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Abstract
China’s Southwest Mountainous Region in Eastern Himalaya is a ‘biodiversity hotspot’ of global interest for conservation. Yet little is known about what has driven this
unique diversity. The dramatic topography of the Southwest Mountainous Region
resulting from the tectonic uplift during the late Pliocene leads to dramatic ecological
stratification, which creates physical barriers to migration and isolates organisms into
different subregions and mountain systems. This agrees with the observation that the
phylogeographical patterns found in four species of birds (Alcippe morrisonia, Stachyridopsis ruficeps, Parus monticolus and Aegithalos concinnus) distributed in this region
are characterized by deep splits between lineages that coalesce between 0.8 and
2.1 Ma. Unlike other regions at this latitude, the Southwest Mountainous Region was
largely unaffected by the Pleistocene glaciations. Genetically isolated populations of
these birds could thus be maintained throughout the Pleistocene in these rather stable
montane environments. In comparison, we found radically different phylogeographical
patterns in populations of the same four species distributed in the adjacent lowland,
the Central China region. This region has a distinctly different geological history with
dramatic, climate-induced shifts in vegetation during the Pleistocene. Here, we found
a considerably less geographical structure in the genetic variation and a much younger
coalescence time (0.3–0.7 Ma). We also found evidence of genetic bottlenecks during
the glacial periods and gene flow during the interglacial expansions. We conclude that
the high genetic diversity in the Southwest Mountainous Region results from a longterm in situ diversification within these evolutionary isolated and environment stable
montane habitats.
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Introduction
Eastern Himalaya is considered one of the biologically
richest areas of the planet, a ‘biodiversity hotspot’ of
global importance for conservation (Myers et al. 2000).
Within the Eastern Himalayan biodiversity hotspot,
China’s Southwest Mountainous Region exhibits the
most diversified fauna and flora, primarily owing to its
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high levels of endemism and species richness (Tang
1996; Lei et al. 2003a,b). Despite its value to global
conservation, little is known about what evolutionary
processes have driven this high diversity. Evidently, the
Southwest Mountainous Region is highly mountainous,
and we know that topography is a major factor in driving genetic diversity (Sarkinen et al. 2011; Fjelds
a et al.
2012). Following from the tectonic uplift of the Himalayas in the Pliocene, the Southwest Mountainous Region
is characterized by a series of parallel Alpine ridges
reaching altitudes well over 5000 m above sea level
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(m.a.s.l.) with altitudinal differences often exceeding
2000 m between valleys and mountain tops. Such a
topographical complexity within a rather small
geographical area leads to a dramatic ecological stratification and heterogeneity of environments. In effect, the
mountain regions function as an archipelago of islands
and separate mountain ranges where populations have
become isolated and evolved independently (Fjelds
a
et al. 2012).
High diversity of the mountainous region may also be
driven by the fact that mountain systems can harbour
more climatically stable habitats during the Pleistocene
glaciations (Carnaval et al. 2009). Unlike the situation in
the heavily ice-covered lowland in the nearby Central
China Region, the glaciers in the Southwest Mountainous
Region were restricted to high altitudes, the low limit of
glaciations being estimated at above 2000 m.a.s.l. (Li
et al. 1991; Liu et al. 2002; Shi 2002). It seems plausible
that pockets of fairly stable habitats suitable for alpine
species have existed in valleys and on slopes below the
glaciers throughout the Pleistocene (Zhou et al. 2006).
Because of the high mountains in the Southwest Mountainous Region, it may have been impossible for many
organisms to disperse across these climatically stable
habitats. The populations of those organisms have in
effect been genetically isolated for millions of years
(P€ackert et al. 2012).
If the current genetic diversity of the Southwest Mountainous Region is shaped by the combination of tectonic
activities in the Pliocene and stable habitats during the
Pleistocene, we would expect a population genetic structure characterized by (i) an old coalescence time, (ii) multiple isolated genetic lineages, (iii) weak indications of
dispersal and (iv) a population structure that has been
stable over time. We would not expect a similar pattern
of genetic variation in a less mountainous area, for example, in the lowland. In this study, we investigate how the
genetic structures in four species of birds in the Southwest Mountainous Region agree with the postulated
patterns. The four species are two babblers (family Timaliidae), Alcippe morrisonia (grey-cheeked fulvetta) and
Stachyridopsis ruficeps (red-headed tree babbler), one tit
(family Paridae) Parus monticolus (green-backed tit) and
one long-tailed tit (family Aegithalidae) Aegithalos concinnus (black-throated bushtit). These species belong to taxonomic groups that have originated and diversified
mainly in the Southwest Mountainous Region (Luo et al.
2009; P€ackert et al. 2010). The two babblers occur at low
altitudes, from c. 200 to 1500 m.a.s.l., and are mostly
restricted to tropical rain forest and subtropical broadleaf
evergreen forest. The tit and the long-tailed tit have
broad altitudinal ranges, from 1000 to 3500 m.a.s.l., and
inhabit subtropical evergreen, deciduous and coniferous
forests.

Using a comparative phylogeographical approach
combined with palaeoclimatic reconstructions, we analyse and compare patterns of genetic differentiation in
the Southwest Mountainous Region with populations of
the same species occupying an area with a very different geological history: the adjacent Central China
Region. This region, more or less at the same latitude as
the Southwest Mountainous Region, comprises lowland
and a mosaic of low mountains (below 2000 m.a.s.l.)
with fairly homogenous evergreen broadleaf and deciduous forests (Qian & Ricklefs 2000; Liu et al. 2003).
Fossils and palynological evidences suggest that the
vegetation in the Central China Region experienced dramatically climate-induced changes in the Pleistocene
(Harrison et al. 2001). The Central China Region thus
offers an excellent area for comparisons of population
structure in organisms that occur also in the Southwest
Mountainous Region.

Materials and methods
Geography and sampling localities
The Southwest Mountainous Region consists of several
subregions with different faunal and floristic compositions (Cheng 1987; Tang 1996). In the north, the cold and
dry high-altitude plateau named the Qinghai-Zangnan
Subregion is characterized by alpine meadows and grasslands. The three southern subregions (the South-West
Mountain, the Diannan Mountain and the Himalaya Subregions) all have a much warmer and wetter climate, and
the vegetation is dominated by tropical and subtropical
broadleaved forests with a mix of evergreen deciduous
species. In contrast to the alpine landscape of the Southwest Mountainous Region, the Central China Region is
generally a lowland but with a mosaic of low mountains
(lower than 2000 m.a.s.l.). The region is characterized by
temperate evergreen broadleaf and deciduous forests
and can be divided into three subregions: the Loess
Plateau Subregion, the Western Mountains Plateau Subregion and the Eastern Hillock-Plain Subregion (Fig. 1).
These subregions partly overlap with the zoogeographical regions described by P€
ackert et al. (2012). The
Central Chinese Region corresponds to ‘F03, south
Chinese (sub) tropical forests’; and the Southwest Mountainous Region to ‘F04, Sino-Himalayan mountain forests’,
which is further divided into ‘F04a, western and central
Himalayas’, ‘F04b, Eastern Himalayas’ and ‘F04c, central
and south-western China’ (P€
ackert et al. 2012).
Blood and tissue samples were obtained from 43 individuals of Alcippe morrisonia from nine localities, 49
individuals of Stachyridopsis ruficeps from 13 localities,
55 individuals of Parus monticolus from 17 localities and
54 individuals of Aegithalos concinnus from 13 localities
© 2013 John Wiley & Sons Ltd
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Fig. 1 Study area and topography of the Southwest Mountainous Region and Central China Region. Red areas show the hotspots
described by Myers et al. (2000). Southwest Mountainous Region is in the eastern part of the Eastern Himalaya biodiversity hotspot.
The two broken circles show the Southwest Mountainous Region and the Central China Region, respectively. The grey thin lines
indicate the subregions according to different fauna and floristic constitution (Cheng 1987; Tang 1996). QZ, the Qinghai-Zangnan
Subregion; SWM, the South-West Mountains Subregion; DM, the Diannan Mountains Subregion; HM, the Himalayan mountains
Subregions; LP, the Loess Plateau Subregion; WMP, the Western Mountains Plateau Subregion; EHP, the Eastern Hillock-Plain Subregion. The subregions used here partly overlap the zoogeographical regions described by P€
ackert et al. (2012). The Central Chinese
Region corresponds to F03, south Chinese (sub)tropical forests; and the Southwest Mountainous Region to F04, the Sino-Himalayan
mountain forests, which is further divided into: F04a, western and central Himalayas (QZ); F04b, Eastern Himalayas (DM); F04c, central and southwestern China (SWM). Fill circles show the sampling localities in the Southwest Mountainous Region and open circles
those in the Central China Region.

(Fig. 1 and Table S1, Supporting information). In the
analyses, these samples were divided into two groups
consisting of birds from the populations inhabiting the
Southwest Mountainous Region and the Central China
Region, respectively.

Sequence data
DNA was extracted from tissue and blood samples
using the DNeasy Tissue kit (QIAGEN). For A. morrisonia and S. ruficeps, we amplified and sequenced three
© 2013 John Wiley & Sons Ltd

single-copy nuclear DNA (scnDNA) loci specifically
designed for babblers as described by Gao et al. (2012).
Six hundred and eighty-seven base pairs of Am39,
494 bp of Am47 and 331 bp of Am54 were obtained for
A. morrisonia. For S. ruficeps, we obtained 843 bp of
Su04, 907 bp of Su25 and 803 bp of Su84 nuclear genes.
For both A. morrisonia and S. ruficeps, we amplified and
sequenced mitochondrial DNA (mtDNA) (Song et al.
2009; Liu et al. 2012): 1236 and 2175 bp combined cytochrome b and COI genes for A. morrisonia and S. ruficeps, respectively.
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Genetic data from P. monticolus included 1850 bp of
mtDNA gene combined 887 bp of cytochrome b gene
and 963 bp of ND2 gene, 929 bp of the sex-linked marker aconitase 1 (Aco1) gene, 654 bp of the autosomal
maker myoglobin gene (MB) and 426 bp of the autosomal marker aryl hydrocarbon receptor nuclear translocator-like gene (ARNTL, also known as BMAL1) (Wang
et al. 2013). For A. concinnus, sequence data of one
mtDNA locus and three nuclear loci were used:
2115 bp mtDNA fragment included 983 bp of cytochrome b gene and 1227 bp of COI gene, 314 bp of the
sex-linked marker very low-density lipoprotein receptor
gene (VLDLR), 879 bp of the autosomal maker recombination-activation gene (Rag) and 370 bp of the sexlinked marker chromo helicase DNA-binding gene
(CHD) (Dai et al. 2011). GenBank accession numbers for
these genes can be found in Table S1 (Supporting information), and genetic diversity parameters in these genes
are shown in Table S2 (Supporting information).

Genetic polymorphism and genetic structure
Haplotype phase was reconstructed for nuclear DNA
data using a Markov chain Monte Carlo (MCMC) algorithm as implemented in PHASE 2.1 with default parameters, accepting results with a probability >90%
(Stephens et al. 2001; Stephens & Scheet 2005). Three
runs of each analysis, each initiated using a different
random seed number, were carried out to check for
convergence across runs. Consistency was confirmed by
comparing the haplotype frequencies and goodnessof-fit values estimated for these runs. Haplotype number, nucleotide diversity, Tajima’s D and Fu’s FS values
were estimated to detect departures from the mutation–
drift equilibrium. Recombination events were detected
by the four-gamete test implement in DNASP 5.1 (Rozas
et al. 2009). Four-gamete tests (Hudson 1987) detected
evidence of recombination between some pair positions
for nuclear DNA genes; thus, these portions of
sequences were trimmed before subsequent analyses.
The genetic structures for mitochondrial DNA were
reconstructed using BEAST 1.7.1 (Drummond & Rambaut
2007). A constant coalescent model was used in BEAST
runs. For each species, two independent analyses were
run for 100 million generations, sampling trees at every
1000 generation. Convergence to the posterior distributions of parameter estimates was examined in TRACER
1.5 (Rambaut & Drummond 2007), and the burn-in was
set to be 25 000 trees (25% of all sampling trees). A
maximum-credibility tree, representing the maximum
posterior topology, was calculated in TREEANNOTATOR
1.7.1 (Drummond & Rambaut 2007) after removing
trees sampled during the burn-in phase. For nuclear
DNA data sets, we identified genetic structure used the

STRUCTURE 2.3.2 (Pritchard et al. 2000) with a burn-in of
1 9 10 6 and 1 9 10 7 iterations with prior population
information and following the admixture model. We
conducted ten replicate runs for each value of K (the
number of populations). The numbers of population
were set to 1–4. The most likely number of K was identified using the maximal value of Pr(X/K), typically
used for STRUCTURE analysis (Pritchard et al. 2000) and
△K based on the rate of change in the posterior probability of data between successive K-values (Evanno et al.
2005). We also constructed haplotype network for each
gene. Networks were constructed using statistical parsimony (Templeton et al. 1992) as implemented in TCS
(Posada & Crandall 2001) at the 95% confidence level.

Phylogenetic analyses
Molecular dating analyses for four species were carried
out using two approaches. First, we applied a fixed
mean substitution rate of 0.01 substitution per site per
million years to the cytochrome b data set. Although
not universally true, this standard molecular clock has
been widely used for most avian studies (Weir &
Schluter (2008). Second, we employed substitution rates
recently calibrated for mitochondrial genes in the
Hawaiian Honeycreepers, based on calculations using
the ages of the Hawaiian Islands (Lernet et al. 2011). We
used a uniform methodology for all data sets with the
relaxed uncorrelated lognormal model (Drummond
et al. 2006) implemented in BEAST. Substitution rates of
mitochondrial genes were set, and substitution rates of
nuclear loci were indirectly estimated accordingly in
BEAST (Drummond et al. 2006). Tree topologies and
divergence times were estimated simultaneously in
BEAST, thus incorporating topological uncertainty into
the divergence time estimate. The models for nucleotide
substitutions used for genes were selected by applying
the Akaike information criterion in MODELTEST 3.7
(Posada & Crandall 1998) and were shown in Table S3
(Supporting information). A constant coalescent model
was used in all BEAST runs. For each species, two independent analyses were run for 100 million generations,
sampling every 1000. Convergence to the posterior distributions of divergence times and parameter estimates
was examined in TRACER 1.5, and the burn-in was set to
be 25%. A maximum-credibility tree, representing the
maximum posterior topology, was calculated after
removing burn-ins in TREEANNOTATOR.

Isolation by distance analyses
Mantel tests were performed to test the significance of
regression between pairwise genetic distance expressed
as FST against the geographical distance. Latitude and
© 2013 John Wiley & Sons Ltd
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longitude data for sampling localities were used to generate geographical distance matrices. To estimate the
effect of the subregions to gene flow, a categorical
matrix was generated describing the subregions where
the samples were collected. Mantel tests for subregion
and genetic distance were performed to assess how
much of the genetic difference that could be attributed
to subregion. For each locus, a Mantel test was
performed for the populations in the Southwest Mountainous Region and the Central China Region, respectively, using ARLEQUIN 5.0 (Excoffier et al. 2005). A total of
10 000 iterations were used to determine the statistical
significance.

Ecological niche modelling to reconstruct Pleistocene
stable habitats
Ecological niche models were used to reconstruct the
palaeodistributions and current distributions for all four
species. For each species, the two distribution estimates
were overlaid to find areas that show habitat stability
over time. We define the habitat as ‘stable’ if a species
was predicted to have occupied it both in the late Pleistocene and today.
Ecological niche models predicted current distribution in MAXENT (Phillips et al. 2006) using climatic variables at 2.5-min resolution (WorldClim data set,
Hijmans et al. 2005). Many of the 19 environmental variables are strongly correlated with each other (multi-collinearity), and these redundant variables can lead to
model over-fitting (Elith et al. 2011). To minimize
redundancy, we calculated Pearson’s correlation coefficient (r) between each pair of variables using R (Ihaka &
Gentleman 1996). Variables with r > 0.8 were considered as highly correlated, and we kept the variable
closely related to the temperature and precipitation
(Water-Energy theory, Hijmans et al. 2005; Tingley et al.
2009). The final models included six variables (annual
mean temperature, mean temperature of the warmest
and coldest quarter of the year, annual rainfall, rainfall
of the warmest and coldest quarter of the year). These
variables represent the basic ecological needs of organisms for water and thermal energy (Hijmans et al. 2005;
Tingley et al. 2009). The input data set contained occurrence data from museum records, and models were
estimated based on 239, 179, 157 and 237 collecting
localities for A. morrisonia, S. ruficeps, P. monticolus and
A. concinnus, respectively. Models were then applied to
climatic variables generated from Community Climate
System Model (CCSM) to estimate suitable habitats
during the Last Glacial Maximum (21 000 years ago;
Otto-Bliesner et al. 2006; Braconnot et al.2007). Although
the Naynayxungla glaciations and penultimate glaciation (0.5–0.175 Ma) were considered to be the important
© 2013 John Wiley & Sons Ltd

events in the evolutionary history of these four birds,
we could not get climatic data from these two glacial
periods. Therefore, we used climatic data from the Last
Glacial Maximum because it also represents the opposite climatic extreme of the warm interglacial climate
(Carstens & Richards 2007). The models were run in 50
replicates with default settings. Binomial tests of omission (Phillips et al. 2006) were conducted by randomly
selecting 30% of localities as test data.

Testing long-term persistence population structure and
population expansion hypotheses
Phylogeographical studies may provide independent
test of whether a population has existed in an area with
stable habitats because stable habitats and recently
expanded non-stable areas are expected to result in
very distinct genetic signatures (Carnaval & Moritz
2008). Here, we tested two model-driven hypotheses, a
long-term persistence of population structure as
opposed to a late Pleistocene population expansion to
obtain a more detailed inference on responses of the
Southwest Mountainous Region and Central China
Region birds to late Pleistocene climate change. For
model construction, two populations were created for
Southwest Mountainous Region birds according to their
genetic structure revealed in phylogenetic trees,
whereas two populations were assigned for Central
China Region birds according to whether their sampling
localities fell into the refugia in the Qinling-Daba Mountains or previously glaciated areas (see Results). In
long-term persistence model, two populations split from
an ancestral population in the Pleistocene glaciations
and remained stable population sizes during that time
(0.5–1.8 Ma, Fig. S1, Supporting information). In recent
expansion model, two populations were assumed to
experience bottlenecks in the Qinling-Daba mountainous refugia during the Pleistocene glaciations and
subsequently expand after the penultimate glaciation
(0.1–0.15 Ma, Fig. S1, Supporting information). The
expansion time was set because penultimate glaciation
was considered to be the key event in the evolutionary
history of these species (Song et al. 2009; Dai et al. 2011;
Liu et al. 2012; Wang et al. 2013). Two models were
tested for both Southwest Mountainous Region and
Central China Region birds using DIYABC 1.0.4.46 (Cornuet et al. 2008). Summary statistics were estimated for
mitochondrial DNA, autosomal nuclear DNA and
sex-linked nuclear DNA data sets, respectively. Prior
distributions of demographic parameters were defined
based on previously mitochondrial DNA estimated
genetic parameters of the studied species (Table S4,
Supporting information), and a generation time of
2 year was used for two babblers and 1 year for tits
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(Cheng et al. 1982). We used HKY models for all loci.
Summary statistics used in ABC analyses were shown in
Table S5 (Supporting information). For each hypothesis,
we used 1 9 106 simulated data to build a reference
table. To compute posterior probabilities of the competing hypotheses, we used the 1% of the simulated data
sets closest to the observed data (using Euclidian
distance between each simulated and observed data sets)
to estimate the relative posterior probability of each
hypothesis with a logistic regression (Cornuet et al.
2008). For each set of hypotheses, the most likely hypothesis is the one with highest posterior probability value.

Results
Genetic polymorphism and genetic structure
Genetic polymorphisms of mitochondrial and nuclear
genes of the four species of birds are shown in Table S2
(Supporting information). For all species, genetic diversities of most loci are an order of magnitude larger in the
Southwest Mountainous Region clades than in the Central
China Region clades, and the differentiations are more distinct in the mitochondrial genes than in the nuclear genes
(Table S6, Supporting information). The sex-linked nuclear
genes did not show as much differentiation as mitochondrial genes, but instead showed similar nucleotide divergence as the autosomal nuclear genes.
In all species, high levels of divergence and population structure are observed across the Southwest Mountainous Region. In the mitochondrial genes, there are
two highly divergent subclades within the Southwest
Mountainous Region. These two subclades are also represented in the nuclear genes, although with some
degree of shared ancestral polymorphism (Fig. S2, Supporting information). In the Central China Region, however, all species show low divergence and no distinct
geographically separated genetic lineages could be identified in either mitochondrial or nuclear genes (Fig. S2,
Supporting information).

Phylogenetic analyses
In all species except Aegithalos concinnus, the populations
in the Southwest Mountainous Region and the Central
China Region, respectively, were reciprocally monophyletic (Fig. 2). In A. concinnus, individuals from three
localities (YB, MY and PZH) in the South-West Subregion
of the Southwest Mountainous Region grouped with the
populations in the Central China Region. Individuals
collected in LJ, GLG, BS and LC of the Southwest Mountainous Region formed a monophyletic clade.
Within the Southwest Mountainous Region, all four
species exhibit distinct genetic structures with

geographical separation. Two reciprocally monophyletic
subclades of Alcippe morrisonia were restricted to the
South-West and Diannan Mountains Subregions, respectively. In Stachyridopsis ruficeps, individuals in SouthWest Mountain and Diannan Mountains Subregions
cluster together and form the sister group to the individuals in the Himalaya Subregion (Fig. 2). In Parus
monticolus, individuals collected in the Himalaya,
South-West Mountain and Diannan Mountains Subregions form a monophyletic clade, which is nested with
the individuals in the Qinghai-Zangnan Subregion
(Fig. 2). In A. concinnus, individuals from all localities
except LJ in the South-West Mountain Subregion form a
clade and cluster with all birds collected in the Central
China Region. Individuals collected in the Diannan
Mountains Subregion and individuals from LJ of the
South-West Mountain Subregion cluster together and
form the sister group to all other individuals of A. concinnus from South-West Mountain Subregion and
Central China Region (Fig. 2).
In all four species, age estimates based on the ‘standard ‘cytochrome b substitution rate are generally older
than those estimated based on the substitution rates in
the study by Lerner et al. (Table S7, Supporting information). This is not surprising because the substitution
rates of the mitochondrial genes in the study by Lerner
et al. are slightly higher than the standard rate of mitochondrial gene (i.e., 1 9 10 8 vs. 1.4 9 10 8 for cytochrome b). The coalescence times of the four species,
regardless of methods, are much older in the Southwest
Mountainous Region clades than in the Central China
Region clades (Figs 2 and S3, and Table S7, Supporting
information). Because one of our aims is to compare the
divergence and diversification times of the Southwest
Mountainous Region to those of tropical montane
regions (most studies in those regions employed the
standard cytochrome b rate to estimate diversification
times), we here mainly discuss the results from cytochrome b calibration. The coalescence times of the
Southwest Mountainous Region clades range between
0.8 and 2.1 Ma, and their diversifications into subclades
mostly occurred between 0.2 and 0.85 Ma. The populations in the Central China Region, however, show much
younger coalescence times, from 0.3 to 0.7 Ma (Fig. 2
and Table S7, Supporting information).

Isolation by distance analyses
Mantel tests for the Southwest Mountainous Region
populations showed that the correlations between
geographical and genetic distance were statistically
significant in all species and almost all loci (Table 1).
For only one nuclear DNA locus each in A. concinnus
(CHD) and P. monticolus (MB), the correlations were not
© 2013 John Wiley & Sons Ltd
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Fig. 2 Phylogenetic trees and topographical distributions of the Southwest Mountainous Region and Central China Region
clades of Alcippe morrisonia, Stachyridopsis
ruficeps, Aegithalos concinnus and Parus
monticolus, respectively. Branch supports
for main nodes are shown above the
nodes. Red bars indicate 95% highest
posterior density (HPD) intervals of coalescence times estimated from cytochrome b distance. The different symbols
for the localities refer to the subregions
in which the samples were collected.
Subregions belonging to the Southwest
Mountainous Regions have filled symbols and those belonging to the Central
China Region have open symbols. The
stars in the A. concinnus tree show individuals from LJ. Although this locality
geographically belongs to the SWM subregion, all individuals sampled clustered
with those from the DM subregion.
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Table 1 Correlations between genetic and geographical distances estimated in populations in the Southwest Mountainous
Region (SMR) and the Central China Region (CCR), respectively. Estimates for each species and locus are tested for statistical significance by Mantel tests (P values given in bracket)

Species

Group

Gene

Alcippe
morrisonia

SMR

MtDNA
Am39
Am47
Am54
MtDNA
Am39
Am47
Am54
MtDNA
Su04
Su25
Su84
MtDNA
Su04
Su25
Su84
MtDNA
Rag
CHD
VLDLR
MtDNA
Rag
CHD
VLDLR
MtDNA
ACo1
ARNTL
MB
MtDNA
ACo1
ARNTL
MB

CCR

Stachyridopsis
ruficeps

SMR

CCR

Aegithalos
concinnus

SMR

CCR

Parus
monticolus

SMR

CCR

Geographical
distance
0.90
0.77
0.50
0.62
0.06
0.17
0.00
0.23
0.72
0.61
0.69
0.52
0.05
0.12
0.20
0.20
0.68
0.53
0.09
0.40
0.23
0.41
0.21
0.18
0.88
0.53
0.81
0.11
0.46
0.39
0.41
0.05

(0.048)*
(0.038)*
(0.043)*
(0.009)**
(0.55)
(0.77)
(0.53)
(0.28)
(0.004)**
(0.04)*
(0.04)*
(0.02)*
(0.331)
(0.19)
(0.16)
(0.11)
(0.02)*
(0.01)*
(0.28)
(0.04)*
(0.14)
(0.89)
(0.65)
(0.66)
(0.045)*
(0.049)*
(0.039)*
(0.47)
(0.12)
(0.79)
(0.84)
(0.54)

Subregion
0.93
0.78
0.50
0.50
0.05
0.12
0.06
0.08
0.58
0.27
0.68
0.64
0.35
0.17
0.05
0.23
0.94
0.41
0.2
0.14
0.70
0.37
0.37
0.47
0.1
0.04
0.18
0.26
0.47
0.59
0.47
0.06

(0.004)*
(0.09)
(0.1)
(0.09)
(0.44)
(0.31)
(0.6)
(0.64)
(0.033)*
(0.2)
(0.06)
(0.02)*
(0.08)
(0.24)
(0.62)
(0.16)
(0.01)*
(0.08)
(0.01)*
(0.2)
(0.59)
(0.88)
(0.8)
(0.79)
(0.71)
(0.54)
(0.21)
(0.19)
(1.00)
(1.0)
(0.17)
(0.84)

*P < 0.05; **P < 0.01.

statistically significant. The correlations between subregion and genetic distance were significant in several
cases, but mostly for mitochondrial DNA and babblers.
In contrast, for the populations in the Central China
Region, statistically significant correlations were found
neither between genetic distance and geographical distance, nor between genetic distance and subregion
(Table 1).

curve (AUC) value was 0.94, 0.948, 0.959 and 0.937 in
A. morrisonia, S. ruficeps, P. monticolus and A. concinnus,
respectively. The analyses showed that even if the stable areas differ between the different species, all species
have had stable habitats in the Southwest Mountainous
Region, as shown by the congruence between their estimated distributions in the Pleistocene and today
(Fig. 3). The difference in the distributions of stable
habitats between species is expected because they all
differ in climatic tolerance and their realized ecological
niche. The ecological niche models also showed the
habitats in Central China Region to have been much
less stable. Compared with the large continuous suitable habitats predicted to their current distributions, the
ecological niche model predicted only small areas for
each species during the Last Glacial Maximum. The
Pleistocene refugia of suitable habitats for these four
species in Central China Region were mostly confined
to the Qinling-Daba Mountains and the southernmost
part of China (Fig. 3).

Testing long-term persistence population structure and
population expansion hypotheses
The models of habitat stability through Pleistocene
climatic fluctuations correctly predict the patterns of
population history for the species in the Southwest
Mountainous Region. Logistic regression estimates of
the posterior probabilities support that long-term persistence of population structures in isolated subregions
(A. morrisonia, S. ruficeps and P. monticolus) or separate
mountain systems (A. concinnus) for all Southwest
Mountainous Region birds. In contrast, ABC analyses
infer that populations in the Central China Region experienced bottlenecks in the Qinling-Daba Mountainous
refugia during the Pleistocene glaciations, from which
they expanded into the previously glaciated areas
between 0.1 and 0.15 Ma (Table 2).
Metrics of genetic diversity confirm the above
patterns (Table 3). In all species, genetic diversity is an
order of magnitude larger in the Southwest Mountainous Region than in the Central China region. Furthermore, signatures of population expansion, indicated by
significant Tajima’ D and Fu’s FS, are found in the Central China Region populations, but not in the Southwest
Mountainous Region populations.

Discussion
Ecological niche modelling to reconstruct Pleistocene
stable habitats
The ecological niche models developed under the
current climate conditions accurately predicted the present distribution of each species. The area under the

Persistence and isolation of the genetic lineages within
the Southwest Mountainous Region
The coalescence times of the Southwest Mountainous
Region populations, that is, when the lineages of these
© 2013 John Wiley & Sons Ltd

D I V E R S I F I C A T I O N O F B I R D S I N E A S T E R N H I M A L A Y A S 713
Alcippe morrisonia
LGM

Current

Suitable
Unsuitable

0 200 400

800
Kilometers

0 200 400

800
Kilometers

0 200 400

800
Kilometers
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Fig. 3 Palaeodistributions and current
distributions for Alcippe morrisonia,
Stachyridopsis ruficeps, Aegithalos concinnus
and Parus monticolus, respectively, predicted by ecological niche modelling. The
left panel shows habitats that are predicted to be suitable for each species at
the Last Glacial Maximum. The right
panel shows the current distribution. The
strength of prediction is indicated
according to the key shown. Open circles
represent sampling localities in the Central China Region, while those in the
Southwest Mountainous Region are
filled.
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four species began to evolve genetically independent
from other nearby populations, date back to the
Pleistocene, about 0.8–2.1 Ma. These coalescence time
© 2013 John Wiley & Sons Ltd
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estimates generally agree with divergences of the Himalayan birds from their closest Palaearctic relatives at the
Pliocene–Pleistocene boundary (Johansson et al. 2007;
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Table 2 Estimates of posterior probabilities and 95% confidence intervals for competing hypotheses using approximate
Bayesian computation analysis
Species
Alcippe
morrisonia

Group
SMR

CCR

Stachyridopsis
ruficeps

SMR

CCR

Aegithalos
concinnus

SMR

CCR

Parus
monticolus

SMR

CCR

Scenario
Long-term
persistence
Recent
colonization
Long-term
persistence
Recent
colonization
Long-term
persistence
Recent
colonization
Long-term
persistence
Recent
colonization
Long-term
persistence
Recent
colonization
Long-term
persistence
Recent
colonization
Long-term
persistence
Recent
colonization
Long-term
persistence
Recent
colonization

Table 3 Mitochondrial DNA estimated population genetic
summaries for the Southwest Mountainous Region (SMR) and
Central China Region (CCR) groups

Logistic regression
Species

Group

n

S

p

Alcippe
morrisonia
Stachyridopsis
ruficeps
Aegithalos
concinnus
Parus
monticolus

SMR
CCR
SMR
CCR
SMR
CCR
SMR
CCR

25
18
23
26
31
23
25
30

58
34
59
35
116
29
26
25

0.0153
0.004
0.006
0.003
0.021
0.002
0.003
0.001

Tajima’s
D

Fu’s FS

0.995 (0.986–1.000)
0.005 (0.000–0.014)
0.073 (0.028–0.118)
0.927 (0.882–0.972)
1.000 (1.000–1.000)
0.000 (0.000–0.000)

0.888
1.98*
0.978
0.894
1.848
1.248
0.622
2.42**

0.182
16.246***
0.375
6.82**
0.858
9.562**
1.878
8.315***

Tajima’s D, *P < 0.05; **P < 0.01; Fu’s FS, *P < 0.02;
**P < 0.01; ***P < 0.0001.

0.011 (0.004–0.019)
0.989 (0.981–0.996)
0.900 (0.858–0.942)
0.100 (0.058–0.142)
0.000 (0.000–0.000)
1.000 (1.000–1.000)
1.000 (1.000–1.000)
0.000 (0.000–0.000)
0.000 (0.000–0.000)
1.000 (1.000–1.000)

SMR, Southwest Mountainous Region; CCR, Central China
Region.

P€ackert et al. 2012), after the rapid uplift of the Southwest Mountains towards the end of the Pliocene. The
orogeny of the Southwest Mountains has a very complex tectonic history involving the collision of the
Indian and Eurasian plates during the Cenozoic (Patriat
& Achache 1984). Although the uplift began already in
the Miocene (Wang 1985; Fan 1997), the most intensive
tectonic activities occurred in the late Pliocene with
mountains rising to over 4000 m (Li & Fang 1999). The
coalescence times in the four species suggest that the
populations inhabiting the Southwest Mountainous
Region diverged from their lowland conspecific populations towards the early Pleistocene and thus establishing the current allopatric distribution patterns. The
relatively old ages of avian diversifications in the Southwest Mountainous Region (0.8–2.1 Ma in the four species) contrast to those in the Central China Region

where the clades are much younger, between 0.3 and
0.7 million years old.
Within the Southwest Mountainous Region clades, all
four species also show a considerable geographical
structure. Subclades of the four species are geographically confined to different subregions (A. morrisonia,
Stachyridopsis ruficeps and Parus monticolus) or to separate mountain systems (Aegithalos concinnus). This
strong geographical structure suggests that lineage
diversification has proceeded in situ within the Southwest Mountainous Region. Further evidence for a low
dispersal comes from the isolation by distance analyses
that show geographical distance (and also subregions
for some species and loci) to be a strong predictor
of the genetic distance between phylogeographical
lineages in the Southwest Mountainous Region. The in
situ diversification within the Southwest Mountainous
Region occurred in the late Pleistocene, about 0.2–
0.85 Ma. Similar Pleistocene allopatric divergences were
also observed for a few bird species inhabiting in the
eastern and western Himalayas (P€
ackert et al. 2012).
These results suggest that different mountain systems
in the Southwest Mountainous Region have served as
physical barriers since the Pleistocene effectively preventing gene flow between populations of many bird
species. The diversification in situ thus is the dominant
model of divergence in the conspecific populations and
sister species occurring in the Southwest Mountainous
Region.

Different patterns of isolation in different species
The dramatic topography of the Southwest Mountainous Region favours in situ diversification. However, as
evident from their different patterns of genetic variation, the four species studied have not responded
equally to these topographical and climatic conditions.
© 2013 John Wiley & Sons Ltd
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In situ diversification has most clearly occurred in the
two species of babblers, A. morrisonia and S. ruficeps. In
both species, the individuals from the Southwest Mountainous Region group into two, reciprocally monophyletic and geographically separated subclades. In the
other two species, P. monticolus and A. concinnus, the
isolation pattern is less distinct due to varying degrees
of genetic admixture between populations. In addition,
the babbler populations in the Southwest Mountainous
Region show greater isolation by distance than do the
tit and long-tailed tit populations, suggesting reduced
dispersal. The different patterns observed in these four
species suggest that the degree of genetic isolation may
be influenced by the altitudinal range of the species
(Ghalambor et al. 2006). A broad altitudinal range suggests large ecological plasticity, with a greater tolerance
to habitat variation and a higher capability of dispersal
(Bermingham & Moritz 1998; Kershaw et al. 2005;
Hoskin 2007; Bell et al. 2010). The two babblers are low
altitude birds and occur below 1500 m.a.s.l., which is
below the low altitudinal limit for glaciers during the
Pleistocene. The narrow altitudinal range may have
restricted the babblers to habitats at low elevation
because of the topographical barriers (Ghalambor et al.
2006). This would effectively have prevented migration
between populations in different subregions and mountains systems. By contrast, both P. monticolus and
A. concinnus are alpine species with wide altitudinal
ranges implying broad thermal tolerances and a considerable ecological plasticity (Bermingham & Moritz 1998;
Kershaw et al. 2005; Hoskin 2007; Bell et al. 2010). They
occur at altitudes between 1500 and 3500 m.a.s.l., that
is, at altitudes higher than the low altitudinal limit for
glaciers during the Pleistocene. Most probably these
species were pushed up and down the hillsides in
response to the varying extent of glaciers during the
Pleistocene, causing populations repeatedly being
isolated and fused again (Qu et al. 2011). Indeed, the
localities where we observe genetic admixture, for example GY and MY, are mostly situated in areas between two
geographically isolated lineages. The ABC analyses of
the geographical patterns of genetic variation in P. monticolus and A. concinnus support a model with long-term
persistence of genetic lineages followed by post-isolated
migration (Table S8, Supporting information).
A similar pattern as that found in P. monticolus and
A. concinnus has been shown for Garrulax elliotii,
another alpine bird in the Southwest Mountainous
Region. The analyses suggested that the wide altitudinal range promoted gene flow between adjacent subregional lineages in the contact zone during the
Pleistocene (Qu et al. 2011). Comparative data for other
resident species inhabiting lower altitudes in the
Southwest Mountainous Region are lacking. However,
© 2013 John Wiley & Sons Ltd

evidence from other mountain areas suggests that animal groups that are less mobile, such as beetles, may
show deep genetic divergences between populations
even on a single mountain (Masta 2000; Smith & Farrell
2005; Shepard & Burbrink 2008, 2009). These data,
together with what we have found here, suggest that a
dispersal barrier such as topography is more efficient to
species with a narrow altitude range than species with
a broad altitude range (Ghalambor et al. 2006). Generally, the high degree of genetic diversity in the Southwest Mountainous Region is best explained by an in
situ diversification, although species respond differently
because of their different ecological requirements.

Pleistocene stable habitats and on-going diversification
in the Southwest Mountainous Region
Pleistocene climatic fluctuations have profound effects
on the geographical distribution and genetic diversity
of extant species (Hewitt 1996, 2000). In response to palaeoclimatic fluctuations, species’ geographical ranges
have tracked preferred habitats and suitable environmental condition. In contrast to the heavily ice-covered
Central China Region, Pleistocene glaciations in the
Southwest Mountainous Region were restricted to relatively high altitudes and did not affect the lower slopes
or valleys. It is likely that the climatic stability during
the Pleistocene might have allowed the persistence of
vegetation similar to that observed in the Southwest
Mountainous Region today, especially at moderate or
low altitudes (Li et al. 2009). Indeed, our ecological
niche models predict the presence of suitable habitats
for all four species in the Southwest Mountainous
Region. In contrast to the Southwest Mountainous
Region, the habitats of the Central China Region have
been less stable, and only few refugia in the QinlingDaba Mountains occurred for these species during the
Last Glacial Maximum. The instability of the Central
China Region suggests a strikingly different Pleistocene
history compared with the Southwest Mountainous
Region. Our results from ecological niche models are
congruent with the pollen-based palaeovegetation data
that indicate that forests were replaced by grasslands in
the Central China Region during the Pleistocene glaciations (Liu et al. 2002; Yuan et al. 2004; Kelly et al. 2006;
Yu et al. 2007), and rainforest included broad-leaved
and seasonal forests occurred in low altitudes of the
Southwest Mountainous Region (Kou et al. 2006). The
results also agree generally with forest models
published previously (Dai et al. 2011; Liu et al. 2012).
The ecological niche models of habitat stability
through the Pleistocene glaciations correctly predict
patterns of genetic diversification in all species. A longterm persistence of population structure is supported
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for the populations in the Southwest Mountainous
Region, whereas signals of population expansion are
observed for those in the Central China Region. It is
likely that the relatively mild monsoon climate in the
Southwest Mountainous Region made it possible to
maintain stable populations also during the colder periods, causing less drastic demographic fluctuations such
as bottlenecks and expansions. In the Central China
Region, suitable habitats became smaller causing bird
populations to retreat into the Qinling-Daba Mountains
refugia from which they subsequently could expand
again during interglacial periods. The population
expansions of the four species in the Central China
region are further supported by the prediction that suitable habitats were available in previously glaciated
areas during the last interglacial (Fig. S4, Supporting
information). Consequently, the genetic structure of
populations in the Central China region shows that
these birds have undergone bottlenecks followed by
postglacial expansion in the Pleistocene. The climatologically history of the Central China Region has dramatically reduced the genetic diversity in the populations of
four species in this region.

Comparison of the diversification patterns of the
Southwest Mountainous Region to those of tropical
montane areas
The complex topography and stability of mountain habitats may allow species to persist locally, promoting
population isolation and in situ speciation. This facilitates the long-term persistence of genetic lineages that
characterize biodiversity hotspots in tropical mountain
areas, such as the Andes and the Eastern Arc Mountains in East African (Fjelds
a et al. 2012). The Southwest
Mountainous Region, a biodiversity hotspot in the
temperate region, shows a similar in situ genetic diversification and long-term persistence of population as in
mountain areas in South America and Africa, but there
are also important differences.
A major difference is that the diversification in the
Southwest Mountainous Region is of much younger
age. The divergences between Southwest Mountainous
Region clades and their lowland conspecific populations
or sister species mostly occur around the Pliocene–Pleistocene boundary (Johansson et al. 2007; P€ackert et al.
2012), and in situ diversification has taken place rather
recently, in the late and mid-Pleistocene. By comparison, most sister species of African montane birds split
around the late Pliocene–Miocene boundary (Voelker
et al. 2010), and in Andes, many endemic lineages date
back to the mid-Miocene (Fjelds
a et al. 2012). However,
it should be taken into account that the time estimates
in our study, as well as those in P€ackert et al. (2012),

are of intraspecific diversifications or splits between sister species, whereas those in the Andean and African
mountain birds are calculated from interspecies diversification, including some between distantly related
species.
It seems as the in situ diversification is less distinct in
the Southwest Mountainous Region than in the Eastern
Arc Mountains in Africa, but more similar to that in the
Andes. In the East African highlands, the mountains
are spatially separate from one another thus effectively
forming isolated ‘sky islands’ with no or little migration
between mountains (Fjelds
a et al. 2012). While African
montane birds often occur on a single mountain, those
in the Southwest Mountainous Region and the Andes
tend to occur in mountain ranges. The spatial connectivity of large montane systems has facilitated the
dispersal within and between these systems (GarcıaMoreno & Fjelds
a 2000; Johansson et al. 2007; Cadena
et al. 2012; Fjelds
a et al. 2012; P€
ackert et al. 2012). The
geographical structures observed in the four species
studied here suggest that migration more easily occurs
in species with a broad altitudinal range (i.e. a larger
ecological tolerance) than in species with a narrow altitudinal range (i.e. a more limited ecological tolerance).
The frequent gene flow between populations in different mountain systems in the Southwest Mountainous
Region and in the Andes has obscured patterns of in
situ diversification in these areas.
The different Pleistocene history of the Southwest
Mountainous Region compared with that of the tropical
montane areas should also be considered. The Pleistocene glaciations have had profound impact on distribution ranges and genetic variation in temperate species
(Hewitt 1996, 2000) and are considered to be critical to
explain current genetic patterns in east Asian species
(for a review see Lei et al. 2013). Many East Asian birds
expanded their distribution ranges considerably in postglacial time, which often resulted in secondary contact
between previously isolated populations (Li et al. 2009;
Qu et al. 2010). In contrast, the climate in tropical
regions was more stable in the Pleistocene resulting in
better preservation of ancient patterns of diversification
(Fjelds
a & Lovett 1997; Fjelds
a & Bowie 2008). In the
temperate region, the Southwest Mountains Region is
unique in that the Pleistocene glaciations were restricted
to relatively high altitudes (above 2000 m.a.s.l.) and did
not affect the lower slopes or valleys. This resulted in a
climatic stability during the Pleistocene that might have
allowed the persistence of vegetation similar to that
observed in the Southwest Mountainous Region today
(Yu et al. 2007; Li et al. 2009). This stable montane environment could maintain genetically distinct populations
also during the otherwise drastic climate changes in the
Pleistocene (Sandel et al. 2011).
© 2013 John Wiley & Sons Ltd
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Conclusion
China’s Southwest Mountainous Region is a ‘biodiversity hotspot’ of global interest for conservation, and our
study suggests that the high degree of genetic diversity
in this region can be attributed to a combination of tectonic activities in the late Pliocene and the presence of
stable habitats throughout the Pleistocene. The tectonic
uplift of the Southwest Mountainous Region shaped
physical barriers causing populations and sister species
to be evolutionary isolated in different subregions or
mountains systems over millions of years. Climatic and
palynological data also indicate that the habitats at low
and medium altitudes in the Southwest Mountainous
Region were exceptionally stable during the Pleistocene.
Consequently, the population genetic structures found
in the four studied species of birds in the Southwest
Mountainous Region are characterized by deep splits
between subpopulations, with little evidence of gene
flow between them. This pattern for explaining the high
level of genetic diversity in the Southwest Mountainous
Region is supported by the observation that radically
different genetic patterns are found in populations of
the same four species distributed in the adjacent Central
China Region. The Central China Region has a geological history that is drastically different from that of the
Southwest Mountainous Region, and the region experienced dramatically climate-induced changes in the
Pleistocene. As a result, the areas of suitable habitats
for the studied species contracted drastically during glaciations and were even lost in some places. In warmer
periods, the populations expanded and could disperse
rather freely in this lowland region resulting in a
considerable gene flow. Unlike in the Southwest Mountainous Region, the populations in the Central China
Region show signs of genetic bottlenecks during periods of glaciations. We may conclude that the high
diversity in the Southwest Mountainous Region reflects
long-term persistence and population divergence in situ.
It should be stressed, however, that the conclusion is
based on patterns of diversification in four species with
a long history in the Southwest Mountainous Region.
To fully evaluate the nature of speciation in this biodiversity hotspot, one would need to study also species
that more recently have immigrated to the region, especially to higher elevations. Studies of other climatically
stable montane regions, such as the Andes or the Eastern Arc Mountains in Africa, have shown that how
older species may colonize entire montane regions,
while others undergo marked differentiation, with
parapatric replacements, and later sympatry with segregation in different habitats or elevational zones (Fjelds
a
et al. 2012; P€ackert et al. 2012). More biodiversity
and phylogeographical studies in the Southwest
© 2013 John Wiley & Sons Ltd

Mountainous Region are required to better understand
the mechanisms responsible for this extraordinary high
biodiversity in one of the most important biodiversity
hotspots of Northern Hemisphere.
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