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a b s t r a c t

To understand levels of population differentiation in Pallas’s squirrel (Callosciurus erythraeus) in frag-
mented habitats, we collected 83 samples from three patches of artificial forest in Hongya County, Sich-
uan Province, China. Sample numbers from each patch were as follows: 16 from Hanwang (HW), 27 from
Muchansi (MCS) and 40 from Yanyandong (YYD). The mitochondrial DNA control region was sequenced
and 18 haplotypes were observed. Our results showed that haplotype diversities of the three C. erythraeus
populations were similar (0.771, 0.791 and 0.733). Fixation indices (Fst) of pairwise populations were
between 0.21 and 0.31, and the estimated gene flow (Nm) was between 1 and 2. Analysis of molecular
variance (AMOVA) showed that most molecular variation occurred within populations (74.82%); vari-
ances among populations were small but there was significant genetic differentiation. In addition, the
neighbour-joining (NJ) tree showed three clades in the phylogenetic tree for population genetic structure.
This was confirmed by the median-joining haplotype network. Furthermore, analysis of isolation by dis-
tance (IBD) showed that genetic differentiation among the three populations was positively related to
geographical distance. However, tests of neutrality and the observed mismatch distribution of pairwise
differences between sequences indicated that C. erythraeus populations were relatively stable in the past.

� 2010 Ecological Society of China. Published by Elsevier B.V. All rights reserved.

1. Introduction

Pallas’s squirrel (Callosciurus erythraeus) is a small arboreal ro-
dent widely distributed in China [1,2]. To promote local economic
development, many secondary forests have been replaced by arti-
ficial ones. Along with these changes in forest, there have been re-
ports of Pallas’s squirrel causing damage to the artificial growth,
beginning in the 1950s [3]. With more artificial forests being culti-
vated, squirrel damage has also become more serious since the
1980s [4–7].

Many studies have been done on the ecology, biology, and tax-
onomy of the species [1,2,8,9], but little attention has been given to
the population history and population differentiation of the squir-
rel. However, intensive agricultural activities, the extensive road
network and urbanization have cut the artificial forests into small,
isolated patches. The consequences of habitat patches in a land-
scape are often negative such as habitat loss, genetic erosion,
reduction of population sizes, and through random drift, increased
levels of inbreeding and reduced gene flow on the natural popula-
tions [10–15]. Tests of neutrality and the observed mismatch dis-

tribution of pairwise differences between sequences may help to
explore the population history [16,17].

The vertebrate mitochondria exhibits several peculiar features,
such as maternal inheritance, the presence of single-copy ortholo-
gous genes, a lack of recombination, and a high mutation rate
[18,19]. In particular, the mtDNA control region (D-loop) is not
only a noncoding segment, but also the most variable part of the
mtDNA [20,21]. So, as the marked molecule, the mtDNA control re-
gion is often used in population genetics and evolution [22,23].

Pallas’s squirrels not only have high jump abilities among trees
[24], but high dispersal abilities as well [25]. Did fragmentation of
artificial forests affect gene flow and lead to genetic differentiation
among Pallas’s squirrel populations? What was the population his-
tory of the squirrel? To understand the levels of population differ-
entiation and the population history of the squirrel in fragmented
habitats, we employed mtDNA control region sequences to resolve
the aforesaid questions.

2. Materials and methods

2.1. Sampling

With the help of the Forestry Bureau of Hongya, Sichuan Prov-
ince, China, we legally captured 83 individuals of Pallas’s squirrel
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from three different forest patches (Fig. 1) (Yupingshan was de-
signed for ecological experiments. In order to avoid disturbance
to the experiments, we did not catch any samples from this patch).
Sample numbers from each patch were as follows: 16 from Hanw-
ang (HW, 29�580N, 103�140E), 26 from Muchansi (MCS, 29�460N,
103�160E) and 41 Yanyandong (YYD, 29�420N, 103�70E). After mor-
phological measurements, we removed the leg muscles from each
specimen and immediately preserved them in absolute ethanol.

2.2. DNA extraction

Genomic DNA was extracted using a standard phenol–chloro-
form procedure [26] with minor modification. The extracted DNA
were visualized on 1% agarose gels stained with ethidium bromide
(EB) and then stored at �20 �C.

2.3. PCR and sequencing

The complete mtDNA control region was amplified using the
primer pair L15933: 50-CTCTGGTCTTGTAAACCAAAAATG-30 (for-
ward) and H637: 50-AGGACCAAACCTTTGTGTTTATG-30 (reverse)
[27]. Polymerase chain reaction (PCR) amplification was carried
out using DNA thermal cyclers (Eppendorf) with 25 ll of the reac-
tion mixture containing 0.25 mM dNTP, 0.4 mM of each primer,
50 mM KCl, 10 mM Tris–HCl(pH 8.3), 1.5 mM MgCl2, 1.25 units
Taq DNA polymerase (Tiangen Biotech 2� Taq PCR MasterMix),
and 200 ng of DNA template. The PCR protocol was an initial
4 min denaturation at 94 �C followed by 35 cycles of 40 s at
94 �C, 50 s at 51 �C, 1 min at 72 �C, and a final extension for
10 min at 72 �C before cooling to 22 �C. PCR products were sepa-
rated by electrophoresis in a 1% agarose gel in 1� TAE buffer and
stained with ethidium bromide (EB). For each sample, after electro-
phoresis, a band was observed and then excised from the gel. DNA
was purified from the agarose with a DNA purification kit (Tiangen,
Beijing) following the manufacturer’s instructions. The purified
mtDNA fragments were directly sequenced using an ABI3730XL
automatic sequencer by the Invitrogen Biotechnology Limited
Company (Shanghai, China).

2.4. DNA sequence alignment and analysis

All nucleotide sequences were aligned by Clustal X Version 1.83
and further refined manually [28]. We excluded gaps resulting
from the alignment for genetic analysis. We detected nucleotide
components and nucleotide polymorphic sites in the mtDNA con-

trol region by the MEGA Version 3.1 program [29]. Haplotype
diversity (h) and nucleotide diversity (p) [30] were determined
by DnaSP 4.0 [31]. To determine the population genetic structure
within and among populations, we performed an analysis of
molecular variance (AMOVA) using the Arlequin Version 3.0 soft-
ware package [32]. Fixation indices [33] were calculated to assess
overall genetic divergence and between paired populations. Esti-
mates of gene flow (Nm) were derived using the equation:
Nm = [(1/Fst) � 1]/2 [34,35].

We performed linear regression of estimates of Fst/(1 � Fst) be-
tween all pairs of populations against the logarithms of interpopu-
lation geographical distances [34,35] and examined the result by
the Mantel test using Isolation By Distance (IBD) software
(www.bio.sdsu.edu/pub/andy/IBD.htm). We constructed a neigh-
bour-joining tree [36] based on haplotypes according to Kimura’s
2-parameter model [37], with Callosciurus finlaysonii (DDBJ acces-
sion number: AB181242) as an outgroup. In addition, we con-
structed a median-joining haplotype network [38] using Network
4.2.0.1 (http://www.fluxus-engineering.com) to determine the
spatial distribution of haplotypes. To detect the historical demog-
raphy of the squirrel population, we examined the observed mis-
match distribution [39] of pairwise differences between
sequences using the Arlequin Version 3.0 software package [32]
and DnaSP 4.0 [31]. To test whether the sequences conformed to
the expectations of selective neutrality, we used Tajima’s D [40]
and Fu’Fs [41] as the test of neutrality which is used to infer the
population history. Populations that have passed through recent
demographic expansions and genetic bottlenecks are usually pre-
dicted to have a unimodal wave in samples, whereas a bimodal
or multimodal distribution of sharp peaks are often found in pop-
ulations that have been constant over time [42,43].

3. Results

3.1. Molecular characteristics of the squirrel mitochondrial control
region

We obtained the entire sequence (1079–1080 bp) of the mtDNA
control region from 83 individuals and we adopted 1078 bp se-
quences of the D-loop to analyze population genetic variation in
the squirrel after alignment. The overall base composition of the
83 sequences was as follows: T 32.4%, C 25.5%, A 30.6%, G 11.6%.
Obviously, the D-loop of the squirrel is A/T rich, and this result is
consistent with previous findings from other vertebrates. Sequence

Fig. 1. Sampling localities of Pallas’s squirrel.
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analysis of 1078 bp of the mitochondrial control region revealed 30
polymorphic sites, consisting of eight singleton variable sites and
22 parsimony informative sites.

3.2. Population genetic structure

Total nucleotide diversity is 0.00527 and haplotype diversity
was 0.897. The haplotype diversities of the YYD, MCS and HW pop-
ulations were similar (Table 1). Fixation indices (Fst) of pairwise
populations were 0.21–0.31 and showed significant divergence be-
tween any two populations (Table 3). Analysis of molecular vari-
ance (AMOVA) showed that most molecular variation occurred
within populations (74.82%), and variances among populations
was small (25.18%) but there was significant genetic differentiation
(Table 2). Analysis of genetic distance [Fst/(1 � Fst)] and logarithm
of geographic distance yielded a positive correlation, and the
Mantel test also supported this result by significant r2 values
(r2 = 0.989, p < 0.001).

Eighteen haplotypes were defined from the 83 sequences based
on nucleotide diversity (Table 1) (GenBank accession numbers:
GU474432–GU474449). One of the three populations had a unique
haplotype and there were no common haplotypes among the three
populations. The neighbour-joining tree (Fig. 2) showed that all
haplotypes could be divided three groups. Clade I contained 14

haplotypes, among these, nine are from YYD, six from MCS and
two from HW. Clade II contained three haplotypes, one was shared
by YYD and MCS and the other two came from HW. Clade III con-
tained only one haplotype and it came from HW. Obviously, com-
pared with clade I, haplotypes in clade II and clade III all came from
HW except for haplotype 1, suggesting that haplotypes from differ-
ent populations were geographically distributed. These indicated
that there was an obvious population genetic structure in the
squirrels of the artificial forest. As shown in Fig. 3, the result of
the median-joining haplotype network was consistent with that
of the NJ tree.

3.3. Historical demography

The selective neutrality test did not support the hypothesis that
Pallas’s squirrel had passed through a population bottleneck or
expansion. No statistical significance for Tajima’s D or Fu’s Fs

was observed for each population or for the entire sample set
(Table 4). In addition, the shapes of the mismatch distributions of
the three populations were all ragged and multimodal or bimodal
(Fig. 4), suggesting the squirrel populations were relatively stable
in the past.

4. Discussion

4.1. Genetic population structure

Human activities such as deforestation, road-building and agri-
culture have exacerbated the fragmentation of the landscape
[44,45]. Habitat fragmentation has negative effects such as reduced
gene flow, through random drift and exacerbated genetic differen-
tiation in many wildlife species [10–15]. Pallas’s squirrel is an
arboreal rodent and it strongly depends upon forest habitat for sur-
vival. Human activities such as road-building and agriculture
accelerated forest succession and forest fragmentation. Isolated
and unforested habitat between forest patches could act as a

Table 1
Haplotype diversity (h) and nucleotide diversity (p) of Pallas’s squirrel based on mtDNA control region haplotype frequencies.

Table 2
Analysis of molecular variance (AMOVA) in populations of Pallas’s squirrel populations.

Source of variation Variance components Percentage of variation Fixation index p-value

Among populations 0.788 25.18 0.253 0.0000
Within populations 2.343 74.82

Table 3
Values for the fixation index (below diagonal), associated P-values generated through
a permutation test with 10,000 iterations (in parenthesis) and gene flow estimates
(migrants per generation) (above diagonal) among different populations of Pallas’s
squirrel.

Population YYD population MCS population HW population

YYD population 1.8598 1.3033
MCS population 0.21188(0.0002) 1.1398
HW population 0.27726(0.0004) 0.304913(0.0000)
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barrier effect on the genetic interaction between squirrel popula-
tions. Fixation indices (Fst) are often used to determine the degree
of genetic differentiation between organism populations, the
greater the value of Fst, the greater the degree of genetic differen-
tiation between populations [46]. Nm may indicate the degree of

gene flow between populations, if Nm > 4, it indicates that the pop-
ulations were panmictic [47], and if Nm < 1, it means that there
would be isolation between populations [48]. As Table 3 shows,
pairwise Fst showed significance divergence between any two
squirrel populations and gene flow (Nm) estimates among

Fig. 2. Neighbour-joining tree based on haplotypes of Pallas’s squirrel.

Fig. 3. Median-joining network of mtDNA haplotypes. The size of each disc and sector indicates the relative frequency of the corresponding haplotype in the entire data set.
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populations showed a low number of migrants per generation. In
addition, the results of the AMOVA (Table 2) showed that most
molecular variation occurred within the populations, and variances
among populations were small but there was significant genetic
differentiation. This situation indicated that patchy forest habitats
reduced gene flow among populations and led to genetic
differentiation.

Both the NJ tree (Fig. 2) and the Median-joining network indi-
cated that haplotypes from different populations were geograph-
ically distributed. Geographically, the physical distances between
YYD and HW and MCS and HW are approximately 32 km and
28 km, while the physical distance between YYD and MCS is
15 km. Haplotypes from the HW population clustered into dis-
tinct clades, suggesting that genetic differentiation among the
squirrel populations was related to physical distance. What’s
more, the result from the analysis of IBD demonstrated that ge-
netic distance [Fst/(1 � Fst)] and the logarithm of geographic dis-
tance yielded a positive correlation (Mantel test, r2 = 0.989,
p < 0.001). Wright’s theory of isolated distance [49] said that ge-
netic differentiation was enhanced by physical distance among
populations. His theory has been proved by many studies [50–
52]. Pallas’s squirrel is restricted in forest trees and has finished
multiform behaviours such as foraging, mating, and springing
by trees. So isolated and unforested habitat between forest
patches no doubt has a barrier effect on gene flow, and further
led to population differentiation.

4.2. Historical demography

The selective neutrality test and the mismatch distribution
were often used to detect population history [16,17,41,42,53,54].
In our study, both nonsignificant Tajima’s D or Fu’Fs and the pat-
tern of multimodal peaks of the mismatch distribution indicated
that the squirrel populations have been under demographic equi-
librium. The forest ecosystem is a complex and stable terrestrial
ecosystem. Complex food webs and relatively stable habitats could
maintain animal populations in a stable state. For arboreal rodents,
forest fragmentation not only led to reduced gene flow, increased
population differentiation, but also population decline [55,56].
After the 1950s, human activities such as forestry practices, farm-
ing and road-building have dramatically changed the forest struc-
ture and exacerbated fragmentation of the artificial forest. As a
result, habitat patches effected the pattern of genetic variation of
the Pallas’s squirrel populations. However, forest fragmentation
had no effect on the population’s historical demography. This situ-
ation may be related to the squirrel’s adaptability for artificial for-
ests. The squirrel mainly fed on plant material [1] and could change
its food items as food resources supplied by the environment had
dramatically changed [19]. Additionally, compared with natural
or secondary forests, artificial forests are charactered by monocul-
ture and a simple forest structure; furthermore, it is much dis-
turbed by human activities. This situation was bad for the
predators, so Pallas’s squirrel had a good opportunity for

Table 4
Statistical tests of neutrality for Pallas’s squirrel populations, associated P-value (in parenthesis).

YYD population MCS population HW population The entire sample set

Tajima’ D 0.4931(0.736) �0.0021(0.576) �0.2423(0.420) �0.1734(0.428)
Fs 1.8544(0.813) 1.1153(0.719) 0.9434(0.709) �0.7478(0.488)

Fig. 4. Mismatch distribution for each population of Pallas’s squirrel. (a–c) represent mismatch distributions for the Yanyandong, Muchansi and Hanwang populations,
respectively. Dashed lines represent the observed distributions and solid lines represent the expected ones.

Z. Guo et al. / Acta Ecologica Sinica 31 (2011) 71–77 75



Author's personal copy

population growth. On the other hand, for the squirrel in the arti-
ficial forest, food shortages could be the restrictive factor for pop-
ulation growth [57,58]. Cai et al. [57] reported that the squirrel
altered its food items by seasonal changes in food availability. Food
resources were rich in summer and autumn, but scant in spring
and winter. The fact that this squirrel stripped much bark is related
to supplying enough nutrition and energy for the squirrel during
the reproductive period in spring [58], and that this squirrel
stripped much bark could be related to a shortage of food in winter
[57]. Stripping bark could be the adaptive selection to the mono-
culture of the artificial forest. This adaptability for artificial forests
could be the foundation of survival, reproduction and stability of
the squirrel population.
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