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Abstract

In the face of ongoing habitat fragmentation, many primate species have experienced reduced gene
flow resulting in a reduction of genetic diversity, population bottlenecks, and inbreeding depression,
including golden snub-nosed monkeys Rhinopithecus roxellana. Golden snub-nosed monkeys live in
a multilevel society composed of several 1 male harem units that aggregate to form a cohesive
breeding band, which is followed by one or more bachelor groups composed of juvenile, subadult,
and adult male members. In this research, we examine the continuous landscape resistance surface,
the genetic diversity and patterns of gene flow among 4 isolated breeding bands and 1 all-male band
in the Qinling Mountains, China. Landscape surface modeling suggested that human activities and
ecological factors severely limit the movement of individuals among breeding bands. Although these
conditions are expected to result in reduced gene flow, reduced genetic diversity, and an increased
opportunity for a genetic bottleneck, based on population genetic analyses of 13 microsatellite loci
from 188 individuals inhabiting 4 isolated breeding bands and 1 all-male band, we found high levels
of genetic diversity but low levels of genetic divergence, as well as high rates of gene flow between
males residing in the all-male band and each of the 4 breeding bands. Our results indicate that the
movement of bachelor males across the landscape, along with their association with several differ-
ent breeding bands, appears to provide a mechanism for promoting gene flows and maintaining
genetic diversity that may counteract the otherwise isolating effects of habitat fragmentation.
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In natural populations, genetic diversity is maintained by persistent mi-
gration, interbreeding avoidance, and genetic fusion (Orr 2005; Barrett
and Schluter 2008). However, with extensive human activities, natural
habitats have become fragmented into small isolated units (Pfeifer
et al. 2017), resulting in the formation of insular subpopulations of in-
dividual animal species (Coltman 20035; Liu et al. 2009). Such situa-
tions restrict the movement of individuals across populations (Lande

1993), leading to the increased risk of inbreeding depression and the
occurrence of genetic bottlenecks (Charlesworth and Willis 2009;
Hedrick and Garcia-Dorado 2016; Trewick et al. 2017). Notable
examples include the gray wolf Canis lupus (Leonard et al. 2005), the
northern elephant seal Mirounga angustirostris (Weber et al. 2000),
the moose Alces alces (Broders et al. 1999), and several species of non-
human primate. At present, some 60% of the 504 living primate
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species are listed as vulnerable, endangered, or critically endangered
and over 75% of all primate populations are in decline (Estrada et al.
2017). In most cases, population decline has resulted in a marked de-
crease in genetic diversity. However, there remains a small number of
primate species, which despite a recent reduction in population size,
maintain relatively high genetic diversity in the face of habitat fragmen-
tation (Quéméré et al. 2010; Swedell 2011).

Several common factors associated with social, behavioral, and
biological adaptability appear to enable these “resilient” species to
persist and maintain genetic diversity in highly-fragmented and
human-disturbed habitats (Parrish and Edelstein-Keshet 1999; Silk
2007; Arseneau et al. 2015). Among primates, a small number of taxa
Papio
Theropithecus gelada, Guinea baboons P. papio, Yunnan snub-nosed

including  hamadryas baboons hamadryas,  geladas
monkeys Rhinopithecus bieti, black snub-nosed monkeys R. strykeri,
Guizhou snub-nosed monkeys R. brelichi, golden snub-nosed mon-
keys R. roxellana, and possibly humans have evolved a modular or
tiered multilevel society (Dyble et al. 2016; Goffe et al. 2016; Grueter
et al. 2017). A multilevel society is characterized by several independ-
ent social and breeding units nested within a larger community that
can number several hundred individuals (Shultz et al. 2011; Xiang
etal. 2014). As the utilization of space and resources can be optimized
by the joint actions of individuals who live in groups, group members
may acquire multiple benefits beyond those obtain by solitarily indi-
viduals (Macfarlan et al. 2014; Dyble et al. 2015; Dyble et al. 2016;
van Cise et al. 2017). Thereby, animal species with multilevel society
usually develop such flexibility to overcome ecological challenges and
may avoid inbreeding risk (Kirkpatrick and Grueter 2010; Schreier
and Swedell 2012; Grueter et al. 2017). However, studies on the evo-
lutionary and social mechanisms of the maintenance of genetic diver-
sity for multilevel society, remain limited.

Golden snub-nosed monkeys, represent an endangered species of
Asian colobine or leaf-eating primate that was once widely distrib-
uted across central and southern China (Li et al. 2003). Today, how-
ever, they exist in only 3 isolated mountainous regions in central and
northwest China (Minshan, Shennongjia, and Qinling Mountains; Li
et al. 2002; Long and Richardson 2008; Fang et al. 2018). Golden
snub-nosed monkeys exhibit a special social organization described
as a modular or the multilevel society, which is composed of 4 levels:
the unit, band, herd, and troop (Qi et al. 2010; Grueter et al. 2012;
Qi et al. 2014; Ren et al. 2018). The most basic level of golden snub-
nosed monkey social organization is formed by 1 adult male, mul-
tiple adult females, subadult females, juveniles, and infants, and is
called a 1-male unit or harem (Qi et al. 2009; Grueter and van
Schaik 2010; Zhao et al. 2016). Several 1-male units feed, forage,
rest, and travel together and form a breeding band (Qi et al. 2009).
Bachelor males including juveniles, subadults, and adults aggregate
into an all-male unit (Qi et al. 2017). Several all-male units may form
an all-male band that shadows multiple breeding bands (Qi et al.
2014; Qi et al. 2017). The all-male band consists of males waiting
for reproductive opportunities and former breeding males whose 1-
male unit has been taken over by another male (Qi et al. 2017). The
breeding bands and their associated all-male band together form a
herd that occasionally interacts with other independent bands or
herds to form a large troop (Qi et al. 2014).

The population of golden snub-nosed monkeys inhabiting the
Qinling Mountains, exploit a region of high biodiversity that has been
environmentally altered by extensive human exploitation and eco-
logical damage (Oates et al. 1994). An expanding lumber industry
and the conversion of natural forest to agricultural and farmland dur-
ing the last century have resulted in unprecedented reduction and

fragmentation of suitable habitat for several important animal and
plant species (Li et al. 2002; Long and Richardson 2008). In recent
years, a large number of roads, expressways, and high-speed railways
have been constructed in the area. Due to both ecological and an-
thropogenic resistance, populations of the giant panda Ailuropoda
melanoleuca and the golden takin Budorcas taxicolor have become
isolated into small and fragmented subpopulations in the Qinling
Mountains (Zeng et al. 2005; Zhang et al. 2006). These same an-
thropogenic disturbances have affected range size, quality, and con-
nectivity of the natural habitats for the 39 troops of snub-nosed
monkeys that remain in the Qinling Mountains (Li et al. 2000).
However, a recent study indicated that the genetic diversity and effect-
ive population size of R. roxellana in the Qinling Mountain has not
significantly decreased (Huang et al. 2016). Two other studies have
hypothesized that the transfer of adult males among different breeding
bands is likely to play a critical role in promoting genetic exchanges
between otherwise highly-fragmented populations (Huang et al. 2017;
Qi et al. 2014), implying that the evolution and adaptive function of a
multilevel society, including the existence of an all-male band, serves
to provide a reservoir of genetically distinct adult males that can in-
crease gene flow under conditions of habitat fragmentation.

In this study, we test the hypothesis that despite living in highly-
fragmented habitats, the multilevel society of golden snub-nosed mon-
keys facilitates the movement of bachelor males across otherwise
semi-isolated modular social units resulting in a system of dynamic
gene exchange and the maintenance of genetic diversity. We accom-
plish this by presenting genetic evidence that bachelor males from dif-
ferent natal breeding bands commonly transfer into the all-male band,
resulting in an opportunity for gene flow and high levels of genetic di-
versity between isolated subpopulations within this multilevel society.
By linking the evolution of this specialized social system with male re-
productive strategies that function to promote gene flow, this research
offers new insights into the benefits of group living.

Materials and Methods

Study group and genetic sampling

Our research site is located on the northern slope of the Qinling
Mountains in the Zhouzhi National Nature Reserve, China
(108°14'-108°18'E, 33°45'-33°50'N, Figure 1A). The region has a
temperate climate and ranges in elevation from 1,400 to 2,890 m in
elevation a.s.l. The annual average temperature is 10.7°C, and the
annual average rainfall is 894 mm (Li et al. 2000).

There were 4 breeding bands and 1 all-male band in the study
area during our study (Li et al. 2000). The HSG breeding band
(HSG-BB) and the GTS breeding band (GTS-BB) from the East
Ridge Troop, and the GNG breeding band (GNG-BB) and the DJF
breeding band (DJF-BB) from the West Ridge Troop. The 2 troops
are separated by the Nancha River. The GNG all-male band (GNG-
AMB) principally shadowed the GNG-BB, but had occasional con-
tact with the other 3 breeding bands. Due to the difficulty associated
with following the monkeys across steep cliffs and mountainous ter-
rain, it took 1.5 years to collect fecal and hair samples used for gen-
etic analysis (December 2014 to March 2016).

The 4 breeding bands analyzed in this study varied in size and
compositions. There were 15 one-male units in the GNG-BB, 12
one-male units in the DJF-BB, 11 one-male units in the HSG-BB and
10 one-male units in the GTS-BB. The size, age, and sex composition
of each breeding bands and the all-male band are reported in
Table 1. The GNG-AMB, which was composed of 12 adult, 14 sub-
adult, and 14 juvenile males, traveled independently, but maintained
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Figure 1. (A) Study location of the 4 isolated breeding bands and the all-male band (bachelor group) of R. roxellana in the Qinling Mountains, China. (B) A heat
map of genetic differentiation among bachelor groups and 4 breeding bands. Color brightness in each cell denotes the value of the pair-wise genetic differenti-
ation index. Two clusters represent the genetic relationships among 5 bands that constructed by UPGMA. Dendrograms in the left and top were built based on
Wright's Fst and Nei's standard genetic distance, respectively, which are illustrated in the lower and upper triangular matrix of the heat map. (C) sTRUCTURE
Bayesian clustering revealed that the 5 isolated social bands of snub-nosed monkeys had a lower divergence and high levels of admixture under fragmented hab-
itats, which implies a potential gene flow. The clustering was built under assumption of Locpriori, nonadmixture model and independent allele frequencies. BB,

breeding band; AMB, all-male band.

Table 1. Genetic diversity of 5 bands among R. roxellana multilevel society

Band Longitude (°E) Latitude (°N) Population size Sample size Genetic diversity® Fis

Nm PIC Ar HO HE
GNG-AMB 108.278 33.798 40 40 3.92 0.560 2.34 0.565 0.553 —0.026
GNG-BB 108.270 33.812 130 38 3.54 0.552 2.32 0.565 0.545 —0.030
DJF-BB 108.233 33.805 100 36 3.92 0.582 2.46 0.573 0.574 —0.009
HSG-BB 108.312 33.813 920 43 3.39 0.506 215 0.513 0.500 —0.034
GTS-BB 108.337 33.850 70 31 3.15 0.510 2.28 0.563 0.502 —0.126

Five genetic diversity indices were presented, that is, number of alleles (N#1), polymorphism information content (PIC), allelic richness (A7), observed heterozy-
gosity (Hp), and expected heterozygosity (Hg). Fis denotes the Wright’s inbreeding coefficient.

a close spatial association to the GNG-BB, resulting in a high degree
of social affinity and spatial overlap. The GNG herd was habituated
to the presence of researchers and had been provisioned for more
than 20 years. Thus, we were able to maintain close proximity to
the monkeys and identify each individual based on pelage color,
body size, sex, and idiosyncratic physical traits. The monkeys were
categorized into 4 age/sex classes (Qi et al. 2009, 2014), including
adult males and females (adult males reach maturity at 7 years of
age and adult females reach maturity at 5years of age), subadults

(females are subadults at age 3-4 and males are subadults from ages
5-7years old), juveniles (females aged from 1 to 3 years and males
aged 1 to 5 years), and infants (<12 months; Qi et al. 2009).

Both fecal and hair samples were collected from all individuals
in the GNG-AMB, including 12 adults, 14 subadults, and 14 juve-
niles, as well from 72 adults in the GNG-BB (15 males and 57
females). Because the monkeys in the remaining 3 breeding bands
were not habituated, we were able only to collect fecal samples from
unidentified individuals.
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Fresh fecal samples were stored in DETs (20% DMSO, 0.25M
sodium-EDTA, 100 mM Tris-HCI, pH 7.5, and NaCl to saturation)
solution at —20°C. A stick with adhesive tape was used to collect
hair samples. It was made from an 80 cm x 6 cm wooden board cov-
ered with glue and baited with a fruit reward. In the process of grab-
bing the fruit, hair from the monkey’s hand and arm adhered to the
glue. The collected samples were then stored in silica gel and then
dried at room temperature.

Molecular methods

Follicle DNA was extracted with proteinase K digestion (Shenggon,
Shanghai) in a PCR compatible buffer, whereas fecal DNA was
extracted using QIAamp DNA Stool Mini Kits (Qiagen, German).
All DNA samples were amplified at 19 tetra-nucleotide microsatel-
lite loci (please see Supplementary Table S1) in an ABI Veriti
Thermal Cycler with the following processes: 95°C for 5 min, fol-
lowed by 30 cycles (94°C for 30s, 55°C—60°C for 45s, 72°C for
45s), and 72°C for 10 min. PCR products were segregated with an
ABI PRISM 3100 Genetic Analyser, and their sizes relative to the in-
ternal size standard (ROX-labeled HD400) were determined with
GENEMAPPER V3.7 (Applied Biosystems). Homozygous genotypes
were confirmed by 5 independent replicates, which were observed
and repeated in at least 3 separate reactions (Taberlet et al. 1996).
Replicates were detected by POLYRELATEDNESs V1.6 (Huang et al.
2016) and excluded from subsequent analyses. To avoid the possi-
bility of analyzing the same individual twice, a probability of iden-
tity (PID) analysis was carried out using the software Cervus V3.0.7
(Kalinowski et al. 2010). In addition, for each locus, if the samples
of missing data occupied >20% of all samples, this locus was dis-
carded. Furthermore, to prevent genotyping errors, such as false
alleles, scoring errors, and allelic dropouts, the software MICRO-
CHECKER V2.2.3 (van Oosterhout et al. 2010) was employed.

Genetic diversity

Statistical analysis of genetic diversity included observed and
expected heterozygosity, polymorphic information content, allelic
richness, and Wright’s inbreeding coefficient at each locus for each
band—and was calculated with Genalex V6.5 (Peakall et al. 2003).
We performed a Hardy—Weinberg equilibrium (HWE) test for each
band at each locus with Fisher’s exact tests in GeNeror V4.3 (Rousset
2008). Significance thresholds were adjusted for multiple tests by se-
quential Bonferroni procedures (Rice 1989).

We employed 3 methods to test the presence of a bottleneck
within each breeding band and the GNG-AMB. The first method
was based on deviations of allele frequencies in the calculations of
heterozygosity, where we used signed-test and 2-tailed Wilcoxon
test in Bottleneck V1.2.02 (Piry et al. 1999). We considered 2 types
of mutation models: 1) a 2-phase model (TPM) with 95% stepwise
mutations and a variance of 12, and 2) a stepwise mutation model
(SMM with iteration number set to 1,000). The second method
involved calculating the GW coefficient (Garza and Williamson
2001) in ARLEQUIN V3.6 (Excoffier and Lischer 2010). Finally, we
performed an effective population size change estimation, which
was inferenced with Bayesian computation by the DIYABC v2.0
software (Jean-Marie et al. 2008).

Population structure

To evaluate the significance of genetic differentiation, the pairwise
Fsr between the 4 golden snub-nosed monkey breeding bands was
calculated with 100,000 permutations using ARLEQUIN V3.6

(Excoffier and Lischer 2010). Significance levels were assessed via
permutation tests, where the number of steps in the Markov chain
was set to 100,000, and the number of burn-in steps was set to
10,000. Nei’s standard genetic distances D (Nei 1972) were calcu-
lated in GENALEX V6.5 (Peakall et al. 2003). We performed a hier-
archical cluster analysis based on genetic differentiation and genetic
distance using the UPGMA method (unweighted pair group method
with arithmetic mean).

In addition, the common model of isolation by distance was
examined using the Mantel test implemented in the program
GENALEX V6.5 (Peakall and Smouse 2012). Generally, Nei’s gen-
etic distance and the geographic distance were used as input, and
their correlation significance was assessed by conducting 1,000
permutations.

A Bayesian cluster analysis was performed using STRUCTURE
V2.3.4 (Pritchard et al. 2000) to examine population genetic struc-
ture. This method estimates the likelihoods of various numbers of
genetically distinct groups (K) in the samples by assigning individu-
als into one or more groups in a manner that minimizes each group’s
deviation from HWE. The program was run for K from 1 to 5 under
the admixture model with correlated allele frequencies. For each
run, we used 700,000 MCMC cycles, following 100,000 burn-in
cycles. Ten replications were performed for each K, to test whether
the number of iterations was sufficient. We set the iteration number
from 700,000 MCMC cycles to 800,000, and we found that the log-
likelihood value was saturated (P=0.43, likelihood ratio test, to-
ward the mean value of Ln-likelihood values derived from both iter-
ation numbers of 700,000 and 800,000). Thus, our saturation
analysis showed that the number of iterations was sufficient. The
optimal K was estimated according to Evanno et al.’s delta K (AK)
method (Evanno et al. 2005). The evaluation of the appropriate K is
presented in the Supplementary Figure S1.

Population assignment

Population assignment was to calculate the log likelihood for each
individual, with allele frequencies of the respective population
(Paetkau et al. 2010). Individuals were assigned to the population
with the highest likelihood, which is an effective technique to iden-
tify the natal population among individuals. We calculated the pos-
terior probabilities for each individual that originated from the 4
different breeding bands with the Bayes equation:

PI(P/"G,') X PI‘(GAP/)PI‘(P/),

where G; is the genotypes vector of i-th individual, and P; is the j-th
breeding band, Pr(P;) is the number of individuals in P; out of all
breeding bands, and Pr(G;|P;) is the probability of sampling an indi-
vidual with a genotypes vector equal to G; within P;. Pr(G;|P;) can
be obtained by taking the product of the genotypic frequencies
across all loci:

Pr(G|P)) = HPr(G,-k|P,-),
k

where G, is the genotype of i-th individual at j-th locus, Pr(Gj|P))
is the frequency of G, in P;:

Pr(Gy|P}) = pff,m if Qik is komozygous,
2pijkabijke if Gi is heterozygous.
Where a and b are the alleles within Gy, and pj,, and pj, are
their frequencies in Pj, respectively. For each individual, the breed-
ing band with the highest posterior probability was considered to be
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the natal band of this individual. We used chi-squared goodness-of-
fit tests to assess whether the distribution of individual origin was in
accord with expectation, where the expected values were propor-
tional to Pr(P;). We used the originated probability coefficient
(OPC) to describe the probable percentage of individuals from dif-
ferent origins within a breeding band.

Gene flow among bands

Gene flow among different bands was assessed using MIGRATE V3.1
(Beerli 2006). The amount and direction of gene flow were esti-
mated from microsatellite genotypes by calculating mutation-scaled
effective population size 6 (4 times the effective population size mul-
tiplied by the mutation rate of per site in each generation), and
mutation-scaled migration rate M (migration rate divided by muta-
tion rate). Based on the continuous Brownian motion model, we
implemented a pre-run with Fsy values to obtain the prior setting of
6 and M. Five independent MCMC chains with 5,000,000 genera-
tions were used. We sampled every 100 steps under a constant muta-
tion model, discarding the first 1,000,000 records as burn-in. The
mode and 95% of the highest posterior density were estimated after
checking for convergence.

Landscape resistance surface

We calculated the continuous landscape resistance surface to iden-
tify the degree to which local landscape elements limited the distri-
bution or movement of R. roxellana within the study area. We
modeled landscape resistance as a function of 4 landscape variables
deemed to be potentially important for the species (Li Y-L et al., un-
published data): elevation, distance to human disturbances, distance
to rivers, and the enhanced vegetation index, as shown in Figure 3.
Each landscape variable’s grid cell resistance value was assigned
based on the frequency of species occurrence from the analysis of
radio-tracking data of R. roxellana (Li Y-L et al., unpublished data;
see Supplementary File S2). We assumed that all landscape variables
had equal effects on the ranging and distribution of golden snub-
nosed monkeys. Then the landscape resistance values were estimated
as the averaged resistance values of all landscape variables, ranging
from 1 (least resistance to movement) to 100 (greatest barrier to
movement). All maps were processed in ArcGIS v10.2 (ESRI 2010).

Ethical standards

All research protocols reported here adhere to the regulatory
requirements and were approved by the animal care committee of
the Wildlife Protection Society of China (SL-2012-42). The genetic
sampling received the clearance from, and complied with the proto-
cols approved by, the specialist committee of the State Forestry
Administration of China (SFA-LHXZ-2012-2788), and Chinese
Academy of Science.

Results

Microsatellite dataset and genetic diversity

We analyzed 19 microsatellites from 188 golden snub-nosed mon-
keys residing in 4 breeding bands and 1 all-male band (sample sizes
of each band are reported in Table 1). Details of these loci are pre-
sented in Supplementary Table S1. In the case of 4 loci (D195248,
D6S1036, D651040, and P115), samples of missing data accounted
for >20% of all samples (Supplementary Table S1), and thus these
loci were discarded from our analysis. The MICRO-CHECKER
analysis indicated that null alleles were likely present at loci

D10S676 and D752204 across the GNG-AMB and the DJF-BB, re-
spectively (Supplementary Table S2). We, therefore, removed these
2 loci from subsequent analyses. As for the remaining 13 highly
polymorphic loci, the largest multilocus PID was 4.34E-09, and
therefore our dataset contained no identical samples. In addition,
the HWE test found no evidence of linkage disequilibrium
(Supplementary Table S1).

Summary statistics for the genetic diversity analyses and genetic
diversity indices can be found in Table 1. Genetic variability among
the 5 bands was generally moderate, with the number of alleles per
locus ranging from 3.15 to 3.92 (average = 3.50). The observed het-
erozygosity ranged from 0.513 to 0.573, with an average of 0.5556.
The expected heterozygosity (Hg) ranged from 0.50 to 0.574 (aver-
age = 0.535). The polymorphism information content ranged from
0.506 to 0.582 (average = 0.542), and the allelic richness for the §
bands ranged from 2.15 to 2.46 (average = 2.31). Values of
Wright’s inbreeding coefficient (Fis) showed that the effects of
inbreeding in the DJF-BB were relatively stronger than found in the
other bands. In general, the effect of inbreeding among all 5 bands
was weak.

Based on microsatellite data, we found no evidence that a genetic
of bottlenecks had formed in any of the 4 breeding bands (Table 2;
none of the sign or Wilcoxon tests suggested excess heterozygosity
or deficiency in either SMM or TPM). The lowest P-value is 0.108
(Wilcoxon test with TPM model in HSG-BB). GW coefficients of all
bands exceeded the empirical value of 0.68 (Garza and Williamson
2001), and the lowest GW coefficient was 0.872 + 0.220 (HSG-BB).
Inferring population history with Bayesian computation similarly
indicated no evidence that a genetic bottleneck had occurred in any
of the 4 breeding bands (Supplementary Table S3).

Population structure
The matrices and dendrograms representing genetic relationships
and identifying the strength of Fst and D are presented in Figure 1B.
The results of pairwise Fsr revealed relatively low genetic divergence
among each of 5 bands (Fst < 0.10), and the permutation test be-
tween each pair of bands (breeding and all-male) was significant
(P <0.05). Nei’s standard genetic distance ranged from 0.031 to
0.122; the largest distance was between the DJF-BB and GTS-BB.
Fst and Nei’s D between the GNG-AMB and GNG-BB was lower
than between all other band pairs. Finally, our Mantel test analysis
showed a significant correlation between geographic and genetic
distance among all 5 bands (r=902, P=0.019; Supplementary
Figure S1).

Bayesian cluster results documented high levels of admixture
among the 2 putative genetic clusters, with the Evanno’s AK method
indicating that the approximate K was maximized at K=2

Table 2. Bottleneck effect tests of 1 all-male band and 4 breeding
bands

Band Sign text Wilcoxon test M = SD
TPM SMM TPM SMM

GNG-AMB 0.507 0.505 0.473 0.580 0.914%+ 0.144

GNG-BB 0.129  0.141 0.122 0.153 0.889 + 0.162

DJF-BB 0.560  0.567 0.170 0.368 0.876 = 0.156

HSG-BB 0.471 0.470 0.108 0.318 0.872+ 0.220

GTS-BB 0.494  0.521 0.153 0.188 0.877 £ 0.178

Notes: M is the Garza and Williamson’s (2001) coefficient. No results were
significant.
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(Supplementary Figure S2). The cluster results among these 5 bands
are shown in Figure 1C (results for K=3, 4, and 5 also are shown
for comparison). In addition, we found similar genetic compositions
between individuals in the GNG-AMB and the GNG-BB, indicating
substantive gene flow between these 2 modular social units has
occurred. Although allele frequencies in the other 3 breeding bands
(DJF-BB, HSG-BB, and GTS-BB) were significantly different from
that of the GNG-AMB, Bayesian cluster revealed that DJF-BB,
HSG-BB, DJF-BB, and GNG-AMB shared partial common genetic
compositions, indicating gene flow has occurred between the all-
male band and these 3 breeding bands (Figure 1C).

Population assignment

Population assignment analysis demonstrated that the members of
the GNG-AMB originated unevenly from the 4 breeding bands
(Figure 2A, 5> =18.0, df = 3, P < 0.001). The OPC revealed that ap-
proximately half of the individuals came from the GNG-BB
(OPCgna.pp = 0.450), with the remaining males in the GNG-AMB
originating from the DJF-BB, HSG-BB, and GTS-BB (OPCpjp.pp =
0.375 vs. OPCHSG—BB =0.150 vs. OPCGTS—BB = 0025)

Gene flow among bands
The MIGRATE analysis revealed the existence of highly asymmetric
gene flow between the GNG-AMB and the 4 breeding bands (6 and

A

GNG-AMB GNG-BB

6=090

HSG-BB

GNG-AMB % ft.‘

6=1.29 \

M are significantly >0; Figure 2B). The 0 value was highest in the
GNG-AMB. Allele movement between the GNG-AMB and the
GNG-BB was higher than between the GNG-BB and the other 3
breeding bands. The M value is not especially noteworthy for the
comparison between the GNG-AMB and the breeding bands
(MgNG-BB > MGTs.BB > Muysg.ss > MDJF—BB)- However, variation in
the rate of gene migration from the breeding bands to the GNG-
AMB was apparently greater.

Landscape resistance surface

The continuous landscape resistance surface modeling suggests
that the construction of roads, farms, and villages, along with
natural ecological barriers (river, high elevations) highly restrict
the distribution and patterns of habitats utilization of golden
snub-nosed monkeys (Figure 3). As shown in Figure 3, the habi-
tats occupied by each of the 4 breeding bands of golden snub-
nosed monkeys were highly fragmented. Recent anthropogenic
changes (roads, farms, and villages) to the landscape appear to
have permanently isolated the GNG-BB and the HSG-BB, and
rivers and high mountains have, over some extended period of
time, served as effective barriers severely limiting the ability of
individuals from the GNG-BB to transfer into the DJF-BB or the
GTS-BB.

~osree  [NNNESGEENN c7s88

| Dispersal for
breeding opportunity

group

Natal dispersal or breeding
position being taken over

GTS-BB

Figure 2. (A) The posterior probability based on population assignment reveals individual exchange among 4 different bands and the bachelor group. Each box
represents a social band. Each bar within the box represents a sampled individual from the band. Genetic characters of each band were estimated by unique al-
lele frequencies, and marked by a corresponding color. The percentage of each color within the bar denotes the posterior probability of the individual origin.
(B) Gene flow among the 4 breeding bands and GNG-AMB. The levels of gene flow are represented by 0 and M value estimated by MIGRATE. 8(4Nep): mutation-
scaled effective population size. M(m/p): mutation-scaled migration rate; where m is the migration rate and p is the mutation rate. The blue curves show gene
flow from the breeding bands to the all-male band, whereas the green curves show the opposite gene flow from the all-male band to breeding band. The widths

and the numbers beside the curves denote M values.
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Figure 3. Satellite result of continuous landscape resistance surface. Color ranging from green and red suggests the resistance value caused by ecological factors
and human activities. The red color suggests high resistance value, and green suggests that the monkeys can move freely in these areas. The result confirms that
geographical factors would resist the monkeys to immigrate between breeding bands with the fragmented habitats.

Discussion

In this study, we examined genetic diversity, gene flow, and popula-
tion assignment in an endangered species of nonhuman primate, the
golden snub-nosed monkey, that inhabits a highly anthropogenical-
ly-disturbed and fragmented mountainous habitat in central China.
We combined genetic data with continuous landscape resistance sur-
face modeling to study the degree to which human activities and
ecological factors restrict the immigration of individuals among
breeding bands. In addition, we examined whether the all-male
band, which represents an important component of the snub-nosed
monkey multilevel social system serves to promote gene exchanges
and maintain genetic diversity across otherwise isolated breeding
bands.

The continuous landscape resistance surface modeling indicated
that ecological/anthropogenic resistance severs as a filter limiting
the ability of individuals to migrate directly between the 4 studied
breeding bands, leading to a negative effect on the individual trans-
fer among the 4 breeding bands. This is supported by satellite telem-
etry data of GPS collared golden snub-nosed monkeys indicating
that each studied breeding band inhabited a distinct range or terri-
tory that only minimally overlapped with other breeding bands,
resulting in limited opportunities for individuals to transfer (Qi et al.
2014). Moreover, human-constructed barriers such as rivers, vil-
lages, logging roads, and farmlands have limited the ability of breed-
ing bands to freely move across this fragment landscape for decades

or hundreds of years (Wang et al. 2014). We, therefore, expected
this would result in low population-level genetic diversity and high
population-level genetic differentiation across breeding bands
(Huang et al. 2016). For example, the Xiaowangjian forest lumber-
ing station was established in this area in 1978, with the formation
of a logging road in the area occupied by the East Ridge Troop
(HSG-BB and GTS-BB; Li et al. 2000). This road is frequently used
by both the logging industry and local traffic, particularly farmers,
and represents a barrier to the free movement of each of the 4 breed-
ing bands. Although these barriers are not completely impenetrable,
their impact may increase the costs of individual transfer among the
studied breeding bands (Greenwood 1980; Ehrlen and Eriksson
2000; Bester-van der Merwe et al. 2011; Robson and Blouindemers
2013). Moreover, the topography of the Qinling Mountains, which
is dominated by high altitude temperate forest habitats, and open
areas of fragmented and cleared forests containing villages and agri-
cultural fields, as well as the threat of domesticated animals such as
dogs may greatly increase the risks and decrease the opportunities
for successful dispersal (Wang et al. 2014). Either enhanced mortal-
ity risk reduces the occurrence of successful transfer or individual is
choose not to disperse due to such cost (Lin and Batzli 2004). Thus,
the expected result is reduced gene flow, reduced genetic diversity,
and an increased opportunity for a genetic bottleneck.

However, we found no evidence of genetic bottlenecks, high lev-
els of genetic diversity, low levels of genetic divergence or similar
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genetic backgrounds in golden snub-nosed monkeys. Population
structure results showed that K=2 was the most probable number
of genetic clusters, indicating that the 5 isolated bands could be div-
ided into 2 genetically distinct population, implying high levels of
admixture and high levels of gene flow among these bands. This,
along with the results of MIGRATE V3.1 software indicated the possi-
bility of high levels of gene flow between the all-male band and all-
breeding bands. Population assignment analysis showed that the
GNG-AMB was comprised of bachelor males who originated from
each of 4 breeding bands, indicating the possibility of gene flow
among these bands. Overall, all these evidences confirmed persistent
gene flow among the breeding bands, as well as between the all-
male band and each of the breeding bands.

Gene flows are likely to be the result of the movement of bach-
elor males among the study bands promoting genetic diversity.
Mating strategies adopted by bachelor male golden snub-nosed
monkeys include periodic attempts to take over a 1-male unit and
usurp the leader or breeding male position, attracting adult females
to leave their 1-male unit, or engaging in sneaky copulations with
harem females (Patzelt et al. 2014; Qi et al. 2014; Smith et al. 2017;
Qi et al. 2020). Bachelor male movements include young sexually
immature males who migrated from their natal breeding band into
the all-male band (primary transfer; Yao et al. 2011; Chang et al.
2014; Huang et al. 2017); fully adult males who transferred from
the all-male band back into their natal breeding band or to a neigh-
boring breeding band and successfully take over an existing 1-male
unit, or sexually mature males who leave the all-male band in at-
tempt to attract harem females to form a new 1-male unit (breeding
transfer); fully adult males who formed a temporary consort rela-
tionship with 1-male unit females (temporary transfer) and older
adult males who had left their previous breeding band and rejoined
the all-male band after losing their residential position as an 1-male
unit leader male (Grueter et al. 2017). The dynamic movements of
bachelor males into and out of the all-male band and breeding bands
contribute to multidirectional gene flow that serves to maintain a
high level of genetic diversity otherwise across semi-isolated popula-
tions. The results support the hypothesis that bachelor males resid-
ing in an all-male band can effectively mitigate inbreeding
depression across fragmented landscapes.
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