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Abstract: Most of China’s 24–28 primate species are threatened with extinction. Habitat reduction and
fragmentation are perhaps the greatest threats. We used published data from a conservation genetics study
of 5 endangered primates in China (Rhinopithecus roxellana, R. bieti, R. brelichi, Trachypithecus francoisi, and
T. leucocephalus); distribution data on these species; and the distribution, area, and location of protected
areas to inform conservation strategies for these primates. All 5 species were separated into subpopulations
with unique genetic components. Gene flow appeared to be strongly impeded by agricultural land, meadows
used for grazing, highways, and humans dwellings. Most species declined severely or diverged concurrently
as human population and crop land cover increased. Nature reserves were not evenly distributed across
subpopulations with unique genetic backgrounds. Certain small subpopulations were severely fragmented
and had higher extinction risk than others. Primate mobility is limited and their genetic structure is strong
and susceptible to substantial loss of diversity due to local extinction. Thus, to maximize preservation of
genetic diversity in all these primate species, our results suggest protection is required for all sub-populations.
Key priorities for their conservation include maintaining R. roxellana in Shennongjia national reserve,
subpopulations S4 and S5 of R. bieti and of R. brelichi in Fanjingshan national reserve, subpopulation CGX
of T. francoisi in central Guangxi Province, and all 3 T. leucocephalus sub-populations in central Guangxi
Province.
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Implicaciones de la Genética y las Áreas Protegidas Actuales en la Conservación de Cinco Primates en China

Resumen: Resumen La mayorı́a de las 24 – 28 especies de primates en China están bajo amenaza de
extinción. La reducción del hábitat y la fragmentación probablemente sean las amenazas más grandes.
Usamos datos publicados en un estudio de genética de la conservación de los primates amenazados en
China (Rhinopithecus roxellana, R. bieti, R. brelichi, Trachypithecus francoisi, y T. leucocephalus); datos de
distribución sobre estas especies; y la distribución, extensión y ubicación de las áreas protegidas para informar
a las estrategias de conservación para estos primates. Las cinco especies se separaron en sub-poblaciones con
componentes genéticos únicos. El flujo génico pareció ser fuertemente impedido por los terrenos agrı́colas,
los pastizales utilizados para el pastoreo, las carreteras y los asentamientos humanos. La mayorı́a de las
especies declinó severamente o tuvo divergencia simultánea con el incremento de la población humana o la
cobertura de suelo de cultivos. Las reservas naturales no estuvieron distribuidas uniformemente a lo largo de
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las sub-poblaciones con historial genético único. Ciertas sub-poblaciones pequeñas estuvieron fragmentadas
severamente y tuvieron un riesgo de extinción mayor a las otras. La movilidad de los primates está limitada
y su estructura genética es fuerte y susceptible a la pérdida sustancial de la diversidad debido a la extinción
local. Por esto, para maximizar la preservación de la diversidad genética en todas estas especies de primates,
nuestros resultados sugieren que se requiere de protección para todas las sub-poblaciones. Las prioridades
clave para su conservación incluyen: mantener a la especie R. roxellana en la reserva nacional Shennongjia,
a las sub-poblaciones S4 y S5 de R. bieti y R. brelichi en la reserva nacional Fanjingshan, a la sub-población
CGX de T. francoisi y a las tres sub-poblaciones de T. leucocephalus en el centro de la provincia Guangxi.

Palabras Clave: estructura genética poblacional, historia demográfica, Rhinopithecus spp., Trachypithecus spp.

Introduction
Primate species in China include 6–7 gibbons, 7–8
macaques, 4–5 snub-nosed monkeys, 6 langurs, and 1–
2 lorises (the occurrences of 4 species are unconfirmed);
of these, 7 are endemic to China. Most of China’s primates
are threatened with extinction (e.g., Zhang et al. 2002;
Roos et al. 2014, Li et al. 2015) (Supporting Information).
Forests that are the preferred habitats of these primates
have been drastically reduced in size and fragmented by
centuries of conversion to agriculture, recent excessive
commercial logging, and road and human settlement construction. Fragmentation has led to isolated subpopulations, which are more susceptible to hunting and natural
disasters, and reduced gene flow, which is necessary to
maintain long-term genetic viability (Long et al. 1994; Li
et al. 2002).
One of the main goals of current conservation plans
is to preserve the maximum amount of biodiversity,
generally in terms of the number of different species,
with usually limited financial resources. The principle
of complementarity, which was initially applied to the
protection of species, is now being applied to the preservation of intraspecific genetic diversity (Bonin et al.
2007), and the contribution of genetic diversity to the
maintenance of species is now widely recognized (Sgro
et al. 2011). To fully understand the background genetic diversity within a species is a prerequisite to sound
policy and management (Hoban et al. 2013). In conservation planning, decision makers ought to take the
genetic background of a species or a population into
consideration. However, there are only a few conservation genetics studies that aimed to quantify the impact
of fragmentation on population structure, gene flow,
genetic diversity, and demography of wild primates in
China, one of the most important countries for primate
conservation.
In 2007, we launched a conservation genetics project
for 5 primate species in China: the snub-nosed monkeys Rhinopithecus roxellana, R. bieti, and R. brelichi
and the langurs Trachypithecus leucocephalus, which
is endemic to China, and T. francoisi, which is primarily distributed in China. The current population size of
R. roxellana is approximately 22,000 of which 16,000
are in Sichuan–Gansu (subpopulation SG), >5,000 are

in the Qingling mountains (subpopulation QL), Shanxi
Province, and about 1,000 individuals are in the Shennongjia nature reserve, Hubei Province (subpopulation
SNJ) (Zhang et al. 2002) (Table 1 & Fig. 1). R. bieti has a total population of 1550–2050 individuals confined to high
elevation forests on the Tibetan Plateau, within a narrow
area between the Yangtze and Mekong Rivers (Fig. 1). R.
brelichi, with approximately 800 individuals, is restricted
to a small region in the Fanjingshan national nature reserve (population FJS) in northwest Guizhou Province,
China (Xiang et al. 2009) (Fig. 1). The Chinese population
of T. francoisi is approximately 1300 and is distributed
in northern Guizhou Province (subpopulation NGZ) and
central Guangxi Province (subpopulation CGX). T. leucocephalus occurs in 3 isolated areas in Nonggang County
(subpopulation NG), Chongzuo County (subpopulation
CC), and Fusui County (subpopulation FS) of Guangxi
Province. Its total extant population is <1000 individuals
as of 2012 (Groves 2001; Huang et al. 2002; Liu et al.
2013a).
Dramatic reductions of populations of these species
have occurred over last four centuries, especially in the
last 200 years. Most populations of snub-nosed monkeys
in the plains and in some mountainous regions have vanished. Extant groups occur only in isolated mountainous
regions (Fig. 1). Over the last centuries, T. francoisi experienced an 85% population decline and a 70% decline in
distribution (Li et al. 2007). Since it was first described in
1955, the population size of T. leucocephalus remained at
approximately 600 individuals for over 50 years. In 2002,
the population was 580–620 individuals fragmented into
3 small subpopulations (Huang et al. 2002). All 5 species
are listed as endangered or critically endangered (T. leucocephalus) (Supporting Information), and major conservation challenges include small population sizes, major
habitat reduction, serious fragmentation, and hunting. R.
bieti and T. leucocephalus were listed among the World’s
top 25 most endangered primates in 2002 (Konstant et al.
2002).
Few publications address the conservation genetics of
Chinese primates. There are publications on the population genetics of Macaca mulatta and M. thibetana in
China that include conservation recommendations (Wu
et al. 2013; Yao et al. 2013; Zhong et al. 2013). However, the number of M. mulatta and M. thibetana in
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Table 1. Summary of reserve area for protection of 5 Chinese primate species.
National
reserves
Species
R. roxellana

R. bieti

R. brelichi
T. francoisi
T. leucocephalus

Population Population
code
size
number
SNJ
QL
SG
S1
S2 and S3
S4
S5
FJS
NGZ
CGX
NG
CC
FS

1,000
5,500
16,500
450
1,000
200
250
800
1,000
300
79
306
552

1
16
14
1
1
0
1
1
2
3
1
1

area
(km2 )
704.67
2905.17
8807.01
1853.00
2816.40
0
144.75
434.14
573.44
424.27
100.75
255.28

Provincial
reserves
number

area
(km2 )

0
14
17
0
0
0
1
0
1
4
0
0
0

0
220.12
7256.59
0
0
0
758.94
0
269.90
550.80
0
0
0

City or county
reserves
area
number (km2 )
0
0
2
0
0
0
0
0
0
0
0
0
0

0
0
267.49
0
0
0
0
0
0
0
0
0
0

Area of connected
reserves (km2 )
max

min

mean

–
–
–
3192.00 102.00 783.80
6873.00 208.00 2884.00
2816.00 903.70 1858.00

–
–
–
311.10 262.30 281.10
530.00 20.35 236.10
46.39 20.00
31.55

Figure 1. Distribution of Rhinopithecus
roxellana, R. bieti, R.brelichi, Trachypithecus
francoisi, and T. leucocephalus in China (light
gray, historical distribution of Rhinopithecus;
grided area, historical distribution of T.
francoisi; sub-populations, coded on largest map
R. roxellana, T. francoisi, T. leucocephalus; flags,
areas for priority protection [pr1- pr5]). Monkey
groups (G1-G5) and sub-populations (S1-S5) of
R. bieti are shown in the inset on the left.
China is relatively large relative to the number of snubnosed monkeys and langurs. There is no sign of dramatic
population reduction in these macaques, which are classified as least concern and near threatened (Wu et al.
2013; Yao et al. 2013; Zhong et al. 2013). Furthermore,
macaques are likely to adapt to the anthropogenic environment (Gumert 2011), whereas other primates (snubnosed monkeys, langurs, gibbons) are negatively affected
by human activities.
We used the results of a comprehensive study of the
genetics of these 5 endangered primates and results of
studies that assessed the level and partitioning of genetic
variation within these species, the demographic history
of the populations, and the events and factors that influenced this history (Liu et al. 2007, 2009; Luo et al. 2011;
Chang et al. 2012a, Yang et al. 2012; Kolleck et al. 2013;
Liu et al. 2013b) to summarize the conservation genetics
status of these primates. In addition, we determined the
population demographic history of R. bieti, R. brelichi,
Conservation Biology
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and R. roxellana in Shennongjia nature reserve and the
evolutionary population structure of R. roxellana. We
also identified mitochondrial DNA (mtDNA) haplotypes
of captive T. francoisi populations. We used our results to
evaluate the contributions of genetic data to conservation
strategies for these species. Specifically, we used them in
an analysis of current protection of the subpopulations.

Materials and Methods
Data
For this study, we used data from Liu et al. (2007, 2009),
Luo et al. (2011), Chang et al. (2012a), Yang et al. (2012),
Liu et al. (2013b), and Kolleck et al. (2013). We either
reanalyzed their data or used them in additional analyses.
For R. roxellana, we analyzed data from 16 microsatellite
loci from 202 individuals from all the sub-populations (23
from SG, 26 from QL, and 153 from SNJ). The complete
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mitochondrial DNA (mtDNA) control region (1080 bp)
sequences of 86 R. roxellana individuals were obtained
from the 3 subpopulations (41 from SG, 22 from SNJ,
and 23 from QL). For R. bieti, we analyzed data from 10
microsatellite loci of 135 individuals and 401 bp mtDNA
control region sequences of 163 individuals from 11 of
the 15 extant groups (G1–G15) throughout the species’
geographical range (Fig. 1). For R. brelichi, we analyzed
data from 8 microsatellite loci and 603 bp mtDNA control
region sequences from 141 individuals. We analyzed 395
bp mtDNA control region sequences from 160 individuals of T. francoisi from 2 extant wild populations (NGZ
and CGX) and from 54 individuals of T. leucocephalus
from 3 extant wild populations (NG, CC, and FS) (Fig.
1 & Supporting Information). We also analyzed mtDNA
control region sequences of 63 T. francoisi individuals in
three captive populations (Supporting Information).
Population Structure Analyses
Genetic differentiation between sampling groups was assessed using traditional F statistics and microsatellite data
from R. roxellana and R. bieti (Liu et al. 2009; Chang
et al. 2012a). We used the estimator θ of Wright’s FST
in Genepop (version 3.4) to calculate F statistics across
the study area and between pairs of sampling sites (Raymond & Rousset 2003). We used Structure (Pritchard
et al. 2000) to detect cryptic population genetic structures and to assign individuals inferred subpopulation
clusters based on multilocus microsatellite genotypes for
the samples of R. roxellana and R. bieti, which was done
by Liu et al. (2009) and Chang et al. (2012a).
Analysis of Population Demographic History and Population
Structure Evolution
To infer timing and magnitude of past changes in female effective population size (Nef ) of these five species,
we constructed a Bayesian skyline plot (BSP) in Beast
(version 1.7.4) (Drummond et al. 2005, 2012) and performed a mismatch distribution analysis in Arlequin (version 2.000) (Schneider et al. 2000) and DnaSP (version
5.10.01) (Librado & Rozas 2009) with sequences of the
mtDNA control region published in Liu et al. (2007,
2009), Luo et al. (2011), Yang et al. (2012) Liu et al.
(2013b), and Kolleck et al. (2013). To analyze the population demographic history of R. bieti, R. brelichi, and
R. roxellana in Shennongjia nature reserve, we used
2 different but complementary approaches. We implemented the approaches in Bottleneck (version 1.2) (Cornuet & Luikart 1996) and MSVAR (version 1.3) (Storz &
Beaumont 2002) to detect, based on microsatellite loci
information, whether the three species of Rhinopithecus experienced a recent population bottleneck. The approaches are described in detail in Chang et al. (2012b).
Liu et al. (2009) analyzed the evolutionary population
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structure of R. bieti. We determined the evolutionary
population structure for R. roxellana. We used IM (5
March 2007 release) (Hey 2006) for the Markov chain
Monte Carlo estimation of posterior probability distributions of m1 ( = m1 /μ), m2 ( = m2 /μ), q1 ( = θ 1 = 4N1 μ),
q2 ( = θ 2 = 4N2 μ), qA ( = θ A = 4NA μ), and t ( = tμ), which
correspond to the migration rate between 2 populations
(m1 and m2 ), the current effective population size of 2
populations (q1 and q2 ), the ancestral population size
(qA ), and the divergence time (t). The parameter sets of
the different IM runs are described in Liu et al. (2009).
Evaluation of the Existing Protection System
We collected information on the distribution, area, and
location of protected areas within range of the studied
primates from the Chinese National Forestry Bureau. We
classified the protected areas as national reserves, provincial reserves, and city or county reserves. The number and
area of these reserves within the distribution of each population of these species were calculated respectively. We
calculated the connectivity of nature reserves for each
species by calculating the area of naturally connected
reserves regarded administratively as separate reserves.

Results
Population Structure of Primate Species
Thirty mtDNA haplotypes (Rr01–Rr30, GenBank:
HQ831477–HQ831506) were identified in 86 individuals
of R. roxellana (Liu et al. 2007). All haplotypes displayed
a very strong geographical specificity, consistent with
patch clustering based on geographical partitioning. Haplotypes Rr01–Rr15 were confined to subpopulation SG,
Rr16–Rr20 were only found in subpopulation SNJ, and
Rr21–Rr30 were only found in sub\population QL (Liu
et al. 2007). No haplotype was shared among these three
subpopulations and there was a distinct phylogeographical structure among them (Fig. 2a).
Genetic differentiation among the 3 populations was
relatively high (FST from 0.109 to 0.177 [P < 0.05])
(Chang et al. 2012a & Supporting Information). The
Structure analysis showed a peak in K at K = 2, corresponding to 2 clusters, which initially separated the population SNJ from the populations of SG and QL (Chang
et al. 2012a). When we repeated the analysis within the
cluster of population SG and QL, the K also exhibited
a peak at K = 2, indicating a separation between population SG and QL (Chang et al. 2012a). Furthermore, the
population structure revealed by SNPs loci also indicated
that individuals from these 3 subpopulations fit into 3
different clusters (Cheng 2014). The entire population
of R. roxellana was separated into three subpopulations
(SNJ, QL, and SG) with unique genetic components.
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Figure 2. Minimum-spanning network
for (a) Rhinopithecus roxellana (Rr)
(SNJ, QL, SG, sub-populations), (b) R.
bieti (Rb) (S1-S5, sub-populations), (c)
Trachypithecus francoisi (Tf) (NGZ and
CGX, sub-populations), and (d) T.
leucocephalus (Tl) (FS, CC, NG,
subpopulations) mtDNA control region
haplotypes (circles, a haplotype; circle
diameter scales to haplotype
frequency; number 36 in [b], mutation
steps). Results for R. roxellana, R. bieti,
and T. leucocephalus are based on
data from Liu et al. (2007), Luo et al.
(2011), and Liu et al. (2013).
In the 10 independent simulations of the Bayesian
clustering method with microsatellite data of 135 R. bieti individuals, calculation of K produced a distinct
apex value (423.9) when K = 5 (Liu et al. 2009). Five
subpopulations (S1–S5) of R. bieti were largely associated
with specific isolated landscape patches (Liu et al. 2009
& Fig. 1). Individuals from G1, G2, and G4 formed the
northwest subpopulation S1, individuals from G5 represented the northeast sub-population S2, and the central
subpopulation S3 was formed by individuals from G6, G7,
G9, and G10. Groups G11 and G13–G15 were located
in the southeast and southwest ranges of the habitat and
were isolated from other groups. The genetic background
of G11 and G13–15 were different and formed the southeast subpopulation S4 and southwest subpopulation S5,
respectively (Liu et al. 2009). Distribution of mtDNA
haplotypes in R. bieti also displayed local homogeneity and strong population structure among patches and
suggested the same five subpopulation partioning (Liu
et al. 2007 & Fig. 2b). Few common mtDNA haplotypes
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were shared among these five subpopulations, also implying limited gene flow (Liu et al. 2007). For R. brelichi,
there was no evidence of population structuring (Kolleck
et al. 2013).
In the mtDNA control region alignments of 160 wild
and 63 captive T. francoisi individuals, we found 72
variable sites, including 14 transversions (tv) and 61
transitions (ts) (both ts and tv at the 3rd, 193rd, and 205th
site). In total, 31 mtDNA haplotypes were defined (Tf 01–
Tf 31, HQ613913–HQ613947), of which 10 haplotypes
were found only in captive populations and 16 haplotypes were found only in wild populations. Five haplotypes were shared between captive and wild populations
(Fig. 2c & Supporting Information). For T. leucocephalus,
12 mtDNA haplotypes (Tl01–Tl12, HQ613946–
HQ613957) were defined in the mtDNA control region
alignments of 54 individuals from three extant wild
populations (NG, CC, and FS) (Fig. 1 & Supporting Information). For T. francoisi, haplotypes in wild populations
displayed very strong geographical specificity, consistent
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with population clustering based on geographic
partitioning (Fig. 1). The Tf03–Tf06 were only found in
subpopulation NGZ, and Tf07–Tf23 were only found in
subpopulation CGX (Fig. 2c & Supporting Information).
Haplotypes in T. leucocephalus also displayed strong
local homogeneity and population structure. Haplotypes
Tl01–Tl04 were confined to sub-population FS, Tl05–
Tl11 were found in subpopulation CC, and Tl11–Tl12
were found in subpopulation NG (Fig. 2d & Supporting
Information).
Population Demography and Splitting Time
For R. roxellana and R. bieti, the BSP suggested a sharp
decrease in population size beginning 0.025 million years
ago (mya). For R. brelichi and T. francoisi, more recent
population declines were revealed, starting about 0.003–
0.005 mya. Consistent with these results, the mismatch
distribution of these four species revealed an atypical distribution shape (Supporting Information). Furthermore,
there were no signatures of population growth represented by other parameters (Liu et al. 2007; Luo et al.
2011; Yang et al. 2012; Liu et al. 2013b). For T. leucocephalus, a large population growth parameter g (524.99
[SD 197.92]) and a relatively high θ var (0.10 [SD 0.001])
were found (Liu et al. 2013b). The bell-shaped mismatch
distribution indicated population expansion in the past,
and the time after expansion was estimated at 0.15–0.06
mya, which was also suggested by the BSP (Liu et al.
2013b).
All 3 populations of R. roxellana, population S5 of
R. bieti, and the only remaining sub-population FJS of
R. brelichi in Fanjingshan nature reserve were subjected
to population bottlenecks (Supporting Information). Furthermore, Bayesian MSVAR simulations revealed that R.
brelichi and the subpopulation SNJ of R. roxellana and
have experienced recent and rapid population declines.
For subpopulation SNJ of R. roxellana and population
FJS of R. brelichi, the median current (N0 ) and ancestral
(N1 ) effective population sizes were 107 and 9532 and
298 and 1039, respectively, both showing population declines starting 917 and 128 years ago, respectively (Fig. 3
& Supporting Information).
Repeated runs of the IM program revealed unambiguous marginal poster probability distribution of the parameters for subpopulation comparisons in R. roxellana
and R. bieti (Liu et al. 2009 & Supporting Information).
The peaks of the primary six-parameter values were confined to fairly narrow ranges with corresponding credibility intervals illustrated in Supporting Information. In
R. roxellana, the initial splitting time between SNJ and
QL was estimated to be 22,510 years ago (90% highest
posterior density [HPD], 17,400–30,340 years ago), and
the divergence between population QL and SG occurred
approximately 11,356 years ago (90% HPD, 7,280–16,620
years ago). For R. bieti, the initial splitting time between
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S1 and S3 was estimated to be 8,210 years ago (90% HPD,
5,470–13,630 years ago). The range of divergence time
between S4 and S5 was estimated to be 950 years ago
(90% HPD, 510–1,640 years ago), implying a recent divergence event. In contrast, the initial divergence event
between S3 and S5 was estimated at 21,550 years ago
(90% HPD, 11,960–32,710 years ago), which was much
earlier than that of S1–S3 and S4–S5 (Liu et al. 2009).
Evaluation of the Existing Protection System
Generally, all three subpopulations of R. roxellana were
protected in the 31 national reserves, 31 provincial reserves, and 2 city or county reserves (total protected area
20,161.05 km2 ). For R. bieti, the subpopulation S1 occurred within the Xiaochangdu national reserve, and the
subpopulations S2 and S3 lived in the Baimaxueshan national reserve. However, no reserve has been established
within the distribution of subpopulation S4, whereas the
subpopulation S5 is protected in one small national reserve and one provincial reserve. Furthermore, about 800
R. brelichi individuals are protected in the Fanjingshan
national reserve (Table 1 & Fig. 4).
The estimated size of the T. francoisi population was
1000 individuals, which is the largest wild population of
T. francoisi in the world, and the population lives within
two national reserves, one provincial reserve and one city
or county reserve (total protected area of 870.08 km2 ).
Three hundred T. francoisi individuals in subpopulation
CGX were protected in three national and four provincial
reserves. For T. leucocephalus, 3 extant subpopulations
(NG, CC and FS) were protected in two small national
reserves (total protected area 100.75 and 255.28 km2 ,
respectively) (Table 1).
For studied species and populations, the largest connective nature reserves occurred in Sichuan Province.
For subpopulation SG of R. roxellana, the maximum and
medium area of connected nature reserves was 6873.00
km2 and 2884.00 km2 , respectively. Nature reserves that
protected subpopulation SG and QL of R. roxellana and
R. bieti were larger and more connected than nature
reserves protecting T. francoisi and T. leucocephalus
(Table 1 & Fig. 4). Few nature reserves for langurs were
connected to each other (Fig. 4). The maximum area of
connected nature reserves for subpopulations of langurs
ranged from 530.00 to 46.39 km2 , and the minimum value
ranged from 262.30 to 20.00 km2 (Table 1 & Fig. 4g).

Discussion
There are 3 inferences that can be made based
on our results. First, most of the 5 studied species are
characterized by apparent population structures and wild
populations are separated into various subpopulations,
each with unique genetic components and significant
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Figure 3. The posterior distributions of
ancestral (N1 ) and present effective
population size (N0 ) and time since
population size decrease (T) of the (a)
Rhinopithecus roxellana sub-population
SNJ and (b) R. brelichi. Results for R.
roxellana are based on data from
Chang et al. 2012b. The medians of N0
and N1 and T are in Supporting
Information.

Figure 4. Extent of nature reserves within the distribution of (a) Rhinopithecus roxellana (sub-population SG),
(b) R. roxellana (sub-population QL), (c) R. bieti, (d) Trachypithecus francoisi (sub-population NGZ), (e) T. francoisi
(sub-population CGX), and (f) T. leucocephalus. (g) Locations of nature reserves in China. (e) Maximum,
minimum, and median value of the area of connected reserves in (a–f).
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genetic differences (Supporting Information). Second,
most subpopulations of these species experienced
population declines or divergences that coincided with
the increasing human population and expansion of
agriculture since the Holocene (Liu et al. 2009; Luo et al.
2011; Chang et al. 2012a, 2012b; Kolleck et al. 2013).
Finally, habitat protection measures and the functional
connectivity of reserves among and within species are
unequal, and certain small sub-of the species face a severe
risk of extinction due to fragmentation (Table 1 & Fig. 4).
Because of its distinct appearance and its rarity, R.
roxellana is considered a national icon. As an object
of public interest and national pride, R. roxellana has
been the focus of conservation and has received more
attention from decision makers than some other species.
Sixty-four reserves were established for the three R. roxellana subpopulations. It should be appropriate to define
sub-populations SG, QL, and SNJ as 3 management units
(MUs), according to the population structure and the significant genetic differentiation among individuals in these
3 regions. For sub-populations SG and QL, most of the
reserves are connected and thus would allow gene flow
within sub-populations (Figs. 4a and b). Subpopulation
SNJ of R. roxellana is the easternmost population and
the most isolated, and the population size was estimated
at >2000 individuals prior to 1970. However, the population dropped to an estimated 500 individuals in 1989
(Quan & Xie 2002; Yang et al. 2014). Special attention
should be paid to the conservation of the subpopulation
SNJ because of its unique genetic diversity, small habitat,
significant genetic distance from the other 2 populations,
and small population size (Table 1, Fig. 3, & Supporting
Information).
Five subpopulations of R. bieti had unique genetic
components; these subpopulations should be considered
as 5 MUs according to the model proposed by Moritz
(1994). However, the habitat protection measures
for these 5 subpopulations are not equal. Although
subpopulations S1–S3 are protected in 2 national nature
reserves, the range of subpopulation S4 falls outside any
protected area, and subpopulation S5 occurs only in 1
small national nature reserve and 1 provincial natural
reserve (Fig. 4c). The northern subpopulations S1 and
S2 inhabit a continuous habitat of 1083.20 km2 , and the
central sub-population S3 occurs in another continuous
habitat of 2736.35 km2 . However, the area of habitat
for the southeastern subpopulation S4 is 817.283 km2
and does not occur in a nature reserve. More seriously,
three monkey groups of the southern subpopulation S5
are already isolated from each other and live in three
fragmented habitat areas of 326.90, 165.45, and 143.25
km2 , respectively (Fig. 4c). The southern boundary of the
R. bieti habitat shifted 100 km northward during the past
400 years as a result of rapidly expanding human land use
(Li et al. 2002). Moreover, the southern subpopulation
S5 experienced a population bottleneck in the past
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(Supporting Information). Above all, the southern subpopulations S4 and S5 face greater risks of habitat loss and
extinction and should be a conservation priority in future.
Langurs face more rigorous challenges compared with
snob-nosed monkeys. The total population size of T. francoisi in China is 1300 individuals, which is less than R.
roxellana and R. bieti. We sampled all the extant wild
subpopulations and three captive populations in China.
Among 31 defined haplotypes, 15 were in captive populations and 5 were shared with wild subpopulations. The
10 unique captive haplotypes were likely to represent
the residual individuals of extinct wild populations or
unsampled groups (Fig. 2c & Supporting Information).
Although the population size of NGZ (1000 individuals)
was larger than that of CGX (300 individuals), the subpopulation NGZ contained 4 mitochondrial haplotypes,
whereas the subpopulation CGX contained 17 mitochondrial haplotypes. This suggests that there was significantly
more genetic diversity in the subpopulation CGX than
in the subpopulation NGZ. However, the subpopulation
CGX faces a more severe extinction risk than NGZ. Three
groups in the subpopulation NGZ are in two national
reserves and one provincial reserve (Fig. 4d). The group
sizes are 200–600 individuals. There are 10 groups in
subpopulation CGX; however, the group sizes range from
8 to 70 individuals. Even though the T. francoisi in subpopulation CGX are partially maintained within three national reserves and four provincial reserves, the groups
are scattered and the ranges of five groups are outside
protected areas (Fig. 4e). In the case of T. leucocephalus,
79 individuals of the subpopulation NG are protected
in the Nonggong national reserve, whereas the bigger
subpopulations CC with 306 individuals and FS with 552
individuals are in the Chongzuo national reserve (Fig.
4f). However, subpopulations CC and FS are also isolated
from each other. The actual habitat of subpopulations
NG, CC, and FS is 20.00, 28.25, and 46.39 km2 . The
forests in the same reserve are not connected functionally
(Fig. 4f).
We found that most of the studied species are
divided into various subpopulations with unique
genetic components and that gene flow appears to
be strongly impeded by habitat fragmentation due to
agricultural land, grazing meadows, highways, and
human dwellings. For these primate species, our results
suggest protection is required for all subpopulations
simultaneously due to their genetic uniqueness.
Furthermore, captive populations can harbor residual
individuals of extinct wild populations and are a vital
resource for recovering genetic loss and restoring
populations that have been extirpated. Especially, more
conservation effort should be made for species with
small population size or scattered distribution, such
as R. brelichi, T. francoisi, and T. leucocephalus. We
suggest there are 5 priority protection targets for future
conservation: maintain R. roxellana in Shennongjia
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national reserve, subpopulations S4 and S5 of R. bieti
and of R. brelichi in Fanjingshan national reserve, and
subpopulation CGX of T. francoisi in central Guangxi
Province and maintain all 3 T. leucocephalus subpopulations (pr1–pr5) in central Guangxi Province (Fig. 1).
There are at least 24 primate species in China. In 2015,
a new macaque species, M. leucogenys, was found in
Tibet, which is new evidence of the diversity and richness of primates in China (Li et al. 2015). However, only
a few publications on the conservation genetics of Chinese primates have been conducted. To our knowledge,
genetic studies of gibbons in China are ongoing but not
published. M. mulatta and M. thibetana in China also
face genetic isolation and habitat fragmentation (Wu et al.
2013; Yao et al. 2013; Zhong et al. 2013). However, the
population size of these two macaque species in China
are still large (7000 M. thibetana, 77000 M. mulatta);
thus, these macaques are not regarded as endangered.
More conservation genetics research is needed on primates in China to provide both general conservation recommendations for all the Chinese primates and to inform
specific actions for studied species.
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