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Inbreeding and inbreeding avoidance in wild giant pandas
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Abstract
Inbreeding can have negative consequences on population and individual fitness,
which could be counteracted by inbreeding avoidance mechanisms. However, the
inbreeding risk and inbreeding avoidance mechanisms in endangered species are less
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studied. The giant panda, a solitary and threatened species, lives in many small pop-
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inbreeding. Here, we performed long-term observations of reproductive behaviour,

ulations and suffers from habitat fragmentation, which may aggravate the risk of
sampling of mother–cub pairs and large-scale genetic analyses on wild giant pandas.
Moderate levels of inbreeding were found in 21.1% of mating pairs, 9.1% of parent
pairs and 7.7% of panda cubs, but no high-level inbreeding occurred. More significant levels of inbreeding may be avoided passively by female-biased natal dispersal
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rather than by breeding dispersal or active relatedness-based mate choice mechanisms. The level of inbreeding in giant pandas is greater than expected for a solitary
mammal and thus warrants concern for potential inbreeding depression, particularly
in small populations isolated by continuing habitat fragmentation, which will reduce
female dispersal and increase the risk of inbreeding.
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1 | INTRODUCTION

animal can discern its relatives, avoid mating with them and thus
avoid inbreeding-related fitness costs (Andersson & Simmons, 2006;

Inbreeding, mating between relatives, is an important phenomenon

Jones & Ratterman, 2009). In contrast to active mate choice, sex-

in wild and captive populations. It is widely recognized that inbreed-

biased natal dispersal is a passive strategy to avoid inbreeding, which

ing has negative consequences on population and individual fitness.

can result in spatial segregation of opposite-sex-related individuals

Inbreeding results in the increase in genetic homozygosity and in the

and therefore avoid reproductive contact and inbreeding (Lawson

homozygosity probability of deleterious mutations; inbreeding

Handley & Perrin, 2007; Pusey, 1987). These active and passive

depression may occur, reducing the evolutionary potential for popu-

inbreeding avoidance mechanisms, independently or synergistically,

lations to adapt to a changing environment (Keller & Waller, 2002).

play important roles in the evolution of reproductive strategies and

Owing to the negative consequences of inbreeding, mechanisms to

species persistence.

avoid inbreeding should be evolutionarily favourable (Blouin &

Inbreeding is a special concern in conservation biology, particu-

Blouin, 1988). Multiple strategies are used to avoid inbreeding,

larly for endangered species that suffer from reduced mating oppor-

among which mate choice and sex-biased natal dispersal are the

tunities (Frankham & Ralls, 1998; Hedrick & Kalinowski, 2000). Once

most common (Pusey & Wolf, 1996). In regard to inbreeding, mate

hotly debated, it is now clear that the deleterious consequences of

choice is an active inbreeding avoidance strategy by which the

inbreeding depression also apply to wild populations, perhaps more
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so than for captive populations where stressors are fewer (Frank-

A combination of genetic and behavioural evidence provides the

ham, 2010). Thus, assessing the inbreeding level and identifying

most robust examination of inbreeding, as each approach comple-

inbreeding avoidance mechanisms are critical to the effective conser-

ments the other. However, it remains relatively routine to report

vation management of endangered species. However, this kind of

one type of evidence without supporting evidence from the other.

work in endangered wild populations is relatively rare, as it is diffi-

To assess the inbreeding risk facing wild giant pandas, we used a

cult to obtain the genetic and field data needed to investigate

combination of long-term field observations of reproductive beha-

inbreeding avoidance (Pemberton, 2008; Szulkin, Stopher, Pember-

viour and large-scale noninvasive genetic sampling (2006–2016) in

ton, & Reid, 2013).

the Foping and Changqing Nature Reserves, Shaanxi Province (Fig-

The iconic giant panda (Ailuropoda melanoleuca), a solitary and

ure 1). By measuring relatedness in mating pairs and parent pairs

threatened mammal, makes a good model for understanding the

and inbreeding coefficients of offspring, documenting reproductive

roles of inbreeding and inbreeding avoidance in endangered species.

choices as a function of relatedness in mating-pair formation, and

With a small global population size estimated at only 1,864 wild pan-

decomposing the spatial distribution of genetic variation of the same

das living in 33 fragmented populations (State Forestry Administra-

sex and the opposite sex, we estimated the extent and magnitude of

tion, 2015), there are significant opportunities for human-mediated

inbreeding and revealed inbreeding avoidance mechanisms in wild

increases in inbreeding risk. In fact, 22 local populations harbour

giant pandas.

fewer than 30 individuals, far below the recommended effective
population size of 50 individuals required for maintenance of genetic
diversity targets in many circumstances (Hedrick & Kalinowski,
2000). Population subdivision has thus been identified as one of the
most significant threats to panda persistence, and although panda

2 | MATERIALS AND METHODS
2.1 | Study area and study object

populations are beginning to recover, genetic erosion due to

Our study area is located in the Foping Nature Reserve (Foping) and

inbreeding may counteract many of the recent gains (Swaisgood,

the adjacent Changqing Nature Reserve (Changqing), the Qinling

Wang, & Wei, 2016). It would be tragic if the recent downlisting of

Mountains, Shaanxi Province (Figure 1). These two reserves are in

the panda from Endangered to Vulnerable by the International Union

the south slope of the Qinling Mountains and have a gentle terrain,

for the Conservation of Nature (Swaisgood et al., 2016) had to be

which favours our field tracking and behaviour observation of giant

reversed in the near future due to increased inbreeding impacts.

pandas. The Foping reserve is the core of the giant panda nature

However, the effects of population subdivision on panda population

reserve network in the Qinling Mountains, with an area of

viability remain unknown—indeed the species still retains a healthy

292.4 km2. The 3rd and 4th national surveys of giant pandas esti-

level of genetic diversity (Wei et al., 2012; Wei, Hu, et al., 2015;

mated that Foping had 76 and 67 wild pandas (excluding cubs) and

Zhao et al., 2013). To understand the potential impacts of small pop-

higher population density than other panda nature reserves (State

ulation size in the giant panda, it is necessary to evaluate the roles

Forestry Administration, 2006, 2015). In Foping, we GPS-collared

of inbreeding and mechanisms for avoiding inbreeding.

five wild pandas (three males and two females) for ecological, beha-

Although genetic (Hu, Zhan, Qi, & Wei, 2010; Zhan et al., 2007)

vioural and genetic studies (see details in Wei, Nie, et al., 2015).

and limited behavioural (Pan et al., 2014; Zhang et al., 2014) data

Through radiotracking these pandas in mating season, we can more

indicate that natal dispersal in giant pandas is female-biased, the

easily find mating sites and observe reproductive behaviours. Thus,

question of inbreeding avoidance has never been addressed directly

the Foping reserve was our main study area. Additionally, giant pan-

in this species. Despite substantive challenges to locating and

das make unique and resounding sounds when courting and mating

observing this reclusive animal, detailed behavioural observations

(Pan et al., 2014; Schaller et al., 1985). It is possible to find mating

based on radiotelemetry have illuminated the basic reproductive

sites by following these unique vocalizations during the mating sea-

ecology of this species (Nie, Swaisgood, Zhang, Liu, & Wei, 2012;

son. In Foping, we used both methods to search for mating sites.

Pan et al., 2014; Schaller, Hu, Pan, & Zhu, 1985). Giant pandas are

The Changqing reserve of 299 km2 also has a high population den-

seasonally polygynous. Female oestrous periods are asynchronous

sity. The 3rd and 4th national surveys of giant pandas estimated 52

within the 2-month mating season, allowing several males to aggre-

and 57 giant pandas living in the reserve (State Forestry Administra-

gate around a single oestrous female and compete for mating oppor-

tion, 2006, 2015). In Changqing, we searched for mating sites and

tunities. The female has the opportunity to exercise mate choice,

observed reproductive behaviours by following vocalizations associ-

deciding when to come down from her tree refuge when she is

ated with courting and mating.

ready to mate. It is not clear whether wild females exercise mate

The long-term radiotelemetry studies (Pan et al., 2014; Yong,

choice; however, captive pandas allowed to mate with preferred

Wei, Ye, Zhang, & Li, 2004) found that in the Qinling Mountains, the

partners have higher reproductive performance than pandas mated

mating season of wild giant pandas often starts in late February and

with nonpreferred partners (Martin-Wintle et al., 2015), suggesting

finishes in late April. Most pandas live in the relatively low-elevation

that mate choice may also serve an important function in wild popu-

Bashania fargesii bamboo forest (1,200–1,800 m) in mating season. In

lations. Without genetic data, however, we cannot determine

nonmating season, the Qinling giant pandas have obvious seasonal

whether mate choice plays a role in inbreeding avoidance.

movements, shifting across elevations from June to September in
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F I G U R E 1 The Foping and Changqing Nature Reserves, the locations of 101 giant panda individuals sampled in the 2008 nonmating
season and the locations of 19 mating sites found from 2008 to 2016
response to forage quality. In May, giant pandas feed mainly on

slope by slope, to collect samples from as many pandas as possible.

bamboo shoots of B. fargesii. In June, giant pandas gradually move

Additionally, we performed noninvasive sampling in the Changqing

upwards to high-elevation Fargesia qinlingensis bamboo forest

reserve in December 2008 following random transect lines. Most

(1,800–2,600 m) until August. In September, giant pandas move back

faecal samples from the field were <2 weeks old, based on the

into B. fargesii bamboo forest and feed mainly on bamboo leaves

mucosal outer layer of faeces. These mucosal outer layers were

until the next April (Pan et al., 2014). Except for the mating season

peeled off with sterile plastic gloves and stored in 99.7% ethanol.

and the seasonal movements, the home ranges of giant pandas are

Hair samples were air-dried, stored in sterile plastic bags and stored

relatively stable (Pan et al., 2014; Zhang et al., 2014).

at 20°C. GPS positions were recorded for all samples. We collected
275 fresh faeces and six hair samples in Foping, and 60 fresh faeces

2.2 | Background genetic information: noninvasive
genetic sampling in the nonmating season
To investigate mate choice and sex-biased natal dispersal in wild
pandas, we need detailed background genetic information of the

in Changqing.

2.3 | Mate choice: reproductive behaviour and
noninvasive genetic sampling

studied population. So, in November and December 2008, we per-

We observed reproductive behaviours (courting and mating beha-

formed an exhaustive noninvasive sampling in our main study area,

viours) in the daytime during the yearly mating season (late February

the Foping reserve. We chose this period for two reasons. First, dur-

to late April) from 2008 to 2016 in Foping and from 2008 to 2010

ing the winter nonmating season, giant pandas’ home ranges are rel-

in Changqing. Through tracking GPS-collared pandas or following the

atively stable, which is critical for the analysis of sex-biased natal

courting sounds of oestrous pandas, we found mating sites (i.e., the

dispersal. Second, the winter cold weather favours the field preser-

aggregating site of oestrous males and females), observed reproduc-

vation of faecal and hair DNA. As in Zhan et al. (2006), field workers

tive behaviours and then identified the focal oestrous female, the

searched for fresh panda faeces and shed hairs, gully by gully and

dominant male and subordinate males using observations of
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behavioural and spatial cues (Pan et al., 2014; Schaller et al., 1985).

performed in 10 ll containing 5 ll HotstarTaq Master Mix (QIA-

The winning male during competition to access the female is

GEN), 0.25 lM forward (50 labelled with FAM, TAMRA or HEX) and

defined as the dominant male, and other involved males are

reverse primers, 1 lg/ll BSA (Promega) and 2 ll DNA extract. PCRs

defined as subordinate males. The dominant male is the closest to

started with 94°C for 15 min, followed by a touchdown PCR (a total

the female in space, while the subordinate males are spatially far-

of 35 cycles of 94°C/15 s, Ta/30 s, 72°C/45 s) and a final step of

ther from the female (Pan et al., 2014; Schaller et al., 1985). Two

60°C for 30 min. Ta was decreased by 2°C every second cycle from

long-term radiotelemetry studies found that the dominant male

58°C or 60°C to a touchdown temperature (48°C or 50°C), which

often obtains the mating opportunity, while the subordinate males

was used for 25 subsequent cycles. PCR products were separated

have rare mating opportunities (Pan et al., 2014; Schaller et al.,

using an ABI 3730xl sequencer and scored using

1985). Therefore, we defined the oestrous female–dominant male

(SoftGenetics, State College, PA, USA). After obtaining multilocus

pair as the mating pair. After the reproductive activity was over or

combined genotypes of each sample, we performed individual identi-

moved to other places, we collected fresh faeces and shed hairs,

fication following Zhan et al. (2006). Then, we used

and recorded the identity of the pandas producing these noninva-

(Van Oosterhout, Hutchinson, Wills, & Shipley, 2004) to detect the

sive samples. As a result, we found 15 mating sites in Foping and

presence of genotyping errors such as null alleles, large allele drop-

four mating sites in Changqing, from which we collected complete

out or stuttering: no signatures of genotyping errors were detected

behavioural data and genetic samples (141 fresh faeces and 64 hair

in our final data set.

GENEMARKER

v2.2

MICRO-CHECKER

samples). We also collected genetic samples (29 fresh faeces and

We used a Y-linked sexing marker (ZX1, 210 bp) in combination

eight hair samples) from other mating sites from which we did not

with an X/Y-linked amplification control (ZFX/ZFY, 130 bp) to deter-

have complete behavioural data or sample collection, and these

mine the sex of each sample (Hu et al., 2010). Three PCR repeats

genetic data were only used to provide background genetic infor-

were performed for each DNA extract. A sample was identified as

mation.

male if at least two PCRs showed two bands of varying lengths and
as female if only one band (130 bp) was produced. Blood DNA from

2.4 | Inbreeding: noninvasive genetic sampling of
mother–cub pairs
To more accurately assess the inbreeding level, we endeavoured to
sample panda mothers and their cubs, assign paternity to the cub’s

captive male and female giant pandas was used as positive controls,
and a PCR without a DNA extract was used as a negative control.

2.6 | Analysis of population genetic structure

father with genetic data, estimate relatedness between the cub’s

To determine whether there is genetic substructure between the

parents and calculate the cub’s inbreeding coefficient. In the field,

two adjacent populations from the Foping and Changqing reserves,
v2.3

we sampled mother–cub pairs through opportunistic encounters,

we performed a genetic clustering analysis using

tracking of the collared females and monitoring of natal dens in win-

(Pritchard, Stephens, & Donnelly, 2000). The range of possible clus-

ter. We collected fresh faeces from mother–cub pairs and attributed

ters (K) tested was from 1 to 8, and 10 independent runs were per-

samples to either mothers or their cubs based on faecal size. If the

formed for each. We set the lengths of Markov Chain Monte Carlo

cub did not develop to the age of defecation, we collected the cub’s

iterations and burn-in as 1,000,000 and 100,000, respectively.

hair sample when conditions allowed. We found 13 mother–cub

Admixture model and correlated allele frequencies between popula-

pairs from 2006 to 2012 in Foping, from which 29 fresh faeces and

tions were assumed. We selected the most likely K using the maxi-

11 hair samples were collected. Eleven of the 13 pairs were oppor-

mal value of the log likelihood of the posterior probability of the

tunistically encountered, and only two pairs were found by tracking

data for a given K (Pritchard et al., 2000).

STRUCTURE

the collared females.

2.7 | Paternity assignment
2.5 | Molecular identification of individual identity
and sex

We performed maximum-likelihood-based paternity assignment

We extracted total DNA from faeces using the QIAamp DNA Stool

estimates a ratio of the likelihood of one parent over another and

Mini kit (QIAGEN, Hilden, Germany) and from hair using proteinase

then calculates the natural logarithm of the ratio, that is, the likeli-

using

CERVUS

v3.0.7 (Kalinowski, Taper, & Marshall, 2007).

CERVUS

K digestion in a PCR-compatible buffer (Allen et al., 1998). Blank

hood-of-difference (LOD) score. The LOD score is calculated using

controls were also performed in both extractions and downstream

the genotypes of the offspring, known mother and candidate

amplifications. We used 14 giant panda-specific microsatellite loci to

fathers. Except for known male cubs, all the male pandas identified

genotype these DNA samples (Table S1). To obtain reliable geno-

in this study were used as candidate fathers. The proportion of can-

types, we used a multitube amplification approach (Taberlet et al.,

didate fathers sampled was set as 0.9, and the proportion of loci

1996). First, we amplified each DNA extract three times simultane-

mistyped was set as 0.01 to tolerate genotyping errors. Paternity

ously, and then, if the genotype could not be determined, we per-

was assigned at both strict (95%) and relaxed (80%) confidence

formed two additional amplifications. PCR amplifications were

levels.
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(mating-pair formation) was defined as binary (“1” denotes the pair-

2.8 | Estimation of relatedness, inbreeding
coefficient and genetic heterozygosity

ing of dominant male and oestrous female, and “0” represents the

We used

v2 (Konovalov, Manning, & Henshaw, 2004) to

tory variables were female–male relatedness and each male’s SH (or

estimate pairwise relatedness values (R; Queller & Goodnight, 1989),

IR), given random effects for different sampling years, mating sites,

KINGROUP

pairing of subordinate male and oestrous female), and the explana-

based on the allele frequencies calculated from all pandas identified

individual identity or their combinations. The model was fit using the

in this study. R values range from 1 to 1. Theoretically, the R val-

LME4

package in

RSTUDIO.

ues of first-class relatives (e.g., parent–offspring, full-sibs), secondclass relatives (e.g., grandparent–grandchild, half-sibs) and third-class
relatives (e.g., first-cousin) are .5, .25 and .125, respectively. Following widely used criteria (Hansson et al., 2007), mating between indi-

2.11 | Spatial autocorrelation analysis, relatedness
analysis and sex-biased natal dispersal

viduals with .25 ≤ R < .5 is defined as moderate inbreeding and with

We used spatial autocorrelation analysis in

R ≥ .5 as high inbreeding. We utilized

v1.0.1.7 (Wang,

Smouse, 2012) to detect sex-biased natal dispersal pattern (Banks &

2011) to estimate inbreeding coefficient (f) of each panda cub using

Peakall, 2012). The microsatellite data collected in the 2008 nonmat-

the triadic maximum-likelihood estimator (Wang, 2007), based on

ing season were used with four known cubs removed. Referring to

the allele frequencies calculated from all pandas identified in this

three long-term radiotelemetry or GPS-telemetry studies (Pan et al.,

study. Following widely used criteria (Keller & Arcese, 1998; Mar-

2014; Schaller et al., 1985; Zhang et al., 2014) and assuming the

shall et al., 2002), .125 ≤ f < .25 is defined as moderate inbreeding,

home range of giant pandas to be approximately circular, we esti-

and f ≥ .25 as high inbreeding.

mated 3.0 km as the mean diameter of home ranges. Because the

COANCESTRY

GENALEX

6.5 (Peakall &

To investigate how males’ genetic heterozygosity influences their

detection of spatial genetic autocorrelation depends on the true (but

dominance status and mating-pair formation, we used standardized

unknown) extent of spatial genetic structure, the distance class size

individual heterozygosity (SH; Coltman, Pilkington, Smith, & Pember-

chosen and the associated number of samples per distance class

ton, 1999) and internal relatedness (IR; Amos et al., 2001) as the

(Peakall, Ruibal, & Lindenmayer, 2003), we performed two different

representatives of individual genetic heterozygosity. Considering that

analyses based on the use of different distance sizes to explore the

not all loci are successfully genotyped for each individual, SH nor-

difference of males and females in spatial genetic autocorrelation.

malizes

of

First, we used 3.0 km as the distance class size for all four classes of

heterozygous typed loci divided by the mean heterozygosity of

autocorrelation analyses: all individuals, just males, just females and

typed loci. IR measures the similarity between parental half-geno-

female–male pairs, with at least 60 pairwise comparisons in the first

individual

heterozygosity

through

the

proportion

types and is calculated as: (2H  ∑ƒi)/(2N  ∑ƒi), where H is the

several distance classes. To achieve greater statistical power, we

number of homozygous loci within an individual, N is the number of

pooled pairwise comparisons from the largest several distance

loci analysed, and ƒi is the frequency of the ith allele in the multilo-

classes to obtain ≥35 comparisons for the estimate of autocorrela-

cus genotypes. This measure allows the sharing of rare alleles to be

tion coefficients (r). Second, we used multiple different distance class

weighted more than the sharing of common alleles.

sizes (five increments of 3.0 km) for autocorrelation analyses of
males and females separately. Because spatial autocorrelation is

2.9 | Analysis of relatedness among potential
female–male pairs

likely only to occur in the first few distance classes (e.g., Banks &
Peakall, 2012; Peakall et al., 2003), we only reported the r value for
the first distance class, respectively. For the detection of spatial

To know the population background involved in mating-pair forma-

autocorrelation the null (H0) and alternative hypotheses (H1) are as

tion, we identified potential available female–male pairs within the

follows: H0 = a random distribution of genotypes in space (r = 0),

range of the largest home range reported in giant pandas

whereas H1 = a nonrandom distribution of genotypes in space (r <

(28.93 km2; Pan et al., 2014) during the mating season. We used the

> 0; Peakall et al., 2003). We tested the hypotheses via random per-

diameter of the largest home range, 6.0 km, as the largest distance

mutation (1,000 repeats), which generates a distribution of permuted

in which a mating pair may form, and we analysed the data set from

r values under the assumption of no spatial structure by the random

the 2008 nonmating season of Foping. Then, we estimated pairwise

shuffling of all individuals among the geographic locations. In addi-

relatedness among these potential female–male pairs for comparison

tion, the 95% error bar about r within each distance class was gener-

with actual mating pairs and parent pairs.

ated by bootstrapping (1,000 repeats). Significant autocorrelation
was concluded only when the observed r value falls outside the per-

2.10 | GLMM analysis

mutation 95% confidence intervals around the null hypothesis of
zero, and the bootstrap 95% error bar about r does not intercept the

To assess the roles of female–male relatedness and male’s genetic

x-axis at r = 0. The difference in r values for males and females was

heterozygosity in mating-pair formation, we performed generalized

determined by comparing their 95% error bars.

linear mixed model (GLMM) analysis with a logit-link and binomial

The calculation of spatial genetic autocorrelation coefficient (r) is

error distribution (McCullagh & Nelder, 1989). The response variable

based on the genetic distance, which is different from relatedness

5798

|

HU

ET AL.

value (R) based on the allele frequencies. Therefore, we also exam-

from 60 samples and identified 24 pandas: 20 males and four

ined the spatial distribution of R for different distance classes to

females (Figure 1). This difference in the number of identified pan-

check whether the sex-biased spatial genetic structure was consis-

das per population primarily resulted from different sampling intensi-

tent in two different measures. The 95% confidence intervals of R

ties (see Methods). (ii) With noninvasive samples from 19 mating

for different distance classes were obtained by 1,000 permutation

sites from 2008 to 2016 (Figure 1), we successfully identified 28

1.5 (Hardy & Vekemans, 2002). Particularly,

pandas from Foping and 12 pandas from Changqing: 26 males and

we investigated the proportions of dyads with R ≥ .5 or .25 ≤ R < .5

14 females. At Foping, 15 of 28 individuals had already been sam-

for different distance classes among males and females, to account

pled in the 2008 nonmating season, while at Changqing only one of

for the sex-biased difference in spatial genetic structure.

12 individuals had already been sampled. (iii) We successfully geno-

implemented in

SPAGEDI

typed noninvasive samples from 13 mother–cub pairs and the com-

2.12 | Breeding dispersal

bined microsatellite genotypes conformed to Mendel’s law of
inheritance, suggesting the reliability of our field observations and

To detect whether breeding dispersal occurs in giant pandas, we

sample collection. (iv) With noninvasive samples from additional mat-

assessed the movement behaviours during the mating season by mea-

ing sites from 2008 to 2016 for which we had incomplete beha-

suring the geographic distances among different mating sites of the

vioural data or sample collection, we successfully identified another

same male or female. We also investigated whether the mating sites of

19 individuals that were incorporated into the background genetic

GPS-collared pandas were within or adjacent to their winter nonmat-

data set with the above three data sets. Combining the above four

ing home ranges. In the Qinling giant panda population, there is obvi-

data sets, we obtained the microsatellite genotypes of 153 giant

ous seasonal movement and much less overlap between the winter

pandas from the Foping and Changqing reserves. The total data set

and summer home ranges (Zhang et al., 2014), and most reproductive

is not a molecular census of these reserves because these surveys

activities occur within the winter home range. Because we want to

were conducted over several years, yielding the cumulative number

know whether these mating sites were located within or adjacent to

of distinct individuals detected.

their winter home ranges, we used the winter nonmating home range

showed that these 153 pandas belonged to one genetic population

as the background home range by excluding the GPS locations from

(Fig. S1), which is consistent with the fact that panda habitat in both

June to August (summer) and from mid-February to April (mating sea-

reserves is continuously distributed without obvious barriers to gene

son). Fixed kernel estimator method (Worton, 1989) was used to con-

flow.

STRUCTURE

genetic clustering analysis

struct the 95% fixed kernel home ranges of four GPS-collared pandas
(i.e., XY, CC, CY and NN) and was implemented in ARCGIS 10 (ESRI, CA,
USA). At least 1-year GPS locations of the collared pandas were used

3.2 | Behavioural data from mating sites

for home range estimation. The other collared female XM was raising

Of the 19 mating sites (Figure 1), 13 were found through tracking

a cub during our field-tracking period and thus was excluded from our

GPS-collared pandas and six were found by following courting

analysis. Furthermore, to describe the spatial distribution of pandas

sounds of pandas. Sex identification results supported the inference

from the same mating site, we performed two analyses: (i) to estimate

of female and male identity made based on reproductive behaviour

the proportions of the winter nonmating home range of the collared

and spatial position. The number of involved males ranged from 1 to

female overlapped by those of the collared male pandas involved in

6 across these mating sites (Table 1). Interestingly, at six mating sites

the same mating sites. Three of the four collared pandas (one female

the number of males genetically identified was higher than that

NN, and two males XY and CC) were involved in the same mating

behaviourally observed, suggesting that behavioural observation can-

sites; (ii) to examine the geographic distances of female–male pairs

not discern all individuals involved, largely due to the limited time

from the same mating sites using the sampling coordinates recorded

available to observe behaviours. Individual genetic identification

during the winter nonmating season.

showed that an oestrous male could participate in multiple mating
sites at the same mating season, while an oestrous female is only

3 | RESULTS
3.1 | Molecular identification of noninvasive
samples
We obtained four microsatellite genotyping data sets from noninva-

involved in one mating site at the same mating season. Of the 19
mating sites, we observed eight mating events where all the dominant males obtained the mating priorities, which was consistent with
two previous radiotelemetry studies (Pan et al., 2014; Schaller et al.,
1985). We have not observed that the subordinate males mated
with the oestrous females.

sive samples by amplifying 14 microsatellite loci (Table S1): (i) From
the 2008 nonmating season, we obtained 221 reliable multilocus
combined genotypes from 281 samples at Foping. Individual identity
analysis identified 77 giant pandas: 40 males, 35 females and two

3.3 | Relatedness in mating pairs and parent pairs
and inbreeding coefficients of cubs

individuals of unknown sex (Figure 1). From the 2008 nonmating

To measure the extent and magnitude of inbreeding, we estimated

season at Changqing, we obtained 45 reliable combined genotypes

the relatedness values (R) between mating pairs (i.e., oestrous
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T A B L E 1 Information on 19 mating sites of giant pandas found in
the Foping and Changqing Nature Reserves
Number of
males
genetically
identified

Number of
males
behaviourally
observed

5799

Female–subordinate male

Mating
site

Year

Location

Number
of
females

2008-1

2008

Foping

1

3

3

2009-1

2009

Foping

1

2

2

2009-2

2009

Foping

1

4

4

2009-3

2009

Changqing

1

3

3

2009-4

2009

Changqing

1

1

1

2009-5

2009

Changqing

1

1

1

2010-1

2010

Foping

1

3

1

2010-2

2010

Foping

1

2

2

2010-3

2010

Foping

1

2

2

2010-4

2010

Changqing

1

3

2

2011-1

2011

Foping

1

5

4

2012-1

2012

Foping

1

6

5

2012-2

2012

Foping

1

3

2

2012-3

2012

Foping

1

1

1

2013-1

2013

Foping

1

4

4

2013-2

2013

Foping

1

2

2

2013-3

2013

Foping

1

1

1

an R of ≥.5, implying the low probability of observing high-level

2016-1

2016

Foping

1

2

2

inbreeding at random in mating sites. Additionally, the inbreeding

2016-2

2016

Foping

1

2

1

coefficient (f) estimation showed that only one of 13 panda cubs

The bold italic denotes the number is higher than the number of males
behaviourally observed.

Female–dominant male
Mother–father

–1

–0.75

–0.5

–0.25

0

0.25

0.5

0.75

1

Relatedness
F I G U R E 2 The relatedness distribution between cub’s parent
pairs (N = 11 pairs), between oestrous female and dominant male
(mating pairs) (N = 19 pairs), and between oestrous female and
subordinate males (N = 31 pairs) [Colour figure can be viewed at
wileyonlinelibrary.com]

home

range

reported

was

also

essentially

zero

(mean

R  SD = 0.003  0.269); a Mann–Whitney U test showed that
the relatedness distributions of 19 mating pairs and 11 parent pairs
were not significantly different from that of all potential female–male
pairs (p = .278 and p = .437, respectively; Fig. S2). It should be
noted that only 20 (3.64%) of 550 potential female–male pairs had

(7.7%) had .125 ≤ f < .25 and no cubs had an f of ≥.25 (Table 2), consistent with the relatedness estimation results of cub’s parent pairs.
In summary, moderate inbreeding occurred in 21.1% of mating pairs,

female–dominant male), and between each cub’s parent pairs,

9.1% of parent pairs and 7.7% of panda cubs in the wild, with no

respectively. The mean R of 19 mating pairs was 0.061  0.182

high-level inbreeding. These findings suggest that wild pandas did not

(mean  SD). Particularly, four of 19 mating pairs (21.1%) had

actively avoid breeding with relatives during mating-pair formation.

.25 ≤ R < .5, but no mating pairs had an R of ≥.5 (Figure 2). We also
estimated the R values between oestrous female and subordinate
males. The mean R was 0.094  0.242 (mean  SD), with four of 31
pairs (12.9%) having .25 ≤ R < .5 and two pairs (6.5%) having an R

3.4 | Mating-pair formation and inbreeding
avoidance

of ≥.5 (Figure 2). An independent t test showed no significant differ-

The GLMM analysis (N = 50) showed that neither female–male relat-

ence in relatedness distribution for both data sets (t = 0.507,

edness nor male’s SH (or IR) was significantly associated with mat-

p = .615).

ing-pair formation (p > .05; Tables S2 and S3). The male’s SH and IR

We successfully identified the fathers of 11 of 13 panda cubs

were significantly negative correlated (Pearson’s correlation coeffi-

(Table 2). Two of the 11 parent pairs were observed to have mated

cient = .96, p < .001). In addition, the interaction of female–male

in their respective mating sites, and in both cases, the identified

relatedness and male’s SH (or IR) was also not significant (Tables S2

fathers were the dominant males at that time, consistent with the

and S3). These findings suggest that on the whole, mating-pair for-

behavioural observation that the dominant male often obtains the

mation is not based on female–male relatedness or male’s heterozy-

mating opportunity (Nie et al., 2012; Pan et al., 2014; Schaller et al.,

gosity.

1985). The mean R of 24 parent–offspring pairs was 0.519  0.138
(mean  SD), very close to the theoretical expectation of R for parent–offspring (.5), suggesting the overall reliability of our relatedness
estimates. Based on the paternity analysis results, the mean R of 11

3.5 | Sex-biased natal dispersal and inbreeding
avoidance

parent pairs was 0.049  0.179 (mean  SD), and particularly, only

Spatial genetic autocorrelation analysis among all 97 pandas from

one of 11 parent pairs (9.1%) had .25 ≤ R < .5 and no parent pairs

the 2008 nonmating season found a nonrandom spatial genetic

had an R of ≥.5 (Figure 2). The mean relatedness value of all poten-

structure with significantly positive autocorrelation in the first dis-

tial female–male pairs (550 pairs) within the range of the largest

tance class (0–3 km, r = .037; Figure 3a). Significantly positive
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T A B L E 2 Paternity assigned to 13 giant panda cubs with
identified father

v3.07. There were no trio mismatches at any locus among mother, cub and

Age estimated
(months)

Mother observed

2006

19

FPS06168/FPW09013/HS1202

FP08025

95

.0674

2006

19

FPS06183

FP08167

80

.0003

2007

15

FP071202002/FP08096a

FP08027

95

.0782

Female

2008

15

FP08249

Unknown

—

.0008

Female

2008

15

FP08246

Unknown

—

.0074

FP08269

Female

2008

15

FP08272

FP08020

95

.0024

HFPW08030

Male

2008

3.5

FP08197

FP08183

80

.0057

HFPW09027

Male

2009

3.5

FPS06168/FPW09013/HS1202

FP08004

95

.0399

HFPW09029

Female

2009

3.5

FPW09003

FP08004

95

.1298

HFPW09063

Female

2009

3.5

FPW09026

FP08113

80

.0426

HS1201

Male

2012

3.5

FPS06168/FPW09013/HS1202

FP08031

80

.0138

Cub

Gender

FPS06169

Female

FPS06184

Male

FP071202003/
FP08095a

Male

FP08239
FP08245

Year
sampled

CERVUS

ET AL.

Father
identified

Trio confidence
level (%)

HS1203

Female

2012

15

SGM1234

FP08027

80

SGM1221

Male

2012

19

SGM1222

FP08113

80

Inbreeding
coefficient (f)

.0936
0

a

This mother–cub pair was found twice in 2007–2008.

autocorrelation occurred in the first distance class among males

observed that in late December 2007, Chunchun dispersed out of

(r = .065; Figure 3b), but not in any distance classes among females

her natal home range and settled in a new region. In late November

(r = .031) or female–male pairs (r = .028; Figure 3c,d). The r value

2008, we sampled the fresh faeces of Chunchun again in a region

among males was more than twice that among females, although

away from the co-occurring location with her mother in 2006, with

bootstrap error bars about r indicated that r values among male pairs

a distance of 4.564 km apart. In contrast, our genetic data from

were not significantly greater than those among female pairs. The

2008 to 2016 also supported the philopatry of a 3.5-year-old male

analyses based on different distance class sizes showed that signifi-

subadult Xiyue as recorded by GPS telemetry (Wei, Nie, et al., 2015;

cantly positive autocorrelation still occurred among male pairs until

Zhang et al., 2014), although we were not sure whether the panda

the distance class of 0–6 km, while no significantly positive autocor-

has dispersed into our study region from other regions before we

relation among female pairs for any distance classes (Fig. S3). Relat-

collared the panda.

edness analyses showed similar sex-biased difference in spatial
genetic organization (Fig. S4). Further examination of the number of
dyads with an R ≥ .5 or .25 ≤ R < .5 also showed that in the first

3.6 | Breeding dispersal and inbreeding avoidance

distance class (0–3 km), the proportion of male dyads was higher

One strategy that pandas might employ to avoid inbreeding is to

than female dyads and female–male dyads (Figure 4). The sex-biased

move long distances during the mating season to avoid breeding

spatial distribution of genetic variations suggests female-biased natal

with relatives that are spatially distributed in or near the home

dispersal in giant pandas. Particularly, female–male dyads had a

range. To test this hypothesis, we examined data from 19 mating

lower r or R in proximal distances and a lower proportion of dyads

sites, involving three female pandas and 11 male pandas that were

with an R ≥ .25, suggesting a spatial segregation of related male–

observed participating in mating activities at more than one mating

female pairs (Figure 3d). This would decrease the probability of spa-

site. The mean geographic distance among different mating sites for

tial encounter of related male–female pairs and largely preclude

individual females was 1.391  0.263 km (mean  SD, N = 3, cor-

inbreeding.

recting for different sample sizes of each individual), while the mean

Additionally, our genetic data also confirmed the natal dispersal

geographic distance among different mating sites for individual males

of a female subadult Chunchun as recorded by GPS telemetry

was 1.964  1.018 km (mean  SD, N = 11, correcting for different

(Zhang et al., 2014). In late March 2006, we sampled the fresh fae-

sample sizes of each individual), which was not significantly different

ces of co-occurring Chunchun and her mother, and inferred

from those of females (Mann–Whitney U test, p = .383; Figure 5a).

Chunchun was 19 months old based on the faecal size and the co-

Of 54 pairwise distances involving the 11 males, 50 were from

occurrence with her mother. In late February 2007, Zhang et al.

different mating seasons (mean  SD = 1.809  1.197 km) and four

(2014) collared Chunchun and inferred she was 2.5 years old based

were from the same mating season (mean  SD = 1.281 

on the body size. The faeces sampling location of 2006 and the col-

0.258 km); however, they were not significantly different between

lared location of 2007 were adjacent. Then, Zhang et al. (2014)

years (Mann–Whitney U test, p = .39). These results indicate that
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0.04
0.02
0.00
–0.02
–0.04
–0.06
3

6

9

12

15
18
Distance class (km)

21

24

27

39

Males
0.10

(b)

0.08
Autocorrelation (r)

0.06
0.04
0.02
0.00
–0.02
–0.04
–0.06
–0.08
–0.10
3

6

9

12
15
Distance class (km)

18

21

36

18

21

33

18

21

39

Females
0.10

(c)

0.08
0.04
0.02
0.00
–0.02
–0.04
–0.06
–0.08
–0.10
3

6

9

12
15
Distance class (km)

Male–female pairs
0.10

(d)

0.08
0.06
Autocorrelation (r)

F I G U R E 3 Spatial genetic
autocorrelation analyses among (a) all
individual pairs (N = 4,656 pairs), (b) male
pairs (N = 1,711 pairs), (c) female pairs
(N = 630 pairs) and (d) male–female pairs
(N = 2,124 pairs). The genetic
autocorrelation coefficient (r) is a function
of geographic distance, with the permuted
95% confidence intervals indicating
random spatial genetic structure (dashed
lines) and the bootstrapped 95%
confidence error bars around r. U, upper
95% confidence interval; L, lower 95%
confidence interval. The smallest distance
class size, 3.0 km, is the mean diameter of
giant panda home ranges [Colour figure
can be viewed at wileyonlinelibrary.com]

Autocorrelation (r)

0.06

0.04
0.02
0.00
–0.02
–0.04
–0.06
–0.08
–0.10
3

6

9

12
15
Distance class (km)

female and male pandas moved only short distances (<2 km on

the winter nonmating season. Additionally, during the winter non-

average) among different mating sites. Furthermore, the winter non-

mating season the mean geographic distance for female–male pairs

mating home range analyses showed that for four GPS-collared

from the same mating sites was 2.375  1.021 km (mean  SD,

pandas (three males XY, CC and CY, and one female NN), most of

N = 16), lower than the mean diameter (3.0 km) of giant panda

their mating sites were located within or adjacent to their respec-

home ranges, also suggesting that female–male pairs from the

tive home ranges (Figure 5b–e). The home range overlap analysis

same mating sites were spatially proximate during the winter non-

showed that 76.9% and 31.5% of the winter nonmating home

mating season. Taken together, these findings suggest that giant

range of the female NN were overlapped by those of the males

pandas do not use long-distance breeding dispersal as a strategy

XY and CC involved in the same mating sites, respectively, indicat-

to avoid inbreeding. However, the lack of breeding dispersal main-

ing the large home range overlap and their spatial proximity during

tained the spatial segregation of related male–female pairs formed
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R ≥ 0.5

0.25 (a)

Proportion

0.2
0.15
0.1
0.05
0
0–3 km

0.25

3–6 km

6–9 km

0.25 ≤ R < 0.5

(b)

Proportion

0.2
0.15
0.1
0.05
0
0–3 km
Male–male

3–6 km
Female–female

6–9 km
Male–female

F I G U R E 4 Spatial distribution of
relatedness among males, females and
male–female pairs. (a) Proportions of dyads
with an R ≥ .5 for different distance
classes among males, females, male–female
pairs. (b) Proportions of dyads with a
.25 ≤ R < .5 for different distance classes
among males, females and male–female
pairs

by female-biased natal dispersal, thus facilitating the inbreeding

related. The end consequence of this mating strategy is moderate

avoidance in mating season.

levels of inbreeding (e.g., 21.1% of mating pairs), without high-level
inbreeding.
While moderate, the extent of inbreeding in solitary giant pandas

4 | DISCUSSION

we found is high compared to studies demonstrating moderate levels

Our long-term field behavioural observations and large-scale genetic

populated (Dunn, Clancey, Waits, & Byers, 2011; Hoogland, 1992;

analyses have provided the first individual-level investigation on the

Nielsen et al., 2012; Olson, Blumstein, Pollinger, & Wayne, 2012).

extent and magnitude of inbreeding in iconic giant pandas, based on

All else being equal, expectations are that inbreeding will be higher

mutually supporting behavioural and genetic evidence. Although our

among more social species (Koenig & Haydock, 2004). Given the

study was performed in two high-density giant panda populations,

higher risk of inbreeding among more social species, they may have

the sample size was still small. Our results indicate that the primary

evolved more sophisticated behavioural mechanisms for avoiding

mechanism of inbreeding avoidance in giant pandas may be passive

inbreeding than has the giant panda (Koenig & Haydock, 2004). In

female-biased natal dispersal rather than active mate choice, which

the giant panda, familiarity may help avoid inbreeding between

separates the most closely related potential mating pairs on the

mother–son pairs, while female-biased natal dispersal could spatially

landscape and reduces opportunities for inbreeding. In a system

segregate father–daughter and opposite-sex full-sibs, but not neces-

such as the panda’s, characterized by low density and home range

sarily segregate some of other relatives such as paternal half-sibs,

of inbreeding (e.g., 5%–18%) in species more social and more densely

overlap with a few potential partners, one might predict long-dis-

grandfather–granddaughter and uncle–niece. Due to large home

tance breeding dispersal to avoid inbreeding, but this does not seem

range overlap in giant pandas (Pan et al., 2014; Schaller et al., 1985;

to be the case. Although female-biased natal dispersal serves to

Zhang et al., 2014), these spatially proximate male–female relatives

reduce the likelihood of high-level inbreeding, we found no evidence

may encounter each other and mate due to lack of kin recognition

that pandas often leave their home ranges in search of less closely

and avoidance mechanisms. For example, if they do not share a

related mates during the mating season; they thus have access to

developmental history, social familiarity cannot be used to recognize

only a few partners, some of which apparently are moderately

kin and avoid inbreeding. Additionally, pandas may have not evolved
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(a)
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3
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2
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1
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N

(b)

N

(c)

Legend

Legend

Nature Reserve Boundary
Home range of XY

Nature Reserve Boundary
Home range of CC

Mating sites of XY
2

1

0

2

2 km

(d)

F I G U R E 5 Assessment of breeding
dispersal in giant pandas. (a) The mean
geographic distances among different
mating sites of the same males or females,
with standard deviation bars around the
mean. (b–e) The spatial distribution of
mating sites relative to the winter
nonmating home ranges for four GPScollared pandas, that is, (b) XY, male; (c)
CC, male; (d) CY, male; (e) NN, female

N

1

0

2 km

N

(e)

Legend

Legend

Nature Reserve Boundary
Home range of CY
2

1

0

2 km

Mating sites of CY

Mating sites of CC

Nature Reserve Boundary
Home range of NN
2

1

0

2 km

Mating sites of NN

another mechanism such as phenotype matching (Hauber & Sher-

captive female giant pandas can discriminate their daughters from

man, 2001) that prevents mating between these classes of relatives.

nonkin females, they did not address the question of whether pan-

Although Gilad, Swaisgood, Owen, and Zhou (2016) found that

das can discriminate kin of the opposite sex in a breeding context.
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Consequently, it is reasonable to infer that current levels of

significant time and energy in the pursuit of each female. Thus, it is

inbreeding in pandas may be artificially elevated above historical

reasonable to propose that these constraints on mating opportuni-

levels due to substantial habitat loss, population decline and frag-

ties make the expense of avoiding moderate inbreeding too high

mentation. These anthropogenic processes may reduce the number

(Kokko & Ots, 2006). One might reasonably label this mating strat-

of available mating partners and interfere with passive inbreeding

egy “better than nothing” to indicate that a related mate is better

avoidance if females no longer can disperse sufficient distances to

than no mate at all.

avoid breeding with relatives (Frankham & Ralls, 1998; Hedrick &

Martin-Wintle et al. (2015) found that captive pandas allowed to

Kalinowski, 2000). Under more natural circumstances, sex-biased

mate with preferred partners have higher copulation and birth rates

natal dispersal, provided the distance is sufficient, may be all that is

than pandas mated with nonpreferred partners, suggesting that mate

needed to avoid high levels of inbreeding, and mate choice beha-

choice plays an important role in mate-pair formation. However, our

vioural mechanisms to avoid related partners may not provide much

study showed that the mate-pair formation of wild pandas was not

additional benefit.

based on female–male relatedness or male heterozygosity, although

Previous radiotelemetry or GPS-telemetry studies (Pan et al.,

the effect of small sample size could not be ruled out. Nie et al.

2014; Zhang et al., 2014) and population genetic data (Hu et al.,

(2012) found that testosterone level also did not predict the domi-

2010; Zhan et al., 2007) have found evidence of female-biased natal

nant status of wild male giant pandas. One main possibility for the

dispersal in wild giant pandas, which differs from the generalized

captive and wild differences is that other mechanisms such as body

pattern of male-biased natal dispersal in mammals (e.g., Trochet

size or odour-mediated MHC diversity may work in mate choice. As

et al., 2016). In this study, our spatial genetic autocorrelation analy-

Martin-Wintle et al. (2015) showed, male body mass (an indicator of

ses also identified the signs of female-biased natal dispersal: signifi-

body size) significantly affected cub production in both female and

cantly positive genetic autocorrelation in the proximal distance

male

among males but not among females; more than twice the autocor-

affected copulation success in female experiment, suggesting the

relation coefficient in the proximal distance among males than

importance of male body mass in mate choice. Nie et al. (2012) visu-

among females and similar results from the spatial distribution of

ally ranked the body size of all males involved in the same mating

relatedness values. In addition, our long-term genetic tracking also

site and also found that body size may be the primary determinant

confirmed the natal dispersal of a female subadult as recorded by

of dominant status. These findings were generally consistent with

GPS telemetry (Zhang et al., 2014). However, the 95% error bars of

our field behaviour observations. In the field, we found that the

the autocorrelation coefficient for the first distance class indicated

dominant males often appear to be stronger than the subordinate

no significant difference between males and females, which may

males. However, we cannot effectively measure the body sizes of

result from multiple possible reasons. First, the sample size within

these males because of their continuous movement during courting

each distance class was still small, thus producing wider 95% error

or mating processes. Additionally, many studies have found that the

bars; second, in male-biased philopatry, males may move a relatively

adaptive MHC gene plays an important role in animal mate choice

shorter dispersal distance or a relatively lower proportion of males

(Kamiya, O’dwyer, Westerdahl, Senior, & Nakagawa, 2014). Some

may disperse than females, which may decrease the r values for the

animals prefer to mate with partners with one particular MHC gene,

first several distance classes among males; and lastly, because the

heterozygous MHC locus or dissimilar/moderately similar MHC

age or age structure of wild pandas cannot be reliably determined

diversity, which may work through odour-mediated information

currently, pairwise individuals in the first distance class may include

recognition mechanism (Kamiya et al., 2014). This mechanism needs

some predispersal subadults.

further investigation in wild and captive giant pandas.

reproductive

performance

experiments,

and

significantly

The lack of active inbreeding avoidance in pandas may also

Our findings have important implications for conservation and

arise from socio-ecological constraints influencing the mating sys-

management decisions. Although our study indicates that pandas

tem. Theoretical models of inbreeding avoidance also must take

may have a satisfactory mechanism for dealing with the risk of

into account the cost of not breeding if mate selectivity sometimes

inbreeding at present through sex-biased natal dispersal, the level of

leads to forgone breeding opportunities (Kokko & Ots, 2006). The

inbreeding we documented is greater than expected for a solitary

giant panda’s reproductive ecology is characterized by very limited

mammal and thus warrants concern for potential inbreeding depres-

mating opportunities (Nie et al., 2012; Pan et al., 2014; Schaller

sion. We are particularly concerned that our results come from two

et al., 1985). Males and females live in separate but overlapping

of the largest and most dense giant panda populations (State For-

home ranges. An individual female is fertile for only approximately

estry Administration, 2006, 2015); assuming other conditions are

3 days every 2–3 years. Females advertise their receptivity broadly

equal, this suggests that many giant pandas currently face higher

with scent, but only one to six males typically locate an oestrous

risk of inbreeding. As panda habitat becomes increasingly frag-

female. These males expend a great deal of effort in scramble com-

mented by roads, hydroelectric dams and other human infrastructure

petition (Schwagmeyer, 1995) and direct competition for access to

development (State Forestry Administration, 2015; Swaisgood et al.,

the female. Although males may in theory search for additional

2016), the prospects for female dispersal will decrease, increasing

females elsewhere, they are unlikely to find more than a few

the odds of inbreeding. Regardless of the reason for their relatively

breeding females in a single mating season and must invest

high occurrence of inbreeding, panda populations can be predicted
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to become more inbred, with unknown consequences, if efforts are
not made to maintain and increase connectivity, particularly among
small populations. The panda has only just been downlisted from
Endangered to Vulnerable, but renewed efforts to tackle emerging
threats such as these are required to keep the panda on the path to
recovery.
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