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Abstract

Dating the time of divergence and understanding speciation processes are central to

the study of the evolutionary history of organisms but are notoriously difficult. The

difficulty is largely rooted in variations in the ancestral population size or in the gene-

alogy variation across loci. To depict the speciation processes and divergence histories

of three monophyletic Takydromus species endemic to Taiwan, we sequenced 20

nuclear loci and combined with one mitochondrial locus published in GenBank. They

were analysed by a multispecies coalescent approach within a Bayesian framework.

Divergence dating based on the gene tree approach showed high variation among loci,

and the divergence was estimated at an earlier date than when derived by the species-

tree approach. To test whether variations in the ancestral population size accounted for

the majority of this variation, we conducted computer inferences using isolation-with-

migration (IM) and approximate Bayesian computation (ABC) frameworks. The results

revealed that gene flow during the early stage of speciation was strongly favoured over

the isolation model, and the initiation of the speciation process was far earlier than

the dates estimated by gene- and species-based divergence dating. Due to their limited

dispersal ability, it is suggested that geographical isolation may have played a major

role in the divergence of these Takydromus species. Nevertheless, this study reveals a

more complex situation and demonstrates that gene flow during the speciation process

cannot be overlooked and may have a great impact on divergence dating. By using

multilocus data and incorporating Bayesian coalescence approaches, we provide a more

biologically realistic framework for delineating the divergence history of Takydromus.
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Introduction

Dating the time of genetic divergence and understanding

the speciation process are two central and interconnected

issues in the study of the evolutionary history of organ-

isms. However, obtaining accurate estimates of diver-

gence and depicting the speciation process are

notoriously difficult because of two primary sources of

error: the stochasticity of the coalescent process and the

mode of species formation, that is, whether gene flow

occurred during speciation (Edwards & Beerli 2000; Wu

2001). Because the divergence time of a gene between
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species is the species divergence time (t) plus its coales-

cence time, where the latter is exponentially distributed

with a mean equal to 2Ne generation times (Ne being the

effective population size at the time of speciation), diver-

gence dating based on gene trees tends to overestimate

species divergence times (Edwards & Beerli 2000), espe-

cially for recent divergence events (Carstens & Knowles

2007). Furthermore, variation in Ne across different loci

can lead to a high variance in divergence time estima-

tions. In the light of this issue, a recently developed

Bayesian Markov chain Monte Carlo (MCMC) method,

which addresses multispecies coalescence, improves the

precision and accuracy of inference of speciation timing

(Heled & Drummond 2010).

In spite of variations in coalescence time, most diver-

gence dating methods assume no gene flow during spe-

ciation (Heled & Drummond 2010; McCormack et al.

2011). If there is gene flow, the divergence between

species will be more complex (Leach�e et al. 2013). For

genomic regions associated with reproductive incom-

patibility, early cessation of gene flow is likely. For

regions free from such association, gene flow may con-

tinue until relatively late (Osada & Wu 2005). Therefore,

a test of gene flow is important not only for divergence

dating but also for understanding the mode of specia-

tion. While allopatric speciation assumes no gene flow

during divergence, speciation could occur if there is

gene flow throughout the process (isolation-with-migra-

tion model) (Hey & Nielsen 2004). If we look closer at

the timing of gene flow during the speciation process, it

can occur at the early stage of divergence (early gene-

flow model), or after a long period of allopatric diver-

gence (secondary contact model) (Becquet & Przeworski

2009). In this case, although gene flow occurs, most of

the genetic divergence accumulates unimpeded by gene

flow in the allopatric stage.

Recently, an efficient and flexible method, approxi-

mate Bayesian computation (ABC), has been developed

to provide a means to test alternative hypotheses about

complex speciation histories using a likelihood search

algorithm (Beaumont et al. 2002; Beaumont 2010). The

ABC method, which provides statistical support for

competing hypotheses, is now being widely applied to

phylogeographic studies (Beaumont 2010; Bertorelle

et al. 2010). By using the ABC model selection proce-

dure, the underlying predominant speciation process

between diverging sister taxa can be reconstructed con-

fidently with statistical support.

An accurate estimation of divergence time is espe-

cially critical in testing hypotheses of diversification that

involve different historical events at different time inter-

vals. In Taiwan, a medium-sized island (36 000 km2)

located offshore from mainland Asia, orogenic activities

and glacial cycles are two major factors affecting the

tempo and mode of the speciation and diversification of

its inhabitants. Despite a general consensus that moun-

tain lifting fragmented species’ ranges and promoted

diversification (McKay et al. 2010; Lin et al. 2011; Wang

et al. 2011), few detailed studies have directly linked

speciation to these events. The East Asian grass lizard

genus Takydromus Daudin, 1802 (Reptilia: Lacertidae)

includes 22 species according to the Reptile Database

(http://www.reptile-database.org/) and is widely dis-

tributed in the Oriental and eastern Palaearctic regions.

Taiwan represents a hot spot of Takydromus species

diversity, including seven species, of which six are

endemic (Lin et al. 2002). The most parsimonious expla-

nation is that their common ancestor colonized Taiwan

several million years ago and multiple speciation events

occurred in situ (Lin et al. 2002). Therefore, Takydromus

may represent a good example to test the association of

speciation events with the past geography of the island.

Among endemic Takydromus species, T. viridipuncta-

tus, T. luyeanus and T. hsuehshanensis form a clade with

reciprocally monophyletic mtDNA lineages (Lin et al.

2002; Lue & Lin 2008). Takydromus viridipunctatus and

T. luyeanus are currently separated by the Li-Wu Stream,

with a distinct and nonoverlapping distribution (Fig. 1).

The presence of this barrier and their restricted ability

for long-distance dispersal make it reasonable to suggest

that their speciation occurred allopatrically, that is, there

was no gene flow during their divergence (m = 0). Nev-

ertheless, according to the mtDNA molecular clock pro-

vided by Lin et al. (2002), the divergence time between

the two sibling species would be two million years ago

(MYA) (Supporting Information), which was even ear-

lier than the formation of the current habitats of T. luye-

anus (Chen & Wang 1988) (Fig. 1). Thus, allopatric

speciation due to the Li-Wu Stream may be an oversim-

plified scenario. T. hsuehshanensis, unlike its lowland rel-

atives, is found only in the Central Mountain Range

(>1800 m altitude) and is distributed allopatrically with

T. viridipunctatus and T. luyeanus (Fig. 1) (Lin et al.

2002). Temperature changes with altitude could be the

key factor limiting the distribution of T. hsuehshanensis,

but this hypothesis has never been rigorously tested.

Due to the limited dispersal abilities of Lacertidae liz-

ards (D�ıaz et al. 2000; Hurston et al. 2009), it has been

suggested that geographical isolation may have played

a major role in the divergence process of Takydromus

species. Nevertheless, the assumption of allopatric spe-

ciation has never been rigorously tested. To study the

speciation scenario of these Takydromus species, includ-

ing their time of divergence, mode of speciation and

historical population demography, we sequenced 20

nuclear loci and combined with the mitochondrial locus

published in Lin et al. (2002). The species tree and spe-

cies divergence times were jointly estimated using
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*BEAST to compare species divergence dates to estimates

based on a single gene. In addition, we conducted the

ABC procedure to evaluate candidate speciation mod-

els/histories and estimate historical demography.

Materials and methods

Sample collection

A total of 88 grass lizards, including 23 Takydromus virid-

ipunctatus, 38 T. luyeanus, 13 T. hsuehshanensis and 14

T. formosanus, were collected during 2009 and 2010

(Fig. 1). Nine T. stejnegeri were further included to serve

as out-groups. Genomic DNA was extracted from tissues

using the EasyPure genomic DNA spin kit (Bioman,

Taiwan) according to the manufacturer’s instructions

and stored at �20 °C until further usage.

Amplification, sequencing and haplotype reconstruction

Twenty nuclear loci, including four exons and 16 in-

trons, were used in this study (Table S1, Supporting

Information). A polymerase chain reaction (PCR) mix-

ture was set up in a reaction volume of 20 lL using a

GoTaq Flexi DNA polymerase system (Promega, Madi-

son, USA) according to PCR conditions described in

detail elsewhere (Molecular Ecology Resources Primer

Development Consortium et al. 2012; MER database no.

48834 to 48905). All PCR products were sequenced in

both directions by Genomics BioSci & Tech Corp. (Tai-

pei, Taiwan) using an ABI3730 autosequencer.

Sequence data from both directions were assembled

and checked using SEQUENCHER 4.9 (GeneCodes). Single

nucleotide polymorphism (SNP) sites were detected

using the ‘call the secondary peaks’ feature with 50%
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Fig. 1 Geographical distribution and

sampling localities of Takydromus viridi-

punctatus (triangle), T. luyeanus (square)

and T. hsuehshanensis (filled circle), with

T. formosanus (gray circle) and T. stejnege-

ri (circle) as out-groups. Sample loca-

tions: (1) Jinshan; (2) Badouzi; (3)

Shiding; (4) Xindian; (5) Niudou; (6)

Suao; (7) Qixingtan; (8) Hualien city; (9)

Jian; (10) Ruisui; (11) Yuli; (12) Chishang

(13) Taitung city; (14) Hehuan Mountain;

(15) Dongshih; (16) Dapu; (17) Wushan-

tou; (18) Douliu; (19) Yangmei; (20) Yu-

anlin.
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threshold, meaning that the secondary peak was higher

than the half-height of the primary peak. An SNP was

carefully decided by checking signals from both direc-

tions in repetitive sequencing reactions and by further

PCR-cloning reaction if necessary. Sequences were

aligned by CLUSTALW (Thompson et al. 1994) imple-

mented in MEGA 5 (Tamura et al. 2011) and visually

inspected. For mitochondrial 12S rRNA (mt12S), the

alignment was adopted from Lin et al. (2002). Haplo-

type reconstruction was performed by PHASE 2.1 (Ste-

phens et al. 2001; Stephens & Scheet 2005) implemented

in DNASP v5 (Librado & Rozas 2009) for each locus in

each species. Each run was set up with MCMC itera-

tions to 100 000 and thinned every 1000 intervals. Sam-

ples with phase probabilities lower than 0.6

(approximately 10%) were cloned and sequenced fol-

lowing the protocol provided by Mission Corp (Taipei,

Taiwan). The sequences analysed in this study were

submitted to GenBank (accession nos JQ746705–

JQ747474 and JQ769109–JQ769112).

Population genetic analyses

Population genetic parameters, including the number of

segregating sites (S, Watterson 1975), nucleotide diver-

sity, p/bp (Nei 1987), haplotype diversity, Hd (Nei

1987), and Watterson’s estimator of theta per site, hw
(Watterson 1975), were estimated by DNASP v5. This soft-

ware was also used to perform Tajima’s D (Tajima

1989) and Fu’s Fs (Fu 1997) neutrality tests. P-values of

the above tests were obtained using the implemented

simulator with 1000 coalescent simulations assuming no

recombination.

We conducted STRUCTURE 2.3.3 (Pritchard et al. 2000;

Hubisz et al. 2009) analyses to check whether individu-

als cluster according to known species delimitations, to

detect further population structure and to identify prob-

able hybrids or migrants. Individuals were clustered

based on nuclear haplotype data. The number of clus-

ters (K) was evaluated from 1 to 5, and runs were con-

ducted under the admixture model and allele

frequencies correlated using an MCMC method with

500 000 iterations and an initial burn-in of 200 000 gen-

erations. One data set including three species with the

20 nuclear loci was carried out for 20 runs to assess the

degree of variation of the likelihood for each K. The

best K for each species was obtained based on the DK
estimated by Evanno’s method (Evanno et al. 2005).

Species-tree construction and divergence dating

Species tree was estimated using Bayesian inference

(*BEAST) implemented in the BEAST ver. 1.7.1 (Heled &

Drummond 2010). *BEAST jointly estimates the species

tree and all gene trees in one Bayesian MCMC analysis.

Therefore, we can estimate TMRCAs and divergence

time for each gene in a single run. All nuclear loci com-

bined with mt12S sequences from Lin et al. (2002) were

used for species-tree construction.

The analysis used an uncorrelated lognormal relaxed

clock and a Yule process tree prior. Because *BEAST

enables a calibration date on the root node and/or a prior

on the substitution rate (Drummond & Rambaut 2007)

for divergence dating, we used two approaches for the

analysis. First, according to Lin et al. (2002), the diver-

gence of five Takydromus species took place approxi-

mately 5 million years ago (MYA). A normal prior 95CI

range from 3.896 to 5.856 MYA (prior mean 4.876

SD = 0.5) was applied to the root node. Second, in a sepa-

rate analysis, we applied a normal prior 95CI range from

4.29 to 8.21 9 10�3 (prior ucld.mean 6.25 9 10�3

SD = 1.0) substitutions/site/MY for mt12S based on

molecular clock derived from previous studies (Carranza

& Arnold 2012; Fontanella et al. 2012). The substitution

rates of nuclear loci were jointly estimated in both analy-

ses. In each analysis, the MCMC method was run for a

total of 300 million generations, sampled every 10 000

steps. Finally, 30 000 tree samples were used to generate a

maximum clade credibility (MCC) tree with median node

heights using TREEANNOTATOR v1.7.1 after a 10% burn-in.

Because the mt12S data were suspected to support a

different topology from the nuclear data for reasons

other than the stochasticity of the coalescent process (see

Discussion), we also constructed species trees using

mt12S and nuclear loci separately. While species-tree

constructions are typically carried out using multilocus

data, inference from a single locus is possible (Heled &

Drummond 2010). Moreover, because species-tree con-

structions explicitly take the gene divergence within the

ancestral population into account, it is preferable for

estimating divergence times (Edwards & Beerli 2000).

As the method for the whole data set, we separately set

root date and the substitution rate prior to conduct the

estimation of mt 12S data. For species trees constructed

by nuclear loci only, substitution rate priors were

adopted from the estimates of whole data set analyses.

The root date prior was also applied in a separate analy-

sis. All the rest settings were the same as in the whole

data set analysis. For each analysis, MCMC was run for

a total of 300 million generations, sampled every 10 000

steps. Finally, 30 000 tree samples were used to generate

a MCC tree with median node heights using TreeAnno-

tator after a 10% burn-in (leaving 3000 trees).

IMA2 inference

Based on the relationships derived from species tree

(see Results), the IMA2 programme (Hey 2010) was

© 2014 John Wiley & Sons Ltd

DIVERGENCE DATING AND SPECIATION OF LIZARDS 4773



used to estimate the population genetic parameters of

the three Takydromus species divergence process, includ-

ing the effective population sizes of three descendants

(NV, NL and NH), two ancestral populations (NA-VL and

NA-VLH), six directional migration rates among three

focal species (2NMVL, 2NMLV, 2NMVH, 2NMHV, 2NMLH

and 2NMHL), two directional migration rates between

ancestral populations of T. hsuehshanesis (2NMVL-H and

2NMH-VL) and two divergence times (Tdiv-VL and Tdiv-

VLH). The IMA2 programme assumes no recombination

within loci, and gaps would be eliminated in IMA2

inferences (Hey & Nielsen 2004). Prior to the IMA2

analysis, all of the sequence data were trimmed using

IMGC, a software that selects nonrecombining regions for

IM analysis (Woerner et al. 2007). The likelihood-ratio

test implemented in IMA2 was used to test the null

hypothesis of zero gene flow. The upper boundaries of

the prior distributions for each parameter were set on

the basis of the results of two preliminary runs for spe-

cies pairs. Every IMA2 run was carried out using a geo-

metric heating scheme and searched with 25 chains.

One genealogy was saved from every 100 steps, and the

first 1 000 000 steps were discarded as burn-in. A mean

generation time of 1 year was assumed for these Taky-

dromus species (J.W. Lin, S.M. Lin, unpublished data;

mark–recapture study). Three independent runs in dif-

ferent heating schemes and random start seeds were

combined under IMA2 L mode. Finally, 35 000 genealo-

gies (runs of 35 million steps) were used in an IMA2

analysis.

All parameters were scaled by the average substitu-

tion rate per gene (l) as follows: m = M/l, t = T*l,
h = 4Nl, where M represents migration rate per genera-

tion per gene copy, T represents divergence time esti-

mated in years, and N represents the effective

population size. The substitution rates were derived

from the whole data set calibrated species tree. The geo-

metric means of the substitution rates were used to con-

vert all of the parameters to absolute values.

Test of ancient vs. recent gene-flow hypotheses

To investigate in more detail the divergence history of

T. viridipunctatus and T. luyeanus, we used approximate

Bayesian computation (ABC) to make inferences with

complex models based on nuclear data. Four candidate

scenarios are hypothesized: isolation, isolation-with-

migration, early gene flow and secondary contact mod-

els (Fig. S1, Supporting Information). The isolation

model assumes that T. viridipunctatus and T. luyeanus

started diverging Tdiv generations ago and that these

two species accumulated divergence without any gene

flow (i.e. allopatric divergence). The isolation with the

gene-flow model describes the two species diverging

Tdiv generations ago with gene flow from T. viridipuncta-

tus to T. luyeanus (4NMVL) and from T. luyeanus to

T. viridipunctatus (4NMLV). The early gene-flow model

assumes that they diverged in the presence of gene flow

Tdiv to Tm1 generations ago and subsequently diverged

in absolute reproductive isolation (i.e. parapatric diver-

gence). The secondary contact model assumes that the

two species diverged Tdiv generations ago and existed

without gene flow until Tm2 generations ago, when they

once again experienced gene flow. This scenario can be

viewed as allopatric divergence followed by range

expansion leading to secondary contact.

The details of the simulation are given in the Sup-

porting Information. In brief, msABC (Pavlidis et al.

2011) was used to simulate four candidate scenarios

and obtain summary statistics for nuclear data. One

million data sets for each of the models were simulated.

Posterior probabilities of four models were estimated

through a weighted multinomial logistic regression

method by ‘calmod’ (Beaumont 2006). Model selection

was performed before estimating the final demographic

historic parameters based on posterior probabilities of

each model. For the best-supported model, an addi-

tional 3 million simulations were performed and com-

bined with the previous one million simulations to

estimate the parameters. The posterior probability and

distribution of each parameter were obtained using AB-

Cestimator as implemented in ABCtoolbox (Wegmann

et al. 2010). The mode was chosen as the best point esti-

mation for each parameter.

Historical population demography

The historical population demographies of the three

focal species were estimated separately by using loci

information with extended Bayesian skyline plots (EB-

SPs) (Heled & Drummond 2008) implemented in BEAST.

The HKY substitution model was used for all introns;

while the same model with codon partitions (1+2), 3

was applied to the 4 exon markers. Estimations were

carried out with stepwise population model under both

strict and uncorrelated lognormal relaxed clock, and the

final clock model was chosen using Bayes factor with

the criteria of log10 Bayes factor = 3 (Kass & Raftery

1995). Each run was carried out with 300 million

MCMC steps, logged every 20 000 steps, with the first

10% discarded as burn-in.

Results

Genetic diversity of Takydromus grass lizards

All loci were successfully amplified and sequenced

from the three focal species except Taky1 from

© 2014 John Wiley & Sons Ltd
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T. luyeanus and Taky18 from T. hsuehshanensis (Table S1,

Supporting Information). The lengths of aligned

matrixes ranged between 372 and 1228 bp with means

of 892.6, 917.5 and 898.6 bp for T. viridipunctatus, T. lu-

yeanus and T. hsuehshanensis, respectively (Table 1).

Interspecific indels occurred from mitochondrial 12S

rRNA and 14 among the 20 nuclear loci. Three focal

species exhibit comparable amount of genetic variability

in terms of S, Hd, p/bp and hw for nuclear loci. How-

ever, for mt12S, T. viridipunctatus has genetic variability

2–3 times higher than T. luyeanus and T. hsuehshanensis.

Great genetic variability of T. viridipunctatus mt12S is

most likely due to population structure. Indeed, phylog-

eny derived by mt12S indicates that T. viridipunctatus

from different localities are divided into two subclades,

V1 and V2 (Fig. S2, Supporting Information), separated

by Snow Mountain (Hsuehshan Mt.) range (Supporting

Information).

The results of neutrality tests are also given in

Table 1. For nuclear loci, the average Tajima’s D and

Fu’s Fs are both negative for T. viridipunctatus, but only

Fs (�0.635, P = 0.02; Wilcoxon signed-rank test) signifi-

cantly deviates from zero. For T. luyeanus, both the

averaged D (�0.697, P < 10�2) and Fs (�1.800, P < 10�3)

are significantly negative. In contrast, the averaged D

(0.562, P = 0.03) and Fs (1.368, P < 10�2) are positive for

T. hsuehshanensis. For mt12S, the D and Fs are positive

for T. viridipunctatus possibly because of the existing

geographical structure. Tajima’s D (�1.929) and Fu’s Fs

(�6.153) are all significantly negative for T. luyeanus.

Dating the time of divergence between species

The results of a Bayesian clustering analysis are shown

in Table S2 (Supporting Information). The mean log-

probabilities and DK are largest when K = 3, represent-

ing three focal species. Therefore, there is no sign of

hybrid or misidentified individual (Fig. S3, Supporting

Information).

Species trees constructed using root-dating prior and

substitution rate prior yielded essentially identical

results for all data sets; we therefore present the results

from substitution rate prior and put those from root-

dating prior in the supplement. For the whole data set,

the divergence of T. viridipunctatus and T. luyeanus was

at 0.81 (95% highest posterior density, HPD, 0.57–1.07)

million years ago (MYA) (Fig. 2A and Fig. S4A, Sup-

porting Information). The divergence of the three focal

species began at 1.40 (95% HPD, 0.97–1.86) MYA. Taky-

dromus formosanus is the out-group of the three species

and diverging from them at 1.93 (95% HPD, 1.38–2.51)

MYA. Species tree derived from mt12S (Fig. 2B and Fig.

S4B) produced divergence time estimates considerably

more ancient than those from the whole data set. Taky-

dromus viridipunctatus and T. luyeanus diverged 2.07

MYA (95% HPD, 0.75–3.32). In addition, T. formosanus

becomes the out-group of above two species instead of

T. hsuehshanensis (P < 10�3; KH-test (Kishino and Ha-

segawa 1989)). Divergence time estimates derived from

the nuclear loci calibrated species tree are close to those

from the whole data set with overlapped 95% HPDs

(Fig. 2C and Fig. S4C, Supporting Information).

The TMRCAs and divergence time of each locus were

jointly estimated with species trees and are shown in

Table 2. For nuclear loci, the TMRCAs of T. viridipuncta-

tus showed a great difference from the smallest RPL19

of 0.48 million years (MY) to the largest Taky23 of

4.16 MY, with an average of 0.98 MY and a standard

deviation (SD) of 0.88. The TMRCAs of T. luyeanus

showed little variation among loci, ranging from

0.46 MY (Taky20) to 1.27 MY (RPL19) with an average

of 0.68 MY and SD of 0.22. The TMRCAs of T. hsueh-

shanensis ranged from 0.30 MY (Taky6) to 3.02 MY

(BDNF) with an average of 0.68 MY and SD of 0.65.

The divergence times for T. viridipunctatus and T. lu-

yeanus ranged from the smallest J7 of 1.04 MYA to the

largest 5.08 MYA of Taky8 with an average of

1.91 MYA. The divergence times between the ancestral

Table 1 Average number of chromosomes analysed (N), sequence length, number of segregating sites (S), haplotype diversity (Hd),

nucleotide diversity per site (9103 p/bp), Watterson’s estimator of theta per site (9103 hw), Tajima’s D (Taj D) and Fu’s Fs (FuFs) for

three focal species

Genome Species N Length S Hd p/bp hw TajD FuFs

Nuclear T. viridipunctatus 20.6 892.6 7.8 0.66 2.17 2.60 �0.441 �0.635*

T. luyeanus 22.3 917.5 9.1 0.70 2.41 3.08 �0.697** �1.800***

T. hsuehshanesis 18.8 898.6 5.9 0.56 2.64 2.17 0.562* 1.368**

Mitochondria† T. viridipunctatus 14 1006 19 0.89 7.59 6.43 1.064 1.873

T. luyeanus 13 1006 8 0.81 1.27 3.30 �1.929* �6.153***

T. hsuehshanesis 9 1006 9 0.56 0.86 1.13 �0.936 0.016

†Mitochondrial 12S rRNA gene adopted from Lin et al. 2002 and Lue & Lin 2008.

*P < 0.05; **P < 10�2; ***P < 10�3; results of the two-tailed Wilcoxon rank-sum test for mean = 0.
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mtDNA +nuclear

Nuclear

mtDNA

Fig. 2 Species tree of Takydromus con-

structed by (A) mtDNA and 16 nuclear

loci, (B) mtDNA only and (C) nuclear

loci only using substitution rate prior.

Divergence times are shown at the nodes

with 95% highest posterior densities in

brackets. Bayesian posterior probabilities

are shown above the branches.
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populations of T. viridipunctatus + T. luyeanus and

T. hsuehshanensis ranged from the smallest Taky6 of

1.66 MYA to the largest 8.24 MYA of DDX1, with an

average of 3.02 MYA. For mt12S, the TMRCAs for

T. viridipunctatus, T. luyeanus and T. hsuehshanensis were

1.06, 0.32 and 0.23 MYA, respectively. The divergence

time between T. viridipunctatus and T. luyeanus was

2.43 MYA. The divergence of the three species began

4.32 MYA.

Speciation with gene flow

IMA2 analysis could be applied to estimate parameters

associated with two time stages: before the speciation of

T. viridipunctatus and T. luyeanus (early stage) and after

this event (late stage). The speciation of T. hsuehshanen-

sis occurred approximately 1.31 MYA, and the specia-

tion of T. viridipunctatus and T. luyeanus took place

approximately 0.85 MYA (Fig. 3). In the early stage,

migration was detected from the ancestral population

of T. viridipunctatus and T. luyeanus (ANCVL) to

T. hsuehshanensis, with a magnitude of 0.181 (P < 0.05)

in the 2NM term. In the late stage, migration was

detected from T. viridipunctatus to T. luyeanus (0.016,

P < 0.05) and from T. viridipunctatus to T. hsuehshanensis

(0.015, P < 10�2). The estimated population parameters,

including effective population size, time of divergence

and gene flow, are given with their distributions in

Table S3 and Fig. S5 (Supporting Information). The

effective population size of T. hsuehshanensis (105 640)

was smaller than that of T. viridipunctatus (201 422) and

T. luyeanus (259 735). The population size of the com-

mon ancestor of these three species was 944 880.

Evolutionary scenario for T. viridipunctatus and
T. luyeanus

IMA2 suggested the existence of gene flow during the

formation of the three focal species. However, migration

could have occurred at different stages of speciation. To

reveal the divergence history, four models were pro-

posed and simulated by msABC, that is, isolation (I),

isolation with migration (IM), early gene flow (E) and

secondary contact (SEC) (Fig. S1, Supporting Informa-

tion; see Materials and Methods). Because too many

parameters need to be considered in the three-species

estimation, we focused only on T. viridipunctatus and

T. luyeanus in this analysis. For each model, 1 million

simulations were conducted by msABC, based on the

observed 38 summary statistics listed in Table S4 (Sup-

porting Information). The prior settings were shown in

Table S5 (Supporting Information). Among the four

Table 2 List of substitution rates (910�9 per site per year), time to the most recent common ancestor (TMRCA) and divergence times

in millions of years, with 95% highest posterior density (95HPD) in parentheses

Prior rate Posterior rate

TMRCA (95HPD) Divergence time (95HPD)

T. viridipunctatus T. luyeanus T. hsuehshanesis V v.s. L* VL v.s. H†

BACH1 1.25 1.14 (0.77, 1.58) 0.67 (0.33, 0.99) 0.67 (0.41, 0.95) 0.38 (0.06, 0.34) 1.04 (0.64, 1.52) 1.76 (1.11, 2.49)

BDNF 0.99 0.83 (0.49, 1.25) 0.61 (0.27, 0.96) 0.63 (0.34, 0.95) 3.02 (1.75, 4.57) 1.11 (0.62, 1.72) 3.02 (1.75, 4.57)

DDX1 4.93 5.12 (3.98, 6.20) 0.60 (0.29, 0.95) 0.60 (0.35, 0.85) 0.47 (0.14, 0.85) 1.50 (0.89, 2.21) 8.24 (6.03, 10.63)

ETFB 3.46 3.27 (2.28, 4.46) 0.59 (0.25, 0.97) 0.70 (0.42, 1.04) 0.52 (0.10, 1.09) 1.08 (0.64, 1.61) 2.10 (1.26, 3.15)

FGB 2.72 2.52 (1.88, 3.28) 0.62 (0.32, 0.98) 0.57 (0.31, 0.84) 0.76 (0.26, 1.37) 1.28 (0.74, 1.95) 2.98 (1.87, 4.23)

J7 3.73 3.71 (2.76, 4.77) 0.62 (0.32, 0.98) 0.57 (0.31, 0.84) 0.76 (0.26, 1.37) 1.28 (0.74, 1.85) 2.98 (1.87, 4.23)

PNN 1.69 1.51 (0.98, 2.09) 0.59 (0.25, 0.97) 0.63 (0.30, 0.99) 0.33 (0.06, 0.72) 2.02 (1.26, 2.93) 2.02 (1.26, 2.93)

R35 2.70 2.52 (1.74, 3.31) 0.77 (0.34, 1.28) 0.72 (0.40, 1.14) 0.70 (0.19, 1.28) 1.93 (1.28, 2.71) 1.93 (1.28, 2.71)

RPL13 2.95 2.81 (1.89, 3.77) 1.18 (0.76, 1.69) 1.18 (0.76, 1.69) 0.43 (0.09, 0.87) 1.18 (0.76, 1.69) 2.75 (1.74, 3.96)

RPL19 3.37 3.29 (2.29, 4.24) 0.48 (0.21, 0.79) 1.27 (0.74, 1.78) 0.85 (0.26, 1.44) 1.27 (0.74, 1.78) 1.70 (1.07, 2.41)

RPS3 4.84 5.07 (3.81, 6.25) 1.19 (0.75, 1.71) 0.52 (0.30, 0.45) 0.33 (0.08, 0.67) 1.19 (0.75, 1.71) 1.83 (1.25, 2.49)

Taky2 5.01 5.33 (3.85, 6.74) 0.81 (0.43, 1.24) 0.62 (0.37, 0.87) 0.85 (0.33, 1.42) 4.21 (2.73, 5.80) 4.21 (2.73, 5.80)

Taky6 2.42 2.26 (1.52, 3.05) 1.17 (0.71, 1.69) 0.58 (0.32, 0.83) 0.30 (0.06, 0.62) 1.17 (0.71, 1.69) 1.66 (1.05, 2.33)

Taky8 3.34 3.29 (2.32, 4.28) 0.51 (0.21, 0.92) 0.61 (0.34, 0.90) 0.39 (0.13, 0.78) 5.08 (3.35, 7.46) 5.08 (3.35, 7.46)

Taky20 2.33 2.12 (1.38, 2.93) 1.10 (0.66, 1.61) 0.46 (0.20, 0.74) 0.41 (0.12, 0.83) 1.10 (0.66, 1.61) 1.85 (1.12, 2.73)

Taky23 4.68 4.85 (3.80, 6.00) 4.16 (2.75, 5.51) 0.62 (0.40, 0.86) 0.42 (0.13, 0.78) 4.16 (2.75, 5.51) 4.16 (2.75, 5.51)

Mean 3.15 3.10 (1.42)‡ 0.98 (0.88) 0.68 (0.22) 0.68 (0.65) 1.91 (1.32) 3.02 (1.74)

12S§ 6.25 6.12 (4.86, 7.20) 1.06 (0.57, 1.59) 0.32 (0.12, 0.57) 0.23 (0.05, 0.45) 2.43 (1.43, 3.47) 4.32 (3.14, 5.63)

*Divergence time between T. viridipunctatus and T. luyeanus.
†Divergence time between T. hsuehshanesis and common ancestor of T. viridipunctatus and T. luyeanus.
‡Standard deviation.
§Adopted from Lin et al. (2002) and Lue & Lin (2008).
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models, the posterior probabilities of the early gene-

flow model are >0.99 under different tolerance rates

(Table 3). The Bayes factors between early gene-flow

and the other models are 6 9 103, 7 9 106 and 4 9 105

for BE/I, BE/IM and BE/SEC, respectively.

To test the effect of incorrect haplotype reconstruc-

tion, we removed the linkage-associated summary sta-

tistics (i.e. Zns) and repeated the model selection

procedure. The early gene-flow model was overwhelm-

ingly preferred over other models, with Bayes factors of

4 9 103, 2 9 106 and 2 9 105 for BE/I, BE/IM and BE/SEC,

respectively (detail not shown). In conclusion, the early

gene-flow model is strongly supported over the other

evolutionary scenarios in regard to different tolerance

rates and choices of summary statistics.

To estimate their speciation history in detail, an addi-

tional three million simulations under the early gene-

flow model were generated by msABC and combined

with the previous one million simulations. The diver-

gence of T. viridipunctatus and T. luyeanus (Tdiv) took

place approximately 1.83 (95% HPD 0.28–7.76) MYA

with continuous migrations between them (Tm1) until

0.69 (95% HPD 0.21–1.09) MYA (Table 4, Fig. 4). During

this period, the average migrants per generation from

T. viridipunctatus to T. luyeanus (4NMVL) and vice versa

(4NMLV) were approximately 20.5 (95% HPD 2.4–29.5)

and 11.6 (95% HPD 0.3–27.3), respectively. The effective

population sizes of T. viridipunctatus (NV) and T. luye-

anus (NL) were similar, with 236 181 for the former and

0.85 MYA

T. viridipunctatus T. luyeanus
T. hsuehshanensis

 Ancestral Ne (thousands): 945

0.016*

0.015**

0.18*

95HPD:(468, 2592)

1.31 MYA

Fig. 3 The speciation scenario of Takydromus simulated by 20

nuclear loci using IMA2. Each species is represented by a box,

the height of which refers to how long it has lasted and the

width to its effective population size. Grey double-headed

arrows denote 95% highest posterior density intervals. Migra-

tion arrows represent the population migration rate (2NM)

from the source population to the receiving population. Only

statistically significant migration rates according to a

likelihood-ratio test (Nielsen & Wakeley 2001) are shown.

*: P < 0.05; **: P < 0.01.

Table 3 Posterior probabilities of different demographic models under different tolerance rates

Tolerance rate

0.001 0.005* 0.01 0.05

Isolation 5.64 9 10�5 1.63 9 10�4 6.74 9 10�5 1.92 9 10�5

Isolation with migration 2.67 9 10�8 1.40 9 10�7 2.08 9 10�7 3.96 9 10�9

Early gene flow 0.999944 0.999835 0.999932 0.999981

Secondary contact 7 9 10�8 2.23 9 10�6 3.18 9 10�7 8.67 9 10�10

*Threshold used for Bayes factor calculations.

Table 4 Parameter estimates in approximate Bayesian computation under the early gene-flow model

NV NL NA 4NMVL 4NMLV Tdiv Tm1

Mode 236 181 256 282 809 045 20.5 11.6 1 825 780 687 840

HPD95Lo 153 268 185 932 175 883 2.4 0.3 281 843 202 270

HPD95Hi 316 581 329 144 999 997 29.5 27.3 7 755 160 1 093 056

Mode: posterior mode in the estimation; HPD95Lo: the lower bound of the estimated 95% highest posterior density (HPD) interval;

HPD95Hi: the upper bound of the estimated 95% HPD interval; NV and NL: long-term equilibrium effective population sizes of

T. viridipunctatus and T. luyeanus, respectively; NA: effective population size of ancestral species; 4NMVL and 4NMLV: population

migration rates per generation from T. viridipunctatus to T. luyeanus and from T. luyeanus to T. viridipunctatus forward in time, respec-

tively; Tdiv: divergence time; Tm1: migration stop time.
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256 282 for the latter, while the effective population size

of the entire ancestral population (NA) was about four

times the current populations (NA = 809 045).

Population demography

Significant deviation from zero in neutrality tests may

indicate the influence of historical population
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Fig. 4 Prior (dotted lines) and posterior (continuous lines) distributions of the parameters involved in the early gene-flow model,

with population sizes (A and B), migration rates in individuals (C and D) and times in years ago (E and F). NV and NL: long-term

equilibrium effective population size of T. viridipunctatus and T. luyeanus, respectively; NA: effective population size of ancestral spe-

cies; 4NMVL and 4NMLV: population migration rate per generation from T. viridipunctatus to T. luyeanus and from T. luyeanus to

T. viridipunctatus forward in time, respectively; Tdiv: divergence time; Tm1: migration stop time.
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demography. While negative Tajima’s D and Fu’s Fs sug-

gest a recent population expansion of T. luyeanus, posi-

tive D and Fs imply a population shrinkage scenario of

T. hsuehshanensis. We next used the Bayesian approach to

infer the historical population demography of the three

species. According to an extended Bayesian skyline plot

(EBSP), the population size of T. viridipunctatus remained

constant over time (Fig. 5A). A tenfold population

increase beginning at 0.35 MYA was found in T. luyeanus

(Fig. 5B). In T. hsuehshanensis, a population decrease after

0.10 MYA was observed (Fig. 5C). In summary, two lines

of evidence, the frequency spectrum and EBSP, support a

recent population expansion of T. luyeanus and reduction

in T. hsuehshanensis.

Discussion

Gene flow at an early stage of divergence accounts for
variations in divergence dating among genes

The incongruence across different markers might be

due to variation in gene divergence time (t) or variation

in coalescence time, which has been discussed in litera-

ture (Osada & Wu 2005). Because genes may vary in

Ne, the deduced divergence times may differ even

though they have a similar divergence history. Thus,

the variation in Ne combined with stochasticity in the

coalescent process might account for the differences in

divergence times derived from individual genes vs. spe-

cies-tree approaches. However, this explanation is based

on the assumption that there is no gene flow during the

speciation process (Knowles 2009; Heled & Drummond

2010), that is, fixed t across loci. If this assumption is

violated, t will not be constant because certain genes

are able to diffuse at an early stage of speciation, and

the initial divergence time may be underestimated.

Both the IMA2 and msABC inferences suggest that

there was gene flow during the speciation of Takydro-

mus species, even though the degree of migration esti-

mated by different approaches varies substantially.

Therefore, variation in Ne cannot completely account

for the differences derived from the different markers

and methods. Due to their limited dispersal ability, geo-

graphical isolation may have played a major role in the

divergence process. Overall, our results reveal a more

complex situation than the simplified allopatric specia-

tion model. This study also strengthened the recent

aspect (e.g. Heled et al. 2013; Leach�e et al. 2013) that

gene flow during the speciation process cannot be over-

looked and may have great impact on divergence

dating.

Speciation history of Takydromus in Taiwan

We propose an evolutionary history of three Takydromus

species in Taiwan based on the msABC simulations and

our knowledge of past geography. The simulated diver-

gence of T. viridipunctatus and T. luyeanus was approxi-

mately 1.8 MYA (Table 4), which is close to those

derived from mt12S species tree (Fig. 2B). Although the

separation of T. hsuehshanensis was not simulated,

judging by gene and species divergences, it should have

occurred earlier than the divergence of T. viridipunctatus

and T. luyeanus. Therefore, the speciation of

1.E+03

1.E+04

1.E+05

1.E+06

0 200 000 400 000 600 000 800 000

1.E+04

1.E+05

1.E+06

0 200 000 400 000 600 000 800 000

1.E+05

1.E+06

0 200 000 400 000 600 000 800 000

T. viridipunctatus

Po
pu

la
tio

n 
si

ze

Years before present

T. hsuehshanensis

T. luyeanus

Po
pu

la
tio

n 
si

ze
Po

pu
la

tio
n 

si
ze

Years before present

Years before present

(A)

(B)

(C)

Fig. 5 Historical demography of Takydromus viridipunctatus (A),

T. luyeanus (B) and T. hsuehshanesis (C) inferred from nuclear

loci by an extended Bayesian skyline plot. The black line repre-

sents median estimates, and grey lines represent 95% highest

posterior densities.
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T. hsuehshanensis may have been near the time of the

divergence of its mt12S (4.32 MYA, Table 2; 4.01 MYA,

Fig. 2B), which was during the uplift of Snow Mountain

(Hsuehshan Mt.), about 3–5 MYA (Chen et al. 2000). It

is reasonable to propose that the split of T. hsuehshanen-

sis was initiated by the formation of Snow Mountain.

During the early stages of their speciation, a substantial

amount of gene flow was detected. This scenario is sim-

ilar to the parapatric mode of speciation. Under this

condition, the divergence between the genomes of the

two species would be in a mosaic pattern (Wu 2001)

because regions corresponding to the speciation process

would be differentiated, whereas the rest of the genome

would not. Thus, different genomic regions would have

different levels of divergence and TMRCA. For exam-

ple, the TMRCA of T. viridipunctatus ranged from 0.48

to 4.16 MY, suggesting that different parts of the gen-

ome have different histories of divergence.

According to the results of the simulation, migration

between T. viridipunctatus and T. luyeanus stopped

approximately 0.69 MYA, which is similar to the esti-

mated divergence time by the species-tree approach

(Fig. 2A and C). Because the species-tree method

assumes no gene flow during speciation, divergence

dating based on this approach should be close to the

time when the two diverging groups were completely

isolated (Heled et al. 2013). That period also corre-

sponds to the formation of southeastern Taiwan, includ-

ing the Coastal Range and Longitudinal Valley (Chen &

Wang 1988), the current habitats of T. luyeanus. We pro-

posed that T. luyeanus colonized these areas right after

they formed, and the two species have been separated

ever since by the Li-Wu Stream. Although the stream

may not have been an effective barrier during the early

stage of speciation, it creates a sharp division in their

current distributions and may have contributed to the

final step of isolation.

Although IMA2 and msABC both support gene flow

during speciation, they yielded very different diver-

gence dates, most likely due to different amounts of

estimated gene flow. Because the IM model may over-

simplify the real situation (assuming that the migration

rate is constant during divergence) and the time frame

simulated by msABC is synchronous with known geo-

graphical changes, we suggest that the latter may be a

more probable scenario.

Mitochondrial vs. nuclear divergence

Although the branching pattern for the mitochondrial

phylogeny was not highly supported, species trees

derived from mt12S and nuclear loci showed substan-

tial difference in divergence dating and species phylog-

enies. There are several possible explanations for this

incongruence between mt12S and nuclear loci, includ-

ing incomplete lineage sorting, homoplasy or saturation

of substitutions (Felsenstein 1978; Maddison & Knowles

2006; Brandley et al. 2011, 2012). Except for these well-

documented sources of conflict, an alternative explana-

tion is due to differences in divergence history among

mitochondrial and most of the nuclear loci. This phe-

nomenon might be due to male-biased dispersal, which

is a common feature in many lizards (Doughty et al.

1994; Olsson et al. 1996; Massot et al. 2003). Indirect evi-

dence from Table 2 also suggests asymmetrical sex dis-

persal. Because the effective population size of

mitochondrial genomes is only one-fourth as large as

nuclear genes, the TMRCA estimate from the former

should be shorter than the latter. Indeed, the TMRCAs

of mt12S for T. luyeanus (0.32 MY) and T. hsuehshanensis

(0.23 MY) are less than half of their nuclear averages.

Nevertheless, due to population structure (Fig. S2, Sup-

porting Information), the TMRCA of mt12S for T. viridi-

punctatus (1.06 MY) is more ancient than the average

TMRCA derived from nuclear loci (0.98 MY). While the

mitochondrial gene shows great population structure,

only a small amount of differentiation is observed in

the nuclear genome of T. viridipunctatus (Fst = 0.79 vs.

0.08; see Supporting Information). This observation

implies unequal gene flow in the two genomes, as

expected under male-biased dispersal. In addition to

asymmetrical sex dispersal, postzygotic isolation caused

by mitochondrial-nuclear incompatibility may also have

contributed to degrees of divergence in mitochondrial

vs. nuclear genomes. Mitochondria are the main source

of cellular energy production (mitochondrial bioenerget-

ics) and play a major role in cell metabolism and whole

organism development. Mitochondrial- and nuclear-

encoded proteins interact closely with each other in the

electronic transporter complex (ETC.), possibly leading

to intergenomic co-adaptation (Rand et al. 2004; Gersh-

oni et al. 2009). Living at high altitudes would require

T. hsuehshanensis to increase its mitochondrial aerobic

energy production, as has been demonstrated for both

vertebrates (Portner 2004) and invertebrates (Sommer &

P€ortner 2002). This process would promote the diver-

gence of the mitochondrial genome. It is possible that

the divergence of these species approximately 4 MYA

was initiated by their mitochondrial divergence, which

may have subsequently contributed to the divergence of

their nuclear counterparts. Because only mitochondria-

associated genes were differentiated, gene flow in other

parts of the genome was still possible. As a result, we

observed a mosaic pattern of divergence in their ge-

nomes. This hypothesis can be tested by studying genes

involved in ETC. and randomly selected loci. The for-

mer category should have a more ancient history of

divergence than the latter.
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Historical population demography

The genetic variation among these Takydromus species

also suggests the influence of geography and climatic

change on their population demography. The EBSP

analyses suggest that the population of T. luyeanus has

increased in size since the Middle Pleistocene

(0.50–0.40 MYA), which was close to the time its current

habitat was formed. Thus, the colonization of a new ter-

ritory may have promoted its population expansion. In

contrast to T. luyeanus, the population of T. hsuehshanen-

sis has been decreasing since the last glacial epoch,

which began 110 kilo years before present (YBP),

reached a maximum decrease at 24–18 kilo YBP (last

glacial maxima; LGM) and ended approximately 10 kilo

YBP (Tsukada 1966; Liew & Chung 2004). Population

reduction became more severe as temperatures

decreased towards the LGM when the average tempera-

ture was approximately 6–7 °C lower than at present

(Tsukada 1967).

Many studies have attributed population size changes

to the effects of glacial-interglacial cycles in Taiwan (Lin

et al. 2008, 2011; Huang & Lin 2011). In our case, tem-

perature fluctuation did not seem to play an important

role in the population demography of the two lowland

lizards. For T. luyeanus, low temperatures in the last

glacial period might have only slightly retarded the rate

of population growth, but the overall trend has been

towards positive growth. For T. viridipunctatus, the pop-

ulation size remained constant during the last 0.8 MY.

On the other hand, lower temperatures may have con-

tributed to a population decrease for T. hsuehshanensis

living at high altitude.

Conclusion

This study provides the first comprehensive assessment

of the speciation process and divergence history of

Takydromus in East Asia. Due to their limited dispersal

ability, it has been suggested that geographical isolation

may have played a major role in the divergence process

in these species. Nevertheless, the current study reveals

a far more complex scenario than a simple allopatric

speciation model. Divergence dating based on individ-

ual genes revealed an earlier split than those based on

the species-tree method. In contrast to previous

assumptions, the simulation results suggest that the sto-

chasticity of the coalescent process during speciation

cannot completely account for this discrepancy. High

variations in divergence among loci may be a result of

migration between diverging species and suggest a

parapatric mode of speciation.

The divergence of three focal Takydromus species was

initiated at least 4 MYA, most likely resulting from the

rise of Snow Mountain (Hsuehshan). Between T. viridi-

punctatus and T. luyeanus, gene flow persisted during

three-fifths of their divergence and did not cease until

0.69 MYA, coincident with the formation of the current

range of T. luyeanus, which includes the Coastal Range

and Longitudinal Valley (Fig. 1). After T. luyeanus

moved into these areas, the two species were separated

by the Li-Wu Stream, which prohibited gene flow

between them. The population size of T. viridipunctatus

remained constant over the last 0.8 MY, while a demo-

graphic expansion of T. luyeanus beginning between

0.40 and 0.50 MYA was revealed, which was most

likely promoted by its colonization of new habitats. We

observed a population reduction in T. hsuehshanensis

beginning at 0.1 MYA, which coincides with the begin-

ning of the last glacial epoch. Therefore, temperature

fluctuation may greatly influence the populations of this

highland lizard.
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