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Abstract. The giant panda (Ailuropoda melanoleuca) was taken to the brink of extinction
in the 1980s through a combination of deforestation, large-scale loss of bamboo in the core of
its range, poaching, and zoo collection, causing over 1000 deaths from the 1950s. It was
thought that the drastic population decline was likely to impose a severe impact on population
viability. Here, based on temporal genotyping of individuals, we show that this rapid decline
did not signiﬁcantly reduce the overall effective population size and genetic variation of this
species, or of the two focal populations (Minshan and Qionglai ) that declined the most. These
results are contrary to previously assumptions, probably because the population decline has
not produced the expected negative impact due to the short time scale involved (at most 10
generations), or because previous surveys underestimated the population size at the time of
decline. However, if present-day habitat fragmentation and limited migration of giant pandas
remains, we predict a loss of genetic diversity across the giant pandas’ range in the near future.
Thus, our ﬁndings highlight the substantial resilience of this species when facing demographic
and environmental stochasticity, but key conservation strategies, such as enhancing habitat
connectivity and habitat restoration should be immediately implemented to retain the extant
genetic variation and maintain long-term evolutionary potential of this endangered species.
Key words: Ailuropoda melanoleuca; anthropogenic effects; bamboo ﬂowering; effective population
size; endangered species; genetic diversity; giant panda; habitat loss; poaching; population decline.

INTRODUCTION
The giant panda (Ailuropoda melanoleuca) is one of
the world’s most endangered mammals and is well
known as an evolutionarily distinct bamboo specialist.
Anthropogenic habitat loss (e.g., deforestation) and
poaching have been serious threats to this species in
direct and indirect ways. Natural bamboo ﬂowering and
die-offs have also threatened the survival of this species
periodically. Bamboo plants periodically die off after
ﬂowering, in 40–100 year intervals, and directly reduce
food availability (Campbell and Qin 1984, Schaller et al.
1985). As a result, these anthropogenic and natural
threats have in combination restricted this species to six
fragmented mountain ranges at the eastern edge of the
Tibetan Plateau, China (Schaller et al. 1985, Hu 2001).
The ﬁrst national survey of giant pandas from 1974 to
1977 estimated the number of wild animals at 2459.
However, population estimates fell to just 1114 during
Manuscript received 29 August 2012; revised 7 February
2013; accepted 28 March 2013. Corresponding Editor: M. F.
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the second national survey in 1985–1988 (State Forestry
Administration of China 2006). In 1988, the Chinese
government enacted the Wildlife Protection Law whereby conservation of giant pandas became a priority and
signiﬁcant in situ and ex situ conservation programs
were implemented. Currently, over 65 giant panda
reserves are established across the range, and captive
breeding of animals is so successful that plans are
underway to release captive-born animals into the wild
(State Forestry Administration of China 2006, Wei et al.
2012).
The ‘‘discovery’’ of giant pandas by the West saw a
dramatic increase in the number of poachers and zoo
collectors seeking specimens in the early 20th century
(Hu 1997). Combined with massive bamboo ﬂowering
events in the latter half of the 20th century, it has been
estimated that over 1000 animals were killed, died, or
were removed from the wild before major protection
measures were enacted in 1988 (Schaller et al. 1985, Hu
2001, Lu and Elizabeth 2001, Li et al. 2005). For
example, a bamboo (Fargesia denudata) ﬂowering event
from 1974 to 1977 in the Minshan Mountains took place
over an area of .5000 km2, affecting 40% of the habitat

2346

October 2013

EFFECTS OF HISTORICAL EVENTS ON PANDAS

and leading to 138 giant panda fatalities (Hu 1997).
From 1983 to 1988, a 2000-km2 area of bamboo
(Bashania fangiana) ﬂowered across the Qionglai Mountains, resulting in 141 deaths (Hu 2001). These massive
bamboo ﬂowering events attracted worldwide concerns
about the future of giant pandas at that time. In
addition, it was estimated that zoo collectors removed
;260 giant pandas from the wild during 1936–1988,
with the majority of these animals being taken from the
Qionglai (about 110) and Minshan (about 60) Mountains (Hu 2001). Poaching was also rampant over this
time period, and by 1988 local governments had
conﬁscated over 260 illegally hunted giant panda skins
(Lu and Elizabeth 2001, Li et al. 2005). Most seriously,
massive deforestation also resulted in a habitat reduction from 51 303 km2 in 1950s to 13 823 km2 in 1980s
(Hu 1997), which would also be expected to cause
population declines (Hu 2001, Hu et al. 2011).
It is expected that reducing the number of individuals
within a species will lead to a concomitant loss of genetic
diversity, as has been documented in endangered species
such as Mauritius Kestrels Falco punctatus (Groombridge et al. 2000), sea otters Enhydra lutris (Larson et
al. 2002), Hawaiian Geese Branta sandvicensis (Paxinos
et al. 2002), and orangutans Pongo pygmaeus (Goossens
et al. 2006). Genetic diversity is often linked to
evolutionary potential and the ability of species to
respond to environmental changes (Amos and Balmford
2001). Loss of genetic diversity may result in both
reduced ﬁtness and increased probability of extinction
following stochastic events (Wildt et al. 1987, Amos and
Balmford 2001). Given this obvious loss of wild giant
pandas and the attention afforded this species, we
explore whether recent and rapid population decline in
giant pandas resulted in a loss of genetic variation and
decrease of effective population size, which may hinder
its resilience and limit its future evolutionary potential.
Noninvasive genetic sampling of wild giant panda
populations demonstrated an underestimate of population size using traditional ﬁeld methodologies (Zhan et
al. 2006) and assessment of genetic variation revealed
relatively high levels of genetic diversity in samples
spanning a wide time interval from the 1950s to 2004)
(Zhang et al. 2007). These studies suggested that the
population size and genetic diversity of panda populations are higher than what was previously thought.
However, Zhang et al. (2007) did not conduct a
temporal study to compare genetic diversity before and
after this rapid population decline. Thus, the question of
genetic consequences of the recent and rapid population
decline remained unsolved.
To determine the genetic effects of this well-documented population decline, we compared genetic diversity over time. Giant panda protection measures were
ratiﬁed in 1988 and the last massive bamboo ﬂowering
event ended in 1988; we compared genetic variation
from panda samples collected before and after this date.
Samples before 1988 were collected from 443 skins,
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which we denote as historical samples, from the 1950s to
the 1980s. Samples after 1988 were collected from 426
animals (fecal samples from 378 wild animals, muscle
samples from 2 wild animals, hair samples from 3 wild
animals, and blood samples from 43 wild-born individuals kept in captivity), which we denote modern
samples, spanning 2001–2008. Using the genotypic data
of the historical and modern samples, we speciﬁcally
examine (1) whether the population decline resulted in
reductions in genetic diversity and effective population
size; (2) whether the population decline produced a
genetic bottleneck. Furthermore, we predict the trend
for genetic changes of the entire giant panda population
in the near future if the current demographic status
persists, and discuss our ﬁndings in the light of
management of the species and its habitat for long-term
persistence.
METHODS
Sample collection and data information
For historical samples, skins were collected from
institutions and agencies across China. The deaths of
these individuals were attributed to two main causes:
starvation due to massive bamboo ﬂowering during
1970s and 1980s, and hunting or poaching between
1950s and 1988 when the Wildlife Protection Law was
enacted. Geographically, the majority of skins came
from the Minshan and Qionglai Mountains (Fig. 1). For
modern samples, there were two sources: our published
data collected between 2001 and 2008 (Zhang et al. 2007,
Hu et al. 2010, Zhang et al. 2011, Zhu et al. 2011), and
blood samples from wild-born animals kept currently in
captivity. In this study, we obtained 470 new genotypes
from 379 skin samples, 41 blood samples, and the fecal
samples of 50 individuals (Table 1). We combined these
data with 399 genotypes previously published, comprising 64 skins and 335 individuals from varied sources
(feces, muscle, hair, and blood) (Zhang et al. 2007, Hu et
al. 2010, Zhang et al. 2011, Zhu et al. 2011; see details in
Table 1). In total, we genotyped 869 individuals,
including 443 historical samples (skins) and 426 modern
samples (feces, muscle, hair, and blood). Among the
total sample set, 125 are from Qinling, 170 from
Minshan, 187 from Qionglai, 28 from Daxiangling, 44
from Xiaoxiangling, 46 from Liangshan, and 269
unknown locality (see details in Table 1).
For the mitochondrial control region (mtDNA CR)
fragment, we obtained 661 individual sequences (Table
2; Appendix A: Tables A1 and A2), of which 399 were
historical samples from skins and 262 were modern
samples (245 from feces and 17 from blood samples).
For the cytochrome b gene (Cyt b), we obtained 331
individual sequences (Table 2; Appendix A: Tables A1
and A2), of which 180 were historical samples from
skins and 151 were modern samples (125 from feces and
26 from blood samples). For microsatellite markers, we
genotyped 266 individuals (Table 2; Appendix A: Tables
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A1 and A2), of which 186 were historical samples from
skins and 80 were modern samples from feces.
DNA extraction and ampliﬁcation
Genomic DNA was extracted from blood and skin
using DNeasy Blood/Tissue Kit (QIAGEN, Hilden,
Germany), and fecal DNA was extracted by QIAamp
DNA Stool Mini Kit (QIAGEN). Extraction blanks
were used as negative controls in downstream PCR
ampliﬁcations. The 5 0 end of mtDNA CR (655 bp) was
ampliﬁed by PCR (35 cycles of 1 min at 948C, 1 min at
558C, and 1 min at 728C) using the following primers:
P-tp (5 0 -CTC CCT AAG ACT CAA GGA AG-3 0 )
(Zhang et al. 2007), and BEDH (5 0 -GGG TGA TCT
ATA GTG TTA TGT CC-3 0 ) (Zhang et al. 2002).
Additionally, primer BEDL225 (5 0 -ATG TAC ATA
CTG TGC TTG GC-3 0 ) (Zhang et al. 2002) was also
used to complement sequencing of the CR fragment.
The complete cytochrome b gene (1140 bp) was
ampliﬁed by PCR (35 cycles of 30 s at 948C, 50 s at
548C, and 1 min at 728C) using two following primer
pairs: CytbL (Forward: 5 0 -GACATGAAAAGC
CATCGTTG-3 0 )-gphwin3 (Reverse: 5 0 -GTGTTG
CTTTATCTACGG-3 0 ) and gphwin1 (Forward: 5 0 TAGCCACAGCATTCATAG-3 0 )-CytbH (Reverse:
5 0 -CATTTTTGGTTTACAAGAC-3 0 ) (designed in this
study). PCR fragments were puriﬁed using the
E.Z.N.A. Cycle-pure Kit (Omega Bio-Tek, Norcross,
Georgia, USA), and were sequenced using the BigDye
Terminator Sequencing Ready Reaction V3.0 kit
(Applied Biosystems, Foster City, California, USA)
implemented in an ABI 3700 semiautomated DNA
analyzer.
We used 10 giant panda-speciﬁc microsatellite loci
(Ame-l5, 10, 26, 25, 15, 16, 11, 27, 13, 24) (Lu et al.
2001) for this study. PCR ampliﬁcation of 50 cycles was
carried out at optimized annealing temperatures (Tm)
for up to four loci simultaneously, with primer
combinations selected based on fragment size range,
Tm, and ﬂuorescent dye (FAM, TET, or HEX), using
the QIAGEN Multiplex PCR kit (QIAGEN). PCR
products were genotyped in an ABI PRISM 377 DNA
automated sequencer, and scored using GeneScan 3.1.2
and Genotyper 2.5 (Applied Biosystems).
Genotyping error rates were estimated for fecal
samples following an estimation method applicable to
multi-tube ampliﬁcation (Zhan et al. 2010). Overall,
mean genotyping error rates were less than 1% (see Hu
et al. 2010, Zhang et al. 2011, Zhu et al. 2011). In
addition, we checked the ﬁnal data set for the presence
of null alleles and errors such as allele stuttering and
large allele dropout, using the software Micro-Checker
(Van Oosterhout et al. 2004). No evidence of null alleles
or associated genotyping errors was found for any locus.
MtDNA data analysis
Individual sequences and consensus haplotypes were
aligned using DNASTAR (Burland 2000) and rechecked
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by eye. Nucleotide diversity, haplotype diversity (Nei
1987), and number of polymorphic sites were estimated
for the whole sample and for the Minshan and Qionglai
populations, respectively, using ARLEQUIN 3.0 (Excofﬁer and Schneider 2005) and DNASP 5.0 (Librado
and Rozas 2009). SIMCOAL 1.0 (Excofﬁer et al. 2000)
is a procedure for the simulation of molecular genetic
diversity in an arbitrary number of haploid populations
examined for a set of fully linked loci, and here we used
it to compare polymorphic sites and nucleotide diversities for the historical and modern samples based on 1000
simulations. Genetic differentiation (FST) between historical and modern samples from the same population,
and between populations, was estimated using ARLEQUIN 3.0. NETWORK (Bandelt et al. 1999) was used
to reconstruct phylogenetic relationship among haplotypes with a median-joining network method.
Microsatellite data analysis
A Bayesian clustering method, STRUCTURE
(Pritchard et al. 2000), was used to identify the origin
of skins. Eight independent runs of K ¼ 1 to 8 were
performed based on the assumptions of no prior
information, correlated allele frequencies, and admixture, using 2 000 000 Monte Carlo Markov chain
repetitions with a burn-in of 200 000 repetitions. The
log-likelihood value, ln[P(X/K )], was used to determine the most likely number of genetic clusters, K. In
addition, the statistic DK, the second-order rate of
change in the log-likelihood of the data between
successive values of K, was also estimated (Evanno et
al. 2005) and used to determine the most likely
number of genetic clusters. Then, we used the Q value
(the probability of origin; Lecis et al. 2006 ) to
determine the origin of skins. To detect the possible
effect of adding the known-origin samples on genetic
clustering, we also performed the STRUCTURE
analysis without provenanced individuals. Genetic
diversity was measured as the mean number of alleles
per locus (MNA), observed (HO), and expected (HE )
heterozygosities (Nei 1987) using GENETIX software
(Belkhir et al. 2004). Genetic differentiation (FST )
between historical and modern samples within a
population, and between populations, was estimated
using ARLEQUIN 3.0.
Estimation of effective population size
The effective population sizes (Ne) of Minshan,
Qionglai, and Qinling populations at historical (1950s–
1980s) and modern (2001–2008) periods were estimated
from the microsatellite data of the historical and modern
samples, respectively. The signiﬁcance of Ne differences
between historical and modern periods was assessed
according to the overlap in conﬁdence intervals of Ne. A
signiﬁcant reduction in Ne would imply a decrease in
genetic variation over the speciﬁed period. Three singlesample methods were used to estimate Ne. The linkage
disequilibrium method, implemented in LDNE (Waples
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and Do 2008), accommodates two mating systems
(random and lifetime monogamy) and calculates separate estimates using different criteria for excluding rare
alleles (Waples and Do 2008). Here the random mating
system was selected following the observations of Pan et
al. (2001). The approximate Bayesian computation
(ABC) implemented in ONeSAMP (Tallmon et al.
2008) estimates Ne using a number of summary statistics
(e.g., heterozygosity) from a single sample of microsatellite data. The sibship method implemented in Colony
(Wang 2009) infers Ne from sibship frequencies estimated by assignment analysis, using multilocus genotypes of
a sample of offspring taken at random from a single
cohort in a population (Wang 2009). The default values
of all parameters in Colony were adopted, except for the
mating system, which was designated as polygamous for
both sexes.
Test for population bottleneck
Three methods were used to test possible population
bottlenecks for the Minshan and Qionglai populations,
which suffered most from massive bamboo ﬂowering,
poaching, and zoo collection, respectively. (1) We used
the heterozygosity excess test implemented in BOTTLENECK (Piry et al. 1999) to detect signature of a recent
demographic bottleneck under the inﬁnite allele model
(IAM), the two-phase mutation model (TPM) with 85%,
90%, and 95% single-step mutations, and the stepwise
mutation model (SMM) (Di Rienzo et al. 1994). (2) We
then used the Storz and Beaumont method to detect
population decline and estimate modern effective
population size (N0), historical effective population size
(N1), and especially, the time since the population
change (T ), implemented in MSVAR 1.3 (Storz and
Beaumont 2002). The prior distributions for N0, N1, and
T were assumed to be log normal. The means and
standard deviations of these log-normal distributions
were themselves drawn from prior (or hyperprior)
distributions. Variances for these prior distributions
were large so as to affect posterior distributions as little
as possible. The total number of iterations was 2 3 109
and the thinning interval was 2 3 104. A generation time
of six years was used for MSVAR simulations, as used in
Zhang et al. (2007). (3) We used Bottlesim to simulate
the genetic consequences of bottleneck and postbottleneck population growth, a method suitable for
long-lived species with overlapping generations (Kuo
and Janzen 2003). Speciﬁcally, based on the observed
alleles and allele frequencies, we simulated loss of
heterozygosity (Ht/H0) for the Minshan and Qionglai
populations, respectively. The age at sexual maturity is
around 6 years old (Schaller et al. 1985), the reproduction system is polygyny (Schaller et al. 1985, Pan et al.
2001), and the sex ratio is not signiﬁcantly different from
1:1 (Zhan et al. 2006, Hu et al. 2010, Zhu et al. 2011).
We used conservative values of 1500 and 1000 as prebottleneck census population sizes for Minshan and
Qionglai, respectively, and these pre-bottleneck sizes

FIG. 1. Changes in forest cover from the (a) 1970s, (b)
1980s, and (c) 2000s in the entire distribution range of giant
pandas (Ailuropoda melanoleuca) derived from the classiﬁcation
analysis of satellite images. Abbreviations are: QIN, Qinling
Mountains; MS, Minshan Mountains; QIO, Qionglai Mountains; DXL, Daxiangling Mountains; XXL, Xiaoxiangling
Mountains; LS, Liangshan Mountains.
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TABLE 1. Sample and data information used in this study.
Population
Data source
This study
Zhang et al. (2011)
Zhu et al. (2011)
Hu et al. (2010)
Zhang et al. (2007)

Sample

Ni

QIN

MS

QIO

DXL

XXL

LS

blood
skin
feces
feces
feces
feces
feces
hair
blood
muscle
skin

41
379
50
115
53
32
128
3
2
2
64
869

9
17
6
47

12
49
6
23

17
43
33
29

1
1

1
3

5
21

8
32

1
1
1
3

29
1
2
1
13
125

64

30
1

Total

16
170

1
33
187

Not known

Mt
STR
Mt
Mt
Mt
Mt
STR
STR
STR
STR
STR

269

32
5
1

28

2
46

44

Sampling
time

Marker

2008
1950s–1988
2006–2007
2006–2008
2005
2006–2007
2001–2004
2001–2004
2001–2004
2001–2004
1950s–1988

and Mt

and
and
and
and
and

Mt
Mt
Mt
Mt
Mt

269

Note: Abbreviations are: Ni, number of individuals analyzed; QIN, Qinling Mountains; MS, Minshan Mountains; QIO, Qionglai
Mountains; DXL, Daxiangling Mountains; XXL, Xiaoxiangling Mountains; LS, Liangshan Mountains; not known,
geographically unknown; Mt, mitochondrial DNA; STR, microsatellite.

were estimated based on the changes in habitat area
between the 1950s and 2000s, and the recent census
population sizes (State Forestry Administration of
China 2006). In addition, we used alternatives of 600,
300, and 100 as the census population size during the
bottleneck for Minshan, and 300, 200, and 100 for
Qionglai.

Habitat change during 1970s–2000s
Recent habitat loss and fragmentation were estimated
through classiﬁcation and distribution of forest cover
based on satellite images taken in the 1970s, 1980s, and
2000s, which covered the entire distribution region of
giant pandas including Minshan and Qionglai. Using
the maximum-likelihood classiﬁcation algorithm in

TABLE 2. Comparison of genetic variation for the historical and modern samples of giant pandas.
Whole
Parameter

HIS

MS

MOD

ALL

Mitochondrial control region
399
Ni
54
NH
29
NU
27
NV
H
0.846 6 0.011
p
0.00454
FST

262
42
17
21
0.911 6 0.007
0.00521

Mitochondrial cytochrome b
Ni
180
24
NH
10
NU
24
NV
H
0.818 6 0.019
p
0.00305
FST

151
21
7
24
0.820 6 0.022
0.00324

29
0.823 6 0.015
0.00315

Microsatellite
Ni
186
0.6251
HE
0.5593
HO
MNA
7.4
FST-a
FST-b

80
0.6489
0.5954
7.7

266
0.6391
0.5724
8.3

661
71
35
0.879 6 0.007
0.00483

331
31

QIO

HIS

MOD

HIS

MOD

59
20
10
14
0.901 6 0.017
0.00526
0.0160NS

75
20
10
12
0.879 6 0.017
0.00582

72
27
19
15
0.820 6 0.033
0.00461
0.0023NS

51
11
3
10
0.824 6 0.022
0.00472

22
7
1
10
0.797 6 0.057
0.00282
0.0290NS

26
7
1
11
0.720 6 0.079
0.00330

14
4
1
8
0.736 6 0.075
0.00294
0.0562NS

64
6
3
9
0.661 6 0.037
0.00223

51
0.5509
0.5433
5.4
0.003NS
0.1151**

24
0.5843
0.5662
5.2

47
0.6182
0.5977
6.4
0.008NS
0.0959**

20
0.5903
0.6578
5.7

Notes: Abbreviations are: HIS, historical samples; MOD, modern samples; ALL, combined data set of historical and modern
samples; MS, Minshan Mountains; QIO, Qionglai Mountains; Ni, number of individuals analyzed; NH, number of haplotypes; NU,
number of haplotypes unique to studied samples; NV, number of polymorphic sites; H, haplotype diversity (mean 6 SD); p,
nucleotide diversity; HE, expected heterozygosity; HO, observed heterozygosity; MNA, mean number of alleles per locus; FST-a,
pairwise genetic differentiation between HIS and MOD samples for the MS and QIO populations, respectively; FST-b, pairwise
genetic differentiation between the MS and QIO populations for HIS (0.1151) and MOD (0.0959) samples, respectively.
** P , 0.01; NS, nonsigniﬁcant (P . 0.05).
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supervised classiﬁcation, forest cover was identiﬁed by
ERDAS IMAGE 8.7 (Leica Geosystems GIS and
Mapping 2003). The accuracy of the forest cover
classiﬁcation was .72%. We computed related landscape indices to compare the forest changes during
different periods using FRAGSTATS 3.3 (McGarigal et
al. 2002).
Simulation of future population genetic change
In order to predict future population genetic changes
for the entire giant panda population (comprising six
mountainous subpopulations), we used the individualbased Monte Carlo simulation program EASYPOP
(Balloux 2001). The number of populations and the
census population size refer to the Third National
Survey of Giant Pandas (State Forestry Administration
of China 2006). Other main parameters were set
according to previous studies: reproduction system
(polygyny), age at sexual maturity (6 years old), and
sex ratio (1:1). Giant pandas are restricted to six
fragmented mountain ranges. Because no detailed
dispersal rates (dm and df ) among mountainous subpopulations have been reported, the migration rate over
the most recent generations was cited as suggested by
Zhu et al. (2011) using a broad range of 0.05 to 0.3. One
thousand replicates were used to simulate population
trends over 20 generations.
RESULTS
Changes of genetic diversity between the historical
and modern populations
We successfully obtained 655 base pairs (bp) of
mtDNA CR sequences from 399 historical samples.
We added this information to the data set of 262
sequences obtained from modern samples, and found 35
polymorphic sites and 71 unique haplotypes in total, of
which 25 haplotypes were shared between the historical
and modern samples (Table 2; Appendix A: Tables A1
and A2). For the Cyt b of 1140 bp, we obtained 180
sequences from the historical samples and 151 sequences
from the modern samples, deﬁning 29 polymorphic sites
and 31 unique haplotypes in total, of which 14
haplotypes were shared (Table 2; Appendix A: Tables
A1 and A2). SIMCOAL simulation resulted in no
signiﬁcant differences (P . 0.05) in genetic variation
(i.e., polymorphic sites and nucleotide diversity) for CR
or Cyt b between historical and modern samples. Similar
haplotype distributions were revealed by median-joining
networks for CR and Cyt b (Fig. 2). Most of the highfrequency CR haplotypes such as GPHC17 (15%),
GPHC8 (9%), and GPHC21 (8%) were shared between
the historical and modern samples (Fig. 2a, blue ovals).
Similarly, high-frequency Cyt b haplotypes such as
GPB21 (34%), GPB4 (21%), and GPB11 (10%) were
also shared (Fig. 2b). Even for the Minshan and
Qionglai populations that suffered severe impacts of
bamboo ﬂowering, poaching, and zoo collection, no
signiﬁcant differences in genetic diversity for CR and
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Cyt b were detected before and after these events (Table
2). The FST analysis based on differences in haplotype
frequencies also indicated no signiﬁcant genetic differentiation between the historical and modern samples for
each of the two populations (Table 2).
We genotyped 200 skins, successfully obtaining 143
multilocus microsatellite genotypes. Combining these
data with published data of known sample origin
(Zhang et al. 2007), STRUCTURE revealed four genetic
clusters (K ¼ 4): Minshan, Qionglai, Qinling, and
Liangshan-Xiangling (Appendix B: Fig. B1). According
to the origin identiﬁcation threshold of Q . 0.8, of these
143 skins, 39 originated from Minshan, 26 from
Qionglai, 10 from Liangshan-Xiangling, and none
originated from Qinling (Appendix B: Fig. B1).
STRUCTURE analysis without individuals of known
provenance provided very similar genetic assignment
results (not shown). Thus, based on the 10 microsatellite
loci, similar levels of genetic variation (MNA, HO, and
HE ) were identiﬁed between the historical and modern
samples (Table 2), and this also held true for the
Minshan and Qionglai populations, respectively (Table
2). FST estimates also showed no signiﬁcant differentiation between the historical and modern samples for
either population (Table 2).
Changes of Ne between the historical
and modern populations
Although different Ne values were obtained from the
three different estimation methods, no method revealed
a systematic and consistent change in Ne between the
historical and modern samples for any of the three
populations (Minshan, Qionglai, and Qinling) examined
(Table 3). For each population, the conﬁdence intervals
of Ne obtained from modern and historical samples were
widely overlapping, implying an absence of signiﬁcant
temporal changes in Ne, regardless of the method. In
general, the Ne estimates from Sibship and ABC
methods were similar, and were smaller than those from
the LDNE method. It is noteworthy that regardless of
the historical or modern samples, relatively low Ne
values were estimated for the three populations.
Tests for population bottlenecks
BOTTLENECK detected no evidence of a recent
population bottleneck for the historical or modern
samples of the Minshan population, but detected a
signature of bottleneck for both historical and modern
samples of the Qionglai population (Appendix A: Table
A3). Bayesian simulations of population change revealed signatures of demographic declines for the
modern samples of both populations, but these declines
started several thousands of years ago, reﬂecting a
longer-term process of population decline, not a recent
event (Appendix A: Table A4). Bottlesim results
suggested that loss of genetic diversity was slow and
that 90–95% of heterozygosity would be expected to be

2352

LIFENG ZHU ET AL.

Ecology, Vol. 94, No. 10

FIG. 2. Median-joining networks based on mitochondrial haplotypes of giant pandas: (a) mitochondrial control region (CR);
(b) cytochrome b (Cyt b). Abbreviations and symbols are: HIS, historical samples (shown in red); MOD, modern samples (shown
in green); circles, haplotypes; circle size, haplotype frequency. Small numbers in red along the lines indicate the site of nucleotide
variation in the CR or Cyt b sequences used in our study. Similar haplotype distributions were revealed for CR (high-frequency
haplotypes shown in blue ovals) and Cyt b.

retained after 10–40 generations under different bottleneck sizes in both Minshan and Qionglai (Fig. 3).
Habitat changes during the 1970s to 2000s
Dynamic analyses of forest distribution showed both
that forest cover has decreased and landscape heterogeneity has increased rapidly in the Minshan and Qionglai
Mountains during the 1970s–1980s (Fig. 1, Table 4).
Speciﬁcally, the core area of forest has decreased from
22 727 km2 to 17 188 km2 in Minshan and from 11 174

km2 to 8860 km2 in Qionglai. At the same time, the
number of forest patches increased from 20 778 to 63 245
in Minshan and from 10 902 to 49 440 in Qionglai.
However, after the implementation of the Natural
Forest Protection Project in 1998, the trend of habitat
loss and fragmentation has been stopped over most of
the range. For example, the core forest area of these two
mountain ranges has increased slowly in the 2000s, and
the extent of landscape heterogeneity has been alleviated
(Fig. 1, Table 4).
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FIG. 2. Continued.

Future changes of genetic diversity
EASYPOP simulations for the entire panda populations showed that, if the present population fragmentation and limited migration of giant pandas were to
remain, loss of genetic diversity would occur across the
range in the next 20 generations, incorporating demographic and life history parameters of this species (Fig.
4). The observed heterozygosity was predicted to
decrease by 1025% in the next 20 generations under
different recent migration rates (0.05 or 0.3; see Fig. 4).
DISCUSSION
Historical records showed that over 1000 wild giant
pandas were lost as the consequence of deforestation,
massive bamboo ﬂowering events, poaching, and zoo
collection during the last century, which caused tremendous concern about the future of giant pandas at that

time. However, based on the comparative genetic
analysis of the historical and modern samples, we found
that this rapid population decline did not result in a
signiﬁcant loss of genetic variation and decline of
effective population size. This result seems robust,
regardless of whether comparisons are made for the
whole population or for the two focal populations that
suffered most (i.e., Minshan and Qionglai ). The
evidence was threefold: (1) no signiﬁcant differences
were detected in mtDNA and microsatellite diversities
between the historical and modern samples; (2) no
signiﬁcant FST values were found between the historical
and modern samples; and (3) no signiﬁcant temporal
changes in Ne were detected between the historical and
modern samples. Although mtDNA diversity shows a
decreasing trend over time (Table 2), statistical analyses
of both mtDNA and microsatellites suggest that no
signiﬁcant genetic changes have occurred since the 1950s
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TABLE 3. Effective population size (Ne) and 95% conﬁdence
interval estimates for each of the historical and modern
Minshan, Qionglai, and Qinling populations.
Population
MS-HIS
MS-MOD
QIO-HIS
QIO-MOD
QIN-HIS
QIN-MOD

LDNE
365
‘
110
178
‘
39

(75–‘)
(8–‘)
(54–823)
(38–‘)
(5–‘)
(17–1013)

Sibship
23
30
36
27
18
20

(14–43)
(17–61)
(23–61)
(15–57)
(8–97)
(11–44)

ABC
79
57
50
36
10
19

(46–251)
(33–179)
(36–125)
(26–77)
(8–17)
(15–29)

Notes: Abbreviations are: HIS, the historical sample; MOD,
the modern sample; MS, Minshan Mountains; QIO, Qionglai
Mountains; QIN, Qinling Mountains. Ne and its 95% conﬁdence interval (in parentheses) were obtained from three
methods: LDNE (linkage disequilibrium), Sibship, and ABC
(approximate Bayesian computation).

for both the local populations and the entire giant panda
population.
Many studies have shown that populations experiencing reductions in population size would undergo
changes in genetic diversity (e.g., Groombridge et al.
2000, Larson et al. 2002, Paxinos et al. 2002, Goossens
et al. 2006). For example, Mauritius Kestrels experienced signiﬁcant loss of genetic diversity resulting from a
severe population bottleneck, but have recovered from a
single wild breeding pair (Jones 1987), demonstrating an
unexpected resilience of the population. In this study,
genetic variation and Ne of the modern giant panda
populations appeared to have been unaffected currently
by the recent population decline. A likely explanation is
that the negative impact of population decline is not
evident because of the short time scale (at most 10
generations) after the start of the decline, especially for a
long-lived species with overlapping generations. This
explanation is supported by the Bottlesim results, which
indicated a slow loss of heterozygosity (less than 5%)
when the population size of Minshan decreased from
1500 to 600 (or 300) or the population size of Qionglai
decreased from 1000 to 300 (or 200), during the 10
generations after the start of bottleneck. In the next 10–
40 generations, the heterozygosity continued to decrease. An alternative explanation is that the historical
population size of wild giant pandas was underestimated
and the deaths only accounted for a proportion of the
total population size. The report from the Third
National Survey of Giant Pandas completed in 2002
estimated a wild population of 1596 animals (State
Forestry Administration of China 2006), but recent
molecular sampling doubled the traditional population
estimation in a key panda reserve (Zhan et al. 2006),
implying an underestimation of the population size by
the traditional estimation methods. Taking this into
account, we may be able to re-estimate the population
size in the history based on a conservative use of 1.5
times traditional census size as the upper limit of
population size. Consequently, we estimate that the
numbers of wild animals would be 3800–5700 in the
1950s and 2400–3600 animals in the 1970s (Hu 1997; see
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Appendix A: Table A5). Based on the home range size
of 5 km2 (Schaller et al. 1985), the amount of habitat
available at that time (51 303 km2 in 1950s and 31 500
km2 in 1970s) (Hu 1997) was large enough to
accommodate populations of this size. Therefore, the
population decline may not have been severe enough to
reduce the genetic diversity of giant pandas.
Data recording historical bamboo ﬂowering throughout the giant panda’s distribution range are rare, and
clear information is only available from the 1970s
onward. It was recorded that the largest bamboo
ﬂowering events occurred in the Qionglai and Minshan
Mountains in the 1970s and the 1980s, respectively (Hu
1997). Giant pandas have an evolutionary history of
several million years (Zhao et al. 2013) and are likely to
have encountered thousands of massive bamboo ﬂowering events in their history, as bamboo ﬂowering is a
natural phenomenon thought to occur every 40–100
years (Campbell and Qin 1984). Accordingly, giant
pandas may have evolved a series of adaptive strategies
to massive bamboo ﬂowering events. Giant pandas feed
on 16 species of bamboo (State Forestry Administration

FIG. 3. Simulation of the observed historical loss of
heterozygosity using Bottlesim. (a) Minshan population (MS):
the population census size before the bottleneck is 1500; the
population census size during the bottleneck is 600. (b) Qionglai
population (QIO): the population census size before the
bottleneck is 1000; the census population size during the
bottleneck is 300. Ht is the heterozygosity after t generations,
and H0 is the initial heterozygosity.
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TABLE 4. Forest changes of the Minshan (MS) and Qionglai (QIO) Mountains during the 1970s, 1980s, and 2000s.
MS
Parameter
2

CA (km )
PLAND (%)
NP
PD
LPI
LSI

QIO

1970s

1980s

2000s

1970s

1980s

2000s

22 727
55.83
20 778
0.56
42.01
118.86

17 188
42.22
63 245
1.55
20.51
374.94

19 602
48.15
68 984
1.69
31.92
413.07

11 174
59.23
10 902
0.58
53.35
122.91

8 860
46.97
49 440
2.62
31.39
338.42

9 454
50.12
47 807
2.53
41.12
325.45

Notes: Abbreviations are: CA, core forest area; PLAND, percentage of landscape; NP, number of patches; PD, patch density
(number of patches per km2); LPI, largest patch index; LSI, landscape shape index.

of China 2006) and this wide food spectrum would allow
them to switch to alternative bamboo species during
some bamboo ﬂowering events. During the Minshan
and Qionglai bamboo ﬂowering events, giant pandas
were able to target nonﬂowering bamboo species and
even disperse long distances for foraging (Johnson et al.
1988). Speciﬁcally, during the F. denudata ﬂowering in
Minshan, giant pandas could consume F. rufa, F. nitida,
and F. oblique (in total covering 48.02% of the bamboo
area); during the B. fangiana ﬂowering in Qionglai they
could consume Yushania brevipaniculata and F. robusta
(total 40.96%) (State Forestry Administration of China
2006). Therefore, when habitat connectivity is high
enough to allow pandas to disperse, local bamboo
ﬂowering events would be not devastating for this
species. However, in this study, forest distribution
assessment based on satellite images revealed 24% and
21% habitat loss and fragmentation in Minshan and
Qionglai, respectively, during the period of massive
bamboo ﬂowering in the 1970s–1980s (Fig. 1). This may
have impeded dispersal of giant pandas at that time.
CONCLUSION
Although they have experienced drastic population
loss, currently the giant pandas do not show a signature
of signiﬁcant declines in genetic variation and Ne,
highlighting the resilience of this species when facing
demographic and environmental stochasticity. Given the
relatively high genetic diversity and the conservation
strategies against poaching and habitat loss now
implemented under national laws, wild giant pandas
may have a promising future on the whole. Although
conservationists should be encouraged by these results,
it should be kept in mind that the combination of
habitat fragmentation and low effective population size
may continue to threaten this species at a local scale and
will continue to provide a substantial risk of local
extinction. In this study, relatively low effective population sizes were estimated for Minshan and Qionglai,
currently the two largest panda populations. For other
mountainous populations, Ne may be even lower. On the
other hand, habitat loss and fragmentation continue in
some areas. It is estimated that total habitat area has
decreased from 51 303 km2 in the 1950s to 13 823 km2 in
the 1980s, and has subsequently increased to 23 050 km2

because of national initiatives (Hu 1997, State Forestry
Administration of China 2006). This trend in habitat
restoration is important for population growth, but
obscures the fact that giant pandas persist as a number
of fragmented and isolated populations (Hu 2001, State
Forestry Administration of China 2006, Zhu et al. 2010).
For example, the smallest population in the Xiaoxiangling Mountains has experienced population collapse due
to habitat loss and fragmentation resulting from largescale human activity including road construction,
deforestation, and reclamation (Zhu et al. 2010, 2011).
Importantly, continued isolation will decrease population connectivity and, as a result, will impair the ability
of giant pandas to respond to massive bamboo ﬂowering
events. The simulations of future genetic change also
show that, if the present population fragmentation and
limited migration of giant pandas continues, loss of
genetic diversity will inevitably happen in the future.
Thus, in order to retain the extant genetic variation and
increase effective population sizes for responding to the
environmental change, key conservation strategies that
promote population connectivity and maintain population growth, such as habitat protection and restoration,
corridor construction, and reintroduction or transloca-

FIG. 4. Future trends of average observed heterozygosity of
the current entire giant panda population for the next 20
generations using EASYPOP simulation. We used a broad
range of migration rates (0.05 and 0.30) as the simulated rates
of migration to new areas over the most recent generations.
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tion, should be given the highest priority, especially for
small and isolated populations.
In a positive step, the Chinese government has
recently renewed the Natural Forest Protection Project
for another 10 years, and is implementing a network of
habitat corridors for giant pandas, some of which are
under construction, such as in the Xiaoxiangling and
Daxiangling Mountains. In addition, a reintroduction
and translocation program is also ongoing in these
isolated areas.For example, one female panda (Luxin)
was successfully translocated to the Liziping Nature
Reserve in the Xiaoxiangling Mountains in 2009
(Schenkman 2010) and one more captive-born giant
panda (Taotao) that has been trained in Wolong Nature
Reserve for about two years was also released to this
area in 2012 (Geng 2012). Although the effectiveness of
these ongoing conservation actions remains to be tested,
counteracting the threats that deforestation, massive
bamboo ﬂowering, poaching, and zoo collection have
exerted on giant pandas is now being carried out using
an evidence-based approach.
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SUPPLEMENTAL MATERIAL
Appendix A
Tables showing haplotype distribution of giant pandas for mtDNA CR and Cyt b, information for historical and modern
samples, bottleneck analysis, modern and historical effective population sizes, and time since population change in the Minshan
and Qionglai populations using Storz and Beaumont’s method and habitat area available, and traditional and re-estimated
population sizes of giant pandas during different periods (Ecological Archives E094-216-A1).
Appendix B
A ﬁgure showing structure analysis based on a combined microsatellite data set of this study and previously published studies
(Ecological Archives E094-216-A2).

