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Different scales and frequencies of glaciations developed in Europe and Asia during the Pleistocene. Because species’
responses to climate change are influenced by interactive factors including ecology and local topography, the pattern and
tempo of species diversification may vary significantly across regions. The great tit Parus major is a widespread Eurasian
passerine with a range that encircles the central Asian desert and high-altitude areas of the Tibetan Plateau. A number of
genetic studies have assessed the effect of paleo-climate changes on the distribution of the European population. However,
none have comprehensively addressed how paleo-climate change affected the distribution of the great tit in China, an
apparent hotspot of P major subspecific diversity. Here, we describe likely paleo-climatic effects on P major populations in
China based on a combination of phylogeography and ecological niche models (ENMs). We sequenced three mitochondrial
DNA markers from 28 populations (213 individuals), and downloaded 112 sequences from outside its Chinese range. As
the first step in clarifying the intra-specific relationships among haplotypes, we attempted to clarify the divergence and
demography of populations in China. Phylogeographic analysis revealed that 2 major is comprised of five highly divergent
clades with geographic breaks corresponding to steep mountains and dry deserts. A previously undescribed monophyletic
clade with high genetic diversity, stable niches and a long and independent evolutionary history was detected in the moun-
tainous areas of southwest China. The estimated times at which these clades diverged was traced back to the Early-Middle
Pleistocene (2.19-0.61 mya). Contrary to the post-LGM (the Last Glacial Maximum) expansion of European populations,
demographic history indicates that Asian populations expanded before the LGM after which they remained relatively
stable or grew slowly through the LGM. ENMs support this conclusion and predict a similar distribution in the present
and the LGM. Our genetic and ecological results demonstrate that Pleistocene climate changes shaped the divergence
and demography of P major in China.

Climate oscillations in the Pleistocene have had profound
effects on the demography and genetic diversity of many
extant species (Hewitt 1996, 2000, 2004, Avise 2000).
Because species’ responses to climate change are influenced
by interactive factors, including ecology and local topog-
raphy, the pattern and tempo of diversification may differ
between taxa and vary significantly across regions (Hewitt
1996, 2000, 2004, Avise 2000). In the Pleistocene, differ-
ent regions went through different scales and frequencies
of glaciations. In Europe, the Pleistocene ice sheet covered
the continent to approximately 52°N during major glacia-
tions (Taberlet et al. 1998). In contrast, China was not glaci-
ated during the Pleistocene (Williams et al. 1998) and had
a relatively mild Quaternary climate (Weaver et al. 1998).
Therefore, while severe climatic oscillations in Europe forced

many species to either move, adapt or go extinct (Avise
2000, Hewitt 2000, 2004), China’s relatively mild Pleisto-
cene climate probably allowed many species to remain in
situ and to undergo less dramatic population fluctuations
or evolutionary change. In contrast to its relative climatic
stability, China is characterized by topological complexity.
The mountainous areas of southwest China, surrounding
the southeastern flanks of the Tibetan Plateau, have perhaps
the most complex topography on Earth. These mountains
rose rapidly with the uplift of the Tibetan Plateau (Patriat
and Achache 1984, Tapponnier et al. 2001, Royden et al.
2008). However, even during the Pleistocene, only land
above 2000 m a.s.l. was glaciated (Li et al. 1991, Zhou et al.
2006). Therefore, compared to the extremes experienced
by their European counterpart, Chinas relatively mild
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Pleistocene climate and diverse local-topography would
be expected to have had quite different effects on species’
distribution, divergence and historical demography.

Previous studies of east Asian avifauna have highlighted
genetic differentiation, unusual historical demography and
the existence of multiple refugia during glacial periods
(Johansson et al. 2007, Zou et al. 2007, Li et al. 2009, Qu
and Lei 2009, Song et al. 2009, Liu et al. 2010, Qu et al.
2011). Although the consensus is that the last glacial
maximum (LGM) had a limited effect on species’ distribu-
tion and demography (Li et al. 2009, Dai et al. 2011, Qu
etal. 2011), these studies focused primarily on endemic spe-
cies in south China or southwest China. Additional research
on a species with a Pan-Eurasian distribution is therefore
required to confirm the generality of existing hypotheses
on how Pleistocene climate change affected species diversi-
fication and demography.

The great tit Parus major is a widespread passerine
bird with a range that encircles the central Asian desert and
high-altitude areas of the Tibetan Plateau. Although sub-
species classification has been complicated by the species’
high morphological variability, they can be generally clas-
sified into four subspecies groups: major, minor, cinereus
and bokhbarensis (Stegmann 1931, Eck and Piechocki 1977,
Eck and Martens 2006). Molecular data indicate that
the relationships between these four groups are ((major,
bokharensis), (minor, cinereus)) (Kvist et al. 2003, Pickert et al.
2005, Zink 2005). Detailed genetic studies have been done
on European populations (Kvist et al. 2003, 2007, Pickert
et al. 2005, Pavlova et al. 2006). These studies revealed that
Pleistocene glacial cycles had profound impacts on great
tit distribution in Europe and that great tit populations
experienced post-glacial expansion from southern refugia
to northern regions (Kvist et al. 2003). However, although
China is an apparent hotspot of 2 major subspecies diver-
sity, there has been no investigation of its phylogeography
in China. Seven subspecies of P major occur in China:
P m. kapustini in the extreme northwest and northeast;
P m. turkestanicus in the extreme northwest; P m. minor
in most areas of northern China; P m. commixtus in the
south of the Yangtze river; P m. subtibetanus in the moun-
tainous areas of southwest China; P m. tibetanus in the
southeastern areas of the Tibetan plateau and P m. hainanus
on Hainan Islands (Li et al. 1982) (Fig. 1). According to
the subspecies group definition, the first two subspecies
belong respectively to the major and the bokharensis group,
the last subspecies belongs to the cinerens group and the
others belong to the minor group (Li et al. 1982).

We here used molecular data and ecological niche mod-
els (ENMs) to address the effects of climatic changes on the
distribution, divergence and demography of Asian popula-
tions of the great tit. Specimens were collected from most
of the seven subspecies’ range in China. As the first step
in clarifying the evolutionary relationships of 2 major, we
attempted to clarify the phylogeny of P major populations
in China using maximum likelihood (ML) and Bayesian
inference (BI) methods. In addition, divergence times among
main clades were estimated using a Bayesian analysis in
the software BEAST. We also simulated the historical
demography of the main clades in China using a Bayesian
skyline plot (BSP) and ENMs. We anticipate that clarifying
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the divergence pattern and historical dynamics of Asian
populations of P major will improve the understanding
of the glacial impacts on Asian birds, and also provide a use-
ful basis for future comprehensive studies of the P major
complex.

Material and methods

Sample collection, DNA amplification and
sequencing

We collected 200 specimens in China (26 sampling sites)
and 13 specimens in Mongolia (two sampling sites) from
2003 to 2010 (Fig. 1). All specimens were captured with
mist-nets. For each specimen, we visually categorized the
subspecies following Li et al. (1982). DNA was extracted
from blood or tissue samples using the DNeasy Blood and
Tissue Kit (Qiagen, Valencia, CA, USA). To extend our
analysis, 112 previously published mitochondrial DNA
(mtDNA) control region (CR) sequences were downloaded
from GenBank (Supplementary material Appendix 1).
These sequences were from western Europe (n = 59), Russia
(n=34), Morocco (n=1), central Asia (n=4), Nepal
(n=3), North Korea (n=2) and Japan (n=19) (Kvist et al.
2003). We used the same primers and amplification
conditions described in Kvist et al. (2003) to sequence
the CR gene of the 213 newly collected specimens from
China and Mongolia. In addition, we also amplified the
cytochrome ¢ oxidase subunit I (COI) and NADH dehy-
drogenase subunit 2 (ND2) genes of all newly collected
specimens. The primers L6615 and H7956 were used for
the amplification of the COI gene (Gill et al. 2005). PCR
reactions were run using the following thermal profile:
denaturation at 94°C for 2 min, followed by 40 cycles of
93°C for 30 s, 46°C for 45 s, and 72°C for 1 min, and a
final 10 min at 72°C. The ND2 gene was amplified using
the primers pairs L5219/H6313 (Sorenson et al. 1999).
The thermal profile used for amplification was 2 min at
94°C followed by 40 cycles of 45 s at 93°C, 30 s at 53°C,
and 1 min at 72°C, and a final 10 min at 72°C. The PCR
products were purified using the QIAquick PCR purifica-
tion Kit (QIAGEN). Sequencing was carried out using
an ABI PRISM 3730 automatic sequencer following the
ABI PRISM BigDye Terminator Cycle Sequencing pro-
tocol. Both strands of each PCR product were sequenced.
Complete sequences were assembled using Seqman I
(DNASTAR). Sequences were aligned using Clustal W
(Thompson et al. 1994) as implemented in MEGA ver.
4.0 (Tamura et al. 2007). All sequences are accessible at
GenBank  (accession numbers HMI185122-185126,
HM185129-183158, HM185161-185163, HM165-167,
HM173-177, HQ833106-833134 for CR, HQ833048-
833105 for COI and HQ833137-833182 for ND2).

Description of the two mtDNA datasets used in
subsequent analysis

The 213 newly determined CR sequences were first analyzed
together with the 112 downloaded sequences. A separate
dataset based on the 213 newly concatenated sequences was



70°E 80°E 90°E 100°E 110°E 120°E 130°E
1 1 1 1 1 1 1
N
g
S ‘x
w
= kapustini

Mongolia
z
£
<
z
S
el

India P m. N' / Pm eomm/x&u& .11_15
4 4+ o+ o+ o+ o+ o+

% AR E

’ / n SIROEEN @ 50

3 ® -5
z
&7 0.5

P. m. hainanus
0 500 1000 (\Jf 2000
AN + Y 1 Kilometres

Figure 1. (a) Subspecies distributions of 2 major in China. (b) Sampling sites are represented by black dots. Locality numbers correspond
to those in Table 1: 1, Zuojiazhen; 2, Dandong; 3, Sunan; 4, Yulin; 5, Jinan; 6, Jiaozuo; 7, Foping; 8, Shennongjia; 9, Nanjing; 10, Jixi;
11, Jiujiang; 12, Longxishan; 13, Gulin; 14, Fusui; 15, Nada; 16, Guiding; 17, Yanbian; 18, Lijiang; 19, Gaoligongshan; 20, Puer;
21, Mangkang; 22, Bomi; 23, E’erguna; 24, Tuxg; 25, Txg; 26, Aletai; 27, Yining; 28, Wulumugi. Sites 24 and 25 are located in Mongolia.
(c) Geographical distributions of haplotypes of the four main clades in the present phylogenetic analyses. Haplotypes were generated
based on concatenated sequences of ND2 and COL. Size of circles represents the number of samples taken at a particular location and the
areas of the circles are proportional to the frequencies of those haplotypes.

prepared to estimate the divergence time and demographic
history of Asian populations. Each concatenated sequence
includes two partitions: COI from nucleotide 1-1247 and
ND2 from nucleotide 1248-2217. Unique haplotypes
contained in each of the two datasets were identified using
DNASP ver. 4.0 (Rozas et al. 2003).

Neutrality test and genetic diversity

The McDonald—Kreitman (McDonald and Kreitman 1991)
test was used to examine the selective neutrality of the
two mtDNA protein-coding fragments. Two additional
neutrality test, Fu and Li’s D (Fu and Li 1993) and Fu’s
Fs (Fu 1997) were used to detect departures from the muta-
tion-drift equilibrium that would be indicative of changes
in historical demography and natural selection. All three
tests were implemented in DNASP. The numbers of haplo-
types, haplotype diversity (4) and nucleotide diversity (1) of
each sampling site, were computed from the concatenated

sequence dataset in DNASP,

Molecular phylogenetic reconstruction

Phylogenetic relationships among haplotypes were recon-
structed using maximum likelihood (ML) and Bayesian
inference (BI). One green-backed tit Parus monticolus
was used as the outgroup (GenBank accession numbers
HQ833135 for CR, HQ833185 for COI and HQ833183
for ND2). Based on the Akaike information criterion
(AIC), the model Hasegawa—Kishino—Yano + invariable
sites+ Gamma (HKY+I1+4+ G, —InL=2407.70, K=06,
AIC =4827.40) and General time reversible + invari-
able sites+ Gamma (GTR+I1+G; —InL=5167.32,
K=10, AIC=10354.64) were selected by the software
MrModeltest ver. 2.3 (Nylander 2004) for the CR data-
set and the concatenated sequences dataset respectively.
The ML tree and associated support were obtained from
1000 nonparametric bootstrap pseudoreplicates in the
program PHYML ver. 2.4.4 (Guindon and Gascuel
2003). Bayesian phylogeny was implemented in MRBAYES
ver. 3.1 (Huelsenbeck and Ronquist 2001). The analysis was
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run for 80 million generations or more using three ‘heated’
and one ‘cold’ Markov chains with a sampling frequency
of 1/1000 trees. In general, the most credible inference of
relationship was confined to nodes where the nonparametric
bootstrap value (ML) was = 70% and the Bayesian posterior
probability (BI) was =95%.

Hierarchical analysis of molecular variance

A hierarchical analysis of molecular variance (AMOVA;
Schneider et al. 2000) was performed using Arlequin ver.
3.5 (Excofhier et al. 2005) to test the segregation of genetic
variation according to the haplotype clades indicated in the
ML and BI results. Our AMOVA analysis estimated the
proportion of variation among clades (@), the proportion
of variation among populations within clades (@¢.) and
the proportion of variation within populations (@Dgp).
Significance levels were determined by replicating nonpara-
metric procedures 10000 times. AMOVA was analyzed using
the concatenated sequences dataset.

Divergence time estimate

A Bayesian framework in the software BEAST ver. 1.6.1
(Drummond and Rambaut 2007) was used to calculate
the divergence time among mitochondrial clades. The
uncorrelated  lognormal  relaxed  molecular  clock
(Drummond et al. 2006) and constant size for the coales-
cent model were chosen. The analysis was run for 300
million generations, sampling every 30000 generations.
The substitution model was selected according the results
obtained by MrModeltest. As no fossil data were available
for calibrating substitution rates, we assumed a molecular
clock based on the mutation rate of the mitochondrial cyto-
chrome 4 in tits (Paridae) (0.8 X 1078 site™! yr—!) (Pickert
et al. 2007), which is consistent with the Hawaiian honey-
creepers mtDNA clock (Fleischer et al. 1998). The substi-
tution rate for the concatenated sequence alignment was
calculated by multiplying the ratio of the net average dis-
tance (D,) for the concatenated sequence against that for
cyt b alone between P major and the P montanus out-
group. The calculation of D, was implemented in MEGA
using p-distances. The net average distance between the two
species was 0.044 for concatenated sequences, 1.2 times
greater than that estimated from cyt & alone. Therefore, a
mean substitution rate of 0.96X 1078 site™! yr~! for the
concatenated sequences was used. Stationarity in BEAST
was investigated by examining the effective sample size
(ESS), which was > 200 for all estimated parameters.

Historical demography

We reconstructed the past population dynamics of mito-
chondrial clades of P major using the Bayesian skyline
plot (BSP; Drummond et al. 2005) method implemented
in BEAST. This genealogical method utilizes Markov
chain Monte Carlo (MCMC; Drummond et al. 2002)
sampling of sequence data to estimate a posterior distri-
bution of effective population sizes through time. Chains
were run for 100 million generations and the first 10%
discarded as ‘burn-in’. The best substitution model was
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selected according to MrModeltest. We applied 10 grouped
coalescent intervals and constant growth rate for the sky-
line model. The mutation rate was the same as that used in
the divergence time analysis. Demographic history through
time was reconstructed using Tracer ver. 1.4 (Rambaut and
Drummond 2007).

The exponential growth rate was also estimated for
each clade by FLUCTUATE ver. 1.4 (Kuhner et al. 1998).
FLUCTUATE was initiated with a Watterson (1975)
estimate of theta (), and a random topology, perform-
ing 10 short chains, sampling every 20 genealogies for 200
steps, and two long chains, sampling every 20 genealogies
for 20000 steps. FLUCTUATE analyses were repeated five
times, and the mean and standard deviation of © and ‘¢
(population growth parameter) were calculated from the
results of these separate runs. However, this genealogical
method was known to yield estimates of g with an upward
bias (Kuhner et al. 1998). Thus, we corrected g values fol-
lowing the conservative approach of Lessa et al. (2003) and
only considered the g value indicative of population growth

when ¢>3SD (g).

Ecological niche models

Ecological niche models (ENMs) utilize associations
between environmental variables and known species’ occur-
rence localities to define abiotic conditions within which
populations can be maintained (Guisan and Thuiller 2005).
This approach makes it possible to map areas of environ-
mental suitability for a species based on the physical envi-
ronmental conditions, even when there is very limited locality
data on the species distributions (Pearson et al. 2007).
This approach has been somewhat controversial because it
assumes that information on the distribution of ancestral
species at the time of speciation can be deduced from the
current distribution of their descendents (Peterson et al.
1999, Martinez-Meyer and Peterson 2006). Nonetheless,
integrating phylogeographic and ecological analysis has
become more common in recent years, and this approach
had provided new insights on species’ distribution (Graham
et al. 2004, Raxworthy et al. 2007, Rissler and Apodaca
2007, Dai et al. 2011, Flanders et al. 2011). To address if
suitable habitat for 2 major populations in China changed
according to glacial fluctuations, we used Maxent ver. 3.3.2
(Phillips and Dudik 2008) to predict suitable distributions
during the present and the LGM. Maxent was selected
because it has been shown to perform well compared with
alternative modeling methods (Elith et al. 2006) and is
robust to low sample sizes (Pearson et al. 2007). Presence
localities were obtained from our own field surveys and
museum records (The National Zoological Museum of
China). The environmental data layers for both present
and LGM were available from the WorldClim dataset
(<www.worldclim.org>) (Hijmans et al. 2005) at 2.5-
arcminute resolution, which comprises 19 bioclimatic vari-
ables representing annual trends, seasonality and extremes
of temperature and precipitation. Some studies have con-
firmed that the predictions of LGM refugial locations
from these environmental data layers and predictions based
on traditional phylogeographic analyses were significantly
spatially correlated (Carstens and Richards 2007, Waltari



et al. 2007, Vega et al. 2010, Flanders et al. 2011). ENMs
were built according to current environmental factors and
then projected onto the LGM environmental data layers.
The convergence threshold was left at default, the maxi-
mum number of iterations was set at 2000 and the fade-by-
clamping option was chosen to remove heavily clamped
pixels from the prediction. Model performance was evalu-
ated using the area under the curve (AUC) and threshold-
dependent binomial omission tests. Values between 0.7-0.9
indicate excellent discrimination (Swets 1988). We mod-
eled the ecological niche 10 times, using a different 80%
of localities to train the model and 20% to test the model,
and visually compared AUC scores and jackknife tests of
variable importance to assess consistency between runs. The
maps were imported to ARC GIS 9.3 (ESRI) for final out-
puts. To further examine whether different mitochondrial
clades occupied distinct ecological niche spaces, we also
created two ‘reduced ENMs’ using only localities from the
target clade following the procedures above.

Results
Genetic polymorphism

We sequenced 539 bp of the CR gene, 1247 bp of the
COI gene, and 970 bp of the ND2 gene for the 213
P major individuals sampled in China and Mongolia. CR
alignment of the 213 newly determined and 112 down-
loaded sequences yielded 122 variable sites (82 were parsi-
mony informative) and 6 insertions or deletions, identifying
123 haplotypes. The 213 newly concatenated sequences
contained 178 variable sites of which 132 were parsimony
informative, generating 86 haplotypes. The McDonald—
Kreitman test showed no significant deviation from
neutrality for the two mitochondrial coding segments
(Fisher’s exact test, p>0.05). Values of Fu and Lis D for
COI and ND2 were —2.12 and —0.66 respectively, each of
which is not statistically significant (p >0.05). For Fu’s £,
significance at the 0.05 level was indicated when p values
were < 0.02 (Excofhier et al. 2005). Values of the Fu’ Fs test
for COI and ND2 were —2.57 and 0.755 respectively,
neither of which is statistically significant (p>0.02).
These results indicate that the observed nucleotide polymor-
phism was selectively neutral. Based on the concatenated
sequences, haplotype diversities ranged from 0.286 to 1 and
nucleotide diversities ranged from 0.013 to 0.586% for all
sampling sites where the sample size was more than three

(Table 1).

Phylogeographic pattern

Tree topology based on the CR dataset was similar for the BI
and ML analyses, and both consistently separated P major
into five distinct clades (labeled A to E in Fig. 2a). Clade A
is restricted to east Asia, including Japan, Korea and
most of China. Clade B is comprised of haplotypes from
mountainous areas of southwest China. According to
the current subspecies classification, Clade A and B collec-
tively correspond to the minor and part of the cinereus group.

Clade C includes the Nepalese population and corresponds
to the cinereus group. Clade D corresponds to the major
group and occupies a vast area from northwest Africa and
Europe to Siberia and Clade E contains the samples from
the central Asia and corresponds to the bokbarensis group.
Clades A, B and C in the eastern part of the Himalaya
form a superclade which is a sister group to another super-
clade in the western part of the Himalaya comprised of
Clades D and E (Fig. 3). Most clades themselves and the
relationships between them were strongly supported by
Bayesian probabilities and ML bootstrap values. How-
ever the relationship between Clade C and A-B had pos-
terior probabilities of <95% and ML bootstrap of <70%
(Fig. 2a). Tree topology based on the concatenated sequences
dataset was compatible to that of the CR dataset, except no
Clade C (Fig. 2b). Clade C was not represented on the
concatenated sequences tree because it was only found in
GenBank samples. Nucleotide diversity of Clade B was higher
(0.262%) than that of Clade A, D and E (0.098, 0.078
and 0.053%, respectively). Some populations possessed
haplotypes from two clades, including four localities of
Yining, Aletai, Wulumugi and Guiding, which had hap-
lotypes from Clades D/E, D/E, D/E and A/B, respectively
(Fig. 1, Table 1). These two molecular phylogenetic tree
estimates are far from being monophyletic for subspecies.
According to the current subspecies taxonomy, P m. minor,
P m. commixtus and P m. hainanus belong to Clade A,
Clade B includes P m. tibetanus and P m. subtibetanus,
P m. kapustini belongs to Clade D, and P m. turkestanicus
corresponds with Clade E.

Hierarchical analysis of molecular variance

The AMOVA with three hierarchical levels assigned
95.90% of the total genetic variance to variation among
clades and 3.12% to variation among individuals within
populations. When we applied AMOVA to each phyloge-
netic clade, the percentage of overall variation attributed to
variation among populations for Clades A, B and D clade
(19.07, 16.80 and 31.94%, respectively) was lower than
that attributed to variation among individuals within
populations (80.93, 83.20 and 68.06%, respectively). For
Clade E, the percentage of overall variation attributed to
variation among populations (84.27%) was higher than that
attributed to variation among individuals within popula-

tions (15.73%).

Divergence time estimate

All divergences within P major estimated by BEAST
occurred in the Early-Middle Pleistocene. The first diver-
gence occurred 2.19 (95% HPD: 3.05-1.36) million yr
ago (mya) and resulted in the split between the two east-
ern clades (A and B) and the two western clades (D and
E). Subsequently divergences occurring 1.47 (95% HPD:
2.09-0.84) mya resulted in the separation of Clade A
and B, which encircle the southeastern and eastern flanks
of the Tibetan plateau. The last divergence, the separation
of Clade D and E, took place approximately 0.61 (95%
HPD: 0.99-0.29) mya.
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Table 1. Geographical distributions of P major haplotypes based on the concatenated sequences of ND2 and COIl. Shading indicates
the putative natural distribution of each clade, corresponding to that shown in Fig. 2. Locality numbers of sampling sites correspond to those
in Fig. 1. h, haplotype diversity; m, nucleotide diversity.

1 Zuojiazhen
2 Dandong

3 Sunan

4 Yulin

5 Jinan

6 Jiaozuo

7 Foping

8 Shennongjia
9 Nanjing

10 Jixi

11 Jiujiang

12 Longxishan
13 Gulin

14 Fusui

15 Nada

16 Guiding
17 Yanbian
18 Lijiang

19 Gaoligong
20 Puer

21 Mangkang
22 Bomi

23 E'erguna
24 Tuxg
25Txg

26 Yining

27 Aletai

28 Wulumugi

7 (%)
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0.026
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0.333
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Con7
Cong
Con9
Con10
Cont1
Con12
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< Con24
Con25
Con26
Con27
Con28
Con29
Con30
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Con33
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Con36
Con37
Con38
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Con41
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Con54
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Con57
Con58
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B Mountainous areas of Southwest China

C South Asia

1.00
100

D Europe-Siberia

E Central Asia
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Figure 2. (a) Maximum likelihood (ML) tree based on the haplotypes of the 213 newly determined and 112 previously published CR
sequences. (b) ML tree based on haplotypes of the 213 newly determined concatenated sequences. Nodal values above the line indicate
bootstrap supports and posterior probabilities of ML/BI. The bootstrap and BI values are given only for the nodes of the main clades. Main

clades are indicated by A-E.

Historical demography

The historical population trend inferred by the Bayesian
skyline plot showed that Clade A experienced a long
period of relative population stability before undergoing
an increase about 0.03-0.015 mya, after which it again
remained stable until the present (Fig. 4a). The population

dynamics of 2 major in the mountainous areas of southwest
China (Clade B) is indicative of continuous growth over
0.13-0.02 mya (Fig. 4b). Clade D appears to have under-
gone population expansions after the LGM (Fig. 4c). We
did not construct BSP for Clade E because of insufficient
samples. Recent population growths of the Clade A, B and
D were also supported by maximum likelihood estimates of
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Figure 3. Global geographical distribution of five main clades of 2 major based on control region (CR) sequences. Black circles represent
the locations from which samples were obtained in this study and red circles represent locations from which previously published sequences
were obtained. The distribution areas are redrawn after Harrap and Quinn (1996).

the exponential growth rate in FLUCTUATE (positive cor-
rected ¢ values: 3360.13 for Clade A, 1741.66 for Clade B
and 1858.11 for Clade D).

Ecological niche distributions

Maxent appeared to perform well for the full ENMs,
with average test AUC values of 0.859*0.042 SD.
Predictions were significantly different from random at
all binomial omission test thresholds across all 10 runs.
The spatial prediction generated for the present full ENM
was largely congruent with our prior expectations for
the distribution of P major in China (Fig. 5a). The ENM
suggests that the present distribution of P major is similar
to its distribution during the LGM (Fig. 5b). The average
test AUC values for the two reduced ENMs, averaged across
10 replicate runs, were moderately high (0.832 % 0.035 SD
for Clade A and 0.910 = 0.079 SD for Clade B), substan-
tially better than that of a random model. These projected
distributions for the two reduced ENMs are highly coin-
cident with their phylogeographic ranges (Fig. 5c, d).

Discussion

MtDNA clade divergence pattern

Previous studies suggested that the mitochondrial haplo-
types of P major could be divided into four monophyletic
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clades (Kvist et al. 2003, Zink 2005). However, we found
five highly divergent clades (Fig. 2a), including one in the
mountainous areas of southwest China that was previously
unknown. Phylogenetic inferences indicate that the node
support for this clade is high (Fig. 2a, b).

The phylogeny of the haplotypes was not completely
consistent with the classification of the four subspecies
groups. Previously morphological studies considered that
the contact zone between the minor and cinereus groups was
in southern China, specifically an elongated area extend-
ing from coastal southeastern China to parts of northern
Thailand (Eck and Piechocki 1977, Harrap and Quinn
1996). However, our molecular data indicate that minor
and cinereus in China have a common mitochondrial gene
pool. The tree topology supports the view that the major
and bokharensis subspecies groups are monophyletic.

China’s extreme northwest is part of the phylogeo-
graphic break and secondary contact zone between the
major and bokharensis groups (Formozov et al. 1993, Kvist
et al. 2007). Parus m. kapustini and P m. bokharensis, which
have remarkable morphological and genetic differences,
are sympatric in this area (Fig. 1). We observed that the
coloration of these subspecies, especially lipochromes of
the breast and belly, form a continuous transition from pure
P m. kapustini to pure P m. bokharensis, even within a small
area. The pure P m. kapustini has a haplotype of Clade D
whereas the pure P m. bokharensis haplotype corresponds
Clade E. Phenotypically intermediate individuals had haplo-
types belonging to Clade D or E. A full resolution analysis of



(a) 1.0E2

1.0E1 §-.

1.0EO0

1.0E-1 4

1.0E-2 {

MIS1

MIS2

A East Asia

MIS3

1.0E-3

0.02

0.0 0.01

0.03

0.04
Time (mya)

(b) 1.0E2

1.0E14

1.080{

1.0E-1 {

MIS1 MIS2 MIS3 Mis4 MIS5

B Mountainous areas of SW China

1.0E-2 T T
0.0 0.05 0.1

Time (mya)

(c) 1E1

1.E0 4

1,624 T - S

Eal Mst  wmis2 MIS3 MIS4  MIS5

00 0.01 002 003 004 005 006 0.07
Time (mya)

Figure 4. Bayesian skyline plot representing historical demographic trends in the main mitochondrial DNA clades of P major. (a) East
Asia clade; (b) mountainous areas of SW China clade; (c) European-Siberian clade. The x axis is in units of millions of years ago and is
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95% HPD limits. The abbreviation MIS refers to marine isotope stage.

alleles or microsatellites is required to gain a greater under-
standing of the hybridization processes. Effects of Pleisto-
cene climate change on population divergence.

Extant P major populations are widely distributed in
Eurasia encircling the central Asian desert and the Tibetan

Plateau. The diversification of P major has occurred on a
broad geographic scale across the entire sampling area
(Fig. 3). The correlation between phylogeographic breaks
and some geographic barriers (e.g. central Asian deserts,
the Tibetan plateau and mountains) is strong. Recently,
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the uplift of the Tibetan Plateau has been hypothesized to
induce phylogeographic breaks within, or among, species
in southeast Asia, including species both on and outside of
the plateau (Yang et al. 2006, Song et al. 2009). The uplift
of the Tibetan plateau had profound effects on the geo-
logical environment of the plateau itself and adjacent areas.
For examples, the uplift induced a high rate of precipita-
tion on the southern flank of the Himalayas causing veg-
etation to evolve towards tropical biomes. It also resulted
in the formation of mountain ranges in southwest China
and facilitated the formation of the modern deserts in
central Asia and the Middle East (Ramstein et al. 1997).
These geographic and environmental events occurred
55-15 mya (Ramstein et al. 1997, Chung et al. 1998,
Tapponnier et al. 2001, Royden et al. 2008) or earlier
(Kapp et al. 2007). However, considering that 2 major
is estimated to have diverged in the Early-Middle
Pleistocene (2.19-0.61 mya), Pleistocene climatic oscilla-
tions are more likely to have been responsible for its present
phylogeographic structure. The Earth’s climate experienced
a series of major ice ages from the Pliocene (2.4 mya) to
the present. During these cooler and drier glacial periods,
deserts expanded and mountains became glaciated. Because
P major is a sedentary, hole nesting bird, it was probably
sensitive to changes in woodland cover. Indeed, our data
are consistent with expanded dry deserts and steep, glaci-
ated mountains effectively preventing gene flow between
separated populations.

Given the long internodes between the first divergence
in P major that gave rise to the eastern and western
superclades and the subsequent divergence within each
superclade, we speculate that population divergence within
P major has been the result of a series of staged vicariant
events, rather than a simultaneous fragmentation. Multiple
cooling and warming events during the Pleistocene probably
caused multiple effects of population decrease and expan-
sion during the total time frame of clade divergence. Because
of geographic complexity and environmental heterogeneity,
different clades may not have diverged at the same time.
We think it likely that Pleistocene climate-driven vicariant
events were responsible for the genetic isolation of 2 major.

Region-individual demographic patterns influenced
by Pleistocene climate oscillations

Pleistocene climate oscillations had a variety of effects on
the geographic distribution and demographic history of
regional 22 major populations. The LGM (0.023-0.018 mya)
was considered to be critical in influencing the distribution
and population size of many species in Europe and North
America (Hewitt 2000, 2004, Avise 2009). Kvist et al.
(2003) discovered that the major group in Europe expe-
rienced an expansion from southern refugia to northern
areas, and then from Europe to eastern Siberia following
the LGM. In China, the major group (Clade D) is found
only in the extreme northwest and northeast of the country
(Fig. 1 and 3). Compared with the present, the ENM indi-
cates that patches of suitable habitat in these regions were
smaller during the LGM (Fig. 5a, b). Congruent with this,
the genetic data suggest that the population size of this clade
increased after the LGM (Fig. 4¢).
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In contrast to European P2 major populations, our
results show that the LGM had little impact on the geo-
graphic distribution of east Asian populations. This con-
clusion is supported by both the ENMs and BSP analyses.
For example, the ENMs suggest that there was as much
suitable environment for Clade A and B during the LGM
as there is today (Fig. 5a, b). Congruent with this, the
Bayesian skyline plot revealed that east Asian populations
(Clades A and B) have been stable from the LGM to the
present. Based on the BSP results, these populations under-
went expansion before the LGM, beginning in the warmer
Marine Isotope Stages 3 (MIS3, 0.062—0.023 mya) or MIS5
(0.128-0.071 mya) periods (Fig. 4a, b). MIS is a timescale
that is now widely used to express warm and cool periods
in the Quaternary (Ogg et al. 2008). A similar pre-LGM
expansion has also been detected in other east Asian bird
species (Li et al. 2009, Dai et al. 2011, Qu et al. 2011). This
difference of demographic patterns between European and
east Asian populations seems to be inevitable. In contrast
with Europe, the maximum extent of glacial development in
east Asia occurred during MIS6 and MIS4, with ice being
restricted during the LGM (MIS2) (Benn and Owen 1998,
Zhang et al. 2006, Zhou et al. 2006). Palynological and
palaco-climatic data suggest that the vegetation covering
east Asia during the warmer MIS3 and MIS5 was similar
to that observed today (Yuan et al. 2004, Yu et al. 2007).
Therefore, population sizes in east Asia are likely to have
expanded during the warmer MIS3 or MIS5 (Fig. 5a, b).

Within east Asia, the demographic history of populations
that breed in the mountains (Clade B) versus on the plain
(Clade A) appeared to be different. The smaller the climatic
shift, the more probable it is that palacoendemics survive
(Jansson 2003). During cooler periods, glaciations in the
southwest mountains of China were restricted to relatively
high altitudes (Li et al. 1991, Zhou et al. 2006) and did
not affect the lower slopes or valleys (Qu et al. 2011). These
relatively mild ecological conditions allowed vegetation and
species to persist in this region by shifting their altitudinal
range. As predicted, Clade B was found to have had a long
independent evolutionary history and to have maintained
an increased population size through some ice ages, even

during the cooler MIS 4 (Fig. 4b).

A cryptic phylogenetic clade in P. major

The mountainous areas of southwest China, like the tropi-
cal or subtropical mountains of east Africa (Roy 1997) and
the Andes (Garcia-Moreno et al. 1999), are centers of
bird speciation and endemism (Lei et al. 2007, Huang
et al. 2010). Our data indicate that there is a previously
undetected, but distinct, clade, Clade B in this region, a
sister group to Clade A. Considering the tree topology,
the high support for nodes and AMOVA results (94.71%
of variation between Clade A and B), we concluded that
there is deep molecular divergence between Clade A and
B. Phenotypic studies indicate that individuals of Clade
B are, on average, larger than those of Clade A, and that
their second outermost rectrices are characterized by the
larger white patches (Li et al. 1982). No obvious differences
were found between these two clades in other morphologi-
cal characters. The genetic data indicate that the genetic
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Figure 5. Spatial distribution predictions generated by Maxent. (a) The present distribution of 2 major in China. (b) The distribution of
P major in China during the LGM. (c) The present distribution of Clade A and (d) the present distribution of Clade B. Levels of shading
represent continuous logistic probabilities of bioclimatic suitability, corresponding to highest suitability (red) to unsuitable (blue) habitat.

distances (p-distance) between Clade A and B is 2.3%,
whereas the distance between Clade D and E is only
0.9%. Some authors treat the bokharensis group (Clade D)
as a separate species (Li et al. 1982). Others regard these
four groups as four separate species (or phylogenetic spe-
cies) (Stepanyan 1990, Kvist et al. 2003). We think that
Clade B could be considered as an independent phyloge-
netic species because of its greater genetic separation from
other clades. Species delimitation can be especially difficult
in organisms with cryptic morphological characters and
fine-scaled endemism patterns. Although most species or
subspecies have been identified using morphological data,
our results are further evidence that genetic data can lead
to the discovery of previously unknown cryptic clades or
species. According to the ecological niche model, which is
especially sensitive for detecting recent parapatric specia-
tion driven by ecological divergence, we find that the pat-
terns of divergence in the ecological niche between these
two clades to be strongly associated with genetic divergence.
ENM results showed that the distributions of Clade A and
B have clear ecological and geographic limits (Fig. 5c, d).
This suggests that these two clades are physiologically con-
strained from expanding further to opposite sides. In other
words, the current range of each genetic clade contains
unique niche information. Via the long-term field surveys,

we acknowledge that there could be very limited suitable
habitat in their potential contact zone, but to date (2011),
no records are known. In addition, because the neighboring
Clade C is only represented by three specimens from Nepal
and Clade B is close to China’ southwestern border, we
still cannot determine the exact limits of these clades’
distributions. To confirm this, more thorough sampling,
especially from Southeast Asia, is required. The taxonomic
status of the Clade B would also need to be tested with
nuclear DNA and morphological analyses.

The limitation of mtDNA markers

In this study, we used a single mtDNA-only marker,
which contains limited information with which to describe
population history (Edwards et al. 2005). Many popu-
lar phylogeographic methods, especially those that focus
appropriately on estimating population parameters rather
than those of genes, are known to deliver more accu-
rate and reliable estimates with multiple than with single
loci (Edwards and Beerli 2000, Hey and Nielsen 2004,
Maddison and Knowles 2006). Even when such methods
are focused solely on identifying patterns, multiple genes
invariably provide a more accurate indication of population
boundaries and numbers than mtDNA alone (Brumfield

307



et al. 2003). However, an mtDNA-only analysis is a strong
first step (Edwards and Bensch 2009) and mtDNA mark-
ers can provide the reliable information for detecting the
independently evolving groups (Zink and Barrowclough
2008). Resolving more detailed aspects of the phylogeo-
graphic process, such as gene flow and speciation itself, will
require the analysis of multiple loci.

Conclusions

Our results indicate that P major is comprised of at least
five highly divergent clades, including a previously unknown,
cryptic clade in the mountainous areas of southwest
China. A series of vicariant events in P major were dated to
the Early-Middle Pleistocene (2.19-0.61 mya). In contrast
to the post-LGM expansion of European populations, all
P major clades in east Asia experienced population expan-
sion before the LGM. Pleistocene climate-driven environ-
mental change was not only the primary drivers of divergence
in 22 major, but also shaped its demography and the modern
distribution of east Asian populations.
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