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Eurasia is a large continent characterized by heterogeneous environments. Glacial cycles
during the late Pleistocene have had variable impacts on the avifauna across Eurasia. Bird
populations from South-East Asia show stability through the Last Glacial Maximum
(LGM), while populations from Europe exhibit evidence of post-LGM expansion. We
investigated the phylogeography of the Long-tailed Tit (Aegithalos caudatus), which spans
the longitudinal breadth of Eurasia to test how climatic history and regional topographical
complexity affected populations and diversification within the species complex. Our results
show that two lineages from central and southern China (lineages C and D) segregate geo-
graphically, while lineages across northern Eurasia (lineage A and B) show substantial sym-
patry. Bayesian estimates for the timing of diversification suggest that the four lineages
diverged during the middle Pleistocene, splitting in parallel and undergoing concurrent
demographic histories since divergence. A. caudatus lineages experienced similar and syn-
chronous population size dynamics during glacial cycles before the LGM. We conclude that
the difference in geo-topologic complexity may be an important factor that led to the varia-
tion in secondary admixture between northern Eurasian and eastern Asian lineages.
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Introduction
Glacial cycles in the late Pleistocene varied in magnitude
and intensity across the Eurasian continent (Hughes et al.
2013). Ice sheets covered large parts of northern and west-
ern Eurasia (Taberlet et al. 1998), while south-eastern parts
of the continent were mildly affected by glaciation because
of topographical complexity in the region and the blocking
effect of the Qinghai–Tibet Plateau (Weaver et al. 1998;
Zhang et al. 2006). Recent evidence suggests that bird pop-
ulations in eastern Asia remained relatively stable through
the Last Glacial Maximum (LGM), while European popu-
lations show signs of post-LGM expansion (Kvist et al.
2003; Song et al. 2009; Lim & Sheldon 2011; Liu et al.
2012; Zhao et al. 2012). Phylogeographic studies conducted
on widely distributed species across the Eurasian continent
concluded that species have responded differently to histor-
ical climatic changes in space and time (Pavlova et al. 2003,
2005a,b, 2006, 2008; Zink et al. 2008; Zhao et al. 2012;
Hung et al. 2013). However, comparative research between
regional populations from two ends of the continent, west-
ern Europe and south-eastern Asia, are still lacking. The
conspecific populations of widespread Eurasian taxa may
have experienced differential local climatic pressures and
demographic histories. Therefore, additional avian species
with wide distributions should be investigated to build
knowledge of the variation in phylogeographic processes
and demographic dynamics among local populations in
response to historical climatic events.
The Long-tailed Tit, Aegithalos caudatus, is widely dis-

tributed across Eurasia, from Fennoscandia to eastern Rus-
sia, extending south into central China. There are nineteen
recognized subspecies in A. caudatus (Dickinson 2003). In
China, three subspecies (A. c. caudatus, A. c. vinaceus and
A. c. glaucogularis) are distributed from the north-eastern
provinces (Heilongjiang, Jilin, Liaoning and Inner Mongo-
lia) to southern provinces (Henan, Hubei and Anhui). The
populations of central China (A. c. vinaceus) and southern
China (A. c. glaucogularis) are phenotypically distinct (with
distinct black crown stripes, darker streaked cheek patches,
dull mantle, dark brown bib and dark eye lores; and the
plumage pattern of A. c. vinaceus is similar to A. c. glaucogu-
laris but a lighter colour) from the nominate subspecies
A. c. caudatus (with pure white head lacking lateral crown
stripes, mixed black and dull pinkish-white mantle and
back, dark brown flight feathers, fringed whitish tertial sec-
ondary feathers and yellow to red eyelid), which is mostly
distributed in north-eastern China (Mackinnon & Phillipps
2000; del Hoyo et al. 2008).
Reconstructing the phylogeny of Aegithalidae with three

mitochondrial and three nuclear markers (Cytb, 16S rRNA,
ND2, Fib7, ODC and TGFB2), P€ackert et al. (2010) found
that individuals from central and southern China

(A. c. vinaceus and A. c. glaucogularis) are genetically dis-
tinct, but sister to the individuals from north-eastern China
(A. c. caudatus). In a recent study, Zink et al. (2008) discov-
ered an unusual phylogeographic pattern in A. caudatus
populations across the northern part of the Eurasian conti-
nent: two divergent mitochondrial clades occur in sympatry
across the entire Palearctic distribution of the species.
However, samples from much of China, where subspecies
A. c. caudatus, A. c. glaucogularis and A. c. vinaceus occur,
were not included in the study. Thus, the understanding of
population structure, diversification and historical demogra-
phy of the Long-tailed Tit species complex remains frag-
mented.
In this study, we increased sampling coverage for large

areas within China to better understand the range-wide
phylogeographic pattern of A. caudatus and test the regio-
nal lineage diversification and demographic dynamics in
response to past climate cycles across the Eurasian conti-
nent. We specifically test (i) whether the sympatric distri-
bution pattern between major clades in northern Eurasia is
also prevalent in populations from eastern China; (ii)
whether there are significant differences in divergence
times between European and Asian lineages, which might
be expected from the variation in topographical complexity
between these regions; and (iii) whether there is a signifi-
cant difference in historical demographic dynamics between
European and Asian lineages, which might be expected
from the different effects of climate changes on local popu-
lations. Additionally, we assessed sequence variation of a
functional melanogenesis gene, melanocortin-1 receptor
gene (MC1R), between different plumage phenotypes to
test whether fixed differences in this gene account for plu-
mage dimorphism in A. caudatus.

Material and methods
Sample collection and laboratory work
We collected 90 individuals from 15 sites in China, span-
ning the distribution of A. caudatus in China (Fig. 1,
Table S1). Total genomic DNA was extracted from blood
or muscle tissue with the QIAamp DNA Mini Kit (Qia-
gen, Hilden, Germany). Cytb and ND2 were amplified
using PCR. Four nuclear genes were also amplified,
including three introns (transformation growth factor beta
2, TGFB; beta-fibrinogen intron 5, FIB; and myoglobin
intron 2, MYO) and one coding region (melanocortin-1
receptor gene, MC1R). The primer pairs, PCR conditions
and optimized annealing temperatures are noted in
Table S2. PCR products were purified with QIAquickTM

PCR purification Kit (Qiagen). Sequencing was run on an
ABI PRISM 3730 automatic sequencer following ABI
PRISM BigDye Terminator Cycle Sequencing protocol.
Original sequences were assembled in Seqman II (DNAS-
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TAR). Consensus sequences were aligned using ClustalW
in MEGA 5 (Kumar et al. 2004). Mitochondrial genes
were assessed for stop codons and indels using the verte-
brate mitochondrial coding table to rule out the presence
of pseudogenes.
We determined the gametic phase for the four nuclear

genes using PHASE with default parameters (Stephens
et al. 2001), implemented in DNASP 5.0 (Librado & Rozas
2009). Three runs were conducted for each gene with ran-
dom seed numbers to check for convergence across runs.
Consistency was confirmed by comparing haplotype fre-
quencies and goodness-of-fit values that were estimated for
independent runs. We used PHI test in SPLITSTREE4
(Bruen et al. 2006; Huson & Bryant 2006) and GARD

(Kosakovsky Pond et al. 2006), implemented in Datamon-
key (Pond & Frost 2005), to test for recombination in
nuclear loci.
We also downloaded 98 ND2 sequences (Zink et al.

2008) and 32 Cytb sequences (P€ackert et al. 2010) for
A. caudatus which were deposited on GenBank (see
Table S3 for the detailed information).

Analyses of phylogeographic structure
As the individuals of the downloaded ND2 and Cytb
sequences were not the same, we first built intraspecific
phylogenies based on non-concatenated mitochondrial
genes from samples that span the Eurasian continent.
Then, we investigated genetic structure, lineage divergence
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Fig. 1 Sample sites, Bayesian trees, and haplotypes of A. caudatus. (A, B) Bayesian trees based on Cytb and ND2 haplotypes, respectively.
The sampling localities and the haplotypes of individuals from each locality from present and previous studies are symbolized by colour
dots. The colour of the dots is consistent with the colour bars in the phylogenetic trees. (C) Phylogeny for individuals from China based
on combined mitochondrial sequences. Each sampling site and its sampling size are represented by the coloured pies in the map. The
colours correspond to the clades in the phylogenetic tree, and the rectangle in green shows the two major lineages admixed in population
BJ. (D) The results of the major lineages inferred in *BEAST based on multiple genes. The left tree in green is the result based on all
genes, and the right tree in blue is the result based on four nuclear genes.
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times and demographic dynamics for populations in China
with concatenated mitochondrial sequences and the four
nuclear loci.
We generated haplotypes for each gene in DNASP 5.0

(Librado & Rozas 2009) and identified the appropriate
model of sequence evolution with MrModeltest 2.3 (Nylan-
der 2004). An intraspecific phylogeny based on mitochon-
drial haplotypes was reconstructed with the constant
coalescent model in BEAST 1.7.1 (Drummond & Ram-
baut, 2007). Two independent analyses were run for
100 million generations, sampling trees at every 1000 gen-
eration. Convergence of posterior distributions was deter-
mined by monitoring effective sample size (ESS >200) and
trace plots (reaching stability) in the program TRACER
1.5 (Drummond & Rambaut, 2007), and the first 10% of
trees were discarded as ‘burn-in’. A maximum credibility
tree, representing the maximum posterior topology, was
summarized in TreeAnnotator 1.7.1 (Drummond & Ram-
baut, 2007).
For the 90 individuals from China, we additionally used

*BEAST (Heled & Drummond 2010), implemented in
BEAST 2.0 (Bouckaert et al. 2014), to test the validity of
the major mitochondrial lineages using nuclear loci.
*BEAST uses a Bayesian Markov chain Monte Carlo
(MCMC) method to jointly estimate multiple gene trees
embedded in a shared species tree. We unlinked substitu-
tion models across the five loci (concatenated Cytb and
ND2, TGFB, FIB, MYO and MC1R) and set the substitu-
tion parameters for each locus according to the MrModel-
test results. We implemented a piecewise linear and
constant root model as the species tree prior and used
default molecular clock settings (strict clock model, the rate
of the first locus = 1.0 and the rates for other loci were set
to be estimated) in major lineage identification. MCMC
chains ran for 500 million generations, sampling every
5000 generations. The first 10% were discarded as ‘burn-
in’, and the convergence of the MCMC chains was exam-
ined in TRACER 1.5.
We also conducted *BEAST analysis only using nuclear

genes, following the protocol described above. Additionally,
we constructed maximum parsimony networks for each
nuclear locus in TCS 1.21 (Clement et al. 2000) with a
95% connection limit.

Divergence dating and historical demographic reconstruction
We used BEAST 1.7.1 (Drummond & Rambaut, 2007) to
estimate lineage divergence times. First, we analysed diver-
gence time based on Cytb (0.0140/site*million years) and
ND2 (0.0290/site*million years) independently, corre-
sponding to mutation rates from Lerner et al. (2011).
Then, we repeated the analysis with the concatenated Cytb
and ND2 data set with the conventional mutation rate

(0.0105/site*million years) from Weir & Schluter (2008).
We ran analyses with a coalescent constant tree prior. Both
a strict molecular clock model and an uncorrelated lognor-
mal relaxed molecular clock were tried, and the model
comparison of Bayes factors by Akaike information content
(AICM) was carried out in BEAST (Baele et al. 2012 ).
MCMC chains were run for 100 million generations, sam-
pling every 1000 generations. We used TRACER 1.5 to
check posterior distribution and effective sample sizes
(ESSs) of the MCMC output and summarize posterior
probabilities of each parameter after a ‘burn-in’ of the first
10%.
We constructed Bayesian skyline plots (BSP) in BEAST

1.7.1 (Drummond et al., 2005) with the concatenated mito-
chondrial data set to assess effective population size fluctua-
tions since the time to the most recent common ancestor
(TMRCA). The substitution prior was set according to the
best fit substitution model estimated by MrModeltest, and
we applied the same mutation rate (0.0105/site*million
years) used in divergence time dating. For each lineage, we
ran MCMC chains for 100 million generations or more
until ESSs were >200. The first 10% of each run was dis-
carded as ‘burn-in’. We reconstructed demographic history
plots through time using TRACER 1.5.
We calculated Tajima’s D (Tajima 1989) and Fu’s Fs (Fu

1997) values to assess neutral evolution of the 90 individu-
als from China based on mitochondrial sequences. As these
parameters mainly evaluate demographic dynamics for pop-
ulations, we arranged major population groups based on
geographic connectivity, subspecies status and phylogenetic
relationship. We also tested for historical demographic
expansion using mismatch distribution analyses in Arlequin
3.1. The sum of squared deviations (SSD) and raggedness
indices (r) between observed and expected mismatch distri-
butions were used to test statistical significance (Rogers &
Harpending 1992); their P values represent the probability
of obtaining a simulated sum of squared deviation greater
than or equal to the one observed by 1000 bootstrap repli-
cates.

Association test of amino acid difference with plumage
dimorphism
To investigate the genetic basis of plumage colour poly-
morphism among subspecies, we analysed the geographic
variation of MC1R allele frequencies based on nucleotide
sequences. The phased sequences of MC1R were aligned
and translated into protein sequences using reference
sequences of Phylloscopus tytleri (GenBank code:
AY308753) and Coereba flaveola (GenBank code:
AF362586). Variable sites and parsimony informative sites
were identified in MEGA 5. The statistical supportability
for MC1R phenotype–genotype association was performed
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using a 2 9 2 contingency table and Fisher’s exact test
between light and dark plumage morphs. We tested the
evidence of selection with Tajima’s D and Fu’s Fs statis-
tics in DNASP 5.0 (Librado & Rozas 2009) and with dN/
dS estimation by SLAC in Datamonkey (http://www.data-
monkey.org).

Results
Intraspecific phylogeny and geographic divergence
We sequenced 1011 base pairs of Cytb, 1014 bp of ND2,
609 bp of TGFB, 577 bp of FIB, 742 bp of MYO and
753 bp of MC1R for individuals from China. All sequences
were deposited in GenBank (Table S1). In total, we anal-
ysed 188 sequences of ND2 (908 bp in length), including
90 individuals from China and 98 individuals across north-
ern Eurasia. The ND2 data set contained 40 variable sites,
defining 31 haplotypes, and the best model of molecular
evolution was GTR. We analysed 122 sequences in total of
Cytb (854 bp in length), including 90 individuals from
China and 32 individuals across northern Eurasia. Cytb
sequences contained 38 variable sites, defining 25 haplo-
types. The best model of molecular evolution was
HKY + I.
The intraspecific phylogenies based on Cytb and ND2

recovered a congruent topology. Four clades (A, B, C and
D) were recovered with robust support (Fig. 1A and B).
The largest lineage divergence was between populations
from the northern part of Eurasia (clades A and B) and
populations from central and southern China (clades C and
D). Results including samples from China were generally
consistent with Zink et al. (2008) in that clades A and B
were sympatrically distributed across northern Eurasia to
the Korean peninsula and Japanese archipelago. Addition-
ally, a unique subclade in the Caucasus (clade indicated by
a green bar in Fig. 1A and B) was inferred in the phy-
logeny based on ND2 haplotypes. However, the validity of
this clade was not supported in the phylogeny based on
Cytb as only one sample was included. Unlike clades A and
B, clades C and D were allopatric in central and southern
China.
The 90 concatenated mitochondrial sequences for indi-

viduals from China contained 75 variable sites, 51 of which
were parsimony informative, defining 38 haplotypes. The
best evolutionary model determined in MrModeltest was
GTR+I. The same four clades were recovered in the phy-
logeny based on the concatenated mitochondrial haplo-
types. The concatenated tree was well resolved, showing
that populations from north-eastern China belong to clades
A and B, and populations from central and southern China
belong to the clades C and D, with co-occurrence of hap-
lotypes from major divergent lineages in the population BJ
(Fig. 1C).

The variable sites derived from phased nuclear sequences
were 11, 25, 8 and 13 in FIB, TGFB, MYO and MC1R,
defining 6, 33, 8 and 27 haplotypes, respectively. No
evidence of recombination was found using SPLIT-
STREE4 or Datamonkey. The best evolutionary model
determined by MrModeltest was HKY+I for TGFB and
MC1R; SYM for FIB; and HKY for MYO. Multilocus spe-
cies tree analyses with four nuclear markers and with all
markers (mitochondrial and nuclear) recovered four clades
with high support (Fig. 1D). However, gene flow between
sister lineages could not be rejected in the nuclear loci, as
the divergence time between lineages included zero (95%
HPD: 0, 0.0002; Table S4). TCS networks for each gene
showed less differentiation in the nuclear genes, except for
TGFB. The most common shared haplotype in each
nuclear network occurred in all three geographic groups
(Northeast China, North China and South China), indicat-
ing shallow population structure in individual nuclear genes
(Fig. 2).

Divergence time and demographic dynamics
Results showed that a strict molecular clock model per-
formed better than an uncorrelated lognormal relaxed
molecular clock model. The Bayes factors for model com-
parison (strict vs. lognormal relaxed) were 18.21 and
19.014 for Cytb and the combined data set, respectively. A
strict molecular clock could not be rejected for the ND2
data set only (Bayes factor of 1.039). Therefore, we applied
a strict molecular clock model for subsequent analyses.
Divergence times based on the combined data set were
close to those in Cytb, but higher than results based on
ND2 (Fig. 3A). We therefore used the combined data set
for time estimation and BSP inference of demographic
dynamics as it provides more genetic information than a
single gene, and the traditional substitution rate of 0.0105/
site*million years was applied for the time estimation.
TMRCA of each of the four clades dated to the middle
Pleistocene (clade A, mean value: 0.128 Ma, 95% HPD:
0.050–0.216 Ma; clade B, mean value: 0.083 Ma, 95%
HPD: 0.030–0.143 Ma; clade C, mean value: 0.148 Ma,
95% HPD: 0.077–0.227 Ma; and clade D, mean value:
0.124 Ma, 95% HPD: 0.057–0.196 Ma). TMRCAs for
clade A and B and clade C and D were also in the middle
Pleistocene (0.309 Ma, 95% HPD: 0.172–0.456 Ma; and
0.250 Ma, 95% HPD: 0.146–0.367 Ma). TMRCA for the
whole population of A. caudatus was 0.717 Ma, with the
95% HPD interval of 0.507–0.936 Ma (Fig. 3C).
Bayesian skyline plots showed similar population size

dynamics in the four clades (Fig. 4). We observed stability
in the effective population sizes of the four clades, with a
mild expansion in clade C. All clades showed stable popula-
tion size through the LGM (Fig. 4).
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The major geographic group of Northeast China
included sympatric clades A and B, corresponding to the
subspecies A. c. caudatus. The North China group consisted
of individuals from clade C, which was mostly distributed
in the northern part of central China, corresponding to the
subspecies A. c. vinaceus. However, within the North China
group, the population BJ consisted of individuals that
belong to clades B, C and D. The South China group con-
sisted of individuals from clade D, related to A. c. glaucogu-
laris, which was mostly distributed in the southern part of
central China. Tajima’s D and Fu’s Fs tests for mitochon-
drial sequences did not deviate from neutral evolution in
the populations in north-eastern China (P values for Taji-
ma’s D and Fu’s Fs: 0.128, 0.140) and southern China (P
values for Tajima’s D and Fu’s Fs: 0.062 and 0.150), while
the northern China population displayed a significant nega-
tive Tajima’s D value (�1.954, P = 0.008) along with a
non-significant Fu’s Fs value (�3.382, P = 0.077). The
mismatch distribution analysis showed a good fit to a
demographic expansion model (P values for SSD and
raggedness index: 0.764, 0.863) in the northern China

population. However, the observed curve showed an L
shape with two more peaks (Table 1 and Fig. 5).

Amino acid substitution between distinct morphological
populations
The 753 base pairs of MC1R that we sequenced corre-
spond to sites 120-872 of the Bananaquit, Coereba flaveola
(AF362586), coding 251 amino acids. There were 13 vari-
able sites in MC1R, seven of which were parsimony infor-
mative. In dark morph populations, two amino acid sites
(149, normalized dN-dS: �111.924, P = 0.006; 206, nor-
malized dN-dS: �70.195, P = 0.037) were found to be
under negative selection, while 149 was the only site found
to be under negative selection in light morph populations
(normalized dN-dS: �205.458, P = 0.007). No site was
identified to be under positive selection. Tajima’s D and
Fu’s Fs showed no evidence of deviation from neutral evo-
lution in the dark and light populations (dark: Tajima’s D,
�1.1347, P > 0.10, Fu’s Fs, �0.9789, P > 0.10; light: Taji-
ma’s D, �0.5954, P > 0.10, Fu’s Fs, �1.1347, P > 0.10).
We checked the allele distribution of the seven informative

MYOFIB

TGFB MC1R
Fig. 2 TCS networks for nuclear genes. The area of each pie represents the number of individuals sharing a haplotype. Colours represent
the three major geographic groups in China: Northeast China, dark blue; North China, yellow; and South China, pink.
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sites between distinct plumage morphs and found that the
frequency of homozygous valine (VV) at amino acid site
138 was significantly different between light and dark
populations (Fisher’s exact test, P = 0.000023; Fig. 6;
Table S5).

Discussion
Major lineage divergence across the Eurasian continent
The mitochondrial phylogenies recovered two major lin-
eages across the range-wide distribution of A. caudatus
(clade A and B, clade C and D). Analyses based on inten-
sive sampling and both mitochondrial and nuclear loci fur-
ther support the validity of four distinct lineages. These
results are consistent with the previous phylogenetic study
on Aegithalos species (P€ackert et al. 2010) and support the
recent taxonomic revision of elevating the central and
southern populations in China to species level (revised as
A. glaucogularis; del Hoyo et al. 2008). Meanwhile, we
found genetic admixture of the two major lineages in a
population near Beijing (population BJ in our study;
Fig. 1C). Given the deep split between the two major lin-
eages and the geographic position of Beijing, where decidu-
ous forests of central and southern China meet boreal
forests of north-eastern China, this genetic admixture is
likely the result of secondary contact rather than the
incomplete lineage sorting. The deep divergence between
populations from north-eastern China and central and
southern China has been recorded in other organisms, such
as walnut trees (Bai et al. 2010), Apodemus mice (Sakka et al.
2010), short-tailed pit viper (Ding et al. 2011) and other
bird species (e.g. Azure-winged Magpie, Zhang et al. 2012).
The splitting time of the major lineages between northern
Eurasia and China dates back to the middle Pleistocene
(mean value: 0. 717 Ma) and may have resulted from
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vicariance as deserts and arid zones expanded across north-
ern parts of central China with subsequent vegetation
difference between north-eastern and central/southern
China (An et al. 2001; Yang et al. 2006; Zhang et al. 2012).

Genetic basis of plumage dimorphism
As revealed by P€ackert et al. (2010), the distinction between
light and dark morphs corresponds with the genetic diver-
gence between major lineages within China. Our study fur-
ther implies a genetic association of this plumage
dimorphism with MC1R, in which we identified a fre-
quency differentiation at the polymorphic amino acid site
138. Given the folding structure of the MC1R protein,
amino acid site 138 is located in the transmembrane
domain, where similar functional substitutions related to
colour variation have been found in other animals (e.g.
Bananaquit, sheep and fox, Fontanesi et al. 2009; Majerus
& Mundy 2003; Fig. 6). Despite limited differentiation
recorded in nuclear haplotype networks, the mitochondrial
phylogeny, multiple species tree and amino acid allelic fre-
quency at site 138 are consistent with the plumage colour
variation, implying a genetic association of neutral and
functional gene evolution with plumage dimorphism. How-
ever, it is still uncertain whether the mutational differentia-
tion in MC1R has led to population divergence or if allelic

differentiation at the amino acid site has accumulated with
lineage divergence.

Diversification and distribution pattern among lineages
across Eurasia
The populations from central China primarily comprise two
divergent lineages (clades C and D). Clade C is distributed in
north-western and central China (MQ, XYH, XWT, LS and
BJ), and clade D is distributed in southern China (TB, YX
and JX). These two lineages geographically segregate with
genetic admixture at intermediately located populations (TB,
LS and BJ; BJ also included haplotypes from clade B). Simi-
lar regional diversification has been reported in other passer-
ine birds in central and southern China, for example Grey-
cheeked Fulvetta, Rufous-capped Babbler and Black-
throated Laughingthrush (Song et al. 2009; Liu et al. 2012;
Wu et al. 2012). The multiple localized lineages likely reflect
environmental complexity and long-term population isola-
tion in this region (Qu et al. 2014). In this topographically
complex region, local habitats have likely remained stable,
maintaining genetic diversity and geographic diversification.
Population sizes may not have significantly fluctuated during
glacial cycles, and dispersal may have been restricted by the
topographically complex landscape of central and southern
China. A. caudatus is a woodland-restricted species, and it is

Group Tajima’s D P Fu’s Fs P SSD P r P

Northeast China �1.033 0.128 �2.757 0.140 0.039 0.010 0.087 0.129
North China �1.954 0.008 �3.382 0.077 0.007 0.764 0.016 0.863
South China �1.256 0.062 �1.937 0.150 0.044 0.054 0.117 0.056

The SSD and r indices are statistics for model fitness of the demographic expansion. The Northeast China includes
populations of ARS, HH, MH, MDG, SFH, SZ and ZJ; the North China includes populations of BJ, LS, MQ, XWT
and XYH; and the South China includes populations of JX, TB and YX.

Table 1 Historical demographic parame-
ters based on concatenated mitochondrial
sequences (Cytb and ND2) for the three
geographic groups from China
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thus plausible that differentiation between central and south-
ern China lineages was aided by the topographical complex-
ity in this area.
In the northern part of Eurasia, two lineages (clades A

and B) were found in populations from western Europe to
north-eastern China. The proportion of each lineage in a
population varies geographically. Clade B is dominant in
populations in France, Germany and Czech (in Cytb) and
more frequent than clade A in northern Eurasian popula-
tions (in ND2). Clade A is prevalent in populations from
Mongolia, far eastern Russia and north-eastern China. The
sympatric distribution of these two lineages is exceptional
and proposed to be the consequence of secondary contact
(Zink et al. 2008). Interestingly, the two northern Eurasian
lineages (clades A and B) achieved substantial admixture
across a wide Eurasian distribution, while the admixture of
lineages from central (clade C) and southern China (clade

D) occurs at edge populations (geographically intermediate
localities). A potential explanation for the substantial
admixture of the two Palearctic lineages is the sufficient
time for introgression (Zink et al. 2008). Considering the
similarity among all lineages in coalescent time and popula-
tion size dynamics, we further propose that landscape
homogeneity across northern Eurasia may be an additional
factor that facilitates the admixture of the two lineages.
Compared to its southern counterpart, northern Eurasia is
lower and flatter. At the height of glaciation cycles in the
late Pleistocene, northern Eurasia featured large arid steppe
communities, likely without the presence of A. caudatus;
during interglacials, forests covered the continent from the
Atlantic coast to the Pacific (Frenzel 1968). Other studies
have suggested that there were at least two major refugia
in the Palearctic, located on both sides of the Eurasian
continent: the Iberian Peninsula (Taberlet et al. 1998; Pons
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et al. 2011) and the Changbai Mountains (Ding et al. 2011;
Zhang et al. 2012). During glacial maxima in northern Eur-
asia, populations retreated into separated refugia, followed
by rapid expansion when forests were restored across
northern parts of the continent.
Congruent with the findings of Zink et al. (2008), there

are hints that a unique lineage may exist in the Caucasus
region. In ND2, two haplotypes from KRD (haplotypes 7
and 9) formed a diverged clade (Fig. 1B). The importance
of the Caucasus region as a glacial refugium has been
found in a recent study on the Eurasian treecreeper (Pons
et al. 2015). However, the one haplotype in the Cytb data
set (haplotype 9) was insufficient to confirm lineage dis-
tinctness in the Caucasus region. Wider and denser sam-
pling of A. caudatus in southern Europe, such as Iberia,
Italy and the Balkans, would provide additional information
on the diversification history in southern Europe.

Coalescent time and historical demographics among
geographic lineages
Time to the most recent common ancestor of the four
lineages occurred in the mid-Pleistocene (0.08–0.15 Ma).
TMRCA of the two major lineages dated to before the
last glacial cycle (clades A and B, 0.31 Ma; clades C and
D, 0.25 Ma). Interestingly, Bayesian skyline plots displayed
a consistent pattern among the four lineages, suggesting
that the population sizes have been stable since their
TMRCA. As to the geographic groups, neutral evolution
tests and mismatch distributions showed stable historical
population size in north-eastern China and southern
China. In the northern China group, although the indices
of model fitness supported population expansion, the mis-
match curve was more L shaped with two additional
peaks, possibly because this group contained components
from lineages B, C and D. Additionally, neutral evolution
tests did not support population expansion of the northern
China group. These results imply stable population
dynamics in northern and southern China in the Long-
tailed Tit. Stable population size through the late Pleis-
tocene has been found in other species distributed in east-
ern Asia (Li et al., 2009; Song et al. 2009; Hung et al.
2013), and our results indicate an interesting pattern that
deviates from the general consensus that population sizes
were heavily affected by the LGM in northern Eurasia.
Glacial cycles generally had differential impacts on differ-
ent continental regions (Hughes et al. 2013), and thus the
effects of climate change on organisms also varied in dif-
ferent regions (Lessa et al. 2003; Qu et al. 2005). How-
ever, our coalescent demographic results in A. caudatus
suggest an exception to this pattern. Our findings indicate
similar and synchronous effects of climate change on pop-
ulation size in Asian and European lineages in the middle

to late Pleistocene, while landscape differences likely
induced variable degrees of lineage admixture between
northern Eurasia and eastern Asia.
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