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Abstract

There are only six isolated living giant panda populations, and a comprehensive understanding their genetic health status is

crucial for the conservation of this vulnerable species. Liangshan Mountains is one of the main distribution areas of living

giant pandas and is outside the newly established Giant panda national Park. In this study, 971 giant panda fecal samples

were collected in the heartland of Liangshan Mountains (Mabian Dafengding Nature Reserve: MB; Meigu Dafengding Nature

Reserve: MG; and Heizhugou Nature Reserve: HZG). Microsatellite makers and mitochondrial D-loop sequences were used to

estimate population size and genetic diversity. We identified 92 individuals (MB: 27, MG: 22, HZG: 43) from the three reserves.

Our results showed that: 1) Genetic diversity of three giant panda populations was medium-low; 2) Quite a few loci deviated

significantly from the Hardy-Weinberg equilibrium and almost all these deviated loci showed significant heterozygote deficiencies

and inbreeding; 3) Three giant panda populations have substantial genetic differentiation with the most differentiation between

MB and the two other populations; 4) a large amount of giant panda feces outside the three reserves were found, implying the

existence of protection gap. These results indicated that the giant panda population in Liangshan Mountains is at an risk of

genetic decline or extinction given stochastic events and urgent need of human management. This study revealed that high

attention should be paid to the protection of these giant panda populations outside the Giant panda national Park, to ensure

them survival in their distribution areas.
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Abstract

There are only six isolated living giant panda populations, and a comprehensive understanding their genetic
health status is crucial for the conservation of this vulnerable species. Liangshan Mountains is one of the
main distribution areas of living giant pandas and is outside the newly established Giant panda national
Park. In this study, 971 giant panda fecal samples were collected in the heartland of Liangshan Mountains
(Mabian Dafengding Nature Reserve: MB; Meigu Dafengding Nature Reserve: MG; and Heizhugou Nature
Reserve: HZG). Microsatellite makers and mitochondrial D-loop sequences were used to estimate population
size and genetic diversity. We identified 92 individuals (MB: 27, MG: 22, HZG: 43) from the three reserves.
Our results showed that: 1) Genetic diversity of three giant panda populations was medium-low; 2) Quite
a few loci deviated significantly from the Hardy-Weinberg equilibrium and almost all these deviated loci
showed significant heterozygote deficiencies and inbreeding; 3) Three giant panda populations have substan-
tial genetic differentiation with the most differentiation between MB and the two other populations; 4) a
large amount of giant panda feces outside the three reserves were found, implying the existence of protection
gap. These results indicated that the giant panda population in Liangshan Mountains is at an risk of genetic
decline or extinction given stochastic events and urgent need of human management. This study revealed
that high attention should be paid to the protection of these giant panda populations outside the Giant
panda national Park, to ensure them survival in their distribution areas.

Keywords: Liangshan Mountains, Ailuropoda melanoleuca , population size, genetic diversity, genetic dif-
ferentiation, conservation

Introduction

The giant panda (Ailuropoda melanoleuca ) is a vulnerable species endemic to China. Although China’s
recent efforts have greatly increased the number and distribution of the wild population, the giant pandas
is only distributed in six isolated mountains, namely Qinling Mountains, Minshan Mountains, Qionglai
Mountains, Liangshan Mountains, Daxiangling Mountains and Xiaoxiangling Mountains (State Forestry
Administration, 2006). The wild population is subject to different degrees of habitat fragmentation at
each of the six mountains, and is further divided into more than 30 small populations (O’Brien et al., 1994;
Loucks et al., 2001; Lü et al., 2001; Qing, 2016). Therefore, the giant panda is still at a great risk of extinction
(Sichuan Provincial Forestry Department, 2015), particularly being vulnerable to stochastic processes. And
thus a comprehensive understanding the population size and genetic health status of giant pandas in these
region is crucial for the protection decision-making and conservation of this vulnerable species.

The Liangshan Mountains is the southernmost distribution of giant pandas and is located in the transition
zone between the southwest edge of the Sichuan basin and the Qinghai Tibet Plateau. The transition zone
is within a global biodiversity hotspot, is highly important for the protection of biodiversity in China and
is crucial for giant panda protection (Fan et al., 2010). However, the Liangshan Mountains is outside the
newly established Giant panda national Park (National Forestry and Grassland Administration (National
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Park Administration), 2019) (Figure 1). According to the fourth survey report on giant pandas, there are
124 giant pandas in the Liangshan Mountains and are mainly distributed in Heizhugou, Meigu and Mabian
nature reserves (Sichuan Provincial Forestry Department, 2015) (Table 1). These three reserves are located
in the heartland of the Liangshan Mountains, and thus are crucial for the protection of giant pandas in the
Liangshan Mountains. However, the accurate number, genetic diversity, gene exchange and stable inheritance
of panda populations in these key areas remain unclear. Understanding these issues will be vital to the
protection of giant pandas in the Liangshan Mountains.

Microsatellite markers have become an important genetic markers in the field of molecular biology (Selkoe
and Toonen, 2010) and have been widely used in population surveys (Creel et al., 2003; Piggott et al., 2006;
Wang et al., 2016), genetic diversity assessments (Vanhala et al., 1998; Zhang et al., 2007; Shen et al., 2009;
Li et al., 2010; Du et al., 2016), and genetic management of populations (Shan et al., 2014). The combi-
ned application of microsatellite markers, mitochondrial markers and non-invasive genetic sampling allows
giant panda population studies without the risk of capture stress, injury or death, which has contributed
greatly to giant pandas conservation in the past 20 years. Consequently, we used microsatellite markers and
mitochondrial markers (D-loop) to accurately identify population size and assess the genetic traits of giant
pandas in Heizhugou, Meigu and Mabian giant panda populations. We aimed to assess the genetic health
status of giant pandas and provide reliable data for establishing genetic archives of giant panda populations
and developing the genetic management of giant pandas across the Liangshan Mountains. This is the first
extensive genetic survey of giant pandas in the Liangshan Mountains.

Materials and methods

Study area and sample collection

Our study area encompassed Heizhugou, Meigu Dafengding and Mabian Nature Reserves of the Liangshan
Mountains (Table 1).

Giant pandas fecal samples were collected by ranger staff during their daily monitoring and patrol work in the
reserves. The staff used sterile gloves to collect fresh fecal samples when they detected giant panda activity.
Samples were considered fresh based on the color and surface sheen, with dark colored and dull feces being
discarded. Each sample was collected in 1-2 copies and stored in a 500 ml sample bottle containing anhydrous
ethanol. Spatial coordinates were recorded from the deposition site (e.g., longitude, latitude, elevation) using
GPS units and the distribution of samples was mapped as shown in Figure 2, using ArcGIS 10.6 (Price,
2010).

DNA extraction and PCR amplification of mitochondrial D-loop

Fecal DNA was extracted using the kit (Biobase Upure DNA stool kit, Chengdu, China) and nucleic acid
purifier (Thermo KlngFisher, USA). Fecal samples collected in the field were soaked in anhydrous ethanol
and frozen at -20degC. DNA extraction was undertaken according to the manufacturer’s instructions, except
for DNA samples being amplified by PCR using the mitochondrial control region primers of the giant panda
(Zhang et al., 2007). The total length of the amplification was about 750 bp. The amplification primers
were:

P - tp: 5 ’- CTCCCTAAGACTCAAGGAAG - 3’

BEDH: 5 ’- GGGTGATCTATAGTGTTATGTCC - 3’

PCR amplifications were performed in a 20 μL reaction volume containing 10 μL 2xTaq PCR Pre Mix
(+dye), 1μL MgCl2 (25 mmol/L, 0.8 μL BSA (1 mg/ml), 0.8 μL Ptp primer (15 pmol/ L), 0.8 μL BEDH
primer (15 pmol/ L), 5 μL template DNA (50 ng/ μL), and 1.6 μL ddH2O. Amplifications were performed
using the following PCR procedure: an initial denaturation step for 5 min at 94°C, followed by 40 cycles of
94°C for 50 s, 55°C annealing for 45 s, 72°C elongation for 50 s and a final elongation for 10 min at 72°C.

3
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Finally, samples were stored at 4°C. PCR conditions were optimized by changing the concentration of Mg2+,
annealing temperature and increasing the amount of template DNA.

Selection and amplification of microsatellite markers

Our laboratory has screened giant panda DNA for standardized microsatellite loci and obtained 15 loci that
can be effectively applied to giant panda fecal DNA samples (Huang, 2015). We selected seven of these 15
microsatellite loci for population analysis, which were GPL8, GPL29, GPL60, gpz20, gpz47, gpy5 and gpy20
( Table2). PCR amplifications were performed in a 20 μL reaction volume comprising about 10 μL 2xTaq
PCR Pre Mix (+dye), 1μL MgCl2 (25 mmol/L), 0.8 μL BSA (1 mg/ml), 0.8 μLF-primer (15 pmol/ L),
0.8 μL R-primer (15 pmol/ L), 5 μL template DNA (50 ng/ μL), and 1.6 μL ddH2O. Amplifications were
performed using the following PCR procedure: an initial denaturation step for 5 min at 94°C, followed by 40
cycles of 94°C for 50 s, 55°C-63°C annealing for 45 s, 72°C elongation for 30 s, and a final elongation for 10
min at 72°C. Finally, samples was stored at 4°C. After the PCR amplification, 5 μL of PCR products from
each sample was applied to agarose gel electrophoresis with a concentration of 1.5% to detect whether each
sample was successfully amplified. At the end of electrophoresis, the PCR products were stored at 4°C away
from light (using tin foil box) for genotyping.

Microsatellite genotyping

Genetic analysis and detection of all samples were undertaken at Chengdu Qingke Zixi Biotechnology Co.,
Ltd. During genotyping, the amplification products of each fluorescent primer were separately placed in a
single lane for electrophoresis. Genotyping of all samples was conducted using ABI 3730 DNA Analyzer. The
number of alleles in each sample was determined by using Gene Mapper v4.0. The allele size was determined
relative to the intramolecular GS500LIZ.

Data analysis

The results of genotyping data were estimated with Micro-Checker (Van Oosterhout et al., 2004). Individual
identification was analyzed using Microsatellite tools (Park et al., 2001). PID and PID (sib) were calculated
using Gimlet (Valière, 2010). The Cervus v3.0 (Marshall et al.,2010) was used to calculate Allele number
(A), observe Heterozygosity (Ho), expected Heterozygosity (He) and polymorphic information content (PIC).
Deviations from the Hardy–Weinberg equilibrium (HWE) and Linkage Disequilibrium (LD) were analyzed
using Genepop 3.4 (Raymond and Rousset, 1995). Mitochondrial sequence alignment was performed using
MEGA v5.2 (Tamura et al., 2011) and was manually calibrated. DNA ASP v5.10 (Librado and Rozas, 2009)
was used to calculate haplotype diversity (h), nucleotide diversity (π) and other genetic diversity indices.
Popgene 32 was used to calculate the inbreeding coefficient of population (Yeh, 2000). Population genetic
structure analysis was undertaken using STRUCTURE (Pritchard, Stephens & Donnelly, 2000).

Results

DNA extraction and amplification of mitochondrial D-loop region

DNA was extracted from 971 giant panda fecal samples, with a roughly equal sample number from each of
the three nature reserves (HZG: 322, MG: 343, MB: 306). We successfully extracted DNA from 731 fecal
samples (HZG: 275, MG: 230, MB: 226; Figure S1 for partial electrophoresis).

In this study, the mitochondrial D-loop region was used for genetic diversity assessment, and for fecal DNA
quality assessment. The quality of extracted fecal DNA was evaluated by PCR amplification of a 750bp
fragment in the mitochondrial D-loop region of the giant panda, to determine the freshness of collected feces.
We successfully amplified and sequenced 686 DNA samples equally divided between the three reserves (HZG:
240, MG: 228, MB: 218; Figure S2 for partial electrophoresis).

Individual identification

4
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We found that the minimum number of loci to have greater than 99% confidence of individual identification
was six. Analyses determined that six microsatellite combinations were most effective for individual identi-
fication for the three populations, calculating PID (sib) 0.00911 and 0.00964 (Table 3; Figure 3). According
to Waits et al. (2001), a PID less than 0.01 is required to evaluate population size. PID (sib) avoids errors
associated with PID and provides a conservative upper estimate of the number of loci required to identify
individuals.

Individual identification using microsatellites determined that the number of giant pandas in the three
reserves was 27 (MB), 22 (MG) and 43 (HZG). Two of the reserves’ individual numbers were higher than the
fourth survey (18 (MB), 22 (MG) and 29 (HZG)). Identification of larger populations in MB and HZG may
have two causes, not necessarily mutually exclusive. The first being that different methods were used for our
study and the fourth survey. The fourth survey predominantly used the “Distance-Bamboo Stem Fragments
Method” adopted in the third survey (Shi et al., 2016). The fourth survey did employ non-invasive DNA
quantity survey technology, but it was only used as an auxiliary survey. Therefore, the limitations of the
fourth survey may have underestimated the number of giant pandas. Secondly, the population’s emigration,
immigration, births and deaths will may influence differences in population number estimation. For example,
we detected two individuals from Meigu Nature Reserve in Heizhugou Nature Reserve.

Genetic diversity based on microsatellite markers

Seven microsatellite markers were successfully amplified from the three populations. Ninety-six alleles were
detected at seven loci in 92 individuals from the three populations. There were 13 common alleles in the
three populations. We identified five unique alleles in each of Mabian and Meigu populations (Figure 4).
Similarly, these two populations had the same number of rare alleles (9). The numbers of unique and rare
alleles in Heizhugou population were 15 and 13, respectively (Figure 4). These rare alleles are at risk of
being lost due to inbreeding or genetic drift.

The number of alleles at each locus ranged from 1 to 10. The average number of alleles in Heizhugou
population was the largest, followed by Meigu population and Mabian population. The average observed
heterozygosity (Ho) of the three populations was 0.632 (MB), 0.598 (MG) and 0.466 (HZG), the average
expected heterozygosity (He) was 0.577 (MB), 0.502 (MG) and 0.555 (HZG), and the polymorphic informa-
tion content (PIC) was 0.514 (MB), 0.441 (MG) and 0.508 (HZG), respectively (Table 4). Therefore, the
three populations showed a moderate-low level of genetic diversity. The HWE test results showed that four
of the seven microsatellite loci in Mabian population deviated from HWE (P < 0.01), while three in Meigu
population and two in Heizhugou population (Table 4). A positive mean inbreeding coefficient (Fis) value
was found in Heizhugou population (Table 4). High inbreeding coefficient suggests a heterozygote deficiency
due to inbreeding. Our results are similar to Guan et al. (2009), who concluded that their observed HWE
deviation was due to inbreeding and genetic drift.

Genetic diversity based on mitochondrial control region sequence

We successfully sequenced the mitochondrial D-loops from 85 of the 92 individuals from the three reserves,
with sequencing peaks shown in Figure S3. The number of mitochondrial D-loop sequences (n), haplotypes
(H), variation sites (s), haplotype diversity (h), and nucleotide diversity (π) of the three populations are
summarized alongside other wild and captive populations in Table 5. Compared to other populations,
the mitochondrial genetic diversity of giant pandas in these three reserves was significantly lower than in
wild populations from Qinling, Minshan and Qionglai Mountains. Mitochondrial genetic diversity of three
populations was also lower than captive populations from Wolong, Chengdu and Shaanxi, but higher than
Daxiangling and Xiaoxiangling populations.

Geographic isolation and genetic differentiation

According to the distribution map of giant panda fecal samples (Figure 2), feces collected in Heizhugou
and Meigu Nature Reserves were often in close proximity to the border between the two reserves. Samples
collected in Mabian Nature Reserve were far away from collection sites in Meigu and Heizhugou Nature

5
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Reserves.

The software STRUCTURE (Pritchard, Stephens & Donnelly, 2000) was used to ana-
lyze the population genetic structure. Our results showed that when K=2, the value of
KpeakedanddecreasedwithincreasingvaluesofK.AsshowninFigure5, thegiantpandasofthreereserveswereclearlydividedintotwogeneticstructuralunits,HeizhugouandMeigupopulationsformedageneticstructuralunit, whiletheMabianpopulationformedarelativelyindependentgeneticstructuralunit.Thus, thetwogeneticstructuralunitsindicatedthatthegeneexchangebetweenHeizhugouandMeigupopulationswasmorefrequentthanwiththeMabianpopulation.

The Fst of giant panda population pair-wise comparisons from the three reserves was calculated and measured
by GenALEx 6.5 (Peakall and Smouse, 2012). We used the Fst to represent interpopulation differentiation
(Zeng, 2014). Studies have shown that if the range of Fst is 0.00-0.05, the genetic differentiation between
populations is small and can be ignored. If Fst is between 0.05 and 0.15, there is a moderate degree of
differentiation and between 0.15 and 0.25 indicates a high degree of differentiation (Wright, 1972; Liu,
2012). The results showed that there was a significant genetic differentiation between the three giant panda
populations, with Fst ranging from 0.0756 to 0.1588 (Table 6). The Mabian population had a significantly
higher degree of genetic differentiation with Meigu and Heizhuguo population, while there is a moderate
degree of differentiation between Heizhuguo and Meigu population.

Discussion

Genetic health assessment of populations

The protection of species genetic diversity has always been the core of species protection (Frankham, 2005).
The evaluation of the genetic diversity within the protected species can allow conservators to predict the
probability of population extinction or survival when under stress and to provide an theoretical basis for
the effective conservation of population. In this study, the genetic diversity of Mabian (Ho = 0.6324, He =
0.5773), Meigu (Ho = 0.598, He = 0.502) and Heizhugou (Ho = 0.466, He = 0.555) populations were lower
than the diversity of Wolong wild population (Ho = 0.644, He = 0.684) and Shaanxi captive population (Ho
= 0.610, He = 0.593) (Huang, 2015), but higher than the diversity of the wild Qinling Mountains population
(Ho = 0.451, He = 0.439) (Ji, 2014). The D-loop region of mitochondrial DNA (mtDNA) is characterized
by high base replacement rate (Yu et al., 2004), which is suitable for analyzing the genetic characteristics of
a population. Haplotype diversity (h) and nucleotide diversity (π) are two important indicators to measure
the level of population genetic variation. We found that mean h and π values from the three reserves
were significantly lower than Qionglai, Qinling and Minshan wild populations, and also lower than Wolong,
Chengdu and Shaanxi captive populations, only higher than that of Daxiangling and Xiaoxiangling wild
populations (Table 5). Genetic diversity analysis based on microsatellite markers and mitochondrial control
region sequences showed that the genetic diversity level of giant pandas in three Liangshan mountains
populations was at a medium-low level, and the presences of rare alleles and inbreeding may further reduce
their genetic diversity levels. These results show it is necessary to introduce new genetic resource into the
three populations or enhance gene exchange between the three populations and/or other populations.

Serious genetic imbalance may lead to the loss of genetic diversity and population decline (Kvist et al., 2015).
The Hardy-Weinberg equilibrium is often used as an assessment of genetic balance within a population (Guo
et al., 1992). The Hardy-Weinberg equilibrium test results showed that four of the seven microsatellite loci
in the Mabian population deviated from the Hardy-Weinberg equilibrium (P < 0.01), while three deviated in
the Meigu population and two deviated from the Hardy-Weinberg equilibrium in the Heizhuguo population.
Almost all loci that deviated from the Hardy-Weinberg equilibrium showed significant heterozygote deficien-
cies and significant inbreeding. Inbreeding may be the main cause of deviations from the Hardy-Weinberg
equilibrium. Our results showed that the three giant panda populations, especially Mabian, are genetically
unbalanced and there is the risk of further loss of genetic diversity.

Fecal samples were most frequently collected in roughly two geographical clusters. Feces that were frequently
found in Mabian reserve were far away from these collection sites of Feces in Meigu and Heizhugou reserves.
This geographical clustering was reflected in genetic structural units and differentiation of the three giant
panda populations. The giant pandas in three reserves were clearly divided into two genetic structural units.

6
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The Meigu and Heizhugou populations formed a genetic structural unit, while the Mabian population was a
relatively independent genetic structural unit (Figure 5), indicating limited gene exchange between Mabian
and two other populations. Further support for observed clustering was the high genetic differentiation of
Mabian population (Fst: 0.13320, 0.15880) with the other two populations. The genetic clustering also
confirms that the geographical clusters were likely indications of higher panda activity and not an affect of
sampling method.

The genetic and geographical clustering of the three populations suggests that there is a barrier preventing
genetic exchange between the two areas. Feng (2015) found that suitable habitats were fragmented in
central and northern Mabian Nature Reserve. Unsuitable habitats might be caused by deforestation, road
construction and livestock invasion (Feng, 2015; Zhao et al., 2017; Zhang et al., 2018). Fragmented suitable
habitats and unsuitable habitats could influence the habitat selection and migration of giant panda. These
unsuitable habitats are mainly concentrated in the western margin and northern sections of the Mabian
Nature Reserve (Feng,2015) and this resulted in giant panda have moved southward. This change might has
occurred between the 3rd (1999-2002) and 4th (2011-2014) national panda surveys because the distribution
of giant pandas in Mabian moved southward at 4th national panda surveys compared to 3rd surveys (State
Forestry Administration, 2006; Sichuan Forestry Department, 2015). This increased geographically distance
and potentially barrier effect between Mabian population and other two populations formed the genetic
isolation of Mabian population from other two populations.

Conclusively, the level of genetic diversity of three giant panda populations was medium to low, while the
genetic diversity of Mabian giant pandas was the lowest. The existence of genetic isolation, a high number
of rare alleles, inbreeding and significant deviations from the Hardy-Weinberg equilibrium indicated that
these three populations were genetically unstable, and inbreeding may further result in the loss of genetic
resources (Wang, 2019).

Genetic management recommendations

Liangshan Mountains is one of the main distribution areas of living giant pandas and belongs to the south-
ernmost distribution of giant pandas. Mabian, Meigu and Heizhugou reserves are located in the heartland of
Liangshan Mountains, and are also the core distribution areas of giant pandas in the Liangshan Mountains.
The effective protection of the three giant panda populations is crucial for the conservation of all Giant pan-
das in Liangshan Mountains. The results of our have shown that the three giant panda populations are at
risk of decline or extinction given stochastic events, especially the Mabian population. It is therefore urgent
to improve each population’s genetic status by increasing genetic resources. We recommend two strategies
for improving the genetic status of three populations. Firstly, improve genetic diversity of three populations
by the introduction of genetically distinct individuals. The China Conservation and Research Center for
the Giant Panda and the Chengdu Research Base of the Giant Panda have the largest captive breeding
populations of giant pandas in China. These captive populations are genetically stable and distantly related
to populations from the Liangshan Mountains (Shan et al., 2014). Therefore, genetic introductions from the
two captive breeding populations would increase genetic resources into these core populations of Liangshan
Mountains giant panda. However, captive-bred introductions are difficult and require considerable resources
and time (Yang et al., 2018), and therefore it should not be the only strategy for the improvement of genetic
health.

Our second recommendation for improving the genetic status of the three populations is to increase connec-
tivity and genetic exchange between the two geographically and genetically distinct panda groups. Although
significant genetic differentiation between the two groups exists, no significant difference in behavior and
morphology has been found. Similarly, there was no evidence that the Mabian population was subject
to different geographical or climatic conditions and thus no unique or local adaptation. Therefore, there
should be no genetic, behavioral or morphological impediment to breeding and risk of distant hybridization
(Frankham, 2010). The fecal sample distribution and population genetics demonstrated there was limited
genetic exchange between Mabian and two other populations. However, there is no topographical barrier
between the two groups, and the limiting factor is likely from unsuitable habitat and habitat fragmentation
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due to disturbance and lack of bamboo vegetation (Feng, 2015; Zhao et al., 2017; Zhang et al., 2018). Con-
sequently, we recommend that suitable habitat and continuity should be rehabilitated and restored. Recent
roads should be reforested and prevented from new construction. Human activities, especially grazing and
bamboo shoot collection, should be controlled and minimized. Existing natural forest (bamboo) should be
protected from further damage and the non-bamboo areas should be rehabilitated. As a priority, restoration
should focus on creating corridors through the ‘habitat barrier’ to increase panda movement as soon as
possible and then expand the area and proportion of suitable habitat. Given that pandas begin moving and
they breed, there should be an improvement in the genetic health and population stability of giant panda in
Liangshan Mountains.

Although Wei et al. (2020) concluded that China’s Panda Protection System and nature reserves can
achieve the goals of protecting their habitats and biodiversity, and most giant panda nature reserves have
been established based on the distribution of giant pandas, however, the gaps, overlapping designations
and disparities in management still exist (Xu et al., 2017; Xu et al., 2019). The reserves in the Liangshan
Mountains were established early in China’s panda protection efforts and zoning was determined roughly
according to predicted panda distributions and human activities. However, many factors have changed
over time, and pandas have become more flexible in their habitat choices than previously thought (Hull
et al., 2014). For example, space utilization by giant pandas gradually expanded outward between the
third and fourth surveys. In addition, we found that a large amount of panda activity occurred outside
the reserve (Figure 2), indicating gaps in the coverage of the reserve. Although the Giant Panda National
Park offers an opportunity to promote more effective management and improve the management system by
integrating and expanding the existing reserves, however, Liangshan Mountains is not included in the newly
established Giant Panda National Park (National Forestry and Grassland Administration (National Park
Administration), 2019). In this case, greater attention should be paid to the protection of the main extant
population of wild giant panda. We strongly suggested that the scope of nature reserves in the Liangshan
Mountains should be adjusted, by integrating surrounding suitable habitats into the reserve, better protect
giant panda habitats, restore degraded habitat, increase gene exchange between populations, and ensure the
population stability of giant pandas in Liangshan Mountains.

In conclusion, giant panda populations in Liangshan Mountains had medium-low genetic diversity, with a
high number of rare alleles, significant heterozygote deficiencies and inbreeding. Three populations clustered
into two geographically and genetically distinct groupings, with the Mabian population being separated from
the other two by a large tract of unsuitable habitat. The giant panda population in Liangshan Mountains is
genetically unstable and at risk of decline or extinction given stochastic events. It is therefore recommended
that connectivity between populations be re-established by improving habitat quality and continuity, and
genetic health be enhanced by the introduction of captive-bred distantly related individuals. These changes
could be incorporated into the updated conservation plans for the Liangshan Mountains. Our study revealed
that high attention should be paid to the protection of these giant panda populations outside the Giant
panda national Park, to ensure them survival in their distribution areas, and can serve as a reference for
the genetic management of Giant panda populations in other distribution areas and some key conservation
species in China and world.
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