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Interglacial refugia preserved high genetic diversity of the
Chinese mole shrew in the mountains of southwest China

K He1,2, N-Q Hu1,3, X Chen4,5, J-T Li6 and X-L Jiang1

The mountains of southwest China (MSC) harbor extremely high species diversity; however, the mechanism behind this diversity
is unknown. We investigated to what degree the topography and climate change shaped the genetic diversity and diversification
in these mountains, and we also sought to identify the locations of microrefugia areas in these mountains. For these purposes,
we sampled extensively to estimate the intraspecific phylogenetic pattern of the Chinese mole shrew (Anourosorex squamipes) in
southwest China throughout its range of distribution. Two mitochondrial genes, namely, cytochrome b (CYT B) and NADH
dehydrogenase subunit 2 (ND2), from 383 archived specimens from 43 localities were determined for phylogeographic and
demographic analyses. We used the continuous-diffusion phylogeographic model, extensive Bayesian skyline plot species
distribution modeling (SDM) and approximate Bayesian computation (ABC) to explore the changes in population size and
distribution through time of the species. Two phylogenetic clades were identified, and significantly higher genetic diversity was
preserved in the southern subregion of the mountains. The results of the SDM, continuous-diffusion phylogeographic model,
extensive Bayesian skyline plot and ABC analyses were congruent and supported that the Last Interglacial Maximum (LIG) was
an unfavorable period for the mole shrews because of a high degree of seasonality; A. squamipes survived in isolated interglacial
refugia mainly located in the southern subregion during the LIG and rapidly expanded during the last glacial period. These
results furnished the first evidence for major Pleistocene interglacial refugia and a latitudinal effect in southwest China, and the
results shedding light on the higher level of species richness in the southern subregion.
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INTRODUCTION

During climate change, a species will shift its distribution to remain in
a suitable habitat, or adapt to a new environmental conditions
(Hewitt, 2004). The latter is not common, as most species tend to
exhibit niche conservatism (Wiens and Graham, 2005). The shifts in
distribution are usually accompanied by changes in population size
and genetic diversity. For this reason, the Pleistocene climate fluctua-
tions had strong effects on the genetic diversity and geographical
structure of many species by repeated shifting of its distribution
(Hewitt, 1996). This effect could be more complicated in an area with
complex topography, such as the mountains of southwest China
(hereafter referred to as MSC).
The MSC, also known as the Hengduan Mountains, and the

adjacent areas have complex topographies that support extremely
high biodiversity, and have been recognized as biodiversity hotspots
(He and Jiang, 2014). One plausible explanation for the great
biodiversity is known as the ‘refugia hypothesis’ (Zhang, 2002). The
concept of refugia used here is ‘climate change refugia’, including
glacial refugia for temperate-adapted taxa and interglacial refugia for
cold-adapted taxa (Stewart et al., 2010). Refugia can also be classified
as macrorefugia or microrefugia (i.e., cryptic refugia), depending on
the size (Bennett and Provan, 2008). In the MSC, the complex

topography provides ecologically diverse habitats, so that organisms
could find suitable habitats by moving up and down the mountains
during periods of unfavorable climate conditions, with lower extinc-
tion risks. An alternative hypothesis suggested that the complex
topography created fragmented habitats in the mountains, so that
populations of a species were isolated, resulting in allopatric diversi-
fication (He and Jiang, 2014).
Recent intraspecific phylogeographic studies of endemic species

have revealed pre-Pleistocene diversifications, spatial genetic structures
and demographic changes (He and Jiang, 2014). These results
supported that large river valleys acted as geographic barriers for
small terrestrial animals, and there were multiple refugia in the
mountains where populations survived during the Pleistocene glacia-
tions. However, the drainage system appeared to have had variable
effects (from promotion to depression) on different species. The effect
of climate change varied with latitude and topography, and each
species responded individually because of differences in their dispersal
ability and habitat affinities (He and Jiang, 2014). Thus, testing the
genetic structure of other endemic species is still necessary. Moreover,
the locations of macro- and microrefugia are still unknown. This
problem could be resolved by using extensive sampling to examine the
genetic pattern of a widely distributed species. In the present study, we
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selected the Chinese mole shrew (Anourosorex squamipes Milne-
Edwards, 1872), a small insectivoran mammal as our focal species
(Supplementary Figure S1).
The living Asian mole shrews include four species in the

genus Anourosorex, which are small and semifossorial mammals.
A. squamipes is mainly distributed in southwestern China, inhabiting
diverse habitats including forest, farm land and wasteland. This species
occupies a wide range of elevations from 300 to 4000m a.s.l. and
latitudes from 18°N to 35°N. The genus has rich fossil records in
China and Japan from the late Miocene to the Pleistocene strata,
which is represented by eight species (Supplementary Figure S2; Storch
et al., 1998). In contrast, a molecular study suggested that A. squamipes
has an evolutionary history of only 0.66 million years (myr)
(1.35–0.18; He et al., 2010). The contradicting shallow evolutionary
time and ancient fossils indicated either a massive extinction or
undiscovered cryptic lineages. The living mole shrews are relic species
of the tribe Anourosoricini, which were widely distributed in Eurasia
during the Miocene (Wojcik and Wolsan, 1998). Climate changes have
played an important role in the evolution of this tribe according to at
least three lines of evidence: (1) fossils from the late Miocene and early
Pliocene suggested that anourosoricines were not tolerant to low levels
of precipitation or soil humidity (van Dam, 2004); (2) the global
cooling and desiccating near the Pliocene/Pleistocene boundary
resulted in the extinction of the tribe in Europe and only Anourosorex
survived in East and Southeast Asia (Storch et al., 1998); and (3) a
molecular phylogeographic study based on a mitochondrial gene
suggested that the genetic structure of Anourosorex yamashinai in
Taiwan was shaped by climate change-driven, range expansions/
contractions and consequent secondary contacts, supporting an
interglacial scenario (Yuan et al., 2006). Therefore, it would be
interesting to explore why these animals survived in MSC and examine
how climate change affected the evolution of A. squamipes.
Over the past 20 years, 383 specimens of A. squamipes were

collected throughout its distribution range in southwest China and

adjacent areas. By including available sequences from GenBank, 389
complete cytochrome b (CYT B) and 311 NADH dehydrogenase
subunit 2 (ND2) sequences were included to investigate genetic
diversity and phylogeographic patterns. Species distribution modeling
(SDM), continuous-diffusion phylogeographic and statistical coales-
cent analyses were also used. Our objects were to determine:
(1) whether cryptic lineages existed in MSC; (2) whether the mountain
and drainage system shaped the genetic structure; (3) whether
Pleistocene climate changes affected genetic diversity and diversifica-
tion patterns; (4) whether MSC refugia existed during the climatic
fluctuations, and if so, where the macro- and microrefugia were
located.

MATERIALS AND METHODS

Ethics statement
The sample collection did not require any official permit from the Chinese
government, as these animals are considered as pests. Animal scarifying was
approved by the Ethics Committee of Kunming Institute of Zoology, Chinese
Academy of Sciences, China.

Sampling and sequencing
A total of 383 samples of A. squamipes were collected from 44 localities in the
Qinling Mountains, Hengduan Mountains, Sichuan Basin and Yunnan Plateau
(Figure 1b and Supplementary Table S1). Genomic DNA was extracted from
either liver or muscle samples using the DNeasy Tissue Kit (Qiagen, Hilden,
Germany) or the phenol/proteinase K/sodium dodecyl sulfate method. Two
complete mitochondrial loci (CYT B and ND2) were amplified. The primers are
given in Supplementary Table S2. All PCR products were purified and
sequenced in both directions on an ABI 3730 Genetic Analyzer Beijing
(Tiangen, Beijing, China).
The sequenced amplicons were assembled and edited using DNASTAR

Lasergene v.7.1. Additional CYT B and ND2 sequences of A. squamipes and
A. yamashinai obtained in the previous studies were also included (Ohdachi et al.,
2006; He et al., 2010). Each locus was aligned using MUSCLE (Edgar, 2014).
Premature stop codons were examined by eye. We first estimated the CYT B
and ND2 gene trees independently and cross-checked the phylogenetic

Figure 1 Phylogenetic tree of A. squamipes (a) and sample localities of A. squamipes (b). The Bayesian tree and the ML tree topologies are very similar, thus
only the Bayesian tree is represented. Branch numbers represent PPs/bootstrap values. In the distribution map, numbers are corresponding to those in the
Supplementary Table S1 and presented as pie charts. Slice size is proportional to the frequency of the subclades occurring in the site.
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positions of each specimens on both trees (data not shown) to ensure there was
no cross-specimen contamination.

Phylogenetic analyses and molecular dating
We estimated maximum-likelihood (ML) trees using RAxML v.7.4.4
(Stamatakis et al., 2008) and Bayesian trees using BEAST v.1.7.5
(Drummond et al., 2012). The best-fit partitioning scheme and evolutionary
model for each partition were determined in PartitionFinder v.1.0.0 (Lanfear
et al., 2012) under the Bayesian information criterion. We defined the data
blocks based on the genes and codon positions, and PartitionFinder determined
a six partition scheme (i.e., each codon position of each gene should be given a
specific model). The RAxML did not allow any models other than GTR+CAT
and GTR+Γ (Stamatakis et al., 2008), thus we selected GTR+Γ for all partitions.
We used the rapid bootstrapping algorithm and ran 500 bootstrap replicates.
The ML tree reconstructions were performed on the CIPRES Science Gateway.
For BEAST analyses, the evolutionary models of the first, second and third

codon positions of CYT B were K80+G, TrN+G and HKY+G, respectively. The
evolutionary models of the first, second and third codon positions of ND2 were
TrN+G, HKY+G and HKY+G, respectively. Each BEAST analysis used a
random starting tree, birth–death tree prior, an uncorrelated log-normal
relaxed molecular clock for each codon position (Ho and Lanfear, 2010) and
the program’s default prior distributions of model parameters. Analyses were
run for 50 million generations, and were sampled every 5000 generations. The
analyses were repeated two times and convergence was assessed using TRACER
v.1.5. For divergence time estimation, a reduced data set of 134 CYT B
haplotypes was used. We calibrated the most recent common ancestor (MRCA)
of A. squamipes and A. yamashinai in consideration of the phylogenetic
relationships, fossil records and the divergence time from a previous study
(He et al., 2010). Rich fossils representing six Anourosorex species were found in
southern China (Storch et al., 1998). The oldest fossil of A. squamipes was from
strata of the middle Pleistocene in Anhui Province, a location out of its current
distribution range (0.3Ma; Huang et al., 1995). Further, analyses of two nuclear
genes (ApoB and RAG1) revealed that the MRCA of A. squamipes+A.
yamashinai was also in the Pleistocene at ~ 0.66Ma (1.35–0.18) (He et al.,
2010). Because the fossil records of Anourosorex are relatively continuous and
the divergence time coincides with the fossil records, we assumed the
divergence between A. squamipes and A. yamashinai was at 0.76–0.30Ma.
We applied a log-normal distribution as the prior model for the calibration and
enforced the median divergence time to equal 0.66 (mean= 0.37, s.d.= 0.17,
offset= 0.3).
Yuan et al. (2006) used an evolutionary rate of 2% per million years, which

led to a 3-myr divergence between A. squamipes and A. yamashinai. We also
compared our results with this scenario using Bayes factor (BF). We generated a
new data set of two nuclear genes (ApoB and BRCA1, downloaded from
GenBank) representing 25 soricid species, including A. squamipes and
A. yamashinai. The divergence between Soricinae and Crocidurinae at
~ 20Ma (Ziegler, 1989) was constrained and used as a ‘checkpoint’ (95%
confidence interval (95% CI)= 25–20). First, we used 0.66Ma as the MRCA of
A. squamipes+A. yamashinai. Then, we used 3Ma (s.d.= 0.1) as the MRCA of
A. squamipes+A. yamashinai. The two analyses were run using BEAST v.1.7.5,
and the BF was calculated in Tracer v.1.5. The 3-myr divergence scenario was
strongly rejected (2 ln BF4100).

Genetic diversity and geographic pattern
Haplotype and nucleotide (Pi) diversities were calculated using DnaSP v.5
(Librado and Rozas, 2009). The significant levels were estimated by coalescent
simulations with 1000 replicates. The population subdivision was estimated
using the hierarchical analysis of molecular variance (AMOVA) with Arlequin
v.3.5. AMOVA was performed with 10 000 permutations with two grouping
options based on the geographical distributions (see Results).

Species distribution modeling
We obtained 209 geographic coordinates. These records were collected in our
field work using a Global Positioning System. We subsampled coordinates
using the R package Raster v.2.1 to reduce the effect of sampling bias (in our

case, more sample localities in the southern subregion). Only one record was
retained per grid cell (0.5 × 0.5°).
Climate data, including 19 climate variables for the current condition

(~1950–2000; 30 arcsec resolution), Last Interglacial Maximum (~116 000–
130 000 years BP; 30 arcsec) and Last Glacial Maximum (LGM) (~21 000 years
BP; 2.5 arcmin) were downloaded from the WorldClim website (http://www.
worldclim.org/). The climate in the LGM was predicted by the Paleoclimate
Modeling Intercomparison Project Phase II and the climate in the LIG was
predicted by Otto-Bliesner et al. (2006). The environmental layers were clipped
to a region from 70°E to 150°E and from 10°S to 55°N using ArcGis v.10. We
used MaxEnt v.3.3.3k for SDM with two sampling strategies (Phillips and
Dudik, 2008). First, we used 75% of our coordinates as training data and 25%
as test data. We also ran the modeling with 53-fold cross-validations. This
approach removed the spatial sorting bias, and should outperform a single
training/test split strategy (Phillips and Dudik, 2008). The area under the
receiver operating characteristic curve was used to evaluate the accuracy of our
models. A good model should have an area under the receiver operating
characteristic curve value ranging from 0.9 to 1.0 (Baldwin, 2009). After
modeling, we used the MaxEnt's explain tool to investigate how the MaxEnt
prediction was determined by the climatic variables in the study area.

Demographic expansions and geographic expansions
The historical population dynamics were analyzed by Fu’s test and
Ramos-Onsins and Rozas’s R2 test, mismatch distribution analyses and
extended Bayesian skyline plots (Heled and Drummond, 2008). The Fu’s
and R2 tests were estimated using DnaSP v.5. Mismatch distribution analyses
were performed using Arlequin v.3.5 (Excoffier and Lischer, 2010), and the
statistical significance was assessed by 1000 permutations. Tau (τ) was estimated
simultaneously with mismatch distribution analyses. If a sudden expansion
model was suggested, the expansion time was calculated with the equation
τ= 2ut (Rogers and Harpending, 1992). We used 1 year as the generation time
for A. squamipes.
Extended Bayesian skyline plots were estimated using BEAST v.1.7.5. The

median divergence times and the 95% CI from the molecular dating results
were used for the calibrations. CYT B and ND2 were both used, and each gene
was given an independent log-normal relaxed clock model. The analyses were
performed for each subclade (see Results) and repeated at least two times. We
used uniform distributions for the mean clock rates (0–1.0) and for the
population prior mean (0–100). The analyses were run for 50 million
generations and sampled every 5000th generation.
We ran continuous-diffusion phylogeographic analyses using BEAST v.1.7.5.

The analyses were performed for clades N and S independently with the CYT B
data set. A time homogeneous SRW (Standard Random Walk) model and two
time-heterogeneous RRW (Relaxed Random Walk) models (cauchy RRW and
gamma RRW) (Lemey et al., 2010) were used. We compared SRW and RRW
models using BF estimated with the path and stepping-stone sampling methods
(Baele et al., 2012). To calculate path and stepping-stone sampling values, the
marginal likelihood of each analysis was estimated with 500 000 steps, with
5000 burn-in. The ancestral locations through time were visualized using
Google Earth v.7.0 and SPREAD v.1.0.7rc (Bielejec et al., 2011).

Multispecies coalescent model and approximate Bayesian
computation
We used coalescent-based approaches to estimate the evolutionary history by
comparing alternative topologies and demographic scenarios. First, we used
Bayesian Phylogenetics & Phylogeography (BPP) v.3.1 to estimate the popula-
tion size parameters for both modern and ancestral species (θs) (Yang and
Rannala, 2010). We considered the ND2 and CYT B as a single locus, and
performed analyses for clades N (80 sequences) and S (225 sequences)
separately, because the software did not accept more than 240 sequences. We
used species delimitation= 0, species tree= 0 as prior, thus the software
calculated the posterior distribution of species divergence time parameters
(τs) and population size parameters (θs) under the multispecies coalescent
model. The topology was constrained based on the results of the BEAST
analyses. Gamma prior G (2, 1,000) was used on the population size parameters
(θs), and the age of the root in the species tree (τ0) was assigned gamma prior G
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(2, 2,000). Each rjMCMC was run for 100 000 generations and sampled every
10 generations after discarding 10 000 generations as pre-burn-in. The analyses
for each data set were repeated three times. The θs values obtained in the BPP
analyses were used as a guidance in the approximate Bayesian computation
(ABC) analyses to avoid comparison of an inordinately large number of
scenarios.
We used DIYABC v.2.0.4 for the ABC-based scenario comparisons (Cornuet

et al., 2014). First, we compared five topologies to test if our data set supported
a simultaneous divergence scenario (Supplementary Figures S3a–e). Then, we
compared demographic scenarios to test the occurrence of bottlenecks when
populations split from their ancestor, following the strategy of Louis et al.
(2014). Ten alternative scenarios were compared (Supplementary Figures S3f
and o) based on the results of BPP, which found large θs for clades N2 and S5
(see Result). The priors for divergence times, populations sizes and mutations
rates are given in Supplementary Table S3. The summary statistics within
populations included the number of segregating sites, the mean pairwise
differences and its variance, and Tajima’s D. Statistics computed between
groups were the mean of within- sample pairwise differences, mean of between
sample pairwise differences and Fst between two samples. We simulated 106

data for each run. After each simulation, we first run pre-evaluation to make
sure that the scenarios and priors produced simulated data sets that were close
enough to the observed data set. Then, we computed the posterior probabilities
(PPs) of each scenario and compared scenarios by logistic regression. The
logistic regression was performed on linear discriminant analysis components
(Cornuet et al., 2014).

RESULTS

Phylogenetic relationships and molecular divergence time
A total of 389 complete CYT B (1140 bp) and 313 complete ND2
(1044 bp) sequences of A. squamipes were used. The new sequences
were submitted to GenBank under accession numbers KT032255–
KT032946. The phylogeny of Anourosorex was overall finely resolved
with most of the relationships being strongly supported (i.e., bootstrap
values ⩾ 70 and PPs ⩾ 0.95). The Bayesian and ML analyses produced
very similar topologies, and no incongruence was observed
(Figure 1a). Three major clades were recovered (clades N, S and T);
clade N was mainly distributed in the relatively northern area
(Sichuan, Gansu and Shaanxi); clade S was distributed in the southern
area (Yunnan); clade T was represented by two sequences from
Thailand (Figure 1b). Two subclades nested in clades N and five
subclades nested S. The BEAST divergence time estimation found
clades T and S diverged at ~ 0.43Ma (0.53–0.30). The MRCAs of
clades N and S were at 0.35Ma (0.51–0.22) and 0.31Ma (0.43–0.21),
respectively (Figure 2).

Genetic diversity and structure
Hd and Pi diversities are given in Table 1. Although the diversifica-
tions in both clades N (mainly distributed in Gansu, Shaanxi and
Sichuan; 29°N–34°N) and S (mainly distributed in Yunnan; 20°N–29°N)
started at about the same time (0.35–0.31Ma; Figure 2), the southern
clade had higher Hd and Pi. To test whether the higher genetic
diversity was because of a larger population size, we subsampled 123
CYT B and ND2 sequences from clade S 1000 times and estimated the
Hi and Pi for each subsample data set using the package DnaSP and
APE v.3.0 for the R environment (Paradis et al., 2004). One-sample
t-tests were used and statistically confirmed that clade S had higher Hd
and Pi (Po0.001).
AMOVA analyses were implemented using two grouping options.

We first grouped populations into three groups corresponding to the
three major clades (N, S and T). Second, we considered rivers as
boundaries and grouped populations into nine groups. The results
of AMOVA revealed significant genetic structures at all hierarchical
levels (Po0.001), and the largest proportion of variances were

both found among both groups (Table 2). However, the second
grouping option reduced the proportion of variances among groups
(65.61% vs 73.62%).

Species distribution modeling
The two sampling strategies produced similar results. In the single
training/test split run, the area under the receiver operating character-
istic curve values of our model were 0.984 (based on the training data)
and 0.986 (based on the test data). For the replicate runs, the mean
area under the receiver operating characteristic curve value of our
model was 0.980 (s.d.= 0.027), suggesting that the potential distribu-
tion fits well with our data. Although we only used coordinates of
A. squamipes for niche modeling, the predicted geographic ranges also
covered the distributions of the other three living species, supporting a
niche conservatism scenario (Figure 3a). The precipitation of warmest
quarter had the highest percentage contribution to the model (bio18;
23.1%), and the second important variable was the mean temperature
of driest quarter (bio9; 18.3%). The temperature seasonality (bio4)
had the highest permutation importance (48.2%), which also was
supported by the jackknife test. The annual precipitation (bio12) did
not strongly contribute to the model (6.0% percent contribution and
0.8% permutation importance). According to our modeling, the
suitable habitats in the LGM were similar to the present day but
expanded in southwest China and Southeast Asia (Figure 3b).
In contrast, suitable habitat in Sichuan, eastern Yunnan and Southeast
Asia was heavily reduced in the LIG (Figure 3c). The mountain areas
in northwestern Yunnan were the most stable habitats through the
LIG to the present day. By using the MaxEnt's explain tool, we found
that the expansion in the LGM was mostly attributed to more stable
temperature (bio4 (temperature seasonality)), and reduced distribu-
tion in the LIG was because of highly variable temperature (bio4)
and/or precipitation (bio15 (precipitation seasonality)) (Supplementary
Figure S4).

Demographic expansion and spatial expansion tests
The Fu’s and R2 tests detected population expansions in clades N and
S; however, it was only statistically supported for clade S (Po0.001).
The population stability for most subclades, with the exception of
subclade S5, could not be statistically rejected (Table 1). Subclade N1
had a significant but not small R2 value. These results coincided with
the results of Extended Bayesian skyline plot, which also supported an
expansion scenario of subclade S5 (Supplementary Figure S5).
According to the equation τ= 2ut, the expansions occurred at about
35–13 thousand years ago (Ka) (95% CI= 52–4; Table 2). The
Extended Bayesian skyline plot analyses suggested that a continuous
growth started at about 80 ka. All analyses supported that the
demographic expansions occurred after the LIG.
Path and stepping-stone sampling found the Cauchy RRW model

had the highest log marginal likelihood values for clades N and S. The
resulting BFs were 17–29 for clade N and 22–143 for clade S, strongly
supporting variable dispersal rates over time (Supplementary
Table S4). The ancestral distribution reconstructions suggested that
the MRCAs of clades N and S were in the western Sichuan Mountains
and the southern Hengduan Mountains, respectively (Figure 4).

Multispecies coalescent model and ABC analyses
The BPP analyses found that N2 had a larger population size
compared with N1 and the ancestor of clade N. In the clade S, S5
had the largest population size followed by the ancestor of clade S
(Supplementary Table S5). We used a two-step procedure to identify
the best evolutionary scenario with DIYABC. In the first step, a
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simultaneous divergence scenario in both clades N and S had the
highest support with a PP= 0.96 (95% CI= 0.94–0.97; Figure 5a). We
further compared demographic scenarios based on the simultaneous
divergence topology and the results of BPP. We tested whether
bottlenecks occurred at sublineages and their ancestors. The scenarios
assuming bottlenecks in the subclades N2 and S5, as well as in the
ancestor of clade N (PP= 0.25, 95% CI= 0.16–0.35; Figure 5b) or
bottlenecks in the subclades N2 and S5 (PP= 0.23, 95% CI= 0.14–
0.32; Figure 5c) received the highest supports, followed by the scenario
assuming bottlenecks in all subclades and ancestor of clade N
(PP= 0.14, 95% CI= 0.08–0.19).

DISCUSSION

Congruence among different analyses and robustness of SDM
In this study, we integrated genetic and geospatial approaches with
extensive sampling through the distribution area of A. squamipes. The

results of different analyses were largely congruent, and supported
each other. The SDM suggested that the southern subregion had more
stable habitats. This result was supported by higher genetic diversity
and more lineages in the south. The SDM revealed range shifts
through time, and found that the LIG as an unfavorable period. The
demographic analyses including extended Bayesian skyline plot- and
ABC-based approaches also supported a bottleneck in the LIG and a
glacial expansion scenario. Continuous-diffusion phylogeographic
analyses also supported dispersal rate changes through time.
For SDM, we only used the coordinates of A. squamipes for

modeling, but MaxEnt also successfully predicted the geographic
range of the other living species in eastern Himalaya and Taiwan.
This result supported a niche conservatism scenario for the living
shrew moles and facilitated the interpretation of our results, which
shed light on the degree to which the climate and topography shaped
genetic diversity and structure.

Figure 2 Divergence time was estimated using BEAST and a relaxed molecular clock (a), and China Loess Plateau grain size and magnetic susceptibility
variations through time (b) (Sun et al., 2006). (a) Branch lengths represent time. Node numbers represent median ages. Node bars indicate the 95% CI for
the node age. (b) The grain size and magnetic susceptibility values were standardized. High values correspond to interglacial periods and low values
correspond to glacial periods.
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Shallow phylogeny and spatial genetic structure
Despite the fact that Anourosorex mole shrews had long evolutionary
histories of at least 6 myr in southwest China and were represented by
rich fossil records, the living species in this area had a relatively
shallow phylogeny. Although we used extensive sampling, no cryptic
lineage or diversification was detected, which suggests that all fossil
species were eliminated during the marked climate change from the
late Miocene through the early Pleistocene. The AMOVA analyses
suggested that rivers did not act as strong geographic barriers for
dispersal. This pattern was different from other terrestrial small
mammals (Liu et al, 2012), but similar to a semiaquatic mammal

(Yuan et al, 2013). Although very little is known about the behavioral
ecology of any mole shrew, the results indicated that A. squamipes was
a good swimmer and was able to cross the large rivers.

A. squamipes ecology and response to climate change
van Dam (2004) hypothesized a mean annual precipitation of 600
mm year− 1 was the lower limit for anourosoricines. However, this
variable (bio4) contributed very little to our modeling. We explored
bio4 in LIG, LGM and the present day, and found that in south China,
the three periods had annual precipitations higher than 600mm-
year− 1, which explained why Anourosorex survived in this area.

Table 1 A summary of genetic diversity in this lineage and sublineage, and the results of neutrality tests and mismatch distribution analyses

Sample size h Hd S.d. Pi S.d. Fu's Fs P-value R2 P-value Tau Expansion time

N
CYT B 123 33 0.908 0.017 0.00925 0.00073 −2.17 0.358 0.089 0.417

ND2 87 25 0.886 0.023 0.007560 0.00071 −3.81 0.162 0.072 0.257

N1
CYT B 11 5 0.782 0.107 0.00220 0.00046 0.13 0.544 0.145 0.213

ND2 10 7 0.911 0.077 0.003380 0.00084 −1.61 0.118 0.112 0.025*

N2
CYT B 112 28 0.891 0.020 0.00662 0.00034 −2.91 0.228 0.082 0.444

ND2 77 18 0.855 0.027 0.004950 0.00034 −2.78 0.191 0.079 0.319

S
CYT B 264 95 0.978 0.003 0.01198 0.00050 −43.04 o0.001** 0.040 0.037*

ND2 225 78 0.974 0.004 0.009540 0.00041 −39.93 0.001* 0.040 0.036*

S1
CYT B 19 12 0.953 0.028 0.01196 0.00102 0.59 0.618 0.145 0.703

ND2 16 9 0.883 0.061 0.008670 0.00083 0.94 0.683 0.163 0.774

S2
CYT B 17 11 0.926 0.045 0.00433 0.00086 −2.62 0.095 0.087 0.025* 2.703 (10.707–0.834) 13Ka (52–4)

ND2 12 6 0.803 0.096 0.003110 0.00055 −0.10 0.453 0.126 0.149

S3
CYT B 51 16 0.85 0.040 0.00634 0.00068 −0.01 0.549 0.097 0.435

ND2 48 11 0.877 0.027 0.007050 0.00060 3.07 0.869 0.131 0.811

S4
CYT B 17 5 0.684 0.099 0.00117 0.00019 −0.60 0.339 0.164 0.591

ND2 16 4 0.592 0.122 0.001840 0.00042 1.32 0.777 0.155 0.537

S5
CYT B 160 51 0.961 0.006 0.00561 0.00018 −25.1 o0.001** 0.040 0.028* 7.287 (9.018–5.006) 35Ka (44–24)

ND2 133 47 0.949 0.01 0.003570 0.00021 −39.58 o0.001** 0.023 0.010* 3.518 (5.025–2.309) 22Ka (31–14)

Abbreviations: AMOVA, analysis of molecular variance; Hd, haplotypes; Pi, nucleotide.

Table 2 AMOVA results of two grouping options

Grouping option ΦST ΦSC ΦCT % among groups % among populations within groups % within populations

Three clades 0.90* 0.61* 0.73* 73.62 16.13 10.25

Divided by rivers (nine groups) 0.85* 0.57* 0.66* 65.61 19.55 14.85

Abbreviation: AMOVA, analysis of molecular variance. Φ refers to Phi statistic. ΦST refers to differentiation among groups, ΦSC refers to differentiation within populations, and ΦCT refers to
differentiation within groups among populations.
*Po0.05.
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The SDM found that the pattern of distributional changes in the
LIG and LGM analogized an interglacial refugia scenario. An inter-
glacial refugia scenario was also revealed for A. yamashinai from
Taiwan (Yuan et al., 2006) and a montane bird (Parus monticolus)
from MSC (Wang et al, 2013), both of which inhabit much higher
elevations (41000m above sea level). However, the current distribu-
tion of A. squamipes is more similar to the LGM rather than the LIG,
despite the fact that the present day is another (Holocene) interglacial
period. By using the MaxEnt's explain tool, we found that the species
is sensitive to seasonal climate stability and is not tolerant to severe
temperature (bio4) or precipitation (bio15) changes through a year.
Although the LGM was colder than the present day, the climate (as
predicted by Paleoclimate Modeling Intercomparison Project Phase II)
in southwest China was more stable comapred with that in the LIG.

It is not easy to interpret why is A. squamipes not tolerant to
seasonal climatic changes, especially because the species inhabits a
wide range of elevations (300–4000m) and habitats. The highest
percentage contribution of bio9 and bio18 implied that the species was
not sensitive to temperature or precipitation alone, but a combination
of the two variables. Moreover, adaptation to seasonal climatic changes
requires complex behavioral, anatomica, and physiological adjust-
ments for small mammals (Merritt, 1986). Thus, we hypothesize the
mole shrews are able to find suitable microhabitat at any elevations,
but have problems finding such an environment during extreme
temperature and precipitation changes in a short period, because of
their poor dispersal ability. There is very little ecology data available
for mole shrews (or any other shrews in China), thus physiological
experiments are warranted to test the hypothesis.

Figure 3 Ecological niche model projections of (a) the current distributions of A. squamipes, (b) the distribution during the LGM and (c) the distribution
during the Last Interglacial Maximum (LIG). Sample locations are shown. Locations in red color were used for SDM and locations in violet were not used.
A full color version of this figure is available at the Heredity journal online.
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Interestingly, P. monticolus also had a similar distributional pattern
in the LGM and the present day (Wang et al, 2013), indicating that
seasonality may have also played an important role for other species.

This finding also implied that increasing seasonality and extreme
weather events in the present day may have especially strong
influences on species.

Figure 4 The reconstructed spatiotemporal diffusion of A. squamipes, shown at 230 ka (a), 120 ka (b), 21 ka (c) and the present day (d). Lines show spatial
projections of representative phylogenies of the clades N and S. Colored clouds represent statistical uncertainty in the estimated locations (95% CI). A full
color version of this figure is available at the Heredity journal online.
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Massive extinction and latitude effect
What was responsible for the extinction of fossil mole shrew species
and the different genetic diversity in the northern and southern
subregions? Our results suggested that the potential distribution have
greatly shifted during climate change. In addition, the Pliocene and
Pleistocene encompassed climatic cycles of differing amplitudes and
durations (see Figure 2b), the distribution contractions/expansions of
the mole shrews probably repeated many times with different refugial
sizes and durations over the last 5.4 myr (Stewart et al., 2010). The
true scenario could be very complicated and resulted in the extinction
of the all mole shrew species but one.
The SDM also suggested that the southern subregion of MSC have

relatively more stable climatic conditions. This result explains the
higher genetic diversity preserved in this area and supported by the
continuous-diffusion phylogeographic analyses. The distributions of
clades S1, S2 and S4, which marginally surround the southern
Hengduan mountains, imply existence of microrefugia in these outlier
areas (Rull, 2009). Although we could not determine the precise
locations of microrefugia, because of the insufficient precision and
accuracy of the projected climate data and/or insufficient sampling
from these areas, our results suggested microrefugia existed in north-
ern Myanmar, Vietnam and Thailand.
Interestingly, the southern subregion of the Hengduan Mountain

also harbors higher species richness of seed plants compared with the
northern subregion, which was originally explained as a result of the
greater extremes of topography and wider diversity of habitats (Zhang
et al., 2009). Our results suggested that more stable habitats and likely
more microrefugia may be other reasons for the high species diversity
in the southern subregion of the mountains.

CONCLUSIONS

This is the first study to show to which degree the topography and
climate affected the genetic diversity of a small mammal species in
China. The topography did not have strong influence in shaping the
phylogenetic structure of A. squamipes. In contrast, climate fluctua-
tions strongly affected the distribution, migration, demography of the
species and are likely the cause of the extinction of fossil species. A.
squamipes could have retreated to refugia during unfavorable periods
(the interglaciations) because of greater climatological seasonality and
expanded and/or colonized new habitats during the last glaciations.
The southern subregion of the MSC provided larger stable habitats,
which allowed the survival of mole shrews in a macrorefugium and
multiple microrefugia and preserved higher genetic diversity.
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