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Abstract

Sex-biased dispersal is common in group-living animals. Due to differences in local demographic
and environmental factors, sex-biased dispersal presents many irregular patterns. In this study, a
habituated, individually identified Yunnan snub-nosed monkey Rhinopithecus bieti group was
observed over 9years; 192 dispersal events, including 97 male dispersal events (25 natal dispersal
and 72 secondary dispersal) and 95 female dispersal events (34 natal dispersal and 61 secondary
dispersal) were observed. Males and females showed different dispersal paths, dispersal ages, and
dispersal patterns. Females had 2 dispersal paths, whereas males had 4 paths. In terms of age of
dispersal, the male age of natal dispersal was younger than for females. Males prefer single disper-
sal, whereas females prefer parallel dispersal. Our study indicates that the dispersal pattern of
R. bieti should be classified as a bisexual dispersal pattern. The differences in dispersal path, aver-
age age at dispersal, and dispersal path pattern indicate that Yunnan snub-nosed monkeys may
still retain a loose matrilineal social system.

Key words: bisexual dispersal, dispersal, parallel dispersal, Rhinopithecus bieti.

Dispersal, defined as the movement of individuals or populations be-
tween their natal sites and breeding or subsistence sites, is ubiqui-
tous among group-living mammals and birds (Greenwood 1980).
Dispersal can be further categorized as natal dispersal—movement
by which an individual leaves its birthplace to engage in mating or
reproduction somewhere else (Wey et al. 2015), and secondary/
breeding dispersal—movement that occurs between reproductive
events for the same individual (Ronce 2007). Dispersal plays an im-
portant role in maintaining the long-term survival of small and iso-
lated populations (Chang et al. 2013); thus, an understanding of
dispersal patterns is critical for developing effective conservation

management strategies designed to maintain or increase genetic vari-
ability in endangered species (Broquet and Petit 2009).

The significance of dispersal is widely debated, with current
hypotheses focusing primarily on inbreeding avoidance and on com-
petition (Bowler and Benton 2005; Ronce 2007). Dispersal lowers the
risk of inbreeding and the cost of inbreeding depression (known as the
inbreeding avoidance hypothesis; Bengtsson 1978; Packer 1979;
Dobson 1982; Waser and Keane 1986; Pusey 1987; Clutton-Brock
1989; Perrin and Mazalov 2000; Clutton-Brock and Lukas 2011). In
particular, natal dispersal before sexual maturity supports the inbreed-
ing avoidance hypothesis (Moore and Ali 1984; Clutton-Brock 1989).
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In most animals, the asymmetry in parental investment is greater,
with females bearing most of the costs of reproduction. When
inbreeding loads exceed their tolerance threshold, females should pre-
fer immigrant males and reject male relatives, promoting the dispersal
of related males (Lehmann and Perrin 2003). Regarding secondary
dispersal, the competition hypothesis emphasizes individual dispersal
when competition for resources is greater at the current location than
elsewhere (Greenwood 1980; Johnson and Gaines 1996; Mcnutt
1996). In polygynous species where resident males effectively monop-
olize mating access to females, the sex bias within 1-male units
(OMUs) leads to fierce male-male mating competition, resulting in
male dispersal and female philopatry (Perrin and Mazalov 2000;
Zhao et al. 2011). In addition, male dispersal is often linked to evic-
tion by resident males, such as in Presbytis senex senex (Rudran
1973), Presbytis entellus (Boggess 1980), and Trachypithecus leucoce-
phalus (Zhao et al. 2011).

Similar to other mammals, sex-biased dispersal patterns are com-
mon in primates (Jack and Fedigan 2004a, 2004b). Initial studies
suggested that the mating system was the fundamental determinant
of which sex was more likely to disperse (Greenwood 1980; Dobson
1982; Prugnolle and de Meeus 2002; Nagy et al. 2007). For many
polygynous primates, male-biased dispersal and female philopatry is
a common pattern (Greenwood 1980; Clutton-Brock 1989;
Clutton-Brock and Lukas 2011; Wang et al. 2017). However, there
is growing evidence that dispersal patterns are not entirely deter-
mined by the mating system (Boinski 2005; Chang et al. 2013).
Many polygynous primate species have predominantly female-
biased dispersal, such as Brachyteles arachnoides (Strier 1994),

Table 1 Dispersal in polygynous primates

Trachypithecus phayrei (Borries et al. 2004), Theropithecus gelada
(Snyder-Mackler et al. 2014), Colobus vellerosus (Teichroeb and
Sicotte 2009), and Piliocolobus badius (Fashing 2011; Table 1).
Others have bisexual dispersal, such as Alouatta palliata and
Alouatta pigra (Di Fiore et al. 2010) and Procolobus verus (Fashing
2011; Table 1). The pattern of sex-biased dispersal is determined by
the degree of kinship between different sexes within the core social
group. Among species with multilevel societies, females are philo-
patric in geladas, with core units formed around closely related
females (Snyder-Mackler et al. 2014). In contrast, males are philo-
patric in hamadryas baboons, with male-male bonds linking family
units together into higher-order groupings (Stidele et al. 2015).

Dispersal is often accompanied by substantial benefits, but can
also be costly, with risks to the individual involved (Marty et al.
2017a, 2017b). Some birds (Riehl 2013), carnivores (Packer et al.
1991), and primates (Schoof et al. 2009) disperse together with fa-
miliar individuals (parallel dispersal) for mutual defense, reducing
the costs of dispersal (van Hooff 2000). Parallel dispersal enables
dispersing individuals to maintain long-term relationships with
known others (Wikberg et al. 2014) and form alliances more easily
(Jack and Fedigan 2004a, 2004b; Koenig et al. 2011; Ridley 2012).
Though most of the benefits of alliances accrue to dominant individ-
uals (Ridley 2012), less dominant individuals also gain from cooper-
ating with dominant kin (Riehl 2013; Bourke 2014; Diaz-Munoz
etal. 2014).

Yunnan snub-nosed monkeys Rhinopithecus bieti are an endan-
gered species of Asian colobine endemic to China, inhabiting high
altitude mountain forests on the Tibetan Plateau within a narrow

Family Species name Predominant dispersing sex References
Male Female Both
Atelidae A. palliata — — + Di Fiore et al. 2010.
A. pigra — — + Di Fiore et al. 2010.
Alouatta seniculus + — — Agoramoorthy and
Rudran 1993.
B. arachnoides — + — Strier 1994.
Cercopithecidae Chlorocebus aethiops + — — Struhsaker 1967.
Colobus polykomos — + — Korstjens and Nijssen
200S.
Colobus guereza + — — Oates 1977.
C. vellerosus — + — Teichroeb and Sicotte
2009.
Erythrocebus patas + — — Hall 2010
Macaca fascicularis + — — van Noordwijk and
Van Schaik 1985.
Macaca silenus + — — Kumar 2001.
Papio ursinus + — — Seyfarth 1976.
P. hamadryas — + — Hammond RL et al.
2006.
P. badius — + — Fashing 2011.
P. verus — — + Fashing 2011.
Rachypithecus phayrei — + — Borries et al. 2004.
Rhinopithecus roxellana + — — Qi etal. 2009.
Semnopithecus entellus + — — Sugiyama 1976.
T. gelada — — + Dunbar and Dunbar
1974.
T. phayrei — + — Borries et al. 2004.
Hylobatidae Nomascus concolor + — — Hu et al. 2018.
Indriidae Propithecus verreauxi + — — Richard 1974.

“+” indicates the main sex dispersal pattern. “—” Predominant dispersing sex.
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Figure 1. The social structure of Yunnan snub-nosed monkeys.

area between the Yangtze and Mekong Rivers (Xia et al. 2020a,
2020b, 2020c). Rhinopithecus bieti forms multilevel societies
(Grueter et al. 2020) composed of many OMUs and at least one all-
male unit (AMU; Ren et al. 2012; Grueter et al. 2020; Figure 1). In
this type of social organization, there are clearly defined core units
(OMUs and the AMU), but the boundary is not impermeable, and
some individuals disperse across units (Grueter et al. 2020). Male
dispersal is common in the genus Rhinopithecus (Qi et al. 2009; Yao
et al. 2011; Chang et al. 2013; Huang et al. 2017), often accompa-
nied by conflict and resident male takeover, but females in the genus
Rhinopithecus have also been observed to disperse among OMUs
(Qi et al. 2009). Whereas female dispersal is usually voluntary, it
can also lead to conflicts between the original and the new resident
male for females that are switching groups.

In this study, we spent 9 consecutive years following a habitu-
ated wild R. bieti group with multilevel social organization at close
range in Xiangguqing, Baimaxueshan Nature Reserve. We aimed to
(1) investigate sex-biased dispersal patterns in R. bieti specifically
and species with multilevel social structure more generally and (2)
explore the differences in both natal and secondary dispersal pat-
terns between male and female individuals, including differences in
proximate cause from other species with multilevel social structure.

Materials and Methods

Study site

We conducted this study at Xiangguqing (27°36'N, 99°15'E, eleva-
tion: 2,400-4,200 m) in Baimaxueshan Nature Reserve, Yunnan
Province, China. The study site, located east of the Hengduan
Mountains, encompasses an area of almost 90 km? (Li et al. 2014).
The study area is affected by the plateau monsoon climate, so tem-
perature and precipitation are strongly seasonal (Xia et al. 2016).

Study group and subjects

The focal group in this study is a habituated and provisioned wild
R. bieti group (Xia et al. 2016). Since the end of 2009, all individu-
als have been identified (Xia et al. 2020b). From 2010 to 2018, a
total of 22 OMUs and 1 AMU (158 individuals, including 83 males
and 75 females) were recorded in the focal group (Xia et al. 2020c).
Each year, the focal group consisted of 5-10 OMUs and 1 AMU,
ranging from 45 to 93 individuals (Xia et al. 2020c).

Behavior sampling

In 2008 and 2009, not all individuals could be reliably identified, so
data from those 2 years were only used to calculate the age of known
individuals. The age of unknown individuals was assessed by body
color, body size, and the thinning of white hairs on the back (Xia
et al. 2020c). Accurate and detailed dispersal data were recorded
over 9vyears (1 January 2010 to 31 December 2018) for this group
as part of long-term population monitoring. Each day at feeding
time (9:00-10:00 and 17:00-18:00), we and the staff in the reserve
counted the number of individuals in each OMU and AMU, then
recorded information such as (1) demographic changes and compos-
ition of OMUs and the AMU, including birth, death and dispersal
and (2) details of the dispersal process (name, time, age, and disper-
sal path). All dispersal events were confirmed to have occurred with-
in 1-3 days.

When individuals that immigrated into an OMU or AMU were
accepted by the members in the unit, these were considered success-
ful dispersal events. We were unable to follow individuals out of the
study group, so we assumed that all monkeys that disappeared had
emigrated out of the focal group, with the exception of individuals
that stayed away for younger than 2 years old and severely injured
individuals (Hu et al. 2018).
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Figure 2. Female individual dispersal patterns from 2010 to 2018. Capital letters in front of each navy-blue horizontal bar represent the codes of the OMU. The

number in front of F represents the number of dispersal individuals.

Statistical analyses

All statistical tests in this study were performed using SPSS version 23.0
(SPSS Inc., Chicago, IL). Fisher’s exact test was used to determine
whether individual dispersal was sex-biased, and a binomial test was
used to detect the difference between male and female individuals in
parallel and single spread. Independent sample #-tests were used to com-
pare the age difference of natal dispersal and secondary dispersal be-
tween females and males. All tests were 2-tailed with P <0.05 as the
threshold for significance. Average values
Mean * Standard Deviation (SD).

are expressed as

Results

Dispersal paths
A total of 192 dispersal events were recorded during the study
period, including 95 female dispersal events (34 natal dispersal
events and 61 secondary dispersal events) and 97 male dispersal
events (25 natal dispersal events and 72 secondary dispersal events).

There are 2 paths for female dispersal: dispersal among OMUs
(26 natal dispersals and 29 secondary dispersals), and dispersal be-
tween the OMUs and the wild group (8 natal dispersals and 32 sec-
ondary dispersals), in which 3 events were female secondary
dispersals from the wild group to an OMU and 29 events were fe-
male secondary dispersals into the wild group (Figures 2 and 4).

The male dispersal paths are more complicated, with 4 potential
paths for male dispersal: (1) 3 male offspring followed their mothers
to a new OMU for natal dispersal; (2) dispersal between OMUs and

the AMU, with 12 natal dispersals to the AMU and 25 secondary
dispersals (15 from the AMU to OMUs and 10 from OMUs to the
AMU); (3) dispersal from OMUs to the wild group, with 10 natal
dispersals and 8 secondary dispersals (no male individuals immi-
grated directly into an OMU from the wild group); and (4) dispersal
between the AMU and the wild group (secondary dispersal only),
with 29 dispersals from the AMU into the wild group and 10 disper-
sals from the wild group into the AMU (Figures 3 and 4).

Age of natal and secondary dispersal

A total of 59 natal dispersal events were recorded during the
study period, 25 by males and 34 by females. There was no sig-
nificant difference in the average age of natal dispersal for
females (Mean + SD =39.2 +23.7months, #=234) and males
(mean =SD =32.4 £ 17.5 months, n=235) (independent samples
t-test, F=0.58, P=0.226). Among the 133 secondary dispersal
events recorded, the average age of females at secondary disper-
sal (mean = SD =88.8 =42.0 months, #=61) was significantly
younger than that of males (mean=*SD =116 * 47 months,
n=72) t-test, F=1.312, P<0.01;
Figure §).

(independent samples

Sex-biased dispersal patterns

In our R. bieti study group, 43 males were born during the study
period. Five died before dispersal. The mean age of natal dispersal
(32 months) was used to estimate when males should be expected to
disperse. Of the 26 males that survived at least 32 months, 25 had
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accounting for 94%. These results show a bisexual dispersal pat-
tern, with no sex bias in natal dispersal (Fisher’s Exact test,

P=0.999).

dispersed by the end of the study, accounting for 96%. Forty-one
females were also born during the study period. Thirty-four of the
36 females older than 39 months dispersed out of their natal OMU,
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Parallel dispersal and single dispersal

Among 192 dispersal events, the 80 single dispersal events (41.7%)
were significantly fewer than the 112 parallel dispersal events
(58.3%) (binomial test, P =0.025). Further analysis by sex showed
that females were more inclined toward parallel dispersal (71 paral-
lel events versus 24 single events, binomial test, P < 0.01), whereas
there was no significant preference in males (41 parallel events ver-
sus 56 single events, binomial test, P=0.155). Female parallel dis-
persal mostly occurred with female relatives (29 mother/daughter
and 31 sisters or half-sisters). Only 11 parallel dispersals involved
unrelated females. All male parallel dispersals involved male rela-
tives (6 father/son, 11 brothers, or half-brothers) only in the breed-
ing band. The individuals in the AMU were of unknown relation
and were not included in this analysis.

Discussion

Previous literature suggested that male-biased dispersal and female
philopatry was the predominant pattern in polygynous primates
(Greenwood 1980; Clutton-Brock 1989), leading to harems com-
prised matrilines and female kin (Qi et al. 2009). Recent publica-
tions suggest a more complicated dispersal pattern for polygynous
species, and some polygynous species also display female-biased dis-
persal and bisexual dispersal (Table 1). In the current study of
R. bieti, we find that nearly all offspring disperse from their natal
OMU. The results also suggest a bisexual dispersal pattern without
sex bias in R. bieti. Although female dispersal has previously been
reported in the genus Rhinopithecus, those studies did not find near-
universal female dispersal in the focal groups of R. bieti and
Rhinopithecus roxellana (Qi et al. 2009; Yao et al. 2011; Huang
etal.2017).

Why are female R. bieti not rigidly philopatric, as might be pre-
dicted from their polygynous mating system? First, the tenure of
resident males (mean = SD =44 * 28.83, n=18) is long enough for
their female offspring to mature, and female offspring will disperse
in order to avoid inbreeding (Clutton-Brock 1989; Nagy et al.
2007). In our study group, a large number of subadult females dis-
persed from their natal OMUs, consistent with the inbreeding avoid-
ance hypothesis (Xia et al. 2020b). Second, groups of R. bieti are
composed of OMUs and AMUs (Xia et al. 2016), a social structure
in which resident males seldom care for offspring (Wang et al.
2017). In polygynous primates, females with high investment in off-
spring tend to disperse to select the best available mate (Johnstone et
al. 1996; e.g., Papio hamadryas, Mori et al. 2007; Nasalis larvatus,
Murai et al. 2007 and R. roxellana, Qi et al. 2009). Third, in the
case of parallel dispersal, kin cooperation may provide a competitive
advantage for access to scarce resources and successful reproduction
(Le Galliard et al. 2006). Female offspring will disperse together
with their female relatives likely to maintain alliances and improve
their fitness.

In many mammalian species, dispersal is often limited to specific
life history stages (Smale et al. 1997), and natal emigration occurs
prior to sexual maturity. The results of this study showed the mean
age of male natal dispersal was 32 months (2.7 years), slightly earlier
than for females at 39 months (3.2 years). Although there was no
statistically significant difference in the age of natal dispersal, male
individuals reach sexual maturity at around 7years old, relatively
late compared with females that reach sexual maturity at 5 years old
(Li et al. 2013). From a developmental perspective, then, males’
natal dispersal occurs earlier than for females, which may be related
to the different social roles between males and females. Unlike other

species without AMUs, male Yunnan snub-nosed monkeys have the
option of natal dispersal to the AMU. Only after they reach sexual
maturity in the AMU can they challenge the resident male and ob-
tain mating opportunities. For female offspring, who are not evicted
by the resident male, delaying dispersal is a strategy to avoid the
high cost of dispersing at a young age (Marty et al. 2017a, 2017b).
Furthermore, the age and developmental stage of dispersal are vari-
able, affected by local demographic and environmental factors
(Pusey and Packer 1987). The average natal dispersal age of male R.
bieti was younger than for P. hamadryas (Chalmers 1986), Papio
cynocephalus (Pusey and Packer 1987), and Cebus capucinus (Jack
and Fedigan 2004b). On the other hand, female R. bieti are similar
to other langurs at natal dispersal, and all tend to disperse after me-
narche (Sterck 1997).

Secondary dispersal can occur when individuals reach sexual
maturity, at which time they have the ability to compete with
local individuals and enter the group (Jack and Fedigan 2004a;
van Noordwijk and Van Schaik 1985). Our results show that the
secondary dispersal age of female R. bieti is significantly younger
than males. First, dispersal is related to the developmental trajec-
tories of different sexes, with females maturing earlier than males
(Xia et al. 2020c¢). This skews average age at secondary dispersal
for females earlier than for males. Second, almost all dispersing
immature males enter the AMU until they reach sexual maturity
before they have the opportunity to replace the resident male of
an OMU. In general, males cannot obtain mates immediately after
they reach sexual maturity due to the monopolization of females
within the OMUs, thus increasing the age of male secondary
dispersal.

Parallel dispersal is thought to be connected to coalition forma-
tion (Jack and Fedigan 2004b). Coalitions make individuals more
successful in entering and maintaining membership in social groups
(Fedigan 1993). Similar to female R. roxellana (Qi et al. 2009) and
male C. capucinus (Jack and Fedigan 2004b), female R. bieti also
prefer parallel dispersal to avoid the loss of allies. Female R. bieti
may offset the risks of dispersal by maintaining a high frequency of
parallel dispersal at all life stages (van Hooff 2000), although males
do not. Serial single dispersal reduces the relatedness of females
within OMUs (Qi et al. 2009). In contrast, parallel dispersal ensures
that related females stay together as they enter or form new OMUs.
Kin coalitions can improve competitive advantage in obtaining
scarce resources, reduce infanticide risk, and increase reproductive
success (Le Galliard et al. 2006). But for males, in polygynous mat-
ing systems, the resident male monopolizes mates within his OMU
and refuses to share access during his tenure. This disposes adult
males in the AMU to prefer single dispersal when looking for mating
opportunities.

In summary, we find a predominantly bisexual dispersal pattern
in R. bieti. At the same time, male and female offspring showed dif-
ferences in dispersal paths, dispersal age, and dispersal pattern.
Males have higher a variety of dispersal patterns than females. The
mean male age of natal dispersal was younger than females from a
developmental standpoint. Males prefer single dispersal, whereas
females prefer parallel dispersal. The above 3 results suggest that
Yunnan snub-nosed monkeys may still have a loose matrilineal so-
cial system.
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