilities of the uncon-

strained and constrained analyses and used to test the

alternative hypothesis. A log difference in the range of

3–5 is typically considered strong evidence in favour of

the unconstraint tree based on the guidelines of Kass &

Raftery (1995). Second, we estimated the degree of

exclusive ancestry of individuals of species as quanti-

fied by the genealogical sorting index (gsi; Cummings

et al. 2008). The degree of exclusivity is based on a scale

of 0–1, in which 1 indicates monophyly, <1 indicates

paraphyly, and 0 indicates nonexclusive ancestry in

relation to other sampled species. Analyses were run on

the gsi web server (http://www.genealogicalsort-

ing.org) for the mtDNA data set and the concatenated

mtDNA + nuDNA data set, respectively. Input trees for

this analysis were based on BI, and P-values were cal-

culated using 104 permutations.

Because the nuclear sequences contain low levels of

variation and were available from only a subset of spec-

imens, we analysed the phased nuclear data using a

median-joining network (MJN) approach (Bandelt et al.

1999) to depict their relationships and compare it to that

based on mtDNA sequences. The MJN was estimated

using network v4.6.2.0 (Bandelt et al. 1999; http://

www.fluxus-engineering.com), with the parameter epsi-

lon set to 0. Because inclusion of samples with large

amounts of missing data may influence statistical

results, the samples with missing data greater than 10%

of the total length of the locus were excluded from this

analysis.

Genetic diversity

To assess genetic diversity, the number of haplotypes

(H), haplotype diversity (Hd), nucleotide diversity (p)
and the mean number of pairwise differences (K) was

computed for all loci and all subclades in DnaSP 5.10

(Librado & Rozas 2009). In addition, pairwise distances

(p-distances) within and among clades and subclades

were calculated for mtDNA data in MEGA 6.0 (Kumar

et al. 2008; Tamura et al. 2013).

Ecological niche modelling

Based on our gene tree estimates, which demonstrate

two well-supported clades (referred to as SWC and

SEC), we examined environmental niche differences

using the program ENMTOOLS v1.4.3 (Warren et al. 2010)

and MAXENT v3.3.3 (Phillips et al. 2006) to test whether

the two lineages are occupying significantly different

environmental niches. A total of 47 distribution locali-

ties were collected with 22 for the SWC clade and 25

for SEC. We used the 19 bioclimatic variables from the

WorldClim data set as our environmental data (Hijmans

et al. 2005) and trimmed the ranges to fit the distribu-

tion of V. stejnegeri using Raster (Van Etten & Hijmans

2010) in the statistical programming language R (R

Development Core Team 2006). We set up a logistic

model for the suitability measure in Maxent and per-

formed an identity test in ENMtools to test whether the

two clades are from an identical distribution of environ-

mental variables. We then ran 1000 pseudoreplicates,

assuming identical niches for the SWC and SEC clades,

and estimated both the I and D statistics for our

observed and pseudoreplicate data, which are used to

evaluate niche overlap (Glor & Warren 2011). The

results from pseudoreplicates and true values of our

samples were compared using a t-test in R.

Bayesian species delimitation

To test whether some clades or subclades represent

different species, we used Bayesian Phylogenetics and

Phylogeography (BPP) v3.0 (Rannala & Yang 2003;

Yang & Rannala 2010). BPP was executed for all loci

using ‘NNI over species’ option. Following Leach�e &

Fujita (2010), three different combinations of priors for

ancestral population size (h) and the root age (s0) were

implemented. In BPP, both priors h and s0 are

assigned a gamma G (a, b) distribution, and thus, we

parameterized these priors for: h~G (1, 10) and ~G (1,

10); h~G (2, 2000) and s0~G (2, 2000); h~G (1, 10) and

s0~G (2, 2000). For each combination, algorithm 0 was

implemented, and fine-tuning parameters were set so

that swapping rates for each parameter ranged

between the recommended values of 0.30 and 0.70. We

ran three independent analyses for each set of priors

for 20 9 105 generations (a sampling interval of five)

with a burn-in of 1.0 9 105 to confirm consistency

among runs.

© 2016 John Wiley & Sons Ltd
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Migration and demographic estimation

The level of gene flow during divergence was assessed

under an ‘Isolation with Migration’ framework (Hey &

Nielsen 2004), employing IMa2 (Hey 2010). Mitochon-

drial and nuclear markers were analysed concurrently

with an HKY model of nucleotide substitution. The

mtDNA gene tree was used as guide tree to test

for gene flow among clade SEC and two subclades

(A and B).

Based on several preliminary runs, final analyses

were conducted for 1.0 9 106 generations and the first

10% were discarded as burn-in. The analyses were

repeated twice to confirm convergence, and each run

was conducted with 80 chains, a geometric chain heat-

ing scheme with first and second heating parameters of

0.999 and 0.300, respectively. A likelihood-ratio test was

used to determine whether gene flow was present

among groups.

To understand how population sizes changed though

time, we examined historical demographics of all lin-

eages of V. stejnegeri using three separate methods.

First, extended Bayesian Skyline Plots (EBSP) were per-

formed using BEAST v1.8.0 (Drummond et al. 2012) for

each clade and subclade (subclade D was excluded due

to its small number of samples) to assess the variation

in effective population sizes through time. In this test,

GTR + I + G model of nucleotide substitution was used

and time was scaled using a substitution rate for the

mtDNA locus of 0.65% substitutions/million years used

in the divergence date estimation (see below). All oper-

ator parameters were changed as suggested in the EBSP

manual (http://beast.bio.ed.ac.uk/tutorials). Each EBSP

was conducted for 1 9 108 generations and sampled

every 1000 iterations with 25% of the initial samples

discarded as burn-in. Stationarity was assessed by ana-

lysing the effective sizes of all parameters in TRACER v

1.6 (Rambaut et al. 2014). Second, mismatch distribu-

tions (MD; Slatkin & Hudson 1991) were calculated

with ARLEQUIN 3.5 (Excoffier & Lischer 2010) and used to

compare observed distributions of nucleotide differ-

ences between pairs of haplotypes with those expected

under demographic (Rogers & Harpending 1992) and

spatial (Excoffier 2004) expansion models, using a gen-

eralized least square approach. We used the sum of

squared deviations (SSD) as goodness-of-fit statistics for

the observed and expected mismatch distributions, and

tested the significance of the fit of the expansion model

and the confidence intervals for the associated parame-

ters estimates using 1000 bootstrap replicates. Third,

Tajima’s D* (Tajima 1989) and Fu & Li’s D (Fu & Li

1993) tests were conducted for each clade and subclade

using DNAsp 5.10 (Librado & Rozas 2009). Tajima’s D*
and Fu & Li’s D are expected to be near zero if

population sizes have been stable. Significantly negative

values are expected in populations that have undergone

recent population expansion, whereas significantly posi-

tive values are expected in populations that have

recently experienced bottlenecks (Tajima 1989; Fu & Li

1993). We tested for significant deviations from zero in

Tajima’s D* and Fu & Li’s D using 1000 coalescent sim-

ulations in DNASP 5.10 (Librado & Rozas 2009).

Divergence date estimation

The date of origin of all mtDNA subclades of V. stej-

negeri was estimated using the program BEAST v1.8.0

(Drummond et al. 2012) based on the mtDNA frag-

ments. Because nuclear genes were unavailable for a

number of samples, the nuDNA was excluded in this

analysis. We used an uncorrelated relaxed molecular

clock to allow for rate heterogeneity among lineages

(Drummond et al. 2012), and a normal prior on the glo-

bal substitution rate to calibrate the estimation based on

a substitution rate of 0.65% substitutions/million years

(Macey et al. 1998), which has been widely employed in

dating squamate phylogenies (e.g. Macey et al. 1998;

Werneck et al. 2012). A Yule process was implemented

for the tree prior model, and the GTR + I + G model of

nucleotide substitution was implemented. Two indepen-

dent searches of 2 9 108 generations were conducted,

sampling every 2000 iterations, with the first 25% of

samples discarded as burn-in. We compared BF to

determine whether runs had converged on similar

values.

Ancestral area estimation

To better understand the areas of origin and diversifica-

tion in this group, we estimated ancestral area using

Bayesian Binary MCMC (BBM) (Nylander et al. 2008) in

the software package Reconstruct Ancestral States in

Phylogenies (RASP) (Yu et al. 2014). Analyses were run

for 2 millions cycles with 25% discarded as burn-in; the

status of each node was summarized and plotted as a

pie chart. We used data based on present distributions

coded as follows: Vietnam (VT), Yunnan–Guizhou Pla-

teau (YG), Southern China (SC), Hainan (HN) and Tai-

wan (TW). All individuals included in the analyses

were assigned to one of these areas.

Results

Sequence information

A total of 3537 base pairs of sequence data from 171

samples were aligned for five gene fragments; 1095 bp

from cyt b, 676 bp from ND4, 527 bp from NT3, 647 bp

© 2016 John Wiley & Sons Ltd

PHYLOGEOGRAPHY OF VIRIDOVIPERA STEJNEGERI 5

http://beast.bio.ed.ac.uk/tutorials


from SPTBN1 and 592 bp from VI4 (Table 1). In addi-

tion, 14 cyt b sequences and 11 ND4 sequences were

retrieved from GenBank (Appendix S1, Supporting

Information). The sequence completeness for ingroup

taxa is as follow: cyt b (171 individuals, 100%), ND4

(170 individuals, 99%), NT3 (136 individuals, 80%),

SPTBN1 (136 individuals, 80%) and VI4 (134 individu-

als, 78%). We translated the protein-coding sequences

into amino acids, and no stop codon was detected.

Novel sequences generated have been deposited in

GenBank (Appendix S1, Supporting Information; Acces-

sion nos KX019006–KX019716).

Phylogenetic analyses

MrModeltest 2.2 identified the best-fit model for each

locus (Table 1). BF results indicated the best partition

scheme for the mtDNA loci was unpartitioned, and the

concatenated data was four partitions (mtDNA gene

and three nuclear genes).

For Bayesian analyses, after discarding burn-in, the

effective sample sizes were above 200 for all parameters

for the results using both mitochondrial data and the

concatenated gene matrix. The inferred concatenation-

based BI tree (Appendix S3, Supporting Information)

was congruent with the mtDNA BI tree in topology

(Fig. 2). The ML gene trees using mtDNA loci and con-

catenated data set were also consistent with the BI trees.

Therefore, the subsequent discussion is based on the BI

tree estimated using mtDNA data (Fig. 2).

All putative samples of V. stejnegeri formed a highly

supported monophyletic group (PP 100%) with two dis-

tinct clades (SWC and SEC) (PPs 100%). The clade SWC

includes samples from southwestern China (including

Sichuan, Yunnan, Guizhou, Chongqing, Hubei and

Guangxi) and Vietnam and consists of two distinct

subclades A and B (PPs 100%). The second clade SEC is

composed of most samples from southeastern China

(including Guangdong, Hunan, Zhejiang, Anhui,

Jiangxi, Fujian, Taiwan and Hainan) and is divided into

five subclades (C~G) with support values of 100% PP,

while some of intersubclade relationships were unre-

solved. The Hainan populations (F subclade) were

monophyletic, while this subclade was nesting within

the clade SEC rendered the subclades including popula-

tions from mainland Asia and Taiwan to be nonmono-

phyletic. The populations from Taiwan were not

monophyletic and divided into two distinct and well-

supported subclades for eastern Taiwan and northern

Taiwan (D and G, respectively). Several samples from

mainland China were nested within the two Taiwan

subclades.

The phylogenetic relationships based on three nDNA

markers, as inferred by the network approach, did not

show the same clear phylogeographic structure illus-

trated in the mtDNA gene tree (Fig. 2). These networks

indicated that some representatives from different

mtDNA clades or subclades shared haplotypes; for

example, haplotypes 1 and 2 are shared by three

clades/subclades in NT3, haplotype 6 is shared for gene

SPTBN1, and haplotypes 2, 3 and 4 are shared for gene

VI4 (Fig. 3).

Genetic diversity

MtDNA-based uncorrected p-distances within and

between mtDNA clades and subclades are listed in

Table 2. The intersubclade genetic distance for mtDNA

loci ranged from 2.6% (subclades C and E) to 5.4% (sub-

clades A and F) and the largest distance within clades

was found in the subclade B (1.9%) and the smallest in

the subclade F (0.2%). The largest distance between any

Table 1 Sequences genetic statistics for each locus of Viridovipera stejnegeri

Locus Numbers† Length (bp) Polymorphic sites

Parsimony-informative

sites H Hd Π (%) K Model

Cyt. b 154 1095 190 162 59 0.97 3.50 32.11 GTR + I + G

ND4 167 676 107 92 52 0.96 2.95 15.78

VI4 98 592 33 6 15 0.68 0.45 1.58 GTR + I + G

SPTBN1 131 644 33 10 37 0.71 0.39 1.69 HKY + G

NT3 131 527 26 16 35 0.79 0.44 1.87 HKY + I + G

†Individuals with missing data ≥15% of sequence data were excluded from statistics.

Fig. 2 Bayesian 50% majority-rule consensus tree of Viridovipera stejnegeri inferred from the combined mitochondrial data set of cyt. b

and ND4 analysed using the models as detailed in the text. Numbers in parentheses correspond to localities labelled in Figure 1. Pos-

terior probabilities from Bayesian inference (>50%) and bootstrap support values from maximum-likelihood analysis (>50) are given

adjacent to respective nodes for major nodes. Branch support indices are not given for most nodes to preserve clarity.
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two individuals was 7.5%, 5.9% and 7.5% based on cyt

b, ND4 and the combined mtDNA data, respectively

(Table 2).

Altogether, 66 mtDNA haplotypes (59 for cyt b and

52 for ND4) were defined for the whole sample of

V. stejnegeri and overall haplotype diversity was high

(Hd � 0.97) (Table 1) with the highest within-subclade

haplotype diversity occurring in subclades D and F

(Hd = 1.00) and the lowest in subclade E (Hd = 0.86)

(Appendix S3, Supporting Information). On the

contrary, overall nucleotide diversity (p) was low

(% p = 2.95–3.50), with the lowest in subclade F

(% p = 0.20) and was similar in subclades B, C and G

(% p = 1.71, 1.84 and 1.82, respectively (Appendix S4,

Supporting Information). In comparison with mtDNA

data, nuclear data showed relatively lower diversity in

each clade/subclade and locus (Table 2; Appendix S4,

Supporting Information).

Monophyly test

The S-H test significantly rejected the monophyly of

both previously described subspecies of V. stejnegeri [D

(HL) = 329, P < 0.01)]. In the Bayesian test, reciprocal

monophyly of both subspecies was strongly rejected

(BF = 474). The gsi test indicated that the proposed two

subspecies were not monophyletic with respect to one

another according to the mtDNA gene tree and the con-

catenated mtDNA + nuDNA gene tree (Table 3).

Bayesian species delimitation and coalescence analysis

The concatenated data strongly supported that the three

clades defined by the mtDNA genes represent three dif-

ferent species (PPs 100%). The same results were

obtained using different sets of prior distributions for h
and s0 (PPs 100%).

Fig. 3 Median-joining networks of nuclear gene alleles for NT3 (A), SPTBN1 (B) and VI4 (C). Circle size indicates the relative number

of individuals sharing a particular allele. Green indicates samples from clade SEC, red from clade SWC; a red number close to the

line indicates the number of mutations between haplotypes when more than one exists; an empty circle represents an inferred but

unsampled haplotype.

Table 2 Average sequence divergence estimates (mean uncorrected p-distances, %) between and within seven subclades (A to G) of

Viridovipera stejengeri defined by the mitochondrial DNA phylogeny. Above the diagonal: distances calculated from cyt. b (before the

dash) and ND4 (after the dash), respectively; below the diagonal: distances calculated from both genes; on the diagonal (in bold):

within-subclade divergence calculated from Cyt. b/ND4/Cyt. b+ND4

Clades A B C D E F G SWC SEC

A 1.3/1.0/1.2 4.1/3.9 4.9/4.9 5.3/4.2 4.9/4.6 5.4/5.5 4.9/4.6

B 4.0 2.0/1.6/1.9 4.8/4.0 5.3/3.6 4.8/3.8 5.3/5.1 4.7/4.9

C 4.9 4.5 1.6/1.5/1.5 3.8/2.6 2.8/2.3 4.6/3.8 4.3/3.6

D 4.9 4.7 3.4 1.9/1.2/1.7 3.8/2.1 5.5/4.0 4.2/3.8

E 4.8 4.4 2.6 3.3 1.0/1.2/1.1 4.9/3.8 3.8/3.1

F 5.4 5.2 4.3 5.0 4.5 0.4/0.1/0.2 4.7/4.5

G 4.8 4.8 4.0 4.1 3.5 4.6 1.6/1.7/1.6

SWC 2.6/2.1/2.4 4.9/4.2

SEC 4.6 2.8/2.3/2.6
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Results from IMa2 revealed unambiguous marginal

posterior probability distributions of the demographic

parameters. The ESS values for the time parameter were

over 1000. Five statistically significant (P < 0.001) migra-

tion events were detected (Fig. 4). All migration events

occurred in both directions except between subclade A

and clade SEC, which is unidirectional from subclade A

to clade SEC (Fig. 4).

Historical population demography

The results from the EBSP indicated that both the SWC

and SEC clades, as well as subclades B and C, have

experienced sudden population size expansion

beginning at about 2.0 Ma and then declined (Fig. 5).

However, this was not the case for the subclades A, F

and G showing a slight trend in population expansion,

and subclade E showing no population size change.

The negative values (not significant) of Tajima’s D

statistics and Fu & Li’s D Fs for clades SWC and SEC,

as well as subclades B, C and F, similarly supported

demographic expansion hypotheses (Table 4). The val-

ues of SSD and Harpending’s Raggedness index were

significant in both clades SWC and SEC and four sub-

clades (except D, F and G), indicating that no popula-

tion expansion was detected for these groups (Table 4;

Appendix S5, Supporting Information).

Divergence dating and ancestral area estimation

The dating analyses indicated that V. stejnegeri

diverged from its sister taxon V. gumprechti during the

early Pliocene or late Miocene ~5.73 Ma [95% Highest

Posterior Density (HPD) = 4.80–6.72 Ma] (Fig. 6). The

earliest divergence within V. stejnegeri occurred

~4.79 Ma (95% HPD = 4.07–5.54 Ma), separating the

clades SWC and SEC. The divergence within two

clades took place at a similar date (3.85 Ma vs.

Fig. 4 IM analyses for the three clades/subclades of the Viridovipera stejnegeri. Asterisks identify curves that are statistically signifi-

cant by the test of Nielsen & Wakeley (2001): ***P ≦ 0.001.

Table 3 Genealogical sorting index (gsi) for the two proposed

subspecies of Viridovipera stejnegeri

Taxa mtDNA mtDNA + nuDNA

V. s. stejnegeri (A + B + C +
D + E + G)

0.4487* 0.4882*

V. s. chenbihuii (F) 0.7994* 0.7953*

*P = 0.0001.
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3.98 Ma) during the middle Pliocene. The two sub-

clades containing samples from Taiwan diverged at

~1.86 Ma (G subclade; 95% HPD: 1.35–2.41 Ma) and

~1.76 Ma (D subclade; 95% HPD: 1.48–2.52 Ma) succes-

sively during the Pleistocene. Within the SEC clade,

the Hainan population (subclade F) diverged first from

China (including Taiwan) (C + D + E + G), but its

within-clade divergence took place at ~0.33 Ma (95%

HPD: 0.15–0.50 Ma).

The inferred historical biogeographic scenarios from

the BBM analyses using RASP suggested that V. stej-

negeri originated within the Yunnan–Guizhou Plateau

(relative probability 61.28%).

Ecological niche modelling

Both I and D parameters from our observed data were

significantly different from the estimated values from
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Fig. 5 Extended Bayesian skyline plot illustrating effective population sizes (Ne) through time for each matriline clade and subclade

of Viridovipera stejnegeri. The mean estimate and 95% HPD limits are indicated. SWC, SEC and A~G (D was excluded from analysis)

indicate clades SWC and SEC, and subclades A~G (D was excluded), respectively.

Table 4 Statistics of population demography based on mtDNA data for each clade and subclade

Clades/subclades A B C D E F G SWC SEC

Fu & Li’s D 1.11 �1.18 �1.71 0.28 0.28 �0.81 0.47 �1.33 �0.17

P >0.10 >0.10 >0.10 >0.10 >0.10 >0.10 >0.10 >0.10 >0.10
Tajima’s D 0.89 �0.61 �0.58 0.28 2.00 �0.81 0.46 �0.88 �0.83

P >0.10 >0.10 >0.10 >0.10 >0.05 >0.10 >0.10 >0.10 >0.10
SSD 0.13701 0.03896 0.04259 0.05851 0.13593 0.10072 0.07086 0.02366 0.01799

PSSD 0.02220 0.00480 0.00000 0.18990 0.00090 0.12130 0.38750 0.00400 0.00100

Raggedness index 0.27701 0.03053 0.03136 0.12444 0.13595 0.37778 0.14667 0.03320 0.01456

PRAG 0.03790 0.00820 0.00000 0.71510 0.00020 0.10500 0.50450 0.00000 0.00000
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pseudoreplicates (Ps < 0.005), thus rejecting the null

hypothesis that the environmental niches of the SWC

and SEC clades are identical and suggesting that diver-

gence is a result of niche shifts within this taxon. We

used the summary statistic I (observed I = 0.81) as well

as Schoener’s D (observed D = 0.52) to calculate the

support. The results from these two statistics were

indistinguishable.

Discussion

Biogeography

We show that Viridovipera stejnegeri can be divided into

several distinct geographically defined subclades. The

regions occupied by the populations from seven sub-

clades are located in close proximity geographically and

are distributed generally on a west-to-east axis. This

‘west–east’ diversification pattern is congruent with

other taxa found in this region (Fu et al. 2005; Huang

et al. 2007; Lin et al. 2010, 2014; Guo et al. 2011). These

results therefore may indicate that regional diversifica-

tion is likely constrained along this west–east axis

rather a north-south direction, similar to other temper-

ate regions (e.g. North America).

Increasingly, biogeographical studies on animals dis-

tributed in Asia, particularly in western and southern

China, have proposed that the Hengduan Mountains

could be a centre of species origin (e.g. Fei & Ye 1989;

Fu et al. 2005). Ancestral area estimation revealed the

origin of this species as the Yunnan–Guizhou Plateau

(most of this region is within Hengduan Mountains),

consistent with these previous suggestions. In addition,

two lines of evidence also provide support for this con-

clusion. First, all other species of Viridovipera were

found in Hengduan Mountains or adjacent regions, and

several are endemic to this region (Gumprecht et al.

2004). Even within Trimeresurus (sensu lato, Gumprecht

et al. 2004), most species can be found in this narrow

region (Gumprecht et al. 2004). Second, populations in

Southwest China exhibit more unique nuDNA haplo-

types than those in Southeast China, suggesting that the

Southwest China clade might be ‘older’ than the later,

or perhaps represent glacial refugia.

We estimate an origin of this species in southwestern

China at ~5.7 Ma, where it subsequently may have

experienced a rapid range expansion, dispersing from

the west to the east across the continuous landscape in

south of the Changjiang (Yangtze) River. Rapid uplift of

the Qinghai-Xizang Plateau at ~3.4 Ma in the mid-Plio-

cene (Sun 1997) would have resulted in a diversity of

habitats. It is likely that habitat-mediated climate differ-

entiation promoted genetic diversification between SWC

and SEC clades as suggested by ecological niche mod-

elling; similarly, the divergence time estimation of the

two clades (~4.8 Ma) fits such a scenario. Continued

Himalayan orogeny would have then created highly

heterogeneous habitats and fragmented montane

regions in the Southwest and Southeast of China. These

heterogeneous habitats, low-elevation plains and habi-

tat-mediated climate differentiation probably acted as

important physical barriers between regional popula-

tions, thus generating well-differentiated subclades.

This interpretation is only based on matching the spa-

tial and temporal phylogeographic patterns to these sce-

narios, thus alternative hypotheses would therefore

need to be tested. However, we note a similar spatial

trend from west to east has been found at various taxo-

nomic levels in snakes (Huang et al. 2007; Guo et al.

2011; Lin et al. 2014), frogs (Fu et al. 2005; Che et al.
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2010) and birds (Qu et al. 2005) in China. The presence

of several geographically overlapping zones (e.g. in the

subclades in SEC) may have contributed to secondary

admixture resulting from dispersal and migration.

Importantly, we point out that this apparent shared

structure represents an exciting avenue of comparative

phylogeographic research for testing covicariance

among communities of ectothermic vertebrates in south-

ern China and Vietnam.

Hainan Island is situated on the south coast of China

and was formed approximately 2–2.5 Ma (Shi et al.

2006; Zhao et al. 2007). The divergence date estimated

that V. stejnegeri occurred in Hainan (>4 Ma) before the

formation of the Hainan Island. The Hainan population

showed closer relationship with southeastern China

populations than to the Vietnam populations based on

mtDNA-based molecular phylogeny (Fig. 2). In contrast

to the results from the lizard Leiolepis reevesii (Lin et al.

2010), our results suggested that the Hainan population

may have originated from southern China and not from

Vietnam, which is consistent with Zhang (1999). There-

fore, both lines of evidence implied that species in Hai-

nan have originated via two dispersals: one is from

South China via the Qiongzhou Strait and the other

from Vietnam via the Gulf of Tonkin.

Taiwan Island is separated from continental China by

the Taiwan Strait, with an average width of 130–
250 km. The island is speculated to have been formed

at ~5 Ma (Teng 1990; Liu et al. 2000), and it was first

isolated from continental China at ~4 Ma (Hsu 1990).

The first colonization of V. stejnegeri from mainland

China was dated to ~4 Ma which closely fits with the

isolation of Taiwan Island. Several individuals from

continental China are nested within the two subclades

mainly containing samples from Taiwan, while no Tai-

wan sample has been found to be nested within the

subclades composed of the mainland populations, indi-

cating the presence of gene exchange between Taiwan

and mainland China. Importantly, migration may have

occurred over land when China and Taiwan were con-

nected (Creer et al. 2001; Shih et al. 2006). Alternatively,

the observed colonization may have occurred via over-

water dispersal by rafting aided by the favourable mar-

ine currents. Indeed, the dispersal by rafting has been

demonstrated for lizards (Carranza et al. 2000; Carranza

& Arnold 2003; Vidal et al. 2008; Gamble et al. 2011)

and some snakes (de Queiroz & Lawson 2008). How-

ever, it was unclear whether bidirectional and repeated

dispersal events have been present between continental

Asia and Hainan after V. stejnegeri’s colonization in

Hainan based on the mtDNA data alone. The presence

of two genetically well-differentiated V. stejnegeri sub-

clades for Taiwan populations, which was consistent

with the findings of Creer et al. (2001), suggested that

colonization events (at least two) from mainland China

may have shaped V. stejnegeri population structure in

Taiwan, rather than it was being the result of historical

lineage sorting of the original isolated populations.

Population demography

Topography, glacial cycles, climatic oscillation and con-

temporary ecology, as well as the behaviour of organ-

isms, all can affect the current distribution and genetic

structure of organisms (Avise 2000). In Europe and

North America, the distributions of organisms have

been affected by climate oscillations and glacial cycles

in the Quaternary (Hewitt 2000, 2004; Guiher & Bur-

brink 2008; Ursenbacher et al. 2008; Pyron & Burbrink

2009; Fijarczyk et al. 2011). Although East Asia did not

experience major glaciations (Shi 1986; Liu 1988) during

the Quaternary, a number of studies have suggested

that glaciations accompanied by climatic oscillation

were responsible for the population structure, genetic

diversity and present distribution for some taxa (Qu

et al. 2005; Huang et al. 2007; Li et al. 2009; Gao et al.

2012; Zhou et al. 2013; Lin et al. 2014). This is the sce-

nario for V. stejnegeri. Population demographic analyses,

including Extended Bayesian Skyline Plots, mismatch

analyses and neutrality tests, generally indicated popu-

lation expansion in the two main lineages as well as the

seven constituent subclades. While in Southwest China,

the expansion time estimated for clade SWC and sub-

clades A and B were older than the largest glacial

retreat, which occurred at approximately 0.17 MYA

(refers to Qu et al. 2005). In South China, the expansion

time estimated for clade SEC and subclades C, F and G

were similar to the Reeves’ Butterfly Lizard Leiolepis ree-

vesii (Lin et al. 2010), and slightly older than two ven-

omous snakes Deinagkistrodon acutus (Huang et al. 2007)

and Naja atra (Lin et al. 2014). The data represented

here indicated glacial and climatic cycling also played a

key role in driving intraspecific differentiation in this

species, which was consistent with other studies

(Huang et al. 2007; Li et al. 2009; Gao et al. 2012; Zhou

et al. 2013; Lin et al. 2014), while contrary to Yan et al.

(2013) and Huang et al. (2013).

Genetic diversity and population structure

MtDNA-based phylogenetic analyses indicated the pres-

ence of abundant genetic diversity within Stejneger’s pit

viper. Viridovipera. stejngeri exhibited a much higher

level of nucleotide diversity than some other snakes

with a similar distribution (e.g. Deinagkistrodon acutus:

Huang et al. 2007; Gloydius brevicaudius: Ding et al. 2011;

Naja atra: Lin et al. 2014). For the combined data of cyt.b

and ND4, V. stejnegeri showed a similar intersubclade
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genetic divergence to the montane species Protobothrops

jerdonii (Guo et al. 2011), while the largest genetic dis-

tance between any two individuals of V. stejnegeri is

higher than that of P. jerdonii (7.5% vs. 5.3%). The pres-

ence of two large geographically structured clades or

seven subclades with large interclade and intersubclade

divergence was very similar to that of the montane spe-

cies P. jerdonii (Guo et al. 2011).

Higher genetic diversity and deep structure in V. stej-

negeri may be explained by several factors. First, V. stej-

negeri generally inhabits moist mountains with

evergreen forest at about 1000 metres above sea level

(Zhao et al. 1998; Zhao 2006). Populations on different

mountains are separated by low-elevation areas with

disparate environmental conditions that act as barriers

to gene flow, thereby creating a sky-island situation

(e.g. in Shepard & Burbrink 2008, 2009). Eventually, dif-

ferent populations occupy recognizable, deeply sepa-

rated branches in an intraspecific gene tree. A similar

situation was found in some montane snakes (Guo et al.

2011), frogs (Yan et al. 2013) and salamanders (Shepard

& Burbrink 2008, 2009). Kochzius & Nuryanto (2008)

proposed that overexploitation in more recent times

have potentially led to low genetic diversity in Tridacna

crocea. Viridovipera stejnegeri has seldom been utilized as

food or traditional medicine in China and Vietnam;

although it sometimes been seen in pet markets, it has

not been common. Thus, the pressure from overharvest-

ing is likely not high in comparison with some other

snakes (e.g. Deinagkistrodon acutus: Huang et al. 2007;

Naja atra: Lin et al. 2014).

The taxonomy of Viridovipera stejnegeri

The BPP analysis suggests that the three clades/sub-

clades (SEC, A and B) tested are valid species. The pop-

ulations from Vietnam (subclade A), Southwest China

(subclade B) and Southeast China (Southeast China

including subclades C, D, E, F and G) likely constitute

three separate species. However, the coalescent analysis

IMa2 uncovered high levels of gene flow among the

three clades/subclades (Fig. 4). Moreover, previous

morphological studies indicated no significantly differ-

entiation between the three populations (David et al.

2001, 2002). Thus, further studies based on an integra-

tive taxonomic approach, including detailed morpho-

logical comparisons and ecology should be conducted

before naming these potentially cursorily cryptic

species.

Historically, subspecific taxonomy was based on spa-

tially associated morphological traits (Wilson & Brown

1953; Schluter 1984). With the development and applica-

tion of molecular technologies and genetic data in tax-

onomy, molecular phylogenies have frequently been

shown to be inconsistent with recognized subspecies

based on morphological distinction (Burbrink et al.

2008; Daza et al. 2009; Bellati et al. 2011; Guo et al.

2009). Recently, Torstrom et al. (2014) advocated an inte-

grative taxonomic approach, which ensures that mor-

phological, genetic, geographic and other lines of

evidence are all considered, to provide a more objective

method in designating species boundaries.

Viridovipera stejnegeri chenbihuii (Zhao 1995) was

described based on specimens from Hainan because

they exhibit more ventral scales than the other popula-

tions occurring in continental Asia and Taiwan [172.6

(169–178)/172 (168–174) vs. 162.6 (154–170)/162
(154–172) in males/females] (Zhao 1995). The mtDNA

phylogeny demonstrated that the Hainan population,

identified as V. s. chenbihuii, represents a distinct evolu-

tionary lineage, while the remaining populations from

continental Asia and Taiwan, recognized as nominate

subspecies V. s. stejnegeri, do not form a monophyletic

lineage. Both statistical tests (S-H and BF) and gsi anal-

ysis consistently reject the reciprocal monophyly of both

subspecies. Based on mtDNA data, the mean uncor-

rected p-distance between the Hainan population (sub-

clade F) and the other, composed of all other

populations from continental Asia and Taiwan, is not

always higher than those between any two subclades

containing the populations from the continental Asia

and Taiwan subclades (Table 2).

Although David et al. (2001) recognized the validity

of V. s. chenbihuii, the data presented in their work indi-

cated that V. s. chenbihuii considerably overlapped with

the nominate subspecies in the ventral variation range

in both sexes. In addition, separate studies using multi-

variate morphometric analyses consistently showed that

the specimens from Hainan were not significantly dif-

ferent from the others (Malhotra & Thorpe 2004; Guo

et al. 2011). The taxonomy of a group should be consis-

tent with its evolutionary history (references in Bur-

brink et al. 2000). The subspecies studied here do not

conform to the molecular-based phylogeny of this spe-

cies, and they cannot be distinguished by morphologi-

cal diagnostics. Therefore, it is recommended that

V. s. chenbihuii as a distinct subspecies should no longer

be recognized.
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