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ABSTRACT

Aim The location of zoogeographical boundaries in eastern China has long

been the subject of debate. To identify any north/south genetic divergence

between the Palaearctic and Sino-Japanese realms proposed by previous studies,

we conducted a comparative phylogeographical study involving three passerine

species with wide latitudinal distributions in eastern China.

Location Eastern China.

Methods Two mitochondrial genes and three nuclear introns were amplified

and sequenced. Population structures were analysed using intra-specific phy-

logeny, tcs networks, AMOVA and structure inferences. We tested for evi-

dence of genetic barriers based on pairwise differences. Lineage divergences,

demographic dynamics and gene flow between lineages were estimated using

Bayesian methods.

Results A congruent north/south phylogeographical divergence was identified

for three species. A geographical barrier was inferred at c. 40° N in eastern

China. The population sizes of the northern and southern lineages have both

been stable through the late Pleistocene, while multiple divergences were

inferred during the early and middle Pleistocene.

Main conclusions Our results suggest a general phylogeographical break in

north-eastern China, coinciding with the Palaearctic/Sino-Japanese boundary.

Physical blocking of the Yan Mountains and fragmentation of suitable habitat

during glacial stages between the north and south probably acted together to

provide long-lasting barrier effects. Our comparative phylogeographical

approach demonstrates that the Palaearctic/Sino-Japanese boundary may repre-

sent a gene-flow barrier even within widespread species.

Keywords

Aegithalos caudatus, comparative phylogeography, early Pleistocene, eastern

Asia, lineage divergence, Poecile montanus, Poecile palustris

INTRODUCTION

In ‘The Geographical Distribution of Animals’, Alfred Rus-

sel Wallace intuitively classified the fauna of eastern China

as representative of the Palaearctic region, bordering on the

Oriental region in the south (Wallace, 1876). However, he

also noted that a subregion within the Palaearctic realm,

Japan and northern China, stood out as ‘an interesting and

very productive district’ while commenting ‘. . . Its limits

are not very well defined’ (Wallace, 1876). Recently,
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Proches� & Ramdhani (2012) noted similarities between the

eastern China and Himalayan regions and identified them

as a distinct faunistic cluster of the Sino-Himalayan subre-

gion. In a recent large-scale biogeographical analysis, Holt

et al. (2013) identified a distinct Sino-Japanese realm

extending from Tibet in the west to the major Japanese

archipelago in the east. However, the basis for recognizing

this area as a separate realm was questioned by other bio-

geographers (e.g. Kreft & Jetz, 2013), who instead consid-

ered this as a transition zone between the Palaearctic and

Oriental realms.

Traditional zoogeographical classification places the

boundary between the Oriental and Palaearctic realms at the

Qinling Mountains – Huai River, around 32°–34° N in east-

ern China (Cheng, 1987; Zhang, 1999; Tan, 2011). The

results obtained by Holt et al. (2013) suggested the existence

of some old endemic groups and a sharp boundary between

the old fauna of the Oriental lowland monsoon forests and

more derived and species-rich clades containing babblers, leaf

warblers, tits, etc. The latter primarily radiated in the colder

and semi-deciduous environments of the Sino-Himalayan

mountains. However, as a consequence of climatic instability

since the late Miocene, China’s montane environments have

also received a strong influx of groups that may have origi-

nated in the vast forest and woodland regions in the eastern

Palaearctic (P€ackert et al., 2012). According to Holt et al.

(2013), in eastern China, the Palaearctic/Sino-Japanese

boundary is located at c. 40°–41° N. This is in agreement

with other quantitative evidence (Kreft & Jetz, 2010; Proches�
& Ramdhani, 2012) but is more northwards than the tradi-

tional Palaearctic/Oriental boundary (Fig. 1).

To understand the nature of a biogeographical break, it

may also be relevant to examine the phylogeographical

structure of the species that are distributed across the

break. Phylogeographical studies mostly focus on the evolu-

tionary processes that have operated over more recent time

scales than those typically considered in deep-time biogeo-

graphical analyses (Avise, 1992; Burton, 1998; Arbogast &

Kenagy, 2001; Eberl et al., 2013). With this change in focus,

we may establish whether the boundary is underpinned by

selection filters or by continued breaks in gene flow among

populations. A long-lasting geographical filter can be

documented by multiple divergent events that have

occurred at different times in the same geographical region

(Lei et al., 2015). Therefore, a closer examination of phylo-

geographical patterns in more organisms is needed to assess

whether historical or environmental factors related to the

Palaearctic/Sino-Japanese boundary have caused a diver-

gence between northern and southern populations in east-

ern China.

A phylogeographical break between populations living

north and south of the Palaearctic/Sino-Japanese boundary

has been recorded in some organisms (Zhang et al., 2008;

Bai et al., 2010; Sakka et al., 2010; Ding et al., 2011). Studies

on some generalist birds such as the great tit, Parus major;

the common pheasant, Phasianus colchicus; and the Eurasian

magpie, Pica pica, which tolerate a broad range of ecological

conditions, did not reveal any major divergence among pop-

ulations of the north and south (Liu et al., 2010; Zhang

et al., 2012; Zhao et al., 2012). In contrast, the azure-winged

magpie, Cyanopica cyanus, which is more dependent on a

well-wooded habitat, showed a north/south genetic division

in eastern China (Zhang et al., 2012). We hypothesize that

phylogeographical breaks among populations in the northern

and southern parts of eastern China might be recorded in

other avian species as well, especially in sedentary woodland

species.

In this study, we focused on three woodland birds with

large latitudinal distributions in northern Eurasia: the marsh

tit, Poecile palustris Linnaeus, 1758; the willow tit, Poecile

montanus Conrad, 1827; and the long-tailed tit, Aegithalos

caudatus Linnaeus, 1758. These species are small-sized

passerines that are widely distributed across the northern

temperate belt from the Atlantic to the Pacific coasts. The

three species are found in lowland, submontane and mon-

tane mature deciduous woodlands and forests with well-

developed shrub layers. The distributional ranges of all three

species cover major areas of eastern China and extend across

the boundary between the Palaearctic and Sino-Japanese

Realms (Gosler & Clement, 2007; Harrap, 2008).

Mitochondrial and nuclear markers revealed that A. cauda-

tus is divided into a widespread northern clade and an east-

ern Chinese clade (P€ackert et al., 2010; Song et al., 2015).

These are sometimes treated as separate species, A. caudatus

sensu stricto and A. glaucogularis (e.g. Harrap, 2008; Gill &

Donsker, 2015). With respect to P. montanus, analyses of

mitochondrial DNA from western Europe to eastern Russia

and Japan failed to detect any phylogeographical structure

(Kvist et al., 2001; Salzburger et al., 2002; Zink et al., 2008).

However, the geographically isolated subspecies P. m. son-

garus (central Asia), P. m. affinis (north-central China) and

P. m. weigoldicus (south-central China) were genetically

divergent from the northern subspecies (Salzburger et al.,

2002). Previous study based on P. palustris cytochrome b

(Cytb) sequences showed that individuals from Sweden and

Siberia were only marginally divergent (Gill et al., 2005). In

contrast, P. p. hypermelaenus, which is distributed in south-

west China to Myanmar, has recently been suggested to be a

distinct species (Johansson et al., 2013). All these studies

indicate a major genetic divergence in eastern Asia. However,

the exact location of the geographical barriers that may have

created the phylogeographical divergence of the three species

have not been substantially established.

By comparing the phylogeographical structure of the three

passerines, we will test: (1) whether congruent genetic breaks

can be demonstrated in eastern China; (2) whether such

breaks correspond to the proposed boundary between the

Sino-Japanese/Palaearctic zones as proposed by Holt et al.

(2013); (3) whether the genetic population structures reflect

similar historical dynamics. This study contributes to the

understanding of the evolution of zoogeographical regions in

the eastern part of the Eurasian continent.
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MATERIALS AND METHODS

Sample collection and laboratory work

One hundred and one individuals of P. palustris, 49 P. mon-

tanus and 90 A. caudatus were collected throughout their

distribution in eastern China (Fig. 1; see Table S1). Total

DNA was extracted from blood or muscle using the QIAamp

DNA Mini Kit (Qiagen, Hilden, Germany). Sequences from

two mitochondrial genes (Cytb; NADH dehydrogenase sub-

unit 2, ND2) and three nuclear introns (b-fibrinogen intron

5, Fib5; myoglobin intron 2, Myo2; transforming growth fac-

tor beta 2, TGFB2) were amplified using polymerase chain

reaction (PCR). The three nuclear introns are widely used in

phylogenetic and phylogeographical studies. Although they

all evolve more slowly than mitochondrial markers, they have

unequal substitution rates (Fib5 is the fastest and Myo2 the

slowest). The primer pairs and PCR conditions followed

Song et al. (2015) but with optimized annealing tempera-

tures.

PCR products were purified with a QIAquicktm PCR

purification kit (Qiagen). Sequencing was carried out on an

ABI PRISM 3730 automatic sequencer (Applied Biosystems,

Foster City, CA, USA) following the ABI PRISM BigDye Ter-

minator Cycle Sequencing protocol. Original sequences were

assembled in Seqman II (DNASTAR, Madison, WI, USA).

Consensus sequences were aligned using ClustalW in mega

5 (Tamura et al., 2011). The presence of Cytb and ND2

pseudogenes were checked by scanning for stop codons or

indels. We used the PHI test in Splitstree4 (Bruen et al.,

2006; Huson & Bryant, 2006) and the GARD method (Pond

et al., 2006) as implemented in Datamonkey (Pond & Frost,

2005) to search for signatures of recombination in the

nuclear sequences. We applied the Phase algorithm (Stephens

et al., 2001) in DnaSP 5.0 (Librado & Rozas, 2009) with

default parameters to determine the gametic phase of

heterozygous nuclear genes. The analysis was run three times

with random initiated seeds to check for convergence across

replicates. Consistency was confirmed by comparing the hap-

lotype frequencies and goodness of fit values estimated for

these runs. Sequences with posterior probabilities larger than

90% were retained for the subsequent analyses. All sequences

used in this study were deposited in GenBank (see Table S1).

Genetic analyses for population structure

We concatenated the Cytb and ND2 genes because they are

linked and have likely evolved under similar constraints.
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Figure 1 Zoogeographical boundaries and sample information of three woodland bird species in China. Circles, triangles and rectangles
represent sampling sites in eastern China, with the size of the symbols being proportional to the number of samples (from 1 to 15).

Red, pink, light blue and dark blue represent the major clades identified in Bayesian trees (see coloured bars in Fig. 2). Names of
sampling sites are abbreviated (see Table S1 for explanation). Geographical features in China are indicated by italic numbers: 1, Da

Hinggan Ling Mountains; 2, North-eastern Plain; 3, Yan Mountains; 4, Inner Mongolia Plateau; 5, Gobi Desert; 6, Loess Plateau; 7,
Taihang Mountains; 8, North China Plain; 9, Qinling Mountains; 10, Middle-Lower Yangtze Plain; 11, Qinghai-Tibet Plateau. The bold

purple dash line indicates the zoogeographical barrier between the Palaearctic and Sino-Japanese realms identified by Holt et al. (2013).

Narrow dash line in dark blue indicates the traditional Palaearctic/Oriental boundary along the Qinling Mountains – Huai River
suggested by Cheng (1987) and Zhang (1999).
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Population genetic parameters, such as the number of segre-

gating sites (S), number of haplotypes (Nhap), haplotype

diversity (Hd) and nucleotide diversity (Pi), were determined

by DnaSP 5.0. We used MrModeltest 2.3 (Nylander, 2004)

to identify the appropriate sequence evolutionary model for

each locus.

To investigate lineage divergence within each of the three

species, the intraspecific phylogeny based on mitochondrial

haplotypes was reconstructed using a constant population

size coalescent model in beast 1.8 (Drummond et al., 2012).

We set substitution models according to the best-fit model

for each species as determined by MrModeltest 2.3. The

strict molecular clock model (Drummond et al., 2006) was

applied as the sequence substitutions were expected to be

constant among intra-specific lineages. The Markov chain

Monte Carlo (MCMC) chain was run for more than 100

million generations, with a sampling frequency every 1000

generations. Convergence to the posterior distributions of

the parameter estimates was evaluated by monitoring the

effective sample size (ESS > 200) and trace plots in Tracer

1.6 (Rambaut et al., 2014). The analyses were carried out on

the CIPRES portal (Miller et al., 2010), and we ran the same

Beauti file three times to ensure the consistency of the results

among the independent runs. A maximum-credibility tree

was calculated in treeannotator 1.8 (Drummond et al.,

2012) after removing the first 10% of the trees as ‘burn-in’.

We used the parsimony software tcs 1.21 (Clement et al.,

2000) to construct the networks based on combined mito-

chondrial haplotypes. We set the default at 95% parsimo-

niously plausible branch connections between haplotypes.

The nuDNA was analysed using *beast (Heled & Drum-

mond, 2010) implemented in beast 2.0 (Bouckaert et al.,

2014) to test the lineage divergence revealed in the mtDNA.

We unlinked the substitution models across the three introns

and set the substitution parameters for each locus according

to the MrModeltest results. We chose a piecewise linear

population size model with a constant root as the species

tree prior, and used the default molecular clock settings

(strict clock model, the rate of the first locus = 1.0 and the

rates for other loci were to be estimated). The MCMC chains

ran for 500 million generations, with sampling every 5000

generations. The convergence of the MCMC chains was

examined in Tracer 1.6, and the first 10% were discarded

as ‘burn-in’. The results were visualized in the software den-

sitree (Bouckaert, 2010). We also used structure 2.3

(Pritchard et al., 2000) to detect the population structure

based on the genotype data from the three nuclear introns.

An admixture model with correlated allele frequencies was

applied, and sampling locality was set a priori to magnify the

genetic signal (Hubisz et al., 2009). For each species the

number of clusters (K) was set from 1 to 10, and each K was

run 10 times. The program started with a ‘burn-in’ of

1 9 105 followed by 1 9 105 MCMC iterations. The K with

the highest likelihood was identified by DK (Evanno et al.,

2005) in Structure Harvester (Earl & Vonholdt, 2012).

Clumpp (Jakobsson & Rosenberg, 2007) was used to merge

the results of the replicated runs for each K, and Distruct

(Rosenberg, 2004) was applied to generate bar plots of the

combined results.

The population structure based on concatenated mtDNA

sequences was tested in Arlequin 3.11 (Excoffier et al.,

2005) by analysis of molecular variance (AMOVA). We

tested different grouping arrangements referring to physical

barriers (e.g. the Yan and Qinling mountains), subspecies

delimitation and phylogenetic results. The statistical signifi-

cance of the variance components in the AMOVA was tested

with 10,000 permutations.

A pairwise FST was calculated using the corrected aver-

age pairwise difference [PiXY�(PiX+PiY)/2] in Arlequin

3.11. Genetic barriers corresponding to abrupt changes in

the patterns of genetic variation among the populations

were identified in Barrier 2.2 (Manni et al., 2004). The

geographical coordinates of each population were con-

nected by Delaunay triangulation, and the corresponding

Voronoi tessellation was derived. The maximum difference

algorithm (Monmonier, 1973) was used to identify genetic

barriers among the populations. Given our aim of identify-

ing any major barrier in eastern China, we tested one

genetic barrier using 1000 resampled bootstrap matrices of

FST among the pairs of populations calculated in Arle-

quin 3.11.

Divergence dating and historical demographic

reconstruction

The divergence times were estimated with the same beast

methods as above. We accepted the substitution rate (0.0105

site/million years) of the standard molecular clock for Cytb

(Weir & Schluter, 2008), and modified the value for the

combined mtDNA sequences: We calculated the average

overall mean p distances for Cytb and for the combined

mtDNA sequences (Cytb and ND2), respectively. The results

showed that the average overall mean p distances for the

combined mtDNA (0.0126) was 1.19 times of that of Cytb

(0.0106). Thus, we obtained a substitution rate of 0.0125

site/million years for the combined mtDNA by multiplying

the ratio of 1.19 by the substitution rate of the standard

molecular clock for Cytb. The analyses ran under a constant

growth model with a strict molecular clock model. Chains

were run for 100 million generations with sampling every

1000 generations. We used Tracer 1.6 to monitor the poste-

rior distribution and the ESSs and summarized the posterior

probabilities of each parameter after discarding the first 10%

of the samples as ‘burn-in’.

To assess whether populations have experienced historical

fluctuations, we calculated Tajima’s D & Fu’s F. We used

McDonald and Kreitman’s method (Mcdonald & Kreitman,

1991) to test for selective neutrality in the mtDNA. We used

Bayesian skyline plot (BSP) in beast 1.8 to reconstruct the

effective population size fluctuations since the time of the most

recent common ancestor (TMRCA). For each lineage, the chains

were run for 30 million generations or more until the ESS value

Journal of Biogeography 43, 2099–2112
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was larger than 200 after 10% ‘burn-in’. The demographic his-

tory through time was reconstructed using Tracer 1.6.

To estimate gene flow among the major lineages, we anal-

ysed the population parameters in IMa2 (Hey, 2010) with

mtDNA and nuDNA sequences respectively. We used the

HKY model of evolution for both the mitochondrial and

nuclear sequences. The mutation rate for each nuclear locus

was estimated by multiplying the ratio of the overall mean P

distance of each intron with that of Cytb based on the classic

molecular clock mutation rate (0.0105 site/million years).

Inheritance scalars were set at 1 for the nuclear loci and 0.25

for the mtDNA. The program ran in metropolis coupled

MCMC mode with ten chains of linear heating. We first

tried multiple times with different prior settings of maxi-

mum values for the splitting time (t0), population size

parameters (q0, q1, q2), and migration parameters (m0 > 1,

m1 > 0) to ensure that we reached the likelihood peak for

each parameter, then repeated this three times with the final

parameter setting but different start seeds. The MCMC chain

of each replication ran 10 9 105 steps, with the first

10 9 104 discarded as ‘burn-in’. Convergence between the

Markov chains at stationary distribution was checked by

assessing the ESS > 100, trend line plots, and swapping rates

between chains over the course of the run.

RESULTS

Genetic polymorphism and molecular evolutionary

properties

We obtained 943 base pairs (bp) of Cytb and 996 bp of

ND2 for P. palustris and P. montanus, and 1011 bp of Cytb

and 1014 bp of ND2 for A. caudatus. The concatenated

mtDNA sequences generated 57, 34 and 75 haplotypes in P.

palustris, P. montanus and A. caudatus respectively. Poecile

montanus had the largest Hd: 0.974, while P. palustris had

the largest Pi: 0.017. The sequence length of the introns var-

ied among the three species (572–577 bp for Fib5, 733–
742 bp for Myo2, and 589–609 bp for TGFB2). Poecile palus-

tris had the highest genetic diversity in Fib5, and P. mon-

Table 1 Nucleotide polymorphism and results of neutrality tests for three bird species.

mtDNA Nuclear DNA

Cytb ND2 Combined Fib5 Myo2 TGFB2

P. palustris

Length(bp) 943 996 1939 573 731 589

S 60 73 133 30 15 31

Nhap 45 29 57 31 16 20

Pi 0.016 0.019 0.017 0.007 0.001 0.005

Hd 0.887 0.842 0.966 0.831 0.572 0.483

Overall mean distance 0.016 0.020 0.018 0.009 0.001 0.005

Fu’s F �1.692 0.100 �0.789 �0.493 �3.030** 0.261

Tajima’s D 0.608 1.293 0.998 �0.863 �1.731* �1.307

MK test 1.600 0.658

P. montanus

Length(bp) 943 996 1939 573 733 589

S 36 57 93 20 12 16

Nhap 24 28 34 19 13 22

Pi 0.008 0.015 0.012 0.005 0.001 0.006

Hd 0.905 0.946 0.974 0.830 0.488 0.878

Overall mean distance 0.009 0.016 0.013 0.005 0.001 0.007

Fu’s F �1.478 �0.806 �1.138 �0.709 �1.204 0.394

Tajima’s D 0.122 0.803 0.552 �0.875 �1.181* 0.393

MK test 3.091 1.286

A. caudatus

Length(bp) 1011 1014 2025 577 742 609

S 36 39 75 19 6 9

Nhap 22 25 38 21 7 13

Pi 0.007 0.008 0.007 0.003 0.0004 0.0015

Hd 0.842 0.911 0.954 0.651 0.272 0.652

Overall mean distance 0.007 0.008 0.008 0.003 0.000 0.002

Fu’s F �0.889 �0.719 �0.877 �0.094 �1.365 �0.677

Tajima’s D 0.206 0.188 0.206 �1.475 �1.497 �0.975

MK test 3.24 1.772

*P < 0.05, **P < 0.01.

S, number of segregating sites; Nhap, number of haplotypes; Hd, haplotype diversity; Pi, nucleotide diversity; Fu’s F, statistics of Fu’s F test;

Tajima’s D, statistics of Tajima’s D-test; MK test, statistics of McDonald and Kreitman’s test.
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tanus had the highest genetic diversity in TGFB2. The overall

mean pairwise distances were greatest in P. palustris for three

loci (Cytb 0.016, ND2 0.020 and Fib5 0.009), while the low-

est values for all five loci were found in A. caudatus (Cytb

0.007, ND2 0.008, Fib5 0.003, Myo2 0.000, and TGFB2

0.002). Neither Tajima’s D nor Fu’s F tests showed signifi-

cant deviations from neutrality for any of the five loci in the

three species, except for significant negative Tajima’s D and

Fu’s F values for Myo2 in P. palustris and P. montanus. No

significant deviation from neutrality was found in Cytb or

ND2 according to the McDonald and Kreitman’s tests

(Table 1).

Intra-specific phylogeny and population structure

The intra-specific phylogenies based on the mitochondrial

haplotypes strongly support the geographical divergences

between the northern and southern regions of eastern China

(Fig. 2). Sub-clades within the major clades were supported

by high posterior probabilities in A. caudatus (A1, A2 and

B1, B2) and P. montanus (A, B1 and B2). The tcs networks

were congruent with the tree topology in that the haplotype

clusters corresponding to the major clades were disconnected

(Fig. 2). In A. caudatus, some haplotypes from the two

clades co-existed in Beijing (BJ). In P. palustris, the haplo-

types from BJ grouped within the northern clade A, while

the haplotypes in P. montanus from BJ grouped within the

southern clade B (Fig. 1).

The *beast analyses recovered intra-specific phylogenies

consistent with the mtDNA sequence data in all three spe-

cies. The major lineages of the north and south (A, B)

received high support values (0.99). According to the

Structure analyses, the best clustering values were K = 3, 2,

and 5 for P. palustris, P. montanus and A. caudatus, respec-
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Figure 2 Intra-specific Bayesian trees and
tcs networks based on mitochondrial

haplotypes. Coloured bars at the tips of the
trees represent geographical clades in eastern

China: red hues represent clades from
north-east China and blue hues clades from

central and south China. Posterior
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tively. When K = 2, the bar plots showed a consistent pat-

tern of north/south differentiation. However, the degree of

north/south differentiation varied among the three species.

Poecile palustris was only slightly differentiated, and the

southern populations Foping (FP) and Shennongjia (SN)

had similar cluster components to the northern popula-

tions. When K was larger than 2, the A. caudatus popula-

tions from Minqin (MQ) and Wuwei (WW) showed a

closer relationship with populations from north-eastern

China, while the westernmost P. montanus populations,

Liancheng (LC) and WW, formed an independent cluster

(Fig. 3).

AMOVA showed a maximum percentage of among-group

variance (95.16%) in P. palustris when the populations were

grouped as north and south. In P. montanus, a further divi-

sion of BJ/LC & WW led to the highest among-group vari-

ance (91.16%). In A. caudatus, five geographical groups were

identified, with a maximum variance percentage of 78.59%

(Table 2).

The FST matrices based on mtDNA identified a congruent

barrier among the three species near sampling locality BJ.

The same geographical barrier was also recorded in the FST
values of Fib5 and TGFB2 in P. montanus, whereas in the

other two species, the geographical barriers varied randomly

depending on the introns used (Fig. 4).

Divergence time and demographic dynamics

The divergence times between the two major clades (north/

south) differed among the species (Fig. 5). P. palustris had

the earliest divergence time, c. 1.94 million years ago (Ma)

and the 95% highest probability density (95% HPD) was

1.37–2.55 Ma. The divergence times in P. montanus and A.

caudatus were c. 0.98 (95% HPD: 0.73–1.26 Ma) and 0.57

(95% HPD: 0.39–0.76 Ma).

The BSP showed a similar pattern in all three species, as

the northern lineage (clade A) had a shorter population his-

tory than the southern counterpart (clade B). The TMRCA
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Figure 3 Intra-specific phylogenies and

population structures based on nuDNA. (a)
Bar plots of K values from 2 to 5. Different

colours represent pre-set clusters (K). Each
individual is represented by a column with

estimated proportions to each given cluster
along the Y axis. Codes under the figures

show the sampling sites for each bird
species (see Fig. 1 and Table S1). (b)

*beast phylogenies based on three nuclear
introns. Cloudograms show all trees from

analyses; darker branches represent a greater
proportion of corresponding trees.
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Table 2 AMOVA results based on mtDNA for three bird species.

Grouping Source of variation d.f. Percentage of variation

P. palustris (AR, KD, MD, SF, SZ, ZJ/BJ, FP, LS, SB, SN, TB) Among groups 1 95.16

Among populations within groups 10 0.43

Within populations 89 4.41

P. montanus (AR, MD, SF/BJ/LC, WW) Among groups 2 91.16

Among populations within groups 4 1.04

Within populations 42 7.08

A. caudatus (AR, HH, MD, SF, SZ, ZJ/BJ/LS/MQ, WW/JX, TB, YX) Among groups 4 78.59

Among populations within groups 8 4.53

Within populations 77 16.88
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for the northern clade was 0.07 (95% HPD: 0.05–0.11 Ma),

0.09 (95% HPD: 0.06–0.14 Ma), and 0.23 (95% HPD: 0.12–
0.34 Ma) for P. palustris, P. montanus and A. caudatus

respectively; for the southern clade, it was 0.14 (95% HPD:

0.08–0.19 Ma), 0.10 (95% HPD: 0.05–0.16 Ma), and 0.17

(95% HPD: 0.09–0.25 Ma). Recent population expansions

were dated at c. 0.06 Ma, with a greater change in P. palus-

tris and A. caudatus than in P. montanus. The southern lin-

eages have fluctuated less through time than the northern

lineages (Fig. 6).

Bidirectional migration rates were rather small in the

mtDNA in all three species. In P. palustris, the highest poste-

rior density values (HiPt) and 95% HPD were 0.00 (0.00–
0.07) migrants/generation from south to north and 0.00

(0.00–0.08) migrants/generation from north to south. In P.

montanus, the south–north gene flow was 0.00 (0.00–0.33)
migrants/generation; the north–south gene flow was 0.00

(0.00–0.17) migrants/generation. In A. caudatus, the south–
north gene flow was 0.00 (0.00–0.07) migrants/generation;

the north–south gene flow was 0.00 (0.00–0.17) migrants/

generation. Asymmetric gene flow was recorded in the

nuclear introns for P. montanus and A. caudatus. In P. mon-

tanus, greater migration rates were found from north to

south [0.35 (0.06–2.40) migrants/generation] than from

south to north [0.13 (0.02–0.59) migrants/generation]. In

contrast, A. caudatus had more migrants from south to north

[2.41 (0.98–5.91) migrants/generation] than in the opposite

direction [0.02 (0.02–1.95) migrants/generation]. However,
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due to the overlap in the 95% HPDs of migrants, asymmetri-

cal gene flow could not be confidently confirmed in P. mon-

tanus (Fig. 7; see Table S2).

DISCUSSION

Congruent patterns of north/south population

divergence in eastern China

All three species in our study span a wide geographical area

across the Eurasian continent. Previous studies have sug-

gested that the A. caudatus populations from the northern

Palaearctic, including north-eastern China, are sister taxa to

those from southern China (P€ackert et al., 2010; Song et al.,

2015). A more complex pattern has been revealed in P. mon-

tanus and the central Chinese populations were deeply diver-

gent from the northern Palaearctic ones (Kvist et al., 2001;

Salzburger et al., 2002). In P. palustris, the deep divergence

between the lineages from north-eastern (P. p. brevirostris)

and south-western (P. p. hypermelaenus) China suggested by

Johansson et al. (2013) was supported by our results. For all

three species, both the mitochondrial and the nuclear data

sets strongly support the presence of a major divergence

between the northern and southern populations. This is evi-

dent from the trees, networks as well as the barrier

inferences. Barrier results suggest that the border is

approximately at the latitude of BJ. The results are consistent

with previous studies on some other organisms (Zhang et al.,

2008; Bai et al., 2010; Sakka et al., 2010; Ding et al., 2011).

These congruent indications of north/south genetic diver-

gences demonstrate a long-lasting barrier to many organisms

in the north Hebei, Beijing and south Liaoning provinces at

c. 40° N.

We propose that several geographical and environmental

factors have contributed to the existence of such barriers.

First, the phylogeographical breaks coincide with the Yan

Mountains (3 in Fig. 1), one of the principal mountain

ranges in eastern China, with a mainly east-west extension

and the highest peaks more than 2100 m. The uplift of the

Yan Mountains occurred much earlier in the Jurassic–Creta-
ceous period (Davis et al., 2001; Deng et al., 2004). Montane

forests were replaced by steppe and tundra grasslands during

the glacial periods of the Pleistocene (Xu et al., 2002). The

topographical complexity of the montane region and the

vegetation transformation during the cold and dry periods

likely restricted the dispersal of these sedentary species.

Second, the eco-climatic changes in north China may have

contributed to barrier effects that influenced these woodland
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avian species. The uplifting of the Qinghai-Tibet Plateau and

the glacial extension during the Pleistocene would likely have

induced the expansion of steppe grasslands and even the ori-

gin of arid conditions, which replaced the forests (Cheng,

2000; An et al., 2001; Harrison et al., 2001). We propose that

the loss of favoured woodland habitats might have con-

tributed to the separation between the northern and south-

ern populations in eastern China. Two other species,

Phasianus colchicus and Pica pica, which depend less on

forested areas than the three woodland species of this study,

do not show a similar deep divergence (Liu et al., 2010;

Zhang et al., 2012). However, the foraging and breeding

behaviour of the three species largely depend on dense vege-

tation. We therefore suggest that habitat discontinuities in

the past may have restricted the gene flow and driven

population divergence.

Variation in lineage divergence times between

north/south populations and gene-flow directions

across the zoogeographical boundary

Poecile montanus and A. caudatus both diverged around the

boundary between the Calabrian and Middle Pleistocene

(0.93 and 0.80 Ma respectively). This divergence corresponds

to the onset of large-amplitude glacial cycles in the Northern

Hemisphere (Krantz, 1991; Head & Gibbard, 2005). The lin-

eage divergence within P. palustris occurred somewhat earlier

in the early Pleistocene (1.94 Ma). These results imply that

the north/south divergences may have happened several

times during different stages of the Pleistocene, demonstrat-

ing a long-lasting barrier in the northern part of eastern

China.

The Tajima’s D and Fu’s F values indicate that the three

species were less likely to have experienced strong selective

pressures or population declines in response to the climatic

shifts in the late Pleistocene. The BSP shapes also show con-

stant population growth through the late Pleistocene. In each

species, the TMRCA is earlier in the southern clade than in

the north, potentially indicating a more stable environment

in the southern part of China. In the northern lineages of

the three species, a more significant population growth was

observed in P. palustris, whereas P. montanus had a more

stable population size than the other two species. All three

species are residents and can withstand extremely low tem-

peratures and harsh winter conditions. Poecile montanus pre-

fers coniferous forests in the northern parts of its range,

while P. palustris mostly inhabits mixed and broadleaved for-

ests (Song, 1980; Fang & Ding, 1997; Yi et al., 2008). The
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persistence of coniferous forests during the glacial periods

may have led to a more stable population size in P. mon-

tanus compared to P. palustris.

The gene flow between the northern and southern lineages

implies different patterns among the three species. In P.

palustris, bidirectional gene flow was mostly restricted,

whereas for the nuDNA more migrants were inferred from

north to south than the reverse. In P. montanus, nuDNA

showed more migrants moving from the northern popula-

tion towards the south. Asymmetric migration was also

observed in A. caudatus, but more from the south to the

north, indicating an alternative direction of population

expansion between the lineages compared to P. montanus.

However, the results should be interpreted with caution, as

the 95% HPDs of bi-directional nuclear migrants overlapped

in P. palustris and P. montanus.

Rethinking the zoogeographical boundary in eastern

China from a phylogeographical viewpoint

The zoogeographical boundary is not only a physical bar-

rier, which might play a role in restricting individuals dis-

persal, but also reflects different environmental

characteristics and selective filters between the two sides of

the boundary (Glor & Warren, 2011). The zoogeographical

regionalization in eastern China and the location of the

zoogeographical boundary has long been the subject of

debate (Wallace, 1876; Cheng, 1987; Zhang, 1999; Tan,

2011; Proches� & Ramdhani, 2012; Holt et al., 2013; Kreft

& Jetz, 2013; Rueda et al., 2013). Wallace (1876) suggested

a subtropical location for the Palaearctic/Oriental boundary.

More recently, this has also been emphasized by others for

birds and mammals (Cheng, 1987; Zhang, 1999; Tan, 2011;

Zhang et al., 2014), although the boundary has been located

slightly more to the south than suggested by Holt et al.

(2013). However, the three species in our study show

phylogeographical breaks in the northern part of eastern

China, supporting the zoogeographical boundary proposed

by Holt et al. (2013). We propose that the barrier effects of

the Yan Mountains combined with the climatic and vegeta-

tional substitution during the Pleistocene, support the valid-

ity of the Palaearctic/Sino-Japanese boundary of Holt et al.

in delineating the regional faunal transition in eastern

China.
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