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Abstract
The Tibetan gazelle (Procapra picticaudata) is a threatened species and distributed on the Qinghai-Tibet Plateau of China (Qinghai
Province, Tibet Autonomous Region and the adjacent Gansu Province, Sichuan Province, and Xinjiang Uigur Autonomous Region).
Small peripheral populations of Tibetan gazelle were once found in northern Sikkim and Ladakh, but now these are close to extinction.
To describe the evolutionary history and to assess the genetic diversity within this monotypic species and population structure among
diVerent geographic locations in China, we sequenced mitochondrial DNA from the control region (CR) and cytochrome (cyt) b gene for
46 individuals from 12 geographic localities in Qinghai, Tibet, Xinjiang, Gansu, and Sichuan. A total of 25 CR haplotypes and 16 cyt b
haplotypes were identiWed from these gazelle samples. CR haplotype diversity (0.98 § 0.01) and nucleotide diversity (0.08 § 0.009) were
both high. Phylogenetic trees indicate that the Tibetan gazelle in China can be divided into three main clades: Tibet, Sichuan (SCH) and
Qinghai-Arjin Shan-Kekexili (QH-ARJ-KKXL). Analysis of molecular variance (AMOVA) and network analysis consistently support
this geographic structure in both datasets. SigniWcant diVerentiation between populations argues for the presence of management units
(MUs). Such diVerentiation may reXect a geographic separation resulting from the uplift of the Qinghai-Tibet Plateau during the Late Pliocene and Pleistocene. Mismatch distribution analysis implies that Tibetan gazelle has undergone complex population changes. We suggest that the present population structure has resulted from habitat fragmentation during the recent glacial period on the Qinghai-Tibet
Plateau and population expansion from glacial refugia after the glacial period. It is likely that the present populations of Tibetan gazelle
exhibit a pattern reminiscent of several bottlenecks and expansions in the recent past.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction
In terms of both evolutionary and conservation aspects,
the Tibetan gazelle (Procapra picticaudata) is a key species
living on the Qinghai-Tibet Plateau (28–37°N, 75–103°E). It
is one of the representative ungulates on the plateau and its
adaptation to this unique geographic environment averaging
above 4000 m high is of general interest (Schaller, 1998;
Jiang, 2004). The Tibetan gazelle was hunted for meat, hides,
and fur before 1980s; over-hunting has led to its disappearance from large areas. Because of habitat destruction and
*
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fragmentation by agricultural encroachment and expanding
livestock production in its original habitats, as well as roads
and railways that impose physical barriers and reinforce the
isolation of fragmented populations, the Tibetan gazelle has
experienced a sharp population decline in the wild and is
becoming a threatened species (Jiang and Wang, 2001; Mallon and Kingswood, 2001). Accordingly, it is now classiWed
as a category II species under the Wild Animal Protection
Law in China and is listed as LR in the IUCN Red List of
Threatened Species (Mallon, 2003).
Tibetan gazelle is a monotypic species without subspecies based on morphology (Feng et al., 1986). It is now conWned to a number of isolated locations, such as Kekexili,
Arjin Shan, Chang Tang, Ruoergai, and Mazongshan.
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Small populations of several dozen individuals were once
found in two adjoining areas (Ladakh and Sikkim) in India,
but the populations were probably extirpated (Schaller,
1998). Thus, the Tibetan gazelle has attracted some conservation attention (Jiang and Wang, 2001; Mallon and
Kingswood, 2001). However, there has been no attempt to
describe the geographical distribution of genetic diversity
or the evolutionary history of the species.
Historically, the Qinghai-Tibet Plateau uplifted several
times by approximately 3000 m in the Quaternary period
(Zhang, 2000). Furthermore, at least four major glaciations
have occurred during the Pleistocene and Quaternary
period in South-Central Asia (Chen, 1984) and widespread
mountain glaciation controlled the Qinghai-Tibetan Plateau in the Lower Pleistocene and Quaternary period
(Kwan et al., 1996). The topographic variation of the Qinghai-Tibet Plateau and the climate changes in the Pleistocene
are widely regarded as two of the most important factors
inXuencing the current spatial distribution of local species
and their genetic diversity (Fort, 1996; Hewitt, 2000).
Therefore, phylogeographic analysis is necessary to
uncover the evolutionary history of this species and to provide genetic insights for conservation strategies.
Because populations in Ladakh and Sikkim possibly no
longer exist (Schaller, 1998) and it is diYcult to obtain samples, we excluded the peripheral populations in India from
this study. Sampling over a broad geographic scale in China,
we explored mitochondrial CR and mitochondrial cytochrome b (mtDNA cyt b) sequences to investigate the genetic
status and evolutionary history of the Tibetan gazelle. We
analyzed the phylogeographic patterns of living populations
to test the hypothesis that uplifting of the Qinghai-Tibet Plateau in the Pleistocene and glaciations in the Quaternary
period may have aVected population distribution of the
Tibetan gazelle, and to assess implications for conservation
through combined analysis of CR and cyt b data.
2. Materials and methods
2.1. Sample collection
Muscle, hair, and skin samples (n D 46, Table 1) were
collected throughout the species’ distribution in China,

including locations in Tibet, Kekexili (KKXL), Arjin Shan
(ARJ), Qinghai and Sichuan (SCH) (Fig. 1). Five hair samples were plucked from captive animals in Beijing Zoo and
Xining Zoo in December 2004 and another four hair samples were obtained from the museum collection of the
Administrative Bureau of Kekexili Nature Reserve and the
Forestry Bureau of Tianjun County, Qinghai Province.
Nineteen muscle and skin samples were obtained from carcasses of Tibetan gazelle that died from poaching, hunting,
natural enemy predation and disease in the Kekexili Nature
Reserve, Qinghai Province, Arjin Shan Nature Reserve,
Xinjiang Uigur Autonomous Region, Ruoergai Nature
Reserve, Sichuan Province, Dulan International Hunting
Park, Qinghai Province, and Harshihar International
Hunting Park, Gansu Province from February 2004 to September 2005; another 18 muscle and skin samples were collected from the museum collection of the Institute of
Zoology, Chinese Academy of Sciences, the Forestry
Bureau of Tibet Autonomous Region, and the Forestry
Bureau of Tianjun County, Qinghai Province.
2.2. DNA extraction and sequencing of mtDNA cyt b and
control region
All samples in the present study were stored dry. Genomic DNA was isolated from muscle, hair, and skin using
the standard proteinase K digestion and phenol/chloroform extraction procedures (Sambrook et al., 1989), after
washing with excess NTE (0.05 M Tris–HCl, 0.01 M NaCl,
0.02 M EDTA, pH 9.0) to remove possible protease or PCR
inhibitors (Hall et al., 1997). Polymerase chain reaction
(PCR) was used to amplify approximately 800 bp of the CR
and 425 bp of cyt b. CR sequences were ampliWed using the
universal primer pair L15926 (5⬘-ATATACTGGTCTTG
TAAACC-3⬘) and H16498 (5⬘-CCTGAAGTAGGAACC
AGATG-3⬘) (Zhang and Ryder, 1993). Cyt b was ampliWed
using the primer pair L14724 (5⬘-CGAAGCTTGATATG
AAAAACCATCGTTG-3⬘; Irwin et al., 1991) and H15149
(5⬘-CCTCAGAAAGATATTTGTCCTC-3⬘; Kocher et al.,
1989). AmpliWcation was performed in a total volume of
50 l containing 50 mM KCl, 10 mM Tris–HCl, 1.5 mM
Mg2+, 200 mol of each dNTP, 0.2 mol of each primer, 2 U
of TaKaRa Taq DNA Polymerase (TaKaRa, China) and

Table 1
Sample names, sources, and types
Sample

n

Source

Type

Tibet01-06
Tibet07, 08
Tibet09, 10
KKXL01-08
ARJ01-05
QH01-12
QH13, 14
QH15-17
SCH01-05
GS01

6
2
2
8
5
12
2
3
5
1

Museum collectinga
The Forestry Bureau of Tibet
Beijing Zoo
Kekexili Nature Reserve
Arjin Shan Nature Reserve
The Forestry Bureau of Tianjun County
Dulan International Hunting Park
Xining Zoo
Ruoergai Nature Reserve
Harshihar International Hunting Park

Skin
Skin
Hair
Hair and skin
Skin
Muscle and hair
Muscle
Hair
Skin
Muscle

a

Samples came from the Institute of Zoology, Chinese Academy of Sciences.
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Fig. 1. Map of the distribution and sampling locations in the present study. The sampling locations are indicated by black triangles (䉱). The Arabic
numerals indicate sampling locations (sample sizes in parentheses): 1, Geji (2); 2, Bange (2); 3, Mangkang (1); 4, Shengzha (1); 5, Qiangtang (4); 6, Arjin
Shan (5); 7, Kekexili (8); 8, Tianjun (13); 9, Doulan (2); 10, Yushu (2); 11, Harshihar (1); and 12, Ruoergai (5).

approximately 10 ng of genomic DNA. A total of 35–40
ampliWcation cycles were carried out on a Perkin-Elmer
Cetus 9700 DNA thermocycler with denaturation at 94 °C
for 30 s, annealing at 56 and 50 °C for 30 s for cyt b and the
D-loop, respectively, extension at 72 °C for 45 s, and a Wnal
extension at 72 °C for 10 min, then held at 4 °C. PCR products were puriWed using a Qiagen PCR puriWcation kit and
subsequently sequenced using ABI BigDye chemistry on an
ABI 377 Genetic Analyzer according to the manufacturer’s
instructions.
2.3. Data analysis
2.3.1. mtDNA sequence analysis and phylogeny
Consensus sequences for all individuals were aligned
using the CLUSTAL X program (Thompson et al., 1997)
and checked by visual inspection. Genetic diversity among
all geographic locations was estimated using haplotype (h)
and nucleotide diversities () as implemented in DnaSP version 4.0 (Rozas et al., 2003). Sequence divergence within
and among geographic regions was estimated using DNAdist in PHYLIP (Felsenstein, 1989). Phylogenetic relationships among haplotypes of cyt b and CR sequences were
estimated using maximum-likelihood (ML), neighbor-joining (NJ; Saitou and Nei, 1987) and maximum-parsimony
(MP) by heuristic search methods carried out by
PAUP¤4.0b8 (SwoVord, 2001) separately. The robustness of
these analyses was assessed using bootstrap replications,
with 1000 replications for MP and NJ and 100 replications
for ML. The settings for the DNA substitution model that
best Wtted the data were selected by a hierarchical likelihood ratio test using the programs MODELTEST 3.06
(Posada and Crandall, 1998) and PAUP¤. We also conducted a median-joining network (MJN) approach (Bandelt et al., 1999) to depict the relationships among the
Tibetan gazelle haplotypes. This approach has proved to
yield the best genealogies among other rooting and network procedures (Cassens et al., 2003). The MJN was esti-

mated using NETWORK4107 software (Bandelt et al.,
1999; http://www.Xuxus-engineering.com).
2.3.2. Phylogeographic analysis
Genetic diVerentiation between populations was
assessed by comparing the average number of pairwise
diVerences between populations (PiXY), the average number of pairwise diVerences within populations (PiX and
PiY) and the corrected average pairwise diVerence
(PiXY ¡ (PiX + PiY)/2) using the program Arlequin 2.000
(Schneider et al., 2000). DiVerentiation between pairs of
populations was tested by exact test (Raymond and Rousset, 1995) using 10,000 Markov chain steps as implemented
in Arlequin 2.000 (Schneider et al., 2000). The same program was used for analysis of molecular variance
(AMOVA; ExcoYer et al., 1992) to test for diVerentiation
between geographical units. In AMOVA the correlation of
haplotype frequency is used as an F-statistic analog at various hierarchical levels. ST estimates the proportion of
genetic variation within populations relative to the genetic
variation for the whole sample, CT estimates the proportion of genetic variation among groups of populations relative to the whole species, and SC estimates the variation
among populations relative to a regional grouping of populations. The signiWcance of -statistics was tested by random permutations of sequences among populations. The
groupings that maximize values of CT and are statistically
signiWcant indicate the most parsimonious geographical
subdivisions.
2.3.3. Analysis of demographic history
Signatures of population demographic changes (e.g.,
bottlenecks or expansions) in the Tibetan gazelle were
examined using two diVerent approaches. First, we investigated the demographic history by comparing mismatch distributions in each geographic sample with those expected in
constant populations using DnaSP. The shape of the mismatch distribution of pairwise diVerences is usually
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multimodal in samples drawn from populations at demographic equilibrium, whereas a unimodal distribution is
generally found in populations having passed through a
recent demographic expansion (Rogers and Harpending,
1992; Harpending et al., 1998). It is important to note, however, that such a wave in the distribution could also be generated by a bottleneck, and that distinguishing between
both demographic events remains diYcult (Rogers and
Harpending, 1992). The overall validity of the estimated
demographic model is tested by obtaining the distribution
of a tested statistic SSD (the sum of squared diVerences)
between the observed and estimated mismatch distributions. A signiWcant SSD value is taken as evidence of departure from the estimated demographic model of a sudden
population expansion. In addition, the Tajima’s (Tajima,
1989) D statistic and the Fu’s (Fu, 1997) Fs statistic were
used to test whether CR and cyt b data conformed to expectations of neutrality, considering that departures from neutrality could also be due to factors other than selective
eVects, such as a population bottleneck, a population
expansion, or heterogeneity of the mutation rate. Fs diVerences were tested for signiWcance with a coalescent simulation program (1000 simulations), as implemented in
Arlequin 2.000 (Schneider et al., 2000).
3. Results
3.1. Mitochondrial CR and cyt b variability
A fragment from approximately 570–720 bp of mtDNA
control region was sequenced in 46 Tibetan gazelle individ-

uals from Wve geographic populations (Tibet, QH, KKXL,
ARJ and SCH). Two deletions of approximately 40 and
80 bp were found at approximate positions 121 and 221 in
all individuals of the SCH population and some individuals
of the Tibet population (Fig. 2a), but these haplotypes were
restricted to the two geographic populations only. After
exclusion of gaps, 25 haplotypes (GenBank Accession Nos.
DQ017352–DQ017355 and DQ423488–DQ423508) were
deWned by 193 polymorphic sites, of which 130 were parsimony-informative. As a result, the overall haplotype diversity (0.98 § 0.01) and the nucleotide diversity (0.08 § 0.009)
of CR were both high; as some sequences diVered by more
than 50 mutations, the mean sequence divergence was high
overall (0.15), with a maximum of 0.18 (among individuals
within the Tibet geographic population). The 425 bp of cyt
b sequences were generated from the same 46 individuals; a
total of 113 variable nucleotide sites deWned 16 haplotypes
(Fig. 2b; GenBank Accession Nos. DQ001163–DQ001166
and DQ423513–DQ423524. As expected, generally lower
haplotype diversity (0.88 § 0.039) and nucleotide diversity
(0.06 § 0.019) were observed in cyt b sequences.
3.2. Phylogenetic relationships
Hierarchical likelihood ratio tests indicated that Hasegawa et al.’s (1985) HKY model of substitution and  distribution was the best for the CR fragment data (HKY + G,
¡lnL D 2841.40; Ti/Tv ratio D 4.64,  distribution shape
parameter D 0.41). Equal numbers of transition (Ti) and
transversion (Tv) were observed amongst cyt b sequences.
The Tamura-Nei’s TrN model (Tamura and Nei, 1993) was

Fig. 2. Alignment of mtDNA control region (a) and cytochrome b (b) haplotypes. Only variable positions are shown. In (a), the two deletions in Hap1,
Hap2, Hap3 and Hap4 are not exactly the same number of base.
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selected as the best for the data (¡lnL D 1360.49; Ti/Tv
ratio D 1). The MP trees for CR and cyt b haplotypes separately (Fig. 3A) and jointly (Fig. 3B) indicated a relatively
high resolution and high bootstrap supported phylogenetic
structure. By excluding haplotypes Hap1, Hap5, Hap17 and
Hap18, the 21 haplotypes of CR showed three major clusters: Tibet, SCH and QH-ARJ-KKXL. The Tibet and SCH
cluster were formed with high bootstrap support (BP D 96%
and 91%, respectively), but the QH-ARJ-KKXL cluster
showed moderate bootstrap support (64%). Haplotypes
Hap1 and Hap5 were composed of sequences from the
Tibet and Arjin Shan localities, with dispersion into the
SCH and Tibet clusters, respectively, suggesting that they
possibly represent the most ancestral haplotypes. The geographical structure of the Tibetan gazelle is also shown in
the medium-joining network (Fig. 4), which is star-like

317

from the core haplotype H8 (QH), but divergent from other
haplotypes.
3.3. Population structure and gene Xow
The genetic diVerentiation was detected and signiWcant
between SCH versus each of other four geographic populations and Tibet versus the other three geographic populations excluding ARJ both in pairwise ST and
(PiXY ¡ (PiX + PiY)/2) values (Table 3). Analysis of
AMOVA based both on genetic distance and haplotype frequency indicated a single signiWcant CT value in one of the
possible population grouping patterns: Tibet, SCH and
QH-ARJ-KKXL. SigniWcant diVerence (p < 0.01; Table 4,
3000 permutations) among the three groups was observed.
In addition, this grouping pattern gave the highest CT

Fig. 3. Maximum parsimony (MP) trees computed by PAUP based on HKY distance among the mitochondrial control region and CR with cyt b haplotypes of the Tibetan gazelle. Bootstrap percentage values are indicated next to nodes of 1000 bootstrap simulations.
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for Tajima’s D test suggested an expansion in the Tibet
population. In addition, both Tajima’s D value and Fu’s Fs
value support the results of mismatch distribution. The
results shed lights on the early history of the once separated
Tibetan gazelle populations before mixing.
4. Discussion
4.1. Genetic diversity and phylogeography

Fig. 4. Median-joining network of the 25 control region haplotypes of the
Tibetan gazelle (Procapra picticaudata).

value (0.0676). These results indicate a relatively strong
genetic structure for the Tibetan gazelle.
3.4. Demographic analysis
Mismatch distribution analysis of the overall and each
population separately indicated diVerent patterns (Fig. 5).
The shapes of the functions for overall, Tibet and SCH
populations were ragged and multimodal, which suggests
that they may include populations or lineages that were
previously separated but now have merged together. Fu’s
Fs test for neutrality indicated no signiWcant population
expansion (p > 0.1) for the total nor for any of the geographic populations (Table 2), but a signiWcance (p D 0.017)

The Presence of 25 CR and 16 cyt b haplotypes from 46
samples indicated high haplotype diversity in the Tibetan
gazelle populations (Table 2). SigniWcant genetic diVerentiation was detected between the SCH and each of other four
geographic populations and the Tibet and the other three
geographic populations, excluding ARJ (Table 3). Presumably, the Tibetan gazelle in Arjin Shan, Xinjiang Province,
and the populations in Kekexili and other regions in Qinghai Province once formed a single large population with
continuous distribution on the plateau. Measures of genetic
diversity in Tibetan gazelle are comparable to that found in
other bovid species of similar endangered status (Arctander
et al., 1996). High genetic diversity suggests that these species probably had large eVective population sizes in their
recent history (Christopher et al., 2003). On the other hand,
the high mitochondrial DNA diversity in the Tibetan
gazelle may be not only a species-associated feature, but
also the result of its recent evolutionary history and some
contemporary events. AMOVA analysis detected a signiWcant CT value for the population grouping pattern: Tibet,
SCH and QH-ARJ-KKXL. Patterns of molecular diVerentiation observed in the Tibetan gazelle indicate recent subsequent isolation processes caused by uplifting of the
Qinghai-Tibet Plateau. Thus, much of the current haplotype diversity is probably a consequence of strong phylogeographic structure. For example, although each of the

Fig. 5. Mismatch distributions of the Tibetan gazelle mtDNA control region in the overall (a), QH-ARJ-KKXL (b), Tibet (c) and SCH (d) populations.
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Table 2
Gene diversity (h), nucleotide diversity (), sequence divergence (Dxy), Tajima’s (D), Fu’s (Fs), and mismatch distribution tests (SSD) for CR sequences
Geographic origin

n

h



Mean Dxy

SSD (p value)

D (p value)

Fs (p value)

Overall
ARJ
KKXL
Tibeta
SCHa
QH-ARJ-KKXL

46
5
8
10
5
31

0.975(0.012)
1.000(0.177)
1.000(0.126)
0.857(0.137)
0.833(0.222)
0.972(0.022)

0.081(0.009)
0.156(0.087)
0.015(0.008)
0.160(0.030)
0.119(0.069)
0.052(0.020)

0.154
0.151
0.012
0.183
0.112
0.062

0.0239(0.26)
0.2600(0.07)
0.1603(0.06)
0.2119(0.02)
0.2469(0.21)
0.0152(0.09)

0.043(0.506)
¡0.304(0.487)
¡0.267(0.529)
1.788(0.973)
¡0.741(0.190)
¡1.906(0.017)

0.971(0.712)
2.213(0.550)
¡0.182(0.453)
6.040(0.987)
¡0.752(0.188)
¡1.027(0.337)

Standard deviations for h and  are in brackets.
a
The group includes samples from a single geographic origin.

clades includes multiple haplotypes, no common haplotype
was shared among the three populations. This suggests
some degree of spatial genetic structure within P. picticaudata and limited dispersal of individuals among local populations.
Our results also suggest that recent history may have
shaped the genetic patterns observed in the Tibetan gazelle.
The phylogenetic tree revealed a relatively deep structure
among the haplotypes, suggesting divergence between the
geographic groups and high polymorphism. A rate of
sequence divergence for bovid cyt b was reported as 0.7% per
million years (Hassanin and Emmanuel, 1999) and the substitution rate for the CR was estimated to be 5–10 times
faster than for the cyt b block in other bovids (Birungi and
Arctander, 2000); thus, the estimated rate for the CR is 3.5–
7% per million years. Based on the estimated divergence rate
of the CR, a recent coalescence time of approximately 2.2–4.4
million years was predicted among the Tibetan gazelle samples (average sequence divergence 15.4%, shown in Table 2).
This estimate matches the conclusion by An et al. (2001)
Table 3
Pairwise population diVerences and ST values for control region
sequences
Tibet
Tibet
ARJ
SCH
KKXL
QH

61.29
¡6.33
46.35¤¤
16.91¤
16.09¤¤

ARJ
¡0.144
56.67
46.83¤¤
0.22
0.02

SCH

KKXL
¤¤

0.5384
0.546¤¤
49.67
66.67¤¤
65.09¤¤

¤¤

0.262
0.057
0.742¤¤
7.40
0.03

QH
0.422¤¤
0.233
0.830¤¤
¡0.027
10.84

Above diagonal: pairwise ST values between populations. Diagonal elements: average number of pairwise diVerences within population (PiX).
Below
diagonal:
corrected
average
pairwise
diVerence
(PiXY ¡ (PiX + PiY)/2). Pairwise ST values and corrected average pairwise diVerences that are statistically diVerent are indicated.
¤
p < 0.05.
¤¤
p < 0.01.

from their geographical study that enhanced uplift of the
Qinghai-Tibet Plateau along the northern and eastern
margins occurred 3.6–2.6 million years ago. In addition, it is
consistent with the historical glaciation in the Pleistocene (Li,
1998), which was an important event for the phylogeographic
pattern of ungulate distribution over the Qinghai-Tibet
Plateau. On the other hand, the tree with some haplotypes
lying on old branches outside all of the three clades is
evidence of old co-ancestral haplotypes that have been maintained over a long-term separation. During the Mid-Pleistocene and Quaternary period, much of the Qinghai-Tibetan
Plateau was covered by the largest glacier ever known in the
region (Zhang, 1999), and the population of Tibetan gazelle
may have been restricted to areas of low altitude during glaciations. This hypothesis, however, needs to be tested further
for other ungulates in the same distribution region.
However, because the Qinghai-Tibet Plateau is a unique
geographic area, studies on other species of similar range
are not available for comparison. Intraspecies mtDNA CR
studies of terrestrial mammals, for example, the African
buValo (Syncerus caVer, Simonsen et al., 1998) and impala
(Aepyceros melampus, Arctander et al., 1996), found variation values of 65.5% within a single population. However,
large sequence divergences have been reported, for example, among divergent mtDNA genotypes separated by geographical barriers or distance (Morin et al., 1994) or within
hybrid zones (Ferris et al., 1993; Avise et al., 1984). The
phylogeographic divergence between the Tibet and QHARJ-KKXL populations, the Tibet and SCH populations,
and the QH-ARJ-KKXL and SCH populations may possibly be related to geographic barriers. For example, the
Kunlun Mountains, Tanggula Mountains, Lanchang River,
Nujiang River, Jinshajiang River, Qionglai Mountains, and
Daxueshan Mountains are all natural barriers that separate
the Tibet, Qinghai, and Sichuan populations.

Table 4
AMOVA for grouping of populations estimated using -statistics based on control region sequence
Groups

Among pops within groups (ST) Within pops (ST) Among groups (CT) (%) Among groups p (Among groups)

[Tibet] [QH, KKXL, ARJ & SCH]
[Tibet] [QH, KKXL, ARJ] [SCH]
[Tibet, QH, KKXL, ARJ] [SCH]
[Tibet, KKXL, ARJ] [QH] [SCH]
[Tibet, KKXL] [ARJ, QH] [SCH]
[Tibet, SCH] [ARJ, KKXL, QH]

0.0494
0.0190
0.0475
0.0139
0.0503
0.0538

¤¤

SigniWcant at 0.01 level.

0.0812
0.0854
0.1027
0.0750
0.0673
0.0704

0.0335
0.0676¤¤
0.0579
0.0620
0.0179
0.0176

3.35
6.76
5.79
6.2
1.79
1.76

0.1906
<0.01
0.1945
0.0968
0.0626
0.1046
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4.2. Demographic history
High haplotype and sequence diversity, relatively deep
phylogenetic tree, and Tajima’s D and Fu’s Fs values
(Table 2), all indicate there was no single expansion or contraction in all populations of Tibetan gazelle, but suggest
that the SCH and Tibet populations were once fragmented
in history but have since merged. Furthermore, the mismatch distribution analysis showed atypical distribution
shapes, revealing a complicated demographic history for
the populations; in particular, with zero frequency in the
moderate pairwise diVerence interval, but high frequency in
the low and high intervals, the overall, Tibet and SCH populations showed distribution patterns that deviated from
the simulation. Results for the Tibet and SCH populations
imply that they consist of lineages that were previously isolated but are now merged. This may be related to the eVects
of climate oscillations during glaciations in the Pleistocene
and Quaternary period and to postglacial population
expansions. The topographical diversity of the QinghaiTibetan Plateau might have created both networks for refugia during glaciations and complex barriers to subsequent
expansion (Hewitt, 2004). When the top of the plateau was
covered by glaciers (Flint, 1965), the animals withdrew to
the fringe areas of the plateau for refuge and some gazelle
individuals returned to the heartland of plateau after the
glaciations, but this presumption need more samples to validate by uncovering the phylogenetic relationship within
populations. The mismatch distribution deviation of the
overall population could be the result of high sequence
diversity of the individuals from diVerent geographic locations. As the topographic features changed, climate oscillated and vegetation varied during uplifting of the QinghaiTibet Plateau and during glaciations in the Quaternary
Period, the species may have suVered comprehensive population Xuctuations, whereas the main populations remain
genetically healthy.
4.3. Implications for conservation
Tibetan gazelles are now facing extirpation in India
(Schaller, 1998). Phylogeographic analysis of intraspecies
genetic variation provides valuable information on how
genetic variation is partitioned within species and identiWes evolutionarily signiWcant units (ESUs) and management units (MUs) for conservation (Moritz, 1994).
According to the model proposed by Moritz (1994), ESUs
are designated on the basis of reciprocal monophyly at
mitochondrial markers, while MUs are identiWed by signiWcant diVerences in allele frequency distributions and
signiWcant divergence in mitochondrial or nuclear loci.
Considering these criteria, populations with genotypes
that are closely related to but not shared with other populations would be described as MUs; thus, the Tibet, SCH
and QH-ARJ-KKXL populations of P. picticaudata
would be described as MUs. Our data imply that the
Tibetan gazelle shows a relatively healthy genetic status

both for the overall population and each of the populations in China. Moreover, the SCH population is probably special, with unique haplotypes but small population
size. Therefore, as a conservative approach, we recommend protection of Indian populations if they still exist,
and to enhance eVorts to protect the overall population of
Tibetan gazelle in China. Furthermore, special attention
should be allocated to preserving the SCH population; on
the other hand, we would advise avoiding the introduction of genes to any of the populations unless genetic erosion occurs.
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