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The giant panda (Ailuropoda melanoleuca) is currently threatened by habitat loss, fragmentation, and human persecution.
Its dietary specialization, habitat isolation, and reproductive constraints have led to a perception that this is a species at an
‘‘evolutionary dead end,’’ destined for deterministic extinction in the modern world. Here we examine this perception by
a comprehensive investigation of its genetic diversity, population structure, and demographic history across its
geographic range. We present analysis of 655 base pairs of mitochondrial (mt) control region (CR) DNA and 10
microsatellite loci for samples from its 5 extant mountain populations (Qinling, Minshan, Qionglai, Liangshan, and
Lesser Xiangling). Surprisingly, extant populations display average to high levels of CR and microsatellite diversity
compared with other bear species. Genetic differentiation among populations was significant in most cases but was
markedly higher between Qinling and the other mountain ranges, suggesting, minimally, that the Qinling population
should comprise a separate management unit for conservation purposes. Recent demographic inference using
microsatellite markers demonstrated a clear genetic signature for population decline starting several thousands years ago
or even futher back in the past, and being accelerated and enhanced by the expansion of human populations. Importantly,
these data suggest that the panda is not a species at an evolutionary ‘‘dead end,’’ but in common with other large
carnivores, has suffered demographically at the hands of human pressure. Conservation strategies should therefore focus
on the restoration and protection of wild habitat and the maintenance of the currently substantial regional genetic
diversity, through active management of disconnected populations.

Introduction

The giant panda (Ailuropoda melanoleuca) is often
cited as one of the most endangered mammals in the world.
It is a flagship species for global conservation and an en-
demic species to China, living in small, isolated populations
with a severely fragmented distribution at the present time.
As a result, this species has been a top priority for conser-
vation action in China since the 1950s. However, the giant
panda had a much wider range in the Pleistocene, with
fossil records from Zhoukoudian, near Beijing to southern
China, and into northern Myanmar, northern Vietnam,
Laos, and Thailand (Wen and He 1981; Zhu and Long
1983; Hu et al. 1985; Wei et al. 1990; Hu 2001). Today,
giant pandas are restricted to just 6 fragmented mountain
ranges on the eastern edge of the Tibetan plateau, in
Sichuan, Gansu, and Shaanxi Provinces (Hu 2001).

Fossil data indicate that this species originated in late
Miocene, probably expanded during the middle Pleisto-
cene, and started to contract in the late Pleistocene (Pei
1974; Wang 1974; Qiu and Qi 1989). The panda has been
often described as a species whose body size, dietary spe-
cialization (living mainly on bamboo species, Hu and Wei
2004), reproductive constraints, and morphological adapta-
tion have led it to an ‘‘evolutionary dead end’’ (Pei 1965,
1974; Wang 1974; Moran 1988; Wei et al. 1990; Huang
1993; Gittleman 1994). However, climate change (quater-
nary ice age oscillations), human activities (e.g., habitat
destruction and fragmentation, poaching), and natural cat-

astrophes (e.g., simultaneous large-scale bamboo flowering
and die-off events) have also been cited as responsible for
accelerating this ‘‘natural process,’’ driving the species tow-
ord its supposedly inevitable extinction in the near future
(Pei 1965, 1974; Wang 1974; Wei et al. 1990).

Researchers have previously attempted to examine the
giant panda’s evolutionary potential using molecular ge-
netic approaches, by assessing its patterns of genetic diver-
sity. Low genetic variability has been detected in giant
panda populations using protein electrophoresis (Su et al.
1994), mtDNA control region sequence analysis (Zhang
et al. 1997), and classical DNA fingerprinting (Fang
et al. 1997), and as a result, its population decline has been
partly ascribed to genetic factors, i.e., the relative absence
of genetic variation (Zhang and Su 1997).

Effective conservation and management strategies for
endangered species incorporate an understanding of the
evolutionary and demographic history of populations and
their present genetic structure, including the existence of
demographic partitions throughout the geographical range
and the distribution of genetic diversity (Avise 1989; Smith,
Bruford, and Wayne 1993; O’Brien 1994; Beaumont and
Bruford 1999; Groombridge et al. 2000). The application
of a mixed approach, evaluating patterns of individual gen-
otypes, allele frequencies, and demographic hypothesis
testing using exploratory analysis is becoming a powerful
approach to augment descriptive genetic analysis for infer-
ence of demographic dynamics and structure at the land-
scape scale, as is increasingly needed by conservation
managers today (Manel et al. 2003; Bertorelle et al.
2004). To date, however, there have been few such efforts
to infer detailed demographic processes from patterns of
genetic variation and population structure in the giant panda.

Here we used mitochondrial DNA (mtDNA) control re-
gion (CR) sequences and analysis of 10 microsatellite loci to
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analyze genetic variation and explore the processes shaping
genetic diversity in giant panda populations. Our results are
used to evaluate whether the history and current genetic
status of giant pandas are consistent with an ‘‘evolutionary
dead-end’’ hypothesis, and to provide insights relevant for
current and future conservation efforts in this high-profile
species.

Materials and Methods
Sample Collection

Blood, tissue, skin, hair, and fecal samples of wild-
born giant pandas were collected from zoos, the field,
and museums, representing 26 geographic locations in
the 6 mountain ranges (fig. 1). The samples from the field
were confirmed as different individuals by individualiza-
tion using microsatellites (Zhan et al. 2006). One hundred
and sixty-nine individuals were analyzed in this study, com-
prising 3 muscle samples, 2 blood samples, 97 faecal sam-
ples, 3 hair samples, and 64 dried skins from museums (for
details see supplementary table 1, Supplementary Material
online). Most samples came from the major populations re-
siding in 3 mountain ranges: Qinling (QIN, n 5 41), Min-
shan (MIN, n 5 50) and Qionglai (QIO, n 5 58); but we
were also able to include samples from the 2 smaller pop-
ulations, Lesser Xiangling (XL, n 5 11) and Liangshan
(LIS, n 5 9). A sample collected from Daxiangling Moun-
tain was considered part of the Qionglai population for
analysis (Location 18 in fig.1).

To test the robustness of our sampling, the software
GENESAMP (Sjögren and Wyöni 1994) was implemented
to calculate the sample size necessary to detect alleles at
frequencies of 0.05 and 0.10 with 95% probability for
CR and microsatellite markers, respectively.

Laboratory Methods

Genomic DNA was extracted from tissue, blood, or
skin using SDS-phenol/chloroform (Sambrook, Fritsch,

and Maniatis 1989). Each sample was homogenized over-
night at 55�C in extraction buffer (EDTA 0.1 M, Tris-HCl
0.05 M pH 5 8.0, SDS 1%, and Proteinase K 0.2 mg/ml).
Subsequently, DNA was purified with a standard phenol/
chloroform extraction protocol followed by an ethanol pre-
cipitation. Genomic DNA was isolated from plucked hair
using Chelex� 100 (Walsh, Metzger, and Higuchi
1991), and the QIAamp� DNA Stool Mini Kit (QIAGEN
GMBH, Hilden, Germany) was used for fecal samples
according to the manufacturer’s protocol. Extraction
blanks were used as negative controls in downstream PCR
amplifications.

The 5# end of the mitochondrial control region was
amplified by polymerase chain reaction (PCR) (35 cycles
of 1 min at 94�C, 1 min at 55�C, and 1 min at 72�C) using
the following primers: P-tp (5#- CTC CCT AAG ACT CAA
GGA AG -3#, forward primer designed in present study),
BEDL225 (5#- ATG TAC ATA CTG TGC TTG GC -3#,
forward primer), and BEDH (5#- GGG TGA TCT ATA
GTG TTA TGT CC -3#, reverse primer, Zhang et al.
2002). PCR fragments were purified using the E.Z.N.A.
Cycle-pure Kit (Omega) and sequenced using the P-tp,
BEDL225 and BEDH primers and the BigDye Terminator
Sequencing Ready Reaction V3.0 kit (Applied Biosys-
tems), following the manufacturer’s instructions, using
an ABI 3700 semi-automated DNA analyser.

Eighteen giant panda microsatellite loci (Lu et al.
2001) were initially assessed with 10 loci (Ame-l05,
Ame-l10, Ame-l11, Ame-l13, Ame-l15, Ame-l16,
Ame-l24, Ame-l25, Ame-l26, Ame-l27) being selected
for this study on the basis of their efficiency using DNA
from different sources, polymorphism, and yield. PCR am-
plification of 50 cycles was carried out for up to 4 loci
simultaneously, with combinations selected based on
fragment size range, Tm, and fluorescent dye (FAM,
TET, or HEX), using the QIAGEN Mutliplex PCR kit ac-
cording to the manufacturer’s protocol at optimized anneal-
ing temperatures. The PCR products were separated on
a polyacrylamide gel in ABI PRISM� 377 DNA sequencer

FIG. 1.—Map of the giant panda distribution and sampling locations of the present study. The sampling locations are indicated by black empty
squares. Numerals indicate sample sites: (1) Taibai, (2) Yangxian, (3) Liuba, (4) Foping, (5) Fengxian, (6) Nanping, (7) Wenxian, (8) Qingchuan, (9)
Pingwu, (10) Songpan, (11) Maoxian, (12) Dujiangyan, (13) Wenchuan, (14) Chongzhou, (15) Baoxing, (16) Lushan, (17) Tianquan, (18) Hongya, (19)
Erbian, (20) Mabian, (21) Leibo, (22) Meigu, (23) Yuexi, (24) Shimian, (25) Mianning, (26) Jiulong.
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with Tamra GS350 marker. All gels were analyzed using
Genescan� 2.0 and Genotyper� 2.0. Amplification was re-
peated minimally 3 times. We scored samples as heterozy-
gous at 1 locus if both alleles appeared at least twice among
replicates and as homozygous if all the replicates showed
identical homozygous profile. If neither of those cases ap-
plied, we treated the alleles as missing data. Only individ-
uals for which we obtained allele data information for 6 or
more loci were included in the analysis, and therefore, 115
individuals were analyzed for microsatellites.

The CR sequences of 12 giant pandas (comprising
MIN 3, QIO 7, LIS 2, supplementary table 2, Supplemen-
tary Material online) were used from Zhang et al. (2002)
and analyzed together with 147 new sequences (QIN 36,
MIN 41, QIO 56, LIS 8, XL 6). Sequences for each in-
dividual and consensus haplotypes were aligned using
SeqManII in DNAStar (Burland 2000) and rechecked by
eye. MtDNA CR sequences were aligned using ClustalW
(Thompson, Higgins, and Gibson 1994) and visually checked.
Initial sequence comparisons and measures of variability
were performed using MEGA3.0 (Kumar, Tamura, and
Nei 2004), and unique haplotypes were verified using
DAMBE (Xia and Xie 2001). Nucleotide diversity (p,
Nei 1987), mean number of pairwise differences (j, Tajima
1983), haplotype diversity (H, Nei 1987), and the number
of polymorphic sites (S) were estimated using ARLEQUIN

2.0 (Schneider, Roesslo, and Excoffier 2000). Microsatel-
lite variation was assessed by summary statistics, including
mean number of alleles per locus (MNA), expected (HE)
and observed (HO) heterozygosities, and inbreeding co-
efficient (FIS), which were computed for each population
using GENETIX (Belkhir 2004). Allelic richness, an esti-
mate of allelic diversity that compensates for unequal sam-
ple size, was calculate using FSTAT (Goudet 2002) and
averaged across loci. Deviations from Hardy-Weinberg
equilibrium for each population were assessed using an ex-
act test implemented in GENEPOP (Raymond and Rousset
1995).

For CR sequences data, molecular variance analysis
(AMOVA, Excoffier, Smouse, and Quattro 1992) was per-
formed to test for differentiation between geographical
units. The significance of /-statistics generated by AMO-
VA was tested by random permutations of sequences among
populations. In addition, a minimum spanning haplotype
network was constructed to depict the relationships among
haplotypes and their distribution using TCS (Crandall and
Templeton 1993, Clement, Posada, and Crandall 2000),
considering gaps as a fifth state. For microsatellites, popu-
lation differentiation was assessed by Fisher’s exact test,
h (Weir and Cockerham 1984), and by analysis of mo-
lecular variance using GENETIX. The association between
the estimates of FST/1�FST (Rousset and Raymond 1997)

Table 1
Genetic Variability Observed Within Populations of Giant Panda Using Mitochondrial Control Region and
11 Microsatellite Loci

Population N(CR/MS) H H(± SD) S K(± SD) P(± SD) MNA HE HO AR FIS (95% CI)

QIN 36/32 8 0.753 ± 0.058 9 2.55 ± 1.40 0.0039 ± 0.0024 3.50 0.486 0.525 2.58 �0.064 (�0.151 to �0.016)*
MIN 44/29 17 0.926 ± 0.019 11 3.28 ± 1.72 0.0051 ± 0.0029 4.80 0.559 0.561 3.03 0.019 (�0.079 to 0.062)*
QIO 63/40 18 0.885 ± 0.021 13 2.80 ± 1.50 0.0043 ± 0.0026 5.30 0.610 0.595 3.18 0.040 (�0.047 to 0.092)*
LIS 10/4 8 0.956 ± 0.059 8 2.36 ± 1.40 0.0036 ± 0.0024 2.30 0.366 0.425 2.30 �0.069 (0.013 to �0.148)*
XL 6/10 3 0.733 ± 0.155 3 1.40 ± 0.99 0.0022 ± 0.0018 4.00 0.635 0.685 3.29 �0.020 (�0.429 to 0.020)*
Total 159/115 39 0.943 ± 0.007 19 3.27 ± 1.69 0.0050 ± 0.0029 7.10 0.642 0.565 6.91 0.124 (0.081 to 0.160)*

NOTE.—N 5 number of individuals; CR 5 mitochondrial control region; MS 5 microsatellite; h 5 Number of haplotypes; H 5 Haplotype diversity; S 5 number of

polymorphic sites; j 5 the average number of pairwise nucleotide differences; p 5 nucleotide diversity ± variance. N 5 sample size; MNA 5 mean number of alleles per

microsatellite locus; HO and HE 5 observed and expected heterozygosity. AR 5 allelic richness. Values of the inbreeding coefficient (FIS) are reported with their 95%

confidence intervals (CI). The asterisks (*) indicate significant (P , 0.001) departures from Hardy-Weinberg equilibrium, as estimated using GENEPOP.

Table 2
Summarized Results of Hierarchical AMOVA and Population Differentiation Analysis

(a) Groupings / CT P

Group 1 [QIN] [MIN QIO LIS XL] 0.200 0.189
Group 2 [QIN] [MIN] [QIO LIS XL] 0.014 0.303
Group 3 [QIN] [MIN] [QIO] [LIS XL] �0.150 0.602
Group 4 [QIN] [MIN QIO] [LIS] [XL] 0.240 0.000
Group 5 [QIN] [MIN QIO] [LIS XL] 0.189 0.000
Group 6 [QIN] [MIN QIO XL] [LIS] 0.174 0.098
Group 7 [QIN] [MIN QIO LIS] [XL] 0.274 0.000

(b) MIN QIO LIS XL
QIN 0.223 (P 5 0.00) 0.186 (P 5 0.00) 0.251 (P 5 0.00) 0.166 (P 5 0.00)
MIN 0.079 (P 5 0.00) 0.286 (P 5 0.00) 0.146 (P 5 0.00)
QIO 0.149 (P 5 0.10) 0.055 (P 5 0.10)
LIS 0.123 (P 5 0.30)

NOTE.—(a) AMOVA for groupings for populations estimate using /-statistics based on CR sequence. (b) Pairwise FST based on microsatellite data.
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and land-based Manhattan distance were assessed using the
Mantel test, implemented in the IBD software (Bohonak
2002); the statistical significance of the values was obtained
by 10,000 randomization steps.

In contrast to the preceding analyses (based on moun-
tain-defined populations), a Bayesian clustering method
was used to detect structure in the whole dataset and assign
individuals to inferred clusters using STRUCTURE
(Pritchard, Stephens, and Donnelly 2000). Eight indepen-
dent runs of K 5 1 to 10 were performed at 1,000,000
Markov Chain Monte Carlo (MCMC) repetitions with
a 100,000 burn-in period using no prior information and
assuming correlated allele frequencies and admixture.
The posterior probability K [P(K|X)] was then calculated,
and the log likelihood was used to choose the most likely
value for K. In addition, the statistic DK, the second-order
rate of change in the log probability of the data between
successive values of K, was also estimated (Evanno,
Regnaut, and Goudet, 2005), since this method is able to
detect the appropriate number of clusters for simulated data
sets under a number of gene exchange models. Because one
cannot evaluate DK for K 5 1, we explored the probability
of the K5 2 to K5 9 on the basis of above results. After the
analysis was carried out, individual admixture proportions
were sorted and displayed by individual using DISTRUCT
(Rosenberg 2004).

Recent population bottlenecks can produce distinctive
genetic signatures in the distributions of allele size, ex-
pected heterozygosity and in the genealogy of microsatel-
lite loci (Cornuet and Luikart 1996; Beaumont 1999; Garza
and Williamson 2001; Goossens et al. 2006). Here, two ap-
proaches were used to detect population contractions. First,
the now commonly used heterozygosity test implemented
in BOTTLENECK (Piry, Luikart, and Cornuet 1999) was
used to detect for the signature of a recent demographic bot-
tleneck assuming infinite allele (IAM), stepwise mutation
(SMM), and two-phase mutation models (TPM) with var-
ious (70% to 95%) single-step mutations (Di Rienzo et al.
1994). In addition, evidence for demographic change was
inferred using MSVAR1.3 (Storz and Beaumont 2002),
which implements a coalescent simulation-based Bayesian
likelihood analysis, assumes a strict SMM, and estimates
the posterior probability distribution of population param-
eters using Markov Chain Monte Carlo simulation, based
on the observed distribution of microsatellite alleles and
their repeat number. The most important parameters are
N0, N1, and T, where (1) N0 is the current effective number
of chromosomes; (2) N1 is the number of chromosomes at
some point back in time T, and (3) T is the time since the
population change. The reported values of giant panda gen-

eration time are 4.5 years (Pan et al. 2001) and 5.5 to 6.5
years (Hu et al. 1985), so here we set it as both 5 and 6 years
for simulation. In every simulation, we ran each chain with
100,000 thinned updates and a thinning interval of 10,000
steps, leading to a total number of 1 � 109 updates. The first
10% of updates were discarded to avoid bias in parameter
estimation at starting conditions, and the remaining data
were used to obtain the lower (5%), the median (50%),
and the upper (95%) quantiles of the posterior distributions.
Five independent simulations were run on subsamples of
QIN, MIN, and QIO using both an exponential and a linear
model. In all MSVAR simulations only 9 loci were used,
since the locus Ame-l13 did not show evidence for a regular
SMM. The other two subsample groups (XL, LIS) were
ignored for BOTTLENECK and MSVAR due to small
sample size.

Results
Genetic Variation

Six hundred fifty-five base pairs of mtDNA CR se-
quence were analyzed from 159 individuals after alignment.
A total of 24 variable nucleotide sites, comprising 2 trans-
versions, 17 transitions, and 5 insertions/deletions, defined
39 haplotypes (supplementary table 3, Supplementary Ma-
terial online). While a small number of haplotypes showed
a wide geographic distribution (e.g., GH32, GH33; fig.2),
most were more restricted. Twenty-six of 39 haplotypes
were found in only a single population. In the total sample,
high haplotype (H5 0.943 ± 0.007) but relatively low nu-
cleotide diversities (p 5 0.0050 ± 0.0029) were found
(table 1). A total of 71 alleles were detected using the 10
microsatellite loci from 115 individuals (QIN 32, MIN
29, QIO 40, XL 10, LS 4), with a mean allele number
per locus of 7.10 (range 2.30 in LIS to 5.30 in QIO). Among
the 10 loci, the number of alleles observed per locus varied
from 5 (Ame-l15) to 12 (Ame-l10), and allelic richness
ranged from 2.30 (LIS) to 3.29 (XL), with the overall allelic
richness across loci being 6.91 (table 1). Values of observed
(HO) and expected heterozygosity (under Hardy-Weinberg
equilibrium, HE) ranged from 0.425 (LIS) to 0.685 (XL)
and 0.366 (LIS) to 0.635 (XL, table 1), respectively. The
mean overall values of HO and HE were 0.565 and
0.642, respectively (table 1). The mean overall FIS

(0.124) deviated significantly from zero (95% CI 0.081
to 0.160), although this was not the case in any of 5
populations taken separately (table 1).

Results of power analysis using the program GENE-
SAMP indicated that sample sizes were not large enough

Table 3
Posterior Distributions of the N0, N1 and T (Year) under the Exponential Model of Change

N0 50% ± SD (5% to 95%) N1 50% ± SD (5% to 95%) T (years) 50% ± SD (GT 5 5 / GT 5 6)

QIN 170 ± 14 (12 to 854) 13,719 ± 206 (3,732 to 55,590) 3,682 ± 334 / 4,206 ± 415
MIN 1161 ± 42 (232 to 4,064) 18,273 ± 604 (4,560 to 89,126) 17,558 ± 708 / 20,800 ± 1,671
QIO 550 ± 30 (42 to 2,089) 13,660 ± 226 (4,056 to 46,990) 5,791 ± 516 / 6,893 ± 406

NOTE.—The posterior distributions of N0, N1 and T were described by the 5%, 50%, and 95% quantile, with values of 1 standard deviation (± SD) computed across 5

replicates. T was estimated using generation time as 5 and 6 years, respectively.
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to reliably detect ‘‘low frequency’’ (0.1 or less) alleles for
Liangshan and the Lesser Xiangling populations for both
CR and microsatellites. In the samples for Qinling, Minshan,
and Qionglai, our sampling was sufficient (with 95% prob-
ability) to detect such alleles for both CR and microsatellite
except for CR haplotypes of frequency 0.05 or less in the
Qinling and Minshan populations (data not shown).

Population Structure

The minimum spanning network for CR haplotypes
produced a complex pattern (fig. 2), with the network com-

prising a multiple configuration including two star-like net-
works, with the central sequences being haplotypes GH32
and GH33. MIN, QIO, and LIS haplotypes are distributed
broadly throughout the network; however the distribution
of XL and QIN haplotypes are more localized. Although
39 haplotypes were detected, the network shows relatively
shallow genetic divergence and little evidence for overt
geographic structure. Analysis of molecular variance
showed the highest variance that could be explained among
populations relative to the entire sample occurred for the
groupings: [QIN] [MIN, QIO, LIS] [XL] (/CT 5 0.274,
P5 0.000, table 2). Among the 5 geographical foci (moun-
tain ranges), there was significant isolation-by-distance us-
ing Rousset’s distance (Rousset and Raymond 1997) for the
microsatellite data set (r 5 0.502, P , 0.05).

Bayesian STRUCTURE clustering analysis using
multilocus microsatellite genotypes revealed a maximum
posterior probability of the genetic data of K5 4 (log P [K/
X] 5 �2371.1; Supplementary fig. 1, supplementary ma-
terial online). Moreover, the DK value showed a clear
maximum (DK 5 662) at K 5 4 (Supplementary fig.
1). The DISTRUCT diagram shows a strong genetic struc-
ture pattern, broadly following the mountain origins of
each sample but with some misassignment of individuals
(vertical bars) (fig. 3; supplementary table 4, Supplemen-
tary Material online). QIN is predominantly a separate
cluster (in yellow), with MIN (purple), QIO (blue), and
XL-LIS (green) being clearly differentiated. Individual re-
assignment rates (q) are 0.911 (‘‘yellow’’ individuals) for
QIN, 0.776 (‘‘purple’’ individuals) for MIN, 0.682
(‘‘blue’’ individuals) for QIO, and 0.658 and 0.975 for
XL and LIS (‘‘green,’’ fig. 3; supplementary table 4), re-
spectively. The higher misassignment levels for MIN,
QIO, and XL, and especially for QIO and its adjacent pop-
ulations imply significant recent gene flow. In comparison,
limited gene flow can be inferred between QIN and the other
populations.

Recent Population Demography

BOTTLENECK analysis did not provide convincing
evidence for a recent population decline. No significant het-
erozygosity excess or deficit was found in QIN or MIN fol-
lowing all 3 mutation models. The QIO population showed
a heterozygosity deficit under the SMM. However, no
significant recent population bottleneck, denoted by

FIG. 2.—Haplotypes minimum spanning network based on statistical
parsimony using TCS. In the network, the geographical origin of hap-
lotypes is indicated by different colors (yellow-Qinling, purple-Minshan,
blue-Qionglai, green-Liangshan, gray-Lesser Xiangling). Circles show
the haplotype number and are proportional to the haplotype frequencies;
empty circles indicate undetected intermediate haplotype states.

Table 4
A Summary of Genetic Diversity Parameters of Microsatellite Data of Several Ursine Species

Species Researcher MNA HE

American black bear Ursus americanus Paetkau and Strobeck 1994 8.75 0.82
Arctic grizzly bear U. arctos Craighead et al. 1995 7.63 0.749
Brown bear U. arctos Paetkau et al. 1998 2.13 to 7.63 0.298 to 0.788
Polar bear U. maritimus Paetkau et al. 1999 6.5 0.68
Brown bear U. arctos Waits et al. 2000 6.8 0.71
Asian black bear U. thibetanus Saitoh et al. 2001 2.00 to 4.17 0.30 to 0.45
Kermode bear U. a. kermodei Marshall and Ritland 2002 4.2 to 7.5 0.664 to 0.793
Spectacled bear Tremarctos ornatus Ruiz-Garcia 2003 4.6 0.382
Spectacled bear T. ornatus Ruiz-Garcia et al. 2005 5.67 0.56
Giant panda A. melanoleuca This study 7.1 0.642
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heterozygosity excess, was detected in any locality under
all 3 models.

However, Bayesian coalescent simulation provided
compelling evidence for a more long-term population de-
cline. In simulations using MSVAR, 5 independent repli-
cates showed concordant results in QIN, MIN, and QIO.
In these 3 populations, the posterior distribution of N0

and N1 did not overlap under an exponential or linear model
(table 3; supplementary table 5, Supplementary Material
online). Under the exponential model, the medians of the
posterior distributions were approximately 170 (QIN),
1,161 (MIN), 550 (QIO) for N0, and approximately
13,719 (QIN), 18,273 (MIN), 13,660 (QIO) for N1 (table
3). Simulations under a linear model provided similar
posterior distributions of N0 and N1 in the 3 populations
(supplementary table 5). The MSVAR simulations also pro-
vided a consistent posterior distribution to date the point at
which the population started to decrease. The median pop-
ulation decline time (T), for the two different generation
times (5 and 6 years, respectively), was 3,682 and 4,206
(QIN), 17,558 and 20,800 (MIN), 5,791 and 6,893
(QIO) years, respectively (table 3). Under the linear model,
however, even longer population decline times were in-
ferred by MSVAR (supplementary table 5), although the
linear model is considered more applicable to classical
‘‘open’’ populations and is unlikely to be appropriate for
giant pandas (Storz and Beaumont 2002; Storz, Beaumont,
and Alberts 2002).

Discussion
Genetic Diversity

Our data reveal surprisingly rich genetic variability in
the 5 extant giant panda populations for both nuclear and
mitochondrial DNA (table 1). Genetic variation at the 10
microsatellite loci analyzed can be compared with levels
of diversity observed in surveys of other ursine species
(table 4), although these results are not directly comparable
because they used different microsatellite loci. The estima-
tor expected to be the least biased of those compared here
(average expected heterozygosity) was ranked mid to high
for giant pandas in these studies (table 4).

Our results differ with previous studies on the level of
genetic diversity of giant pandas. Compared with studies of
Lu et al. (2001) and Zhang et al. (1997, 2002), many more
sequence variants (CR haplotypes, microsatellite alleles)
were found, and a higher gene diversity was observed in
our data set. In most previous studies, low genetic diversity
found was ascribed to a recent severe bottleneck (Su et al.

1994; Zhang et al. 1997, 2002), and the lack of genetic di-
versity was further considered to be a contributory factor to
the endangered situation of the giant panda (Zhang and Su
1997), reinforcing the notion of an ‘‘evolutionary dead-end
species.’’

In contrast, our results imply that the giant panda does
not possess low genetic diversity, that the tag of being ge-
netically impoverished is unwarranted, and that diminished
genetic diversity cannot obviously account for its endan-
gered status. Earlier studies may have failed to uncover
the genetic richness of this species due to low sample sizes
and/or because of the more sensitive molecular markers ap-
plied in the present study. Although evidence for a popula-
tion reduction is clearly apparent, this has not been severe
enough either to be detected using heterozygosity tests
designed to uncover very recent demographic contraction,
using BOTTLENECK (in contrast, for example, to orang-
utans in Sabah, Malayisia; Goossens et al. 2006) or to have
produced low values for standard estimates of genetic di-
versity (see above). Therefore, it is apparent that the impact
of the population decline (see below) and habitat loss have
not yet been severe enough to produce a significant signa-
ture in some elements of genetic diversity, and the present
wild giant panda populations still comprise a surprisingly
rich gene pool.

Population Structure and Genetic Differentiation

Features of the genetic structure in modern giant pan-
das are (1) the considerable genetic distinctiveness of QIN
from other populations, and (2) substantial historic gene
flow inferred among the 4 southern populations, MIN,
QIO, LIS, and XL, despite significant genetic differentia-
tion being detected in almost all pairwise comparisons us-
ing microsatellites (table 2). The genetic distinctiveness of
QIN was confirmed in the mtDNA AMOVA and microsa-
tellite STRUCTURE analysis (table 2; fig. 2) and has also
been detected in previous studies (Lu et al. 2001; Wan et al.
2003). STRUCTURE, however, clearly identified 4 genetic
clusters in giant panda populations using approaches of
Pritchard, Stephens, and Donnelly (2000) and Evanno,
Regnaut, and Goudet (2005). These clusters were largely
associated with specific mountain ranges, although with ev-
idence for gene flow among some of them (fig. 3; supple-
mentary table 4). The above results imply that those
populations may have lost contact relatively recently, per-
haps as a result of habitat fragmentation, but that some in-
cipient divergence was present even when they were in
contact. Although large rivers may act as effective barriers
to gene flow (Eriksson et al. 2004; Goossens et al. 2005),
our data indicate that the rivers do not provide a complete
barrier between adjacent giant panda populations.

Therefore, the apparent genetic divergence between
QIN and the other populations and the genetic differentia-
tion among current populations may not result from isola-
tion by rivers alone. Continuous habitat connected the
Qinling with the Minshan ranges until the middle twentieth
century, and the QIN population is only expected to have
become demographically entirely disconnected from MIN
in the relatively recent past (Hu 2001; Hu et al. 1985).

FIG. 3.—Bayesian cluster analysis of the microsatellite variation
among 5 giant panda populations. The proportion of ancestry assigned to
each of the 4 clusters was plotted by individuals. The 4 colors, yellow,
purple, blue, and green, represent 4 genetic clusters.
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Therefore, isolation by distance (IBD) may partly account
for the genetic differentiation between QIN and the other
mountain populations. In addition, increasing human
movements began from the Warring State Period (475
B.C. to 221 B.C.), connecting the Sichuan basin to the north-
ern Shaanxi area, and agriculture, which concomitantly de-
veloped in the valleys of the Hanjiang and Jialingjiang
rivers, may be partly responsible for the further isolation
of QIN.

Population Demography

Almost all published studies state that giant pandas
have experienced a recent rapid population decline, which
has been generally ascribed to the development of Prehis-
toric agriculture in the Neolithic (Pei 1974; Wang 1974;
Wei et al. 1990; Hu 2001; Wan et al. 2003) or increasing
human activity (Hu 2001; Lu et al. 2001). However, to date,
no attempt has been made to estimate the extent of the de-
cline, or to date the point at which the decline started.

In our results, the posterior distributions of N0 and N1

do not overlap in all 3 studied populations under both linear
and exponential models, which provides strong evidence
for a genetic signal of population decline (table 3; supple-
mentary table 5). MSVAR simulations assuming an expo-
nential model indicated large historical effective population
sizes in the QIN, MIN, and QIO mountain ranges (table 3).
Fossil and historical records indicate that these 3 mountain
regions comprised most or all of the giant panda habitat be-
fore the population decline (Hu 2001); however obtaining
precise estimates of the habitat area for the ancestral pop-
ulation is impossible. Pristine mountain habitat is estimated
to likely have comprised approximately 130,000 km2

(QIN), 110,000 km2 (MIN), and 66,000 km2 (QIO), based
on predictions of habitat covering the whole areas of these
mountain ranges, although these values may be underesti-
mates, because pandas were also historically recorded in
large areas close to mountains (Wen and He 1981). Taking
the criterion of the core area of a panda individual (0.33
km2, Hu et al. 1985) and a carrying capacity of approxi-
mately 1.2 km2 per individual (Qin 1990), the ancestral
habitat seems more than adequate to contain the effective
population sizes inferred. Under the exponential model, the
posterior distribution of N0 and N1 (50% quantile) indicates
80-fold (QIN), 16-fold (MIN), and 25-fold (QIO) effective
population declines, respectively (table 3). Simulations
using linear models also indicated similar population
decreases (supplementary table 5). Comparing ancestral
habitat (300,000 km2 for 3 ancestral populations) with that
of extant populations (21,600 km2; Hu and Wei 2004), ap-
proximately 92% has disappeared, a factor which might
have contributed most strongly to historical population de-
clines. A similar (although stronger) population decrease
was recently reported to relate to severe deforestation for
orang-utans in Malaysia (Goossens et al. 2006).

MSVAR simulations also imply that population de-
clines might have started several thousand years ago or
even further back in the past. While it is difficult to pinpoint
exactly why and how the population decline started (there is
currently no evidence to eliminate anthopogenic or ecolog-

ical/climatic explanations), we can postulate that these pop-
ulation declines would have been accelerated and enhanced
by major expansions in ancient human civilizations (;1500
B.C.; Stavrianos 1998), the rapid development of agricul-
ture, and concomitant landscape events in recent time. In
the sixteenth century, the introduction of several high-yield
crops of American origin (potato, sweet potato and maize)
is known to have triggered an extensive human population
growth in China (Ho 1959). Accompanied by the migration
policy of the Qing Dynasty, the population of the Sichuan
basin expanded rapidly, especially in the mountain areas,
which may have resulted in anthropogenic habitat fragmen-
tation and further population decline, and was likely to be
responsible for extinction of populations at the eastern edge
of the Sichuan basin (e.g., in Hunan and Hubei provinces;
Wen and He 1981; Zhu and Long 1983).

Heterozygosity-based bottleneck tests (Cornuet and
Luikart 1996), however, did not show signals of population
declines. Although most empirical and theoretical work sug-
gests that the SMM and the TPM are more appropriate mu-
tation models for microsatellite loci than the IAM (Shriver
et al. 1993; Di Rienzo et al. 1994; Schlotterer et al. 1998),
these two models also did not show evidence for a recent
population decrease. This might be ascribed to the fact that
heterozygosity tests are most applicable to very recent events
(usually a few dozen generations; Luikart et al. 1998), rather
than the near thousand generations implied here.

ESUs and MUs

Phylogeographic and population genetic studies can
provide valuable information to help identify evolutionarily
significant units (ESUs) and management units (MUs) for
conservation (Moritz 1994). Accordingly, ESUs may be
designated on the basis of reciprocal monophyly at mito-
chondrial DNA, while MUs are identified by significant dif-
ferences in allele frequency distributions and significant
divergence in mitochondrial or nuclear loci. Our data do
not support the existence of major geographical partitions
defining isolated groups which could be viewed as subspe-
cies or ESUs. However, because of the significant genetic
differentiations and reduced gene flow between Qinling and
other populations, we suggest that QIN should certainly be
considered as a separate MU for conservation purposes.
The other populations are also significantly differentiated
in most cases; however they do appear to have been ex-
changing genes recently in the past, so could be combined
into same MU.

Conclusion

The results presented here are the first to (1) reveal rel-
atively high genetic variation in giant pandas and suggest
that genetic diversity has been underrecorded in previous
studies; (2) depict the dynamic pattern of genetic structure
present in current giant panda populations; (3) describe the
demographic history of extent giant panda population; (4)
demonstrate a clear genetic signature for the giant panda
population decline starting several thousand years ago or
even further back in the past, and being accelerated and
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enhanced by the expansion of human populations. These
results provide a new genetic profile for giant pandas, chal-
lenging the hypothesis that the giant panda is at an ‘‘evo-
lutionary dead end.’’ Indeed, a recent national giant panda
population survey showed the first evidence of a population
recovery (Yan 2005), and further detailed molecular census
found that the national survey may have substantially
underestimated the population, implying that the popula-
tion may not have gone down to the tiny numbers previ-
ously thought (Zhan et al. 2006). These findings further
support our conclusion and indicate that the species has
a much better chance of long-term viability provided demo-
graphic stability and habitat protection remain in force. So
the conservation imperative should focus on habitat protec-
tion and restoration and the protection of extant populations
from threats of human activities.

Supplementary Material

Supplementary figures 1 and tables 1–5 are available
at Molecular Biology and Evolution online (http://
www.mbe. oxfordjournals.org/). GenBank accession num-
bers are included.
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