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The effect of landscape features on population genetic
structure in Yunnan snub-nosed monkeys (Rhinopithecus
bieti) implies an anthropogenic genetic discontinuity
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Abstract

The Tibetan Plateau is one of the top 10 biodiversity hotspots in the world and acts as a
modern harbour for many rare species because of its relatively pristine state. In this
article, we report a landscape genetic study on the Yunnan snub-nosed monkey
(Rhinopithecus bieti), a primate endemic to the Tibetan Plateau. DNA was extracted from
blood, tissue and fecal samples of 135 wild individuals representing 11 out of 15 extant
monkey groups. Ten microsatellite loci were used to characterize patterns of genetic
diversity. The most striking feature of the population structure is the presence of five
subpopulations with distinct genetic backgrounds and unique spatial regions. The
population structure of R. bieti appears to be shaped by anthropogenic landscape
features as gene flow between subpopulations is strongly impeded by arable land,
highways and human habitation. A partial Mantel test showed that 36.23% (r = 0.51,
P = 0.01) of the genetic distance was explained by habitat gaps after controlling for the
effect of geographical distance. Only 4.92% of the genetic distance was explained by
geographical distance in the partial Mantel test, and no significant correlation was found.
Estimation of population structure history indicates that environmental change during
the last glacial maximum and human impacts since the Holocene, or a combination of
both, have shaped the observed population structure of R. bieti. Increasing human
activity on the Plateau, especially that resulting in habitat fragmentation, is becoming an
important factor in shaping the genetic structure and evolutionary potential of species
inhabiting this key ecosystem.

Keywords: anthropogenic genetic discontinuity, conservation, landscape genetics, microsatellite
loci, Rhinopithecus bieti, Tibetan Plateau

Received 29 December 2008; revision received 4 July 2009; accepted 7 July 2009

et al. 2002). The continuing uplift of the plateau is

Introduction because of the India—Asia tectonic collision which began
The Tibetan Plateau covers an area of 2.5 million km? in the Early Miocene (Patriat & Achache 1984). The
and has an average height above sea level of 4500 m. It Tibetan Plateau is regarded one of the top 10 biodiver-
is the loftiest and most immense massif on Earth and sity hotpots in the world because of its high biodiver-
sometimes referred to as ‘the third polar region’ (Zhang sity and number of unique endemic species (Hewitt

2000; Myers et al. 2000). For example, a total of 12 000
Correspondence: Ming Li, Fax: 8610-64807099; species of vascular plants, 210 mammals, 532 birds and
E-mail: lim@ioz.ac.cn 115 fish have been recorded on the plateau (Wu & Feng
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1992). The topographic variation caused by Tibetan
Plateau uplift and concomitant climate change are
widely regarded as two of the most important factors
influencing patterns of genetic diversity in wildlife
inhabiting this region (Macey et al. 1998; Yu et al. 2004;
Luo et al. 2004; Ruan et al. 2005; Qu et al. 2005, 2006;
Liu et al. 2006; Peng et al. 2006; Zhang & Jiang 2006).

Although the plateau acts as a modern harbour for
many rare species because of its high elevation and nat-
ural state, local species are being influenced by human
activity (Wu & Feng 1992; Cincotta et al. 2000). The
impact of the Qinghai-Tibet railway on the migration of
Tibetan wild animals has become a public debate and
received considerable interest (Brumfiel 2008). Accord-
ing to field surveys and direct observation, wild ani-
mals can migrate across the railway through designated
underpasses (Yang & Xia 2008). However, there have
been few population genetic studies to quantify the
impact of human-made landscapes on gene flow and
genetic diversity of local wild animals in this important
part of the world.

In this article, we report landscape genetic analyses
for Yunnan snub-nosed monkeys (Rhinopithecus bieti), a
primate endemic to the Tibetan Plateau. Landscape
genetics, an amalgamation of population genetics and
landscape ecology, aims to provide information on how
landscape and environmental factors influence gene
flow and population structure (Manel et al. 2003). Rhin-
opithecus bieti is a good candidate for testing the impact
of landscape and environmental factors on genetic pat-
terns because of its close association with forest habitat.
At present, R. bieti is confined to the high altitude for-
ests 30004500 m above sea level on Yunling Mountain,
within a narrow area between the Yangtze and Mekong
rivers (98937'-99°%41’E, 26°14’-29°20’N), Yunnan Prov-
ince, China. Rhinopithecus bieti is therefore the highest
altitude-dwelling nonhuman primate (Long et al. 1996;
Li et al. 2002). Recent surveys have revealed that the
population comprises ~1500 individuals across 15 wild
groups inhabiting fragmented forest patches (Long et al.
1996; Xiao et al. 2003). For reasons of its small popula-
tion size, reduction in habitat, fragmentation and hunt-
ing threats, R. bieti was regarded one of the top 25 most
endangered primates in the world (19th Congress of the
International Primatological Society, Beijing, 2002).

Research on population genetics of R. bieti was sparse
prior to our first large scale phylogeographic and
genetic analysis using mitochondrial DNA (mtDNA)
(Liu et al. 2007). MtDNA analysis revealed a moderate
level of genetic diversity in R. bieti, and disaffirmed the
hypothesis that R. bieti was a taxon with very low
genetic variation. Moreover, mtDNA haplotypes in
R. bieti displayed local homogeneity and strong popula-
tion structure, implying limited gene flow between wild

groups (Liu et al. 2007). Population structure and gene
flow can be influenced by multiple factors. For example,
in addition to habitat fragmentation, female philopatry
in R. bieti would contribute to local homogeneity of
mtDNA haplotypes. As mtDNA is a matrilineal molecu-
lar marker and cannot reflect gene flow in both sexes, a
comprehensive population genetic study should include
nuclear molecular markers inherited from both parents.
Our goal here is to describe the population structure of
R. bieti using 10 nuclear microsatellite loci and quantify
the effect of human-made landscapes on population
structure and gene flow using genetic analyses and
landscape data. Understanding the population structure
of this threatened species is crucial to developing a con-
servation plan (Lande & Barrowclough 1987; Simberloff
1988; Hanski & Gilpin 1997). Determining which groups
are in contact will highlight important dispersal corri-
dors and identify priority areas for conservation.

Materials and methods

Sample collection

Samples were collected from 11 of 15 extant monkey
groups (G1-G15) across its entire range (Fig. 1a). Rhin-
opithecus bieti blood samples were collected opportunisti-
cally while attaching radio collars for another study.
Muscle samples from dead individuals found in the
wild were obtained and stored in 95% ethanol. Fecal
samples from monkey groups in their respective patches
were collected during direct behavioural observations,
and stored in 95% ethanol. To initially avoid re-sam-
pling of fecal samples from the same individual we sam-
pled a group once on a certain day only, each dropping
was identified by size, shape and colour, and multiple
samples located <1.5 m apart were not collected (Hayai-
shi & Kawamoto 2006). Molecular markers were used to
identify fecal samples and are described below.

Polymerase chain reaction amplification and
genotyping

Genomic DNA was extracted from blood and tissue
using SDS-phenol/chloroform (Sambrook et al. 1989).
The QIAamp DNA Stool Mini Kit (QIAGEN GMBH)
was used for fecal samples according to the manufac-
turer’s protocol. Extraction blanks were used as nega-
tive controls in downstream polymerase chain reaction
(PCR) amplifications. First, we tested these DNA
extractions through PCR using mtDNA primers (Liu
et al. 2007). DNA extractions from which mtDNA
could be amplified successfully were then used for
subsequent microsatellite loci amplification. Ten fluor-
escently labelled microsatellite loci (D1S533, D551457,
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Fig. 1 Map of sampled groups and
landscape features. (a) Map of suitable
habitat for Rhinopithecus bieti and sam-
pled groups. (b) Map of suitable habitat
of R. bieti, arable land, grazing meadow,
roads and human resident sites. Green
area indicates suitable habitat that
includes coniferous forests and mixed
coniferous/broadleaf forests, while non-
habitat includes arable land and grazing
meadow (yellow areas), main roads and
alleys (grey lines) and human resident
sites (purple triangles).
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D65493, D8S505, D1152002, D1751290, GM108, GM109,
GM209 and GM214) (Hao et al. 2007; Liu et al. 2008)
were amplified using a multiple-tube procedure. In
practice, DNA yields were such that most homozygote
genotypes were confirmed by a minimum of seven
replicates, and all heterozygotes were observed in a
minimum of two separate reactions (Taberlet et al.
1996; Taberlet & Luikart 1999; Zhan et al. 2006). PCR
products were electrophoresed on an ABI 3700 genetic
analyser and alleles were sized using GENESCAN soft-
ware (Applied Biosystems). The rate of genotyping
error was calculated as the proportion of cases in
which errors were detected vs. the total consensus
genotypes following Creel et al. (2003). Microsatellite
variation was assessed by summary statistics, includ-
ing mean number of alleles per locus, expected (Hg)
and observed (Hp) heterozygosity and inbreeding coef-
ficient (Fig), all obtained using GENETIX (Belkhir 2004).
Linkage disequilibrium (LD) was estimated across all
pairs of loci using the correlation coefficient of Weir
(1979). A permutation approach was used to determine
which LD values were significant. Allelic richness, an
estimate of allelic diversity that compensates for
unequal sample size, was calculated using rsTaT (Gou-
det 2002) and averaged across loci. Deviations from
Hardy-Weinberg equilibrium for each population were
assessed using an exact test implemented in GENEPOP
3.4 (Raymond & Rousset 2003).
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Population structure analysis

First, genetic differentiation between sampled groups
was assessed using traditional F-statistics (Wright 1978).
F-statistics across the study area and between pairs of
sampling sites were calculated using the estimator 6 of
Wright's Fsy (Weir & Cockerham 1984) by the program
GENEPOP (Raymond & Rousset 2003). Significance values
over all loci were obtained using a Fisher’s exact test
(Ryman & Jorde 2001) with 10 000 dememorization
steps, 100 batches and 500 iterations per batch in the
Markov chain method of Guo & Thompson (1992). Sec-
ond, the software Structure 2.0 (Pritchard et al. 2000)
was used to detect cryptic population genetic structure
and assign individuals to inferred subpopulation clus-
ters based on multilocus genotypes. Ten independent
runs of K = 1-11 were performed at 2 000 000 Markov
Chain Monte Carlo (MCMC) repetitions and a 200 000
burn-in period using no prior information and assum-
ing correlated allele frequencies and admixture. K was
identified using the maximal values of In P(D) (the pos-
terior probability of the data for a given K) returned by
Structure and AK based on the rate of change in the log
probability of data between successive K-values (Evan-
no et al. 2005). The program also calculated the frac-
tional membership of each individual in each cluster
(Q). Parameter sets of the different Structure runs for
specific goals are shown in Table S1.
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Landscape genetics analysis

To visualize the spatial distribution of landscapes, we
collected SPOT5 satellite imagery of the year 2005
(China Remote Sensing Satellite Ground Station) and
developed a vegetation-mapping model with the
software Arccls (Environmental Systems Research
Institute). Coniferous forests and mixed coniferous/
broadleaf forests were identified as suitable habitat for
R. bieti (Long et al. 1994; Jablonski 1993; Kirkpatrick
1995). Main roads, alleys, arable land, grazing
meadows and human villages and towns were also
indicated on the landscape map and considered as
habitat gaps. GENELAND version 1.0.5 (Guillot et al.
2005), a computer package in r 23.1 (Thaka &
Gentleman 1996), was used to verify our definition of
R. bieti populations and locate areas of genetic disconti-
nuity. Based on geo-referenced individual multilocus
genotype data, GENELAND infers the most likely number
of populations (K) in a data set. Additionally, areas of
genetic discontinuity were also detected as geographi-
cal areas of global low posterior probability of popula-
tion membership using GENELAND. First, we ran five
independent MCMC chains for K =1-11 (1 000 000
generations; sampling every 100; 10% generations
burn-in), using the spatial Dirichlet-model as a prior
for all allele frequencies. The maximum rate of the
Poisson process was set to 135, with no uncertainty in
the spatial coordinates, and the maximum number of
nuclei in the Poisson—-Voronoi tessellation was set to
405. Second, we ran the model to have it assign each
individual to one of the K genetic groups. We per-
formed another five independent runs using the
parameter set established in the first step, with the
most likely number of populations (K) inferred herein-
before. Individuals in the same group were assigned to
the same longitude and dimensionality coordinates.
Detailed parameter settings of different runs are listed
in Table S2.

Analysis of isolation by distance and isolation by
barrier

Mantel tests (Mantel 1967) were performed to test the
significance of regression between pairwise genetic dis-
tances expressed as Fsp/(1 — Fsr) against the natural
geographical distance (Rousset 1997). To estimate the
effect of the habitat gaps to gene flow, a categorical
matrix was generated describing whether the sampling
sites were on the same (=0) or different (=1) side of the
habitat gap. Then this matrix was used in further Man-
tel tests to determine weather it co-varied with genetic
distance (Lampert et al. 2003). Habitat gaps and geo-
graphical distance were not independent, because mon-

key groups separated by habitat gaps were usually
farther apart from each other. Thus, a partial Mantel
test (Smouse et al. 1986) was also performed to assess
how much genetic differentiation could be attributed to
a barrier after controlling for the effect of geographical
distance. The Mantel test and partial Mantel test were
performed using Arlequin 3.0 (Excoffier et al. 2005) and
10 000 iterations were used to determine the statistical
significance of the results.

Calculation of migration rate and detection of migrant
and admixed individuals

Migration rate between subpopulations was assessed
using the software Bavesass (Wilson & Rannala 2003).
Detection of first generation migrants and admixed
individuals was performed using Structure 2.0 and
GENECLASS 2.0 (Cornuet et al. 1999). The use of prior
population information allowed Structure to calculate
posterior probabilities for which individuals belonged
to their sampled locality/cluster. Therefore, Structure
was run in this way with the previously inferred
Structure cluster memberships (K =5 from clustering
analysis without population information) used as prior
population information with MIGPRIOR = 0.005, which
is the average level migration rate from Bayesass (Wil-
son & Rannala 2003). Burn-in and run lengths were
the same as runs without prior population information.
The ‘Detect first generation migrants’ function in GENE-
cLass 2.0 was selected as it is designed explicitly to
identify first generation migrants (Paetkau et al. 2004;
Piry et al. 2004). L;, was used as the likelihood of find-
ing a given individual in the population in which it
was sampled and is the most appropriate statistic to
use when all potential source populations have not
been sampled (Paetkau et al. 2004; Piry et al. 2004). In
addition, Ly/Limax the ratio of Ly to the greatest likeli-
hood among all sampled populations (Paetkau et al.
2004) was used, which has greater power and is most
informative when all source populations have been
sampled. We also performed an exclusion test (Cornu-
et et al. 1999) in GENECLASS 2.0 using population simula-
tions to test statistically whether one or more of the
subpopulations could be ruled out as the area of origin
for each individual. The probability of individual geno-
types coming from each subpopulation was calculated
by comparing individual genotypes to 10 000 simu-
lated individuals per locality. We selected the simula-
tion method introduced by Paetkau ef al. (2004) as it is
more representative of real population processes than
other methods (e.g. Rannala & Mountain 1997; Cornuet
et al. 1999) which have been shown to produce an
inflated rate of type I errors (Paetkau et al. 2004; Piry
et al. 2004).
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Analysis of population structure evolution and
population demographic history

To assess when the observed population structure
emerged, the data for selected pairs of subpopulations
were also considered within an isolation with migration
model that explicitly incorporates parameters for the time
of population splitting, bidirectional gene flow after split-
ting, and population sizes, including the size of the ances-
tral population (Nielsen & Wakeley 2001; Hey & Nielsen
2004). The model fits a Bayesian framework that provides
estimates for the posterior probability density of the
model parameters, given the data (using the M computer
program and assuming a stepwise mutation model
(SMM); Hey & Nielsen 2004). We used the program m (5
March 2007 release; Hey 2006) for the MCMC estimation
of posterior probability distributions of my (=my/p), m,
(=my/W), 0; (=4N1), 0> (=4N,p), 05 (=4Nap), and t (=tp)
corresponding to the migration rate between two popula-
tions, the current effective population size of two popula-
tions, the ancestral population size and the divergence
time. M analyses were run for each subpopulation pair-
wise comparison with a combined dataset of all microsat-
ellite loci. To obtain demographic parameters, we
assumed a mutation rate of 5.0 x 10™* per generation
(Weber & Wong 1993; Estoup & Angers 1998; Schlotterer
2001; Whittaker et al. 2003; Bonhomme ef al. 2008), which
means 1.0 x 107* per loci per year corresponding to the
sexual maturity age of 5 years for R. bieti (Quan & Xie
2002). Prior distributions were uniform and their bounds
were set to [0-40] for 04, 0,, and 0, and [0-5] for m; and
mj. For the parameter ¢, we allowed a wide range of val-
ues [0-20]. We ran a number of linked simulations with
varying levels of heating (35-80 chains, depending on the
populations analysed) required to achieve adequate mix-
ing (Hey & Nielsen 2004). Each chain consisted of
20 000 000 steps and the burn-in was 1 000 000
(Table S3). For credibility intervals, we assessed for each
parameter the 90% highest posterior density (HPD) inter-
val, which are the boundaries of the shortest span that
includes 90% of the probability density of a parameter.
Recent population bottlenecks can produce distinctive
genetic signatures in the distributions of allele size,
expected heterozygosity and in the genealogy of micro-
satellite loci (Cornuet & Luikart 1996; Beaumont 1999;
Garza & Williamson 2001; Goossens et al. 2006). Here, a
commonly used heterozygosity test implemented in
Bottleneck (Piry et al. 1999) was used to detect for the
signature of a recent demographic bottleneck assuming
infinite allele, stepwise mutation (SMM) and two-phase
mutation models with various (70% to 95%) single-step
mutations (Di Rienzo et al. 1994). In addition, evidence
for demographic change was inferred using Msvarl.3
(Storz & Beaumont 2002), which implements a coales-
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cent simulation-based Bayesian likelihood analysis,
assumes a strict SMM, and estimates the posterior prob-
ability distribution of population parameters using
MCMC simulation, based on the observed distribution
of microsatellite alleles and their repeat number. In
every simulation, we ran each chain with 100 000
thinned updates and a thinning interval of 10 000 steps,
leading to a total number of 1x 10° updates. Seven
independent simulations were run on five subpopula-
tions using both an exponential and a linear model
according the parameter sets used in a study on
orangutans (Pongo pygmaeus) (Goossens et al. 2006).

Results

Two blood, two muscle and 203 fecal samples were col-
lected from 11 monkey groups (G1-G15, no samples form
G3, G8, G12 and G14) across the current distribution
range (Fig. 1la and Table S4). We were able to amplify
mtDNA from 163 out of 207 samples. For samples from
the same group, different mtDNA sequence (Liu et al.
2007) or microsatellite data with a mismatch of at least
two alleles were the criterion for individual identification.
Only samples with more than six microsatellite loci data
were included. Thus reliable unique genotypes were
obtained for 135 (66.2%) out of the 207 samples collected.
For these 135 individuals, multilocus genotypes were on
average 87.3% complete. A total of 75 alleles were
detected from 10 microsatellite loci. The number of alleles
observed per locus varied from five to 13, with the overall
allelic richness across loci being 7.5. With the multiple-
tube approach, only 0.71% of the genotypes were unreli-
able. The 10 microsatellite loci were in Hardy-Weinberg
equilibrium across the population, and overall mean Ho
and Hg were 0.614 and 0.703 respectively (Table S4). No
loci were in LD across our sampled groups.

Population structure

In the 10 independent simulations of the Bayesian clus-
tering method in Structure, average In P(D) (-3355.4)
was maximized at K = 5 but did not decrease dramati-
cally when K > 5 (Fig. 2a). Calculation of AK from the
Structure output produced a distinct apex value (423.9)
when K =5 (Fig. 2b). Thus K = 5 was the most probable
number of genetic clusters within the whole data set in
Rhinopithecus bieti. The five genetic clusters were largely
associated with specific isolated landscape patches
(Figs 1la and 2c¢). Individuals from G1, G2 and G4 formed
a northwest cluster (NW) and individuals from G5 the
northeast cluster (NE). A central region cluster (C) was
formed by individuals from G6, G7, G9 and G10. Groups
G11 and G13-G15 were located in the southeast and
southwest of the habitat and isolated from other groups.
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When the geo-referenced multilocus genotypes were
analysed using software GENELAND, we found the most
probable support for five Bayesian population clusters
(53% of estimated K-values from GENELAND) (Fig. 3a).
Additionally, GENELAND also revealed that ‘[GI-
G4][G5][G6-G10][ G11][G13-G15]'were the most proba-
ble subdivisions of the entire R. bieti population, which
verified the population structure inferred by Structure.
Each of the identified clusters was spatially contiguous
and areas of steep turnover in posterior probabilities of
population membership were presumed to reflect barri-
ers to gene flow (Fig. 3b). The spatial pattern of all
landscape features is shown in Fig. 1b. Geographic
information system (GIS) technology revealed that areas
of high quality snub-nosed monkey habitat (coniferous
forests and mixed coniferous/broadleaf forests) were
interspersed in varying configurations with human-
made nonhabitat (farmland, grazing land, main roads,
alleys and human resident sites) (Fig. 1b). Comparing
Fig. 3b with Fig. 1b, it is clear that gene-flow barriers
revealed by GENELAND coincided with spatial distribution
of anthropogenic habitat gaps.

Analysis of isolation by distance and isolation by barrier

Genetic distances among monkey groups were mea-
sured as pairwise Fsp/(1 — Fsr) and the geographical

distances were calculated through GIS analysis

Geographical distance (km)
0 100 20

100

200

50

0 50
S1 S2 S3 S4 S5

Fig. 3 Bayesian cluster analysis output from GENELAND. (a) The
main histogram shows the frequency of inferred K-value across
runs. (b) Maps of posterior probabilities to belong to one of
K =5 clusters (NW, NE, C, SW and SE) for 135 individuals of
Rhinopithecus bieti. Black site indicates core home-range of each
sampled group.

(Table 1). Pairwise Fgp/(1 — Fsy) ranged from 0 to
0.2725 and geographical distances spanned from 18.1
to 358.9 km. A categorical matrix was also generated to
describe whether the sampled groups are connected by
habitat or separated by habitat gaps (Table 1). Isolation-
by-distance analysis performed using the Mantel test
revealed that 22.09% genetic distance among sampled
groups was explained by geographical distance when

© 2009 Blackwell Publishing Ltd
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Table 1 (a) Genetic and geographical distances between 11 Yunnan snub-nosed monkey groups sampled. Genetic distance is repre-
sented by pairwise Fsr/(1 — Fsr) (lower diagonal) and Euclidean geographical distance in km (upper diagonal). (b) Categorical dis-
tance matrix describing the presence or absence of habitat gaps among sampled groups

Group Gl G3 G4 G5 G6 G7 G9 G10 Gl11 G13 G15
(a) Genetic and geographical distances
G1 18.1 58.0 110.4 169.7 206.9 210.2 224.0 299.2 345.5 358.9
G3 0.0019 42.0 93.8 153.3 191.8 194.2 209.0 284.6 330.8 344.5
G4 0 0 54.6 111.6 148.8 153.3 167.4 242.8 299.3 301.4
G5 0.1764 0.1493 0.1353 63.3 103.2 102.6 121.6 192.0 242.8 257.7
G6 0.1062 0.1157 0.0583 0.0805 40.6 427 58.7 131.0 180.7 195.2
G7 0.1500 0.0923 0.0683 0.1338 0.0410 24.6 18.8 95.5 140.5 155.8
G9 0.0755 0.1110 0.0501 0.1219 0.0226 0.0423 30.9 90.2 143.9 159.6
G10  0.1527 0.1505 0.1113 0.0949 0.0381 0.0749 0.0562 77.6 122.7 136.1
G11  0.2059 0.2525 0.2010 0.1251 0.1231 0.1922 0.1069 0.0627 59.5 774
G13  0.0952 0.0799 0.0836 0.1900 0.0864 0.0744 0.0847 0.1315 0.2347 18.9
G15  0.1709 0.1511 0.1562 0.2210 0.1361 0.1193 0.1169 0.1685 0.2725 0.0139
(b) Categorical distance matrix
G1
G3 0
G4 0 0
G5 1 1 1
G6 1 1 1 1
G7 1 1 1 1 0
G9 1 1 1 1 0 0
G101 1 1 1 0 0 0
Gl11 1 1 1 1 1 1 1 1
G131 1 1 1 1 1 1 1 1
G15 1 1 1 1 1 1 1 1 1 0

For sampled monkey groups in contact, the categorical distance between them was 0. In cases where they were isolated by habitat

gaps, the categorical distance between them was 1.
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Fig. 4 Isolation-by-distance analysis. There was a positive cor-
relation between geographical distance (km) and genetic dis-
tance (Fst/1 — Fgr) between all pairs of sampling sites.
Euclidean geographical distance explains 22.09% of genetic
variation in the study area (r = 0.47, P = 0.021).

the whole study area was considered (r=0.47,
P =0.021) (Fig. 4). The Mantel test for the effect of hab-
itat gap on genetic distance confirmed a strong barrier
on gene flow and explained 59.29% of genetic differen-
tiation among sampled groups (r = 0.77, P = 0.005). We
also analysed the relationship between geographical
distance and the presence of habitat gap, and found
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that they were highly correlated (r = 0.59, P = 0.000).
The partial Mantel test showed a significant positive
correlation between genetic distance and the presence
of habitat gaps (r = 0.51, P = 0.01) after controlling for
the effect of geographical distance, and 36.23% of the
genetic distance was explained by presence of habitat
gaps. Only 4.92% of the genetic distance was explained
by geographical distance in partial Mantel test, and no
significant correlation between them was found
(r = 0.11, P = 0.23) after controlling for the effect of hab-
itat gaps. The overall variation in genetic distance
explained by the model was 41.16%.

Genetic differentiation and migration rate

Genetic differentiation (Fsy) among S1-S5 was signifi-
cant and ranged from 0.1104 to 0.6597 (Table 2) and
suggests little migration. Migration rate analysis also
indicated that the migration rate between each subpop-
ulation was low, ranging from 0.0028 to 0.0092
(Table 3).
genetic clusters and geographical sampling locality as
prior population information, Structure did not identify
any migrants among five subpopulations. GENECLASS 2.0

Using both previously determined five
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Table 2 F-statistic (Fsr) tests for pairwise subpopulation dif-
ferentiation based on microsatellite loci frequencies

S1 S2 S3 S4 S5
S1
S2 0.2213*
S3 0.1283** 0.1634**
S4 0.6597** 0.6411** 0.4906**
S5 0.4448** 0.4439** 0.1104** 0.5663**

*P < 0.05, *P < 0.01.

initially identified individual No. 45 from S2 and No.
90 from S4 as first generation migrants (Table 4). How-
ever, while both of them have a significant Lp/Ly,x ratio
and individual No. 45 has significant Lj, the probability
values are very low (0.07 for No. 45, P < 0.01; 0.01 for
No. 90, P < 0.01; Table 4).

Structure also identified a number of individuals not
readily classified as first generation migrants, but not
clearly assigned as residents either, suggesting that
these individuals were the products of admixture
between localities. In Structure, potentially admixed
individuals are those that do not assign with the major-
ity of individuals from their locality, or which have val-
ues of Q that indicated nontrivial membership in more
than one cluster. Ranking and plotting individual Q-
values following the approach of Beaumont et al. (2001)
allowed delineation of a set of samples that did not
clearly group into any one cluster (Fig. 5). Based on
Structure analysis without prior population information,
clear breaks of individual mean Q-values are present at
Q=08 and Q=02 (Fig. 5). We defined individuals
with mean Q-values from 0.8 to 0.2 as potentially
admixed (Lecis et al. 2006; Vahd & Primmer 2006; Bergl
& Vigilant 2007), and individuals with mean Q-scores
falling exclusively above and below these values assign
strongly to one cluster. A total of 114 out of 135
individuals with mean Q-values falling exclusively
above 0.8 or below 0.2 were assigned to one cluster,
while 21 individuals with mean Q-values between 0.8
and 0.2 were determined to be composed by at least
two clusters. Individual assignments test performed
using GENECLASS 2.0 assigned individual No. 45 and No.

90 and other 19 individuals as admixed individuals,
which agreed with the Structure results (Table 4).
Therefore, no first generation migrant was found in
any subpopulation. In addition, 95% posterior probabi-
lity intervals of Q for each individual are shown in
Fig. S1.

Population splitting time and population demography

Repeated runs of the i program revealed unambiguous
marginal posterior probability distribution of the
parameters for three subpopulation comparisons (S1-S3,
S3-S5 and S4-S5; Table 5 and Fig. 6). The peaks of the
primary six parameter values were confined to fairly
narrow ranges with corresponding credibility intervals
illustrated in Fig. 6. The initial splitting time between
S1 and S3 was estimated to be 8210 years ago (90%
HPD, 5470-13 630). The range of divergence time
between S4 and S5 were estimated to be 950 years ago
(90% HPD, 510-1640) and implies a recent divergence
event. In contrast to the splitting time of above two sub-
population pairs, the initial divergence event between
S3 and S5 was estimated to have started 21 550 years
ago (90% HPD, 11 960-32 710), which is much earlier
than that of S1-S3 and S4-S5. For the population
demography estimation, both Bottleneck and Mvsar
analysis did not provide convincing evidence for a
recent population decline.

Discussion

Population structure and influencing factors

Our results show that the wild population of Yunnan
snub-nosed monkeys comprises five subpopulations
(51-55). For example, monkey groups G1, G2, G3 and
G4 in the northwest of the range of this species are con-
nected via narrow forest patches. These four groups
share the same genetic background and form subpopu-
lation S1. Northeast subpopulation S2 contains group
G5. It is separated from S1 by a band of human resident
sites and confined within an isolated small forest sur-
rounded by agricultural area. National Highway 214
forms a major habitat gap separating S1 and S2 from

Table 3 Migration rates between subpopulations (51-S5) based on microsatellite loci data

S3

5S4

S5

S1 S2
From S1 to 0.00449 (+0.00708)
From S2 to 0.00517 (x0.00847)
From S3 to 0.00918 (+0.01563) 0.007410 (+£0.01273)
From $4 to 0.00476 (+0.00798) 0.00699 (+0.01266)
From S5 to 0.00444 (+0.00750) 0.00445 (+0.00748)

0.00351 (+0.00543)
0.00278 (+0.00437)

0.00665 (+0.01037)
0.00370 (+0.00609)

0.00329 (+0.00568)
0.00317 (+0.00523)
0.00310 (+0.00552)

0.00360 (+0.00519)

0.00397 (+0.00686)
0.00426 (+0.00707)
0.00521 (+0.00881)
0.00408 (+0.01609)
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Fig. 5 Ranked mean Q (proportional membership in each
cluster) for each individual in each cluster. Admixed individu-
als have values between 0.2 and 0.8.

the central subpopulation S3. The central region is large
and well preserved compared with other patches and
Rhinopithecus bieti groups (G6-G10) of the central sub-
population (S3) are connected via forest corridors. For
the southeast subpopulation S4 and southwest S5, they
are completely surrounded by dense arable land, road
networks and human dwellings. These southern sub-
populations (S4 and S5) are isolated both from each
other and other subpopulations.

Fine-scale population structure is common in large
mammals and can been influenced by various internal
and external factors (Macey et al. 1998, Hendry et al.
2008; Jin et al. 2008). Among internal causes, social
structure is a key issue which is largely mediated by
social behaviour (reproductive skew, dispersal, group
fission and fusion patterns) (Lampert et al. 2003; Modolo
et al. 2008). In the Rhinopithecus genus, wild groups
are typically based on small family units of five to15
individuals composed of a single male and multiple
females and their offspring (referred to as a one male
unit or OMU). OMUs range together as larger groups
of 50 to over 200 animals. All male units (AMUs)
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2 0.04 61 0.044 ¢ 0.04{ [\
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Fig. 6 Multilocus posterior distributions of demographic
parameters estimated with the v program, using 10 microsat-
ellite loci. The effective population sizes, migration rates, and
divergence time are scaled by the neutral mutation rate (corre-
sponding to 0y, 05, 05, my, my, t).

composed of two to five adults or subadult males are
also common (Kirkpatrick 1998; Long et al. 1994).
Female individuals usually remain in the natal group
and AMUs leave the natal group during breeding sea-
son to find mating opportunities in neighbouring
groups (Kirkpatrick 1998; Ren 1999). Female philopatry
is known to result in significant genetic differentiation
in maternally inherited genetic markers. Previous stud-
ies have shown that the distribution of mtDNA haplo-
types of R. bieti display strong geographical specificity;

Table 5 Maximum-likelihood estimates

Comparison 61 0> Oa my iz t T (years) (MLEs) and 90% HPD intervals of
demographic parameters of the
51-53 modeig F ;
MLE 1.1153  3.4639 5.8402 0.0056 0.0046  0.8210 8210
Lower 90% HPD  0.3613  1.9579 1.1881 0.0027  0.0011 0.5470 5470
Upper 90% HPD  2.1521 5.1039  12.232 0.0072  0.0065 1.3630 13 630
S3-S5
MLE 1.8550  3.5644 7.0503 0.0025 0.0008 2.1550 21 550
Lower 90% HPD  0.6554  1.6901 2.2442  0.0009 0.0003 1.1960 11 960
Upper 90% HPD  2.6016 5.4386  14.755 0.0041  0.0023 3.2710 32710
54-S5
MLE 2.7519  1.2497 6.5117  0.0041 0.0067  0.0950 950
Lower 90% HPD  0.7842  0.5481 29599  0.0025 0.0033 0.0510 510
Upper 90% HPD  5.6607 22144  10.063 0.0089  0.0081 0.1640 1640
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however, common haplotypes are still shared between
subpopulations (Liu et al. 2007).

Here, social structure could have contributed to
genetic differentiation between subpopulations of R. bi-
eti, but it might not to be the pivotal cause that explains
the fine-scale population structure revealed by microsat-
ellite loci. In cercopithecines, males typically immigrate
to neighbouring social groups, providing substantial
levels of gene flow per generation that counteract
genetic differentiation at autosomal loci (Pusey &
Packer 1987, Oi 1988; Di Fiore 2003). Predictions of
genetic consequences due to male-biased dispersal in
cercopithecines would be different between autosomal
and maternally inherited genetic markers. Previous
studies based on autosomal loci revealed genetic
homogenization and very limited genetic differentiation
between social groups in natural populations of long-
tailed macaques (Macaca fascicularis) and Barbary maca-
ques (Macaca sylvanus) (Kawamoto et al. 1982; de Ruiter
1994; de Ruiter & Geffen 1998; von Segesser et al. 1999).
In our study, the most notable feature of R. bieti popula-
tion structure is the genetic discontinuity between sub-
populations and the coincidence with the anthropogenic
landscape features. Although gene flow revealed by mi-
crosatellite loci is also low between subpopulations, it is
assumed to be the result of disruption to male-based
dispersal rather than female philopatry. Notably, G13
and G15 in S5 also share no common mtDNA haplo-
type (H23-H28 existed in G13 and H29-H30 existed in
G15) (Liu et al. 2007); however, gene flow between G13
and G15 appears sufficient as these two social groups
show homogenization in genetic background (Fig. 2).

Habitat discontinuity between subpopulations may
play a key role in shaping R. bieti population structure.
Areas of genetic discontinuity revealed by GENELAND are
consistent with the spatial distribution of anthropogenic
landscape features. Satellite imaging and GIS analysis
revealed that areas of high quality Yunnan snub-nosed
monkey habitat (coniferous forests and mixed conifer-
ous/broadleaf forests) are interspersed in varying con-
figurations with anthropogenic nonhabitat (arable land,
grazing meadow, main roads, alleys and human resi-
dent sites) (Fig. 1b). Subpopulations of R. bieti are lim-
ited in insular forest patches, which are surrounded by
arable land, roads and human habitation. In S1, S3 and
S5, monkey groups are still connected via forest corri-
dors which permit mating opportunities between
groups. This could explain the genetic proximity of
monkey groups within the same subpopulation. How-
ever, dispersal hardly occurred in areas where human
activity is highly concentrated despite that R. bieti have
been observed spending time on the ground and to tra-
vel between forest patches (Mu & Yang 1984; Bai et al.
1987; Wu et al. 1988, Wu 1993; Kirkpatrick & Long
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1994; Kirkpatrick 1996). In summary, gene flow between
subpopulations revealed by nuclear microsatellite loci
was low, yet gene flow between groups within subpop-
ulations was well preserved.

Effect of landscape features on R. bieti across time

Our estimation of when the population underwent
structuring revealed factors that have influenced pres-
ent-day population structure. The time at which sub-
populations began diverging was found to have
occurred between 21 550 and 950 years ago and sug-
gests that both biogeographical and anthropogenic land-
scape features played a role. Rhinopithecus bieti is found
only in coniferous and mixed coniferous/broadleaf for-
ests along ridge-top ‘islands’ of the Yunling Mountain
(Jablonski 1993; Long et al. 1994). The time of initial
divergence between S3-S5 is c. 21 550 years ago (90%
HPD, 11 960-32 710) and coincides with the last glacial
maximum (17 000-23 000 years ago). During the last
glacial maximum, ice sheets filled valleys and covered
lowlands and high montane forests might have acted as
refuges for R. bieti (Shi et al. 1998; Jablonski 1993;
Zhang et al. 2002).

Although the climate became warmer and drier fol-
lowing the last glacial maximum and forest zones may
have reconnected on one occasion, vegetation variation
and human colonization since the Holocene further iso-
lated R. bieti groups (Walker 1986; Shi et al. 1998; Zhang
et al. 2002). During climatically induced faunal dis-
placement, disjunctions frequently developed in cold-
adapting boreal-alpine species of the Holarctica (Illies
1974). Warm weather and vegetation variation during
the Holocene might also constrict conifer forests to
mountain-tops (Jablonski 1993; Kirkpatrick 1995). Most
importantly, archeological records indicate an increase
in human exploitation of the Tibetan Plateau commenc-
ing 10 000 years ago (Lu & Teng 2006). Several prehis-
toric anthropogenic relics dated at 5500-4300 years old
have been located in present R. bieti habitat. In addition,
National Highway 214 was a historically famous com-
mercial road named ‘The ancient tea-horse road” and
has played a crucial role in cultural exchange between
Han and Tibetan people (Chen 2006; Nangsa 2007; Zi
2007). Although the modern highway has been present
for only several decades, human activity along this
ancient route can be traced back to the late Neolithic
age (5000—4000 years ago) and even earlier according to
Tibetan language records and archaeological findings
(Shi 2003; Zhang 2005). Evidence of large-scale human
exploitation in this region can be dated to 3000 years
ago using a small number of ancient texts, yet earlier
detailed data were limited (Ho 1959; Cao 2001). Records
of recent agricultural history within the last 500 years
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Table 6 Evolutionary model of population structure in Rhinopithecus bieti. Results of multiple analyses and supporting references are

listed
Time
(years ago) Results and references Inference Analysis Software
21 550 1. Initial divergence Population divergence Analysis of population ™M
(11 960-32 710) between S3 & S5 caused by the last glacial structure evolution
2. Glacial vestiges in maximum
habitat of R. bieti (17 000-23 000 years ago)
8210 1. Initial divergence Population divergence
(5470-13 630) between S1 & S3 caused by human
2. Prehistoric activity since Holocene
anthropogenic relics
3. Tibetan language
records and
archaeological materials
950 1. Initial divergence Population divergence
(510-1640) between S4 & S5 caused by large scale
2. Large scale human human exploitation
exploitation since during the past
3000 years ago thousand years
3. 10-fold increase of
arable area and 17.7-
fold increase of human
population during the
past 500 years
At present 1. Five subpopulations Significant population Population structure 1. Structure
2. Significant genetic structure analysis 2. GENELAND
differentiation
1. Genetic discontinuity Anthropogenic genetic 1. Landscape analysis 1. ArRcaIs
was consistent with the discontinuity using satellite imagery 2. GENELAND
spatial distribution of 2. Landscape genetics 3. Mantel test
anthropogenic analysis 4. Partial Mantel test

landscape features

2. Significant positive
correlation between
genetic distance and the
presence of habitat gaps

1. Low migration rate

2. No first generation

migrant was found habitat gaps

Obstructed gene flow
from anthropogenic

3. IBD and IBB analysis

1. Migration rate test 1. BAYESASS

2. Detection of migrant 2. GENECLASS
and admixed 3. Structure
individuals

are more abundant. According to historical county
annals, over the last 500 years this region has experi-
enced a 10-fold increase (25 670-262 601 km?) of arable
land and a 17.7-fold human population increase
(R* = 0.962, P = 0.001) [ancient reference: Yunnan Annal
of Emperor Zhengde, Ming Dynasty (1510), Yunnan Record
of Qing Dynasty (1731), Yunnan Record of Qing Dynasty
(1811, 1830), Yunnan Annal of Emperor Jia Qing, Qing
Dynasty (1884), The National Population Census of People’s
Republic of China (1952, 1982, 2000)]. Furthermore, the
southern boundary of R. bieti habitat has shifted 100 km
northward during the past 400 years as a result of rap-
idly expanding levels of human exploitation (Li et al.
2002). The initial splitting time of 51-53 and S4-55 was
estimated to be 8210 years ago (90% HPD, 5470-

13 630 years ago) and 950 years ago (90% HPD, 510-
1640 years ago), respectively, and this is consistent with
the time of initial human encroachment and later large
scale human exploitation.

Our analyses aimed to detect the present population
structure and determine causal factors that may have
impacted upon this species, From the m analysis, it is
inferred that both historical environmental changes and
human-induced effects, or a combination of both, have
shaped the evolutionary process of R. bieti population
genetic structuring. Landscape genetic, tion by distance
(IBD)/isolation by barrier (IBB) and migration analysis
indicated that the anthropogenic barriers between sub-
populations have played a key role in shaping the pres-
ent-day R. bieti population structure. When interpreting

© 2009 Blackwell Publishing Ltd



our results, we have drawn on climatic and anthropo-
genic patterns and propose a consistent evolutionary
model for population structuring in this animal
(Table 6): initial divergence caused by the Last Glacial
Maximum followed by a warm Holocene and changes
in vegetation allowed continued human encroach-
ment into flat valleys and resulted in further isolation
of R. bieti subpopulations and enhanced genetic
differentiation.

Conservation implication

According to the model proposed by Moritz (1994), the
five subpopulations (51-55) of R. bieti should be con-
sidered as five management units and forest corridors
between subpopulations should be re-established.
However, the matrix between subpopulations is com-
posed of national highways, agricultural fields, towns
and villages and vegetation restoration is impractical
because of the high expense of relocating highways
and human dwellings. Therefore, the first step should
be to prevent further fragmentation between groups
still in migratory contact within subpopulations. For
example, four groups (G1-G4) in subpopulation S1 are
still connected via narrow forest corridors and some
effort should be made to enhance this forest (Fig. 1).
Other sections of R. bieti habitat were exposed to frag-
mentation in varying degrees. In subpopulation 5, G15
has been already separated from G13 and G14 through
agricultural activity. Although the degree and duration
of fragmentation are probably not yet enough to create
genetic differentiation within subpopulations, such iso-
lation is likely if current conditions continue. There-
fore, the ongoing habitat degeneration should be
halted. We have defined five priority restoration
regions (prl-pr5) that represent pivotal areas for
migration within subpopulations (Fig. 1a). Other
potential solutions, such as periodic individual/family
unit translocation, should be discussed with compre-
hensive conservation knowledge of this species
through long-term conservation practice.

Conclusion

Although anthropogenic influences on population
genetics and historical demographic changes of wild
animals have been found around the world (Goossens
et al. 2006; Hendry et al.2008; Smith et al.2008; Waples
et al. 2008), we are unaware of any study emphasizing
the impact of human-made landscapes on the genetic
structure of wild animals inhabiting the Tibetan Pla-
teau. Even in what is considered a remote and rela-
tively intact environment, gene flow between
subpopulations of Rhinopithecus bieti appears to be

© 2009 Blackwell Publishing Ltd
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strongly impeded by arable land, grazing meadows,
highways and humans dwellings. Although genetic dif-
ferentiation between R. bieti subpopulations could be
explained by other factors (climate change, social struc-
ture and habitat landform), our findings show that
increasing human influence resulting in habitat frag-
mentation is an important factor in shaping the genetic
structure and evolutionary potential of R. bieti. There-
fore, conservation strategies are needed to reduce the
impact of human activity on wildlife habitat that pre-
vent further fragmentation. We hope our research pro-
vides a model for similarly distributed organisms on
the Tibetan Plateau also affected by human activity.
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