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In the present study, we compared mother–infant relationships in 57 mother–infant

dyads residing in twowild, semi-provisioned (22mother–infant dyads in 2014, 35 dyads

in 2015) groups of rhesusmacaques (Macacamulatta) in the NanwanNature Reserve for

Rhesus Macaques, Hainan, China. We also compared reproductive success between

these twogroups. Theecology andprovisioning regime for each groupwas similar. These

groups differed however, in size. Group 1 contained ∼35 individuals and Group 2

contained ∼120 individuals. Data were collected over a 2-year period (2014–2015). We

found that during the birth season, mother–infant relationships in the larger group were

characterized by less time in contact and more time separated than in the smaller group.

Mothers in the smaller group initiated more contact and proximity with their infants.

During themating seasonwhen infantswere approximately 6months old,mother–infant

relationships in the smaller group were more rejecting. We also found that birth rates

were significantly higher but infant survivorship (to 1-year-old) was significantly lower in

the smaller group. Moreover, higher-ranking mothers in the larger group were

characterized by a higher reproductive output than females of lower rank. In the smaller

group, female rank did not affect reproductive output. There was, however, no clear

relationship between infant survivorship and maternal rank. We hypothesize that

differences in reproductive success and changes inmother–infant relationships between

the birth and mating seasons reflect differences in the costs and benefits of group size:

females in the larger group faced (i) higher intragroup feeding competition leading to a

reduction in birth rate but also (ii) lower predation risk, resulting in higher infant survival

rate compared to females in the smaller group. The results of this study point to the

tradeoffs that primate females face in living in smaller and larger social groups.
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1 | INTRODUCTION

Compared to many other mammals, primates are characterized by a

slow life history in which females give birth to a single offspring,

infants, and juveniles have a relatively prolonged period of develop-

ment, and adult females produce a limited number of offspring during

their reproductive lifetime (Blomquist, 2009; Charnov & Berrigan,

1993). Given species differences in ontogeny and the costs of
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reproduction, as well as individual differences in social rank, females

may adjust prenatal and/or postnatal offspring investment in an

attempt to maximize reproductive success (De Lathouwers & Van

Elsacker, 2004; Maestripieri, 1994b, 2001). Moreover, in several

primate species, group members may act as helpers, providing

nonmaternal infant care that aids in lowering the reproductive costs

to mothers (e.g., allonursing, provisioning, protecting, and carrying

infants) (Ross &MacLarnon, 2000; Rothe, Darms, Koenig, Radespiel, &

Juenemann, 1993; Tardif, Carson, & Gangaware, 1992). For example,

infant caregiving and provisioning provided by adult male tamarins and

marmosets is reported to increase infant survivorship and enable a

breeding female to reduce postnatal reproductive costs and redirect

time and energy into her next set of infants (Garber, 1997; Garber,

Porter, Spross, & Di Fiore, 2016).

Variation in maternal behavior and reproductive investment has

been documented at three levels: (i) between species; (ii) between

groups of the same species; (iii) between individuals in the same group

(Maestripieri, 2001). For example, a study comparing maternal

behavior and reproductive investment among three closely related

species of macaques found that whereas rhesus mothers (Macaca

mulatta) engaged in more frequent asymmetrical aggressive inter-

actions, restrained, and rejected their infants at a higher frequency, and

were characterized as “controlling and less protective,” pig-tailed

macaque mothers (M. nemestrina) were found to commonly harass and

kidnap other female's infants, spend more time caring for their own

infants, and were characterized as “controlling and strongly protec-

tive.” In contrast, stump-tailed macaque mothers (M. arctoides) more

commonly engaged in behaviors designed to reduce social tension and

promote reconciliation, and restrained and rejected their infants at a

low frequency. Their maternal style was characterized as “Laissez-fair”

(Maestripieri, 1994b, 1994c). Differences in maternal style among

macaque species may be explained by species-specific differences in

life history traits, levels of within-group aggression, and whether

mating is seasonal or non-seasonal (Caldecott, 1986; Ha, Robinette, &

Sackett, 2000; Hoffman, Higham, Mas-Rivera, Ayala, & Maestripieri,

2010; Johnson & Kapsalis, 1995; Maestripieri, 1994a, 1994b;

Nieuwenhuijsen, Lammers, de Neef, & Slob, 1985; Thierry, Singh, &

Kaumanns, 2004).

Individual variation in patterns of infant caregiving among primate

mothers has been studied extensively. Factors found to contribute to

within-species differences in mother–infant interactions include

maternal rank (Onishi & Nakamichi, 2011; White & Hinde, 1975),

maternal age (Hoffman et al., 2010), parity (Holley & Simpson, 1981),

infant age (Hernández-Lloreda & Colmenares, 2005), the sex of the

infant (Kulik, Langos, & Widdig, 2016), and the risk of predation or

infanticide (Fairbanks & McGuire, 1987). In this regard, Onishi and

Nakamichi (2011) found that in a free-ranging, provisioned group of

Japanesemacaques (M. fuscata), when infants faced intragroup threats

middle-/low-ranking mothers more frequently monitored their off-

spring (eight events per minute in middle-/low-ranking females) than

did high-ranking mothers (less than two events per minute). However,

these authors reported no differences in both the duration and rate of

infant handling between high andmiddle-/low-rankingmothers. It was

argued that infants ofmiddle-/low-rankingmothers face greater risk of

being temporarily kidnapped by other groupmembers and subordinate

females responded by monitoring their infants frequently and more

intensely.

The size and composition of a social group also can influence

mother–infant relationships and reproductive success. Berman,

Rasmussen, and Suomi (1997) reported that in the case of free-

ranging, provisioned groups of rhesus macaques, during a 12-year

period, as group size increased from approximately 70 to 270, the

amount of time 25–30-week-old infants spent less than 5maway from

their mother increased from 47.1% to 73.1%. Similarly, the percentage

of approaches made by the infant to its mother minus the percentage

of departures from its mother (proximity index or PI) decreased from

42.2% to 31.8% in the larger group indicating a stronger role of

mothers to maintain proximity with increasing group size. In the larger

group, the proportion of female close relatives (siblings, grandmothers,

aunts, nieces) around infants decreased by approximately 50%, and

Berman et al. (1997) proposed that as the proportion of close kin

around infant decreased, mothers became more protective of their

offspring and employed a more controlling maternal style (Berman,

1980; Berman et al., 1997).

Several studies have examined the effects of group size on

reproductive success. The results, however, are inconsistent (Borries,

Larney, Lu, Ossi, & Koenig, 2008; Majolo, de Bortoli Vizioli, & Schino,

2008; Snaith & Chapman, 2007; Stokes, Parnell, & Olejniczak, 2003;

Takahata et al., 1998; Van Belle & Estrada, 2008; Van Schaik, 1983;

Zhao, Li, &Watanabe, 2011). For example, in a study of three groups of

leaf monkeys (Trachypithecus phayrei) that varied in mean size from

11.4 to 18.3 to 25.8 individuals, both the rate of infant development

(age at weaning 18.3 months in the smallest group, 19.7 months in

intermediate-sized group, 21.4 months in largest group) and birth rate

(interbirth interval, 21.3 months in smallest group, 22.8 months in the

intermediate-sized group, 24.5 months in large group) were lower in

the largest group (Borries et al., 2008). These authors concluded that

the results were most consistent with the hypothesis that adult

females in larger groups face increased costs of feeding competition

(Borries et al., 2008). A long-term study of savannah baboons (Papio

cynocephalus) found that an increase in group size resulted in an

increase in the interbirth interval (mean increase of 2.5 months with an

increase of 10 adult female per group, Altmann & Alberts, 2003). This

study also found that any increased cost of living in larger group was

borne disproportionately by low-ranking females (Altmann & Alberts,

2003). Finally, in the caser of Thomas' langurs (Presbytis thomasi), the

number of surviving infants per female year tended to increase with

increasing group size (Steenbeek & van Schaik, 2001). This was

attributed to enhanced infant protection from predators in the larger

group (Steenbeek & van Schaik, 2001).

Building on these studies, we examined the set of factors that

individually and collectively affect maternal style, birth rate, and infant

survival rate in two differently sized groups of wild, semi-provisioned

rhesus macaques in the Nanwan Nature Reserve for Rhesus

Macaques, Hainan Island, China. Rhesus macaques have the largest

geographical distribution of any Asian primate and are found in eastern
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Afghanistan, western India to eastern China, and western Vietnam

(Fooden, 2000). They survive in habitats ranging from the sea level to

4,000m. Rhesus macaques live in multimale–multifemale social

groups. Average group size is 32.2 individuals, with an average adult

sex ratio of approximately one male to three females (Fooden, 2000).

However, provisioned groups can contain as many as 1,045 individuals

(Fooden, 2000).

There are six subspecies of rhesus macaques in China: Hainan

macaques (M. m. brevicaudatus), Western China rhesus macaques

(M. m. lasiotus), Southern China rhesus macaques (M. m. littoralis),

Indian rhesus macaques (M. m. mulatta), Northern China rhesus

macaques (M. m. tcheliensis), and Tibetan rhesus macaques (M. m.

vestita) (Jiang, Wang, & Ma, 1991). Previous studies of the Hainan

rhesus macaque have focused on questions of demography and

population density, vocal communication, and daily activity patterns

(Jiang, Liu, Yuan, & Wang, 1988a, 1988b; Zhang et al., 2016). Little is

known regarding the effects of group size on maternal style and birth

rate in this rhesus subspecies.

Female rhesusmacaques are philopatric and generally give birth to

their first offspring at age four. Relationships among adult females of

the same group are described as strongly hierarchical and nepotistic

(linear dominance hierarchy, daughters rank below their mothers and

elder sisters rank below younger sisters) (Missakian, 1972). Breeding is

seasonal, with a mean interbirth interval of approximately 1 year,

however, some females may give birth every other year or over longer

intervals depending on age, physical condition, and access to resources

(Berman, 1988; Berman, Rasmussen, & Suomi, 1993; Dunk, Petto,

Mayer, & Campbell, 2015; Hoffman et al., 2010). In general, infants are

born during the spring and summer and are conceived over a 3–4

month period during the fall and early winter (Fooden, 2000).

Gestation averages 166.5 days (Silk, Short, Roberts, & Kusnitz, 1993).

In this research, we compared the influence of group size, female

rank, and parity on mother-offspring relationships (maternal style) in

two groups of wild, semi-provisioned rhesus macaques. Group 1

contained between 93 and 112 individuals during our 2-year study

(including 2 adult males and 27–36 adult females; Table 1) andGroup 2

contained between 29 and 34 individuals (2 adultmales and 9–10 adult

females; Table 1). We compared maternal style during the birth season

and the mating season and assessed the effect of group size on female

birth rate and infant survival rate.

We predicted that: (i) If increased group size results in an increase

in intragroup feeding competition, then we expect that both the birth

rate (defined as the number of newborn infants/the number of adult

females) and infant survivorship (defined as the number of infants who

survive to 1-year-old/the number of infants born) will be lower in

females of the larger group. (ii) If rank is a strong predictor of access to

resources, then we expect high ranking females in both the larger and

smaller groups to have an increased birth rate and an increased rate of

infant survivorship compared to middle and low ranking females. (iii) If

intragroup social risk increases with increasing group size, then

mothers in the larger group should be more protective and maintain

closer proximity to their offspring during both the birth season and the

mating season compared tomothers and offspring in the smaller group.

(iv) If, however, predation risk is a primary driver of mother-offspring

relationships, and larger group size offers collective advantages of

predator vigilance, then we expect mothers in the smaller group to be

more protective and maintain closer proximity to their infants during

both the birth and mating seasons compared to mothers in the larger

group. Finally, (v) If female rank is a main driver of maternal style, then

in both the larger and smaller groups, and across the birth and mating

seasons, we expect middle and lower ranking females to be more

protective and remain in closer proximity to their infants than higher

ranking females.

2 | METHODS

2.1 | Study site

The Nanwan Nature Reserve for Rhesus Macaques is located in the

southeastern corner of Hainan Province, China (110°N, 18°23′N). The

Reserve was established in 1995 and is approximately 10 square

kilometers in area. The vegetation is dominatedby secondary evergreen

monsoon rain forest, including deciduous and semi-evergreen trees

(Jiang et al., 1988b). A census conducted in 1988 indicated that the

reserve contained a population of some 930 macaques divided into 19

groups (Jiang, Lian, Feng, Wang, & Li, 1988c).

Beginning in 1974, reserve personnel initiated the provisioning of

our study population by placing food at fixed locations each day (Jiang

et al., 1988a). During the 2 years (2014 and 2015) of our study, the

macaques were provisioned principally with uncooked rice, small

amount of peanuts, sweet potatoes, and vegetables three times per

day, at 08:00, 12:00, and 17:30 at three provisioning sites separated

from one another by patches of forest. Reserve personnel distribute

food according to the number of monkeys visiting each day

(approximately 80 g per individual per day, and each group feeds

principally at one of the three sites). Captive adult macaques need to

consume 150–200 g cereals and 300 g vegetables every day (He, Li, Li,

Chen, & Wang, 2011). Given that the provisioned food accounts for

less than 25% of the daily amount of food consumed by adult

macaques, and that access to the provisioned food is affected by social

dominance, the monkeys devote considerable time consuming natural

foods in the forest in the vicinity of the provisioning sites (Zhang et al.,

2016). The home range and daily travel routes for these two groups are

still under investigation. Although on occasion two groups may come

into contact, in general groups remain at least 10–300m apart.

2.2 | Focal subject and data collection

HZgroup (smaller group) andHL group (larger group) were selected for

study. The group size of HZ was 29 individuals at the beginning of the

study in 2014. The size of HL in 2014was 102macaques. At the end of

the study in 2015, HZ contained some 30 individuals and HL increased

to 112 individuals (Table 1). The numbers of adult males per group

ranged from 2 to 3, and therefore the socionomic sex ratio (SSR or the

number of adult females per group/the number of adult males) in HZ

was 1:0.21 whereas in HL it was 1:0.06. This is, considerably lower
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than that generally reported for rhesus macaques (1:0.33 adult

females/adult males) (Fooden, 2000).

We began each study period by randomly selecting a mother–

infant dyad and recording its behavior using both video and direct

observation for a period of at least 20 consecutive minutes but not

longer than 50min. Then, a new focal animal was selected and data

collection was repeated. Focal animals were selected based on the

number of hours of observation per individual.We ranked all individual

from 1 to N, with N being the animal with the most observation hours

and 1 being the animal with the fewest observation hours. We then

targeted the animal ranked 1 as the next focal animal. If that individual

could not be located, we selected animal 2, and if animal 2 could not be

located, we selected animal 3. As the number of hours of observation

increased for a given individual, its rankwas recalculated. Our sampling

schedule was designed to record every individual at least once per

week. The same individual was never sampled more than one time

during the same day. We collected data from 8:00 a.m. to 5:30 p.m.

during a total of 139 days across four study periods (July 10, 2014 to

August 4, 2014. November 15, 2014 to January 15, 2015. July 21,

2015 to August 16, 2015. December 12, 2015 to January 7, 2015). On

average we collected approximately 4 hr of focal animal data per

observer per day and we had from 1 to 4 (4 in summer, 2014, 1 in

winter, 2014, 4 in summer, 2015 and 1 inwinter, 2015) researchers per

day observing the monkeys. Only data based on females with their

offspring were used in our analysis. A scan sampling method (Altmann,

1974) was used to estimate the number of macaques at the feeding

station twice a day, once at the start of themorning feeding and once in

the afternoon during the 17:30 feeding. This was done in order to

calculate the size of each group.

The behaviors used to quantify mother–infant interactions in this

study were classified into 2 groups: (i) Behaviors that reflected the

distance between mother and infant: contact (excluding transport),

transport, proximity (mother and infant between 0 and 60 centimeters

apart), and separate (mother and infant >60 cm apart). We recorded

and calculated the duration of these behaviors from the video

sequences. (ii) Behaviors that reflected the initiator of social

interactions between mothers and infant. This included recording

whether mothers or infant initiated contact/transport/proximity,

maternal restraint (mother positive on being close/proximity vs. infant

negative on being close/proximity), and maternal rejection (mother

negative on being close/proximity vs. infant positive on being close/

proximity). We present these data in terms of the frequency of these

behaviors. The definition of each variable is listed in Table 2 (Berman,

1990; Hernández-Lloreda & Colmenares, 2005; McCormack et al.,

2015; Pavé, Kowalewski, Zunino, & Giraudo, 2015; White & Hinde,

1975).

During digital recording, the researcher and recorder maintained a

distance of 2–5m from the focal animal. A total of 570.4 hr of focal

recording data formotherswith infantswere collected, 354.5 hr during

the birth seasons of 2014 and 2015 (total of 144.3 hr in 2014, from

10th July to 4th August, 10th; 101.9 hr for HL, 6.8 ± 0.5 (SDs) hr/per

dyad, total of 42.4 hr for HZ, 7.1 ± 0.7 hr/per dyad. 210.2 hr in 2015,

from 21st July to 16th August, 149.3 hr for HL, 7.5 ± 0.5 hr/per dyad,

61.0 hr for HZ, 7.5 ± 0.4 hr/per dyads) and 215.9 hr during the mating

seasons of 2014 and 2015 (116.3 hr in 2014, from 15th November to

15th January, 83.8 hr for HL, 6.0 ± 0.2 hr/per dyad, 32.5 hr for HZ,

5.4 ± 0.2 hr/per dyad. 99.6 hr in 2015, from 12th December to 7th

January, 75.1 hr for HL, 2.9 ± 0.2 hr/per dyad, 24.4 hr for HZ,

3.1 ± 0.2 hr/per dyad). Only one researcher, Bojun Liu, viewed and

analyzed the digital recordings. Interobserver reliability testing

indicated agreement in behavioral data recording of greater than

85% (Kappa >0.85).

Adults were identified based on facial features and morphological

characteristics (body size, hair color, hair patterns, scars, and notches

on the ear). We could reliably identify all of the adult females in both

groups, all juveniles in HZ, 53% of the juveniles (17/32) in HL in 2014,

and 60% (24/40) of juveniles in HL in 2015. In the birth season, we

identified an infant based on the identity of its mother. During a video

sequence, if a young infant left its mother, we continued to identify it

by tracking it in the monitor. If a young infant moved far away from its

mother, outside the field-of-view of the monitor but still remaining in

the observer's visual range, the observer continued to video record the

behavior of the mother while following the infant out of the corner of

his/her eyes. In this way, if the infant's mother interacted with another

infant, we could unambiguously determine that it was not her

offspring. If the mother or her infant moved so far away that we

were unable to follow the infant, we would replay the video in an

attempt to confirm whether the next time that mother interacted with

an infant, it was her offspring. Although errors in matching a mother

and her infant happened on two occasions, we were able to correct

these errors because the mother often rejected an infant that was not

hers and that infant's mother immediately retrieved her infant.We also

took close up high quality images of all infants and used this to verify

infant identification. During the mating season, we were able to

identify the majority of infants by their distinct facial features, sex, and

TABLE 1 The age group is defined as follows: adult males (males
over 6 years old), adult females (females over 5 years old), juvenile
(individuals aged 2–5 years old), yearling (over 1-year-old), infants
(under 1-year-old)

Adult
male

Adult
female Juvenile Yearling Infant Total

2014.7

HZ 2 9 7 ± 1 4 ± 0 7 ≈29

HL 2 30 35 ± 4 19 ± 2 16 ≈102

2014.12

HZ 2 9 9 ± 1 3 ± 0 9 ≈32

HL 2 27 29 ± 3 21 ± 1 14 ≈93

2015.7

HZ 2 10 6 ± 2 8 ± 1 8 ≈34

HL 2 36 40 ± 6 23 ± 4 20 ≈121

2015.12

HZ 2 9 2 ± 0 7 ± 1 9 ≈30

HL 2 34 31 ± 3 19 ± 1 26 ≈112
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hair color patterns, as well as by using the behavior/video methods

indicated above.

For each adult female, we determined their age, parity (primipa-

rous or multiparous) and rank (Table 3). We used two measures to

determine rank. (i) Rank relationships among females were scored

using a dominance matrix based on unidirectional avoidance and

submissive behaviors (de Vries, 1995; deWaal & Luttrell, 1985). (2)We

also used the “peanut test” (Koyama, 1973; Preuschoft, Paul, &

Kuester, 1998) to verify rank. The conditions of the peanut testwere as

follows. A researcher standing 1m away placed a single peanut directly

in front of two adult females. The macaques responded either by: (i)

one individual grabbed the peanut while the other looked away and

adopted a submissive posture or looked toward the ground or initiated

self-grooming or (ii) one macaque attempted to grab the peanut and

was attacked by the other macaque. We assumed in case 1, that the

macaque grabbing the peanut was of higher rank. In case 2, we

assumed that the attacker was of higher rank. We obtained a rank

order in 2014 by constructing a dominancematrix based on our sample

of 254 (135 in HL, 19 in HZ) submissive interactions and 433 (349 in

HL, 84 in HZ) avoidance interactions (de Vries, 1995). In the larger

group (HL), we found several discrepancies between our general

observations of social rank and our results. We attributed this to the

extremely small sample of aggressive or submissive behaviors that we

recorded among certain female dyads in this larger and less cohesive

social group (some female dyads were never observed to interact). In

order to verify our dominance ranking, we conducted the “peanut test”

in both groups for a second time and used this to correct for previous

inconsistencies in dominance ranking. Finally, given that in 2015 there

were newlymatured adult females in both study groups, we conducted

the “peanut test” again to determine rank order and evidence of rank

changes.

As female rhesus macaques are generally considered to have a

linear dominance hierarchy (Missakian, 1972), we ranked adult females

from one to N. However, for purposes of our analysis we divided adult

females into three rank categories per group, “Dominant/Intermedi-

ary/Subordinate.” Each rank group was composed of an approximately

equal number of individuals, and all females of the samematriline were

included in the same dominance category.

Infants were assigned to age and sex categories based on their

estimated birth date (Table 3). Due to restrictions at the Nanwan

Nature Reserve that limited our ability to observe the monkeys daily,

we were unable to record the exact birth date for every infant. Of the

57 of infants born into the study groups, we were able to record the

exact birth date for 11 (≈20%) individuals. In all other cases, reserve

personnel provided information on the birth month of the infant. We

confirmed the identity of these young infants with reserve personnel

by providing them with close up facial images of the infants and their

mothers. Given that only three infants in 2014 and eight infants in

2015 were born in July and August and the remaining infants were

born in May and June (19/22 in 2014, 27/35 in 2015), we divided all

infants into six age classes: #1 for “infants born in early May

(approximately from 5.1 to 5.15),” #2 for “infants born in late May

(approximately from 5.16 to 5.31),” #3 for “infants born in early June

(approximately from 6.1 to 6.15),” #4 for “infants born in late June

(approximately from 6.16 to 6.30),” #5 for “infants born in July (from

7.1 to 7.31),” and #6 for “infants born in August (from 8.1 to 8.31).”

The birth rate and rate of infant survivorship were calculated from

2014 to 2016. Data on births per female were collected from May to

August every year while the survival of 1-year-old infants were

recorded in May through August of the following year, by two

observerswho could identify each juvenile groupmember. Events such

as predator sightings and the death of groupmembers also recorded ad

libitum. The primary predators of macaques in Nanwan are snakes.

During the observation period, when we found a snake appear around

the macaque groups, we would try to record this event by camera and

DV. However, as snakes moving so fast and always head in the grass or

bushes, we could only get some sketchy information about predators.

TABLE 2 Definition of behaviors and behavior index

Index Description

Contact proportion
(CP)

Contact: Mainly ventro-ventral contact,
including any type of physical contact
(such as mother holds infant by its tail
or infant leans on mother's back) but

excluding transport.
CP: the time spent in contact/total time
length of the observation.

Transport proportion
(TP)

Transport: Ventral transport and dorsal
transport.

TP: the time spend in transport/total time
length of the observation.

Proximity proportion
(PP)

Proximity: Mother and infant are separate
within 60 cm without contact.

PP: the time spent in proximity/total time
length of the observation.

Separation proportion
(SP)

Separation: Mother and infant are
separate beyond 60 cm.

SP: the time spent in separation/total
time length of the observation.

Initiation skew of
contact (ISC)

ISC: the times of contact made by mother/
total number of contact made by both
mother and infant.

Initiation skew of
proximity (ISP)

ISP: the times of proximity made by
mother/total number of proximity made

by both mother and infant.

Frequency of maternal

restrains (FMR)

Maternal restrain: Mother prevents infant

from breaking any form of contact with
her or from running away from her by
holding its body hair, arms, tail, etc.
Would happen when they are in
contact, transport and proximity.

FMR: the times of maternal restraint/the
time length of contact and proximity
(unit in hours).

Frequency of maternal
rejections (FMJ)

Maternal rejection: Mother prevents infant
from maintaining or initiating any form
of contact. Would happen when they
are in contact, transport and proximity.

FMJ: the times of maternal rejection/the
time length of contact, transport and
proximity (unit in hours).
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TABLE 3 Information of mothers and infants in 2 years

2014 2015

ID Rank Parity I-Sex I-Age M-Age ID Rank Parity I-Sex I-Age M-Age

aCR D M ♂ 4 1 aCE I M ♂ 3 1

aDB D M ♀ 2 1 aCR I M ♂ 2 1

aDY D M ♀ 5 2 aDB I M ♂ 2 1

aDZ D M ♂ 4 2 aDY D M ♀ 4 2

aHD S M ♂ 1 2 aDZ D M ♂ 6 2

aHET D M ♀ 2 1 aGZ D P ♂ 4 1

aHLT I M ♂ 4 3 aHD S M ♂ 3 2

aHLZZ D M ♀ 3 3 aHET D M ♂ 6 1

aHZo* S M ♀ / 2 aHLZZ D M ♀ 6 3

aLG I M ♂ 3 2 aLG I M ♂ 4 2

aTY D M ♂ 2 2 aLHon I M ♀ 6 2

aGB* I P ♂ 5 1 aSC I P ♂ 4 1

aXBai S M ♂ 5 2 aSQ S M ♀ 5 1

aXBL S M ♂ 2 1 aSR S M ♀ 4 1

aXHei S M ♂ 3 1 aTY D M ♀ 2 2

aXHon D M ♀ 3 1 aWF I P ♀ 5 1

aXY S M ♂ 2 1 aXHon D M ♂ 6 2

aZH I M ♂ 4 1 aXYan D P ♂ 3 1

bBL D M ♂ 5 2 aXYou D P ♂ 3 1

bDH D M ♂ 3 2 aYTL D M ♀ 5 2

bFL S M ♂ 3 1 aYW S M ♂ 2 1

bHYM S M ♀ 1 1 aZ S M ♀ 3 3

bLH I M ♂ 2 2 aZE I M ♀ 4 1

bXHua I M ♂ 4 1 aZH I M ♀ 3 1

bSN* D P ♀ 4 1 aZW S P ♀ 2 1

bHY* S M ♂ 6 2 aZZ D P ♀ 2 1

bXB* I M ♂ 6 1 bBL I M ♀ 3 2

bEXJ I P ♂ 4 1

bHY I M ♂ 2 2

bHYD S P ♂ 2 1

bHYM S M ♀ 4 1

bLH S M ♀ 4 2

bSN D M ♀ 3 1

bXB D M ♀ 3 1

bXHua I M ♂ 5 1

ID: the first letter “a“ for individuals in larger group, “b“ for individuals in smaller group. Rank: “D” for dominant, “I” for intermediary, “S” for subordinate.
Primi/Multi: “P” for Primiparous, “M” for multiparous. I-Age: infant's age, “1” for the “born in early May,” “2” for “born in late May,” “3” for “born in early

June,” “4” for “born in late June,” “5” for “born in July,” ”6” for “born in August.”M-Age: mother's age, “1“ for young (<10 years old), “2” for middle (10–15
years old), “3“ for old (>15 years old). Underlined individuals or its infants died/disappeared after the birth season so they were only observed in summer;
marked wavy line for the individuals who gave birth late so they were only observed in the mating season. *aGB gave birth late but its infant disappeared
during mating season. aHZo and its infant died/disappeared during birth season. bSN, bHY, bXB were lack of data in 2014. bSN was a primiparous
mother in 2014. Her data was excluded owing to her weird maternal behavior such as biting her baby, being afraid of her baby, and always refusing to

nurse. bHY and bXB gave birth late in 2014, after our observation period in summer. We failed to make specific individual identification of these two
infants so we excluded their data as well.

6 of 16 | LIU ET AL.



2.3 | Data analysis

A mother's relative dominance rank, mother's age, parity, infant sex,

and infant age were included in a generalized linear mixed model

(GLMM) along with group. These were included as fixed factors (all

variables are categorical variables). Random factors were the mothers'

ID and observation year. First, we tested whether there was a

Rank*Group interaction factor in eachmodel. For those have, wemade

more five GLMM analyses in each model while remaining other fixed

factors: (1) treated Group as control variable, to see howRank affected

mother–infant relationship in larger group (i) and smaller group (ii)

respectively; (2) treated Rank as control variable, to see how Group

affected mother–infant relationship in Dominant (3), Intermediary (4),

and subordinate females (5), respectively. The description of these

were added in lines 366–370. The new results could be seen in Table 4.

We used two types of GLMMs: A GLMM with a binomial-error

distribution and a GLMM with a Gaussian distribution. In the model

with a binomial-error distribution, the response variables were the

proportion of time in contact (Contact proportion, CP, Table 2),

proportion of time infant was transported (Transport proportion, TP),

the proportion of time the infant was within 60 cm of its mother (i.e.,

less than arm's reach, Proximity proportion, PP) (Hinde & McGinnis,

1977), and the proportion of time a mother and her infant were

separated by a distance of >60 cm (out of reach, Separation proportion,

SP). Also the proportion of contact time initiated by the infant's mother

(Initiation skew of contact, ISC) and the proportion of time that

proximity to the infant was initiated by the infant's mother (Initiation

skew of proximity, ISP) were included in the model. In the second

model with a Gaussian distribution, the number of times a mother

restrained her infant per hour when the infant was within 60 cm of her

(in Contact, Transport, and Proximity, Frequency of maternal restrains,

FMR), and the number of times per hour a mother rejected her infant

when it was within 60 cm of her (Contact, Transport, and Proximity,

Frequency of maternal rejections, FRJ, details see Table 2) were

included in the model.We computed variance inflation (VIFs) (Quinn &

Keough, 2002) for the six factors and for all eight response variables,

and confirmed that therewas no evidence ofmulticollinearity between

factors (maximum VIF = 1.234).

GLMMs (binary logistic regression) also were used to determine:

(1) differences in the birth rate (defined as the number of infants/the

total number of adult females) between the two study groups (fix

factor:mother's age, group; random factor: ID and year); (2) differences

TABLE 4 Results of GLMM in birth season

Larger β ± S.E p Smaller β ± S.E p β ± S.E p

Time in contact

RankD∼I 0.14 ± 0.02 <0.001 Rank D∼I 0.03 ± 0.15 0.89 Groupa∼b D 0.24 ± 0.22 0.28

RankI∼S 0.19 ± 0.17 0.27 Rank I∼S 0.12 ± 0.24 0.63 I 0.55 ± 0.15 <0.001

RankD∼S 0.32 ± 0.17 <0.05 Rank D∼S 0.14 ± 0.20 0.47 S 0.61 ± 0.15 <0.001

Time in transport

RankD∼I −2.67 ± 0.14 <0.001 Rank D∼I 0.32 ± 0.23 0.17 Groupa∼b D 0.20 ± 0.32 0.55

RankI∼S 1.15 ± 0.70 0.10 Rank I∼S −0.27 ± 0.27 0.30 I 0.24 ± 0.35 0.49

RankD∼S −1.52 ± 0.70 <0.05 Rank D∼S 0.05 ± 0.22 0.83 S 0.70 ± 0.35 <0.05

Time in proximity

RankD∼I −3.68 ± 0.11 <0.001 Rank D∼I −0.08 ± 0.22 0.73 Groupa∼b D −0.25 ± 0.24 0.29

RankI∼S 1.44 ± 0.85 0.09 Rank I∼S 0.17 ± 0.25 0.49 I −0.33 ± 0.19 0.07

RankD∼S −2.24 ± 0.86 <0.01 Rank D∼S 0.10 ± 0.21 0.65 S −0.09 ± 0.18 0.60

Time in separation

RankD∼I 4.64 ± 0.09 <0.001 Rank D∼I −0.51 ± 0.42 0.22 Groupa∼b D −0.24 ± 0.32 0.44

RankI∼S −2.13 ± 1.16 0.07 Rank I∼S −0.09 ± 0.47 0.84 I −1.10 ± 0.44 <0.05

RankD∼S 2.51 ± 1.16 <0.05 Rank D∼S −0.60 ± 0.39 0.13 S −1.56 ± 0.32 <0.001

Initiation skew of contact
Initiation skew of
proximity

Frequency of
maternal
restrains

Frequency of maternal
rejections

β ± S.E p β ± S.E p β ± S.E p β ± S.E p

Groupa∼b 1.34 ± 0.33 <0.001 1.09 ± 0.36 <0.01 LRT = 0.24 −0.25 ± 0.23 0.27

Rank D∼I 0.01 ± 0.25 0.98 0.40 ± 0.30 0.17 0.19 ± 0.30 0.52

Rank I∼S −0.11 ± 0.35 0.78 −0.42 ± 0.38 0.27 0.11 ± 0.28 0.71

Rank D∼S −0.10 ± 0.35 0.78 −0.01 ± 0.40 0.97 0.30 ± 0.28 0.29

The results of models with Rank*Group interaction factor are showed separately in larger group, smaller group, dominant, intermediary, and subordinate.
Value of likelihood ratio test (LRT) is only displayed while the model does not pass the test.
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in the rate of infant survivorship (defined as the number of infants

surviving to 1-year of age/the total number of infants) between the

two study groups (fix factor: group, Infant's sex; random factor: ID and

year); (3) differences in birth rate among females in our three rank

categories in each group (fix factor: mother's age, rank; random factor:

ID and Year); and (4) differences in the infant survival rate among

females in our three rank categories in each group (fix factor: rank,

Infant's sex; random factor: ID and year). Although amother will return

to estrus sooner if her infant died prior toweaning (Johnson, Berman, &

Malik, 1993), we did not take this as a factor in account while analyzing

the birth rate because there were only four infants who died/

disappeared before/during the mating season (Table 3).

In this study, probably was set at P < 0.05, and the data were

processed and analyzed using R (version 3.4.1): GLMM models were

implemented using the function “lmer” and “glmer” of the package

“lme4,” and the function “anova” of the package “stats”was used to run

likelihood ration tests (LRT).

2.4 | Ethical standards

All research methods in present study adhered to Chinese legal

requirements and complied with protocols approved by the State

Forestry Administration of China and the American Society of

Primatologists principles for the ethical treatment of primates.

3 | RESULTS

During the course of our study, 27 of 39 females produced offspring in

2014 and 35 of 46 females produced offspring in 2015. Eighteen

females gave birth in both 2014 and 2015 (64.3%, 18/28, excluding

the primiparous mothers in 2015 and females who died/disappeared

before birth season in 2015), four females gave birth in 2014 but not in

2015, and four females gave birth in 2014, but died/disappeared prior

to the birth season in 2015. Nine females (2 in HZ and 7 in HL) were

primiparous in 2015. We also observed that one female (multiparous)

miscarried in 2014 but successfully gave birth in 2015. Eight

multiparous females gave birth only during 2015 (including the female

who miscarried in 2014). Overall, 81% of the offspring of the 18

females who gave birth both in 2014 and 2015 survived to at least 1-

year of age.

3.1 | Mother–infant relationships during the birth
season

In all, 57 mother–infant dyads were examined. The time allocated to

mother–infant contact (CP), transport (TP), proximity (PP), and

separation (SP) during the birth season for females in each study

group is shown in Figure 1a–d. In the birth season, infants spent 60–

80% of their time maintaining contact with their mothers or being

transporting by their mothers (CP&TP, 50.13% ± 14.23% and

10.26% ± 7.17% in the large group, 61.52% ± 11.23% ad

15.41% ± 8.22% in the small group). Infants in the larger group spent

12.84% ± 6.13%of their time in proximity (PP) and 26.83% ± 15.26% in

separation (SP) while in smaller group, these values were

10.13% ± 4.42% (PP) and 12.94% ± 9.24% (SP). However, it should

be noted that a direct comparison of the average of response variables

between groups or a direct comparison among females of different

rank are not identical to the statistical results because of the effects of

other factors such as infant's sex and parity on the response variables

(Supplementary Table S1).

The results of GLMMs (Table 4, hereafter the p-value of LRT was

only noted if a model did not pass the likelihood ration test), indicate

that group identity and rank together affected many aspects of

mother–infant relationship including contact proportion (CP), trans-

port proportion (TP), proximity proportion (PP), and separation

proportion (SP). In the large group, high-ranking mothers and their

infants spent less time in contact compared with middle-ranking

(tD∼I = 5.63, p < 0.001) and low-ranking mother–infant dyads

(tD∼S = 2.05, p<0.05). High-ranking mothers and their infants also

spent less time in separation (tD∼I = 52.64, p < 0.001, tD∼S = 2.16,

p < 0.05). For TP and PP, high-ranking mother–infant dyads allocated

more time to transport and proximity (TP, tD∼I = −19.16, p < 0.001,

tD∼S = −2.18, p < 0.05; PP, tD∼I = −32.85, p < 0.001, tD∼S = −2.62,

p < 0.01). However, in the smaller group, maternal rank did not affect

the time allocated to mother–infant interactions.

Differences in time allocation between groups were mainly

reflected in the behavior of middle- and low-ranking mother–infant

dyads. Compared with mothers and infants in the large group, middle-

and low-ranking mother–infant dyads in the small group spent more

time in contact (tI = 3.774, p < 0.001; tS = 4.19, p < 0.001) and less time

separated from each other (tI = −2.511, p < 0.05; tS = −4.82, p < 0.001).

Low-ranking mother–infant dyads in the small group spent more time

on transportation (tS = 2.00, p < 0.05).

Mothers in the small group initiated more contact and proximity

with infants (initiation skew of contact, ta∼b = 4.03, p < 0.001; and the

initiation of proximity, ta∼b = 2.99, p < 0.01) than did mothers in the

large group. For both groups, maternal rank did not have a significant

influence on the time a female devoted to maintaining contact and

proximity to her infant (Figure 1e).

3.2 | Mother–infant relationships during the mating
season

We found a very different set of relationships between mother–infant

interactions and group size during the mating season (Figure 2). The

proportion of contact time (CP) decreased to 35.28% ± 12.37% in the

larger group and to 20.06% ± 5.61% in the smaller group. The

proportion of transport (TP) during the mating season was very

limited as offspring had achieved full locomotor independence

(2.38% ± 2.63% in large group and 1.44% ± 2.21% in small group).

The proportion of time in proximity (PP, 10.26% ± 4.17% in larger

group and 8.92% ± 3.88% in smaller group) between mother-offspring

pairs during themating seasonwas driven principally by the proportion

of time in separation (SP, 52.08% ± 13.36% in larger group and

69.58% ± 8.81% in smaller group). The effects of group size were
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significant on CP (ta∼b = −2.87, p < 0.01) and SP (ta∼b = 2.87, p < 0.01).

Mother–infant dyads in larger group spent more time in contact and

spent less time separation (Table 5).

We also found that during themating season, the initiation skewof

proximity (ISP) was greater (ta∼b = −2.65, p < 0.01) in the larger group

than in the smaller group (Figure 2b and Table 5). The frequency of

maternal rejection (FMJ, Figure 2c) was significantly greater in the

smaller group (3.09 ± 2.53/hr) than in the larger group (1.00 ± 1.23/hr,

ta∼b = 3.435, p < 0.01). Overall, these results suggest that during

mating season, mothers in the smaller group rejected their offspring

more frequently and allocated less time to offspring care than did

mothers in the larger group.

We found that maternal rank affected mother-offspring inter-

actions (Table 5). High-ranking mothers and their infants spent less

time in maternal contact and in transport (CP, tD∼I = 32.32, p < 0.001,

tD∼S = 2.62, p < 0.01; TP, tD∼I = 11.93, p < 0.001, tD∼S = 3.77, p < 0.001).
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FIGURE 1 Mother–infant relationship in birth season. (a) The proportion of Contact, (b) The proportion of Transport, (c) The proportion of
Proximity, (d) The proportion of Separation of two groups in birth season. (e) The ISC (initiation skew of contact) and ISP (initiation skew of
proximity) of two groups in birth season. (f) The FMR (frequency of maternal restrains) and FMJ (frequency of maternal rejections) of two
groups in birth season
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Correspondingly, high-ranking mothers and infants spent more time in

proximity as well as separation (PP, tD∼I = −6.27, p < 0.001; SP,

tD∼I = −27.36, p < 0.001, tD∼S = −2.73, p < 0.01).

3.3 | Birth rate and infant survival rate

Given the importance of reproductive success in understanding the

costs and benefits to females of living in larger and smaller groups, we

examined evidence for the effect of rank on female birth rate and

infant survivorship to 1 year of age. We combined the data for each

year by group over a 3-year period (2014–2016) and found a

significant difference in the birth rate between females in our study

groups (GLMM) (Table 6). Females in the smaller group, HZ, had a

higher birth rate (90%, ta∼b = 2.024, p < 0.05) compared to females in

the larger group (HL, 66%). In the larger group, there was a difference

in birth rate based on rank (GLMM, tL∼H = −2.30, p < 0.05). In this

group, 84% of the highest ranked females, 64% of the intermediate

ranked females, and 53% of the lowest ranked females produced

offspring. Therewas no effect of rank on birth rate in the smaller group

(HZ, 89% for highest ranked 92% for intermediately ranked, and 90%

for lowest ranked females). Overall, mother's age did not have a

significant influence on birth rate.

However, during our study a total of 26 infants died/disappeared

(26.8%). infant survivorship was significantly higher in the larger group

(GLMM, t = −3.66, p < 0.001) (Table 7), reaching 81% compared to 46%

in the smaller group. However, infant survivorship was unrelated to

female rank. In the larger group (GLMM, LRT = 0.88, PLRT = 0.64),

infant survivorship for females in each rank class ranged from 89% in

(D) to 78% (I) to 74% (S). In the smaller group (GLMM, LRT = 1.12,

PLRT = 0.57), infant survivorship in each rank class ranged from 63%

(D), to 45% (I) to 33% (S).

4 | DISCUSSION

Studies of primate sociality and female reproduction have hypothe-

sized that individuals living in larger and smaller groups faced different

challenges associatedwith predation risk, feeding competition, kinship

benefits, and protection against infanticide (Chapman, Wrangham &

Chapman, 1995; Clutton-Brock & Janson, 2012; Dunbar, Korstjens, &

Lehmann, 2009; Janson & Goldsmith, 1995; Markham, Gesquiere,
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FIGURE 2 Mother–infant relationship in mating season. (a) The proportion of Contact, Transport, Proximity, and Separation of two groups
in mating season. (b) The ISC (initiation skew of contact) and ISP (initiation skew of proximity) of two groups in mating season. (c) The FMR
(frequency of maternal restrains) and FMJ (frequency of maternal rejections) of two groups in mating season
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Alberts, & Altmann, 2015; van Schaik, van Noordwijk, Warsono, &

Sutriono, 1983). In particular, it has been argued that females and their

offspring living in larger groups may experience higher intragroup

feeding competition and lower predation risk than females and their

offspring living in smaller groups (Hsu, Lin, Lin, Lin, & Agoramoorthy,

2016; Snaith & Chapman, 2007; Van Schaik, 1983). In our research, we

examined the potential effects of group size and female rank on

maternal caregiving in two wild, semi-provisioned groups of rhesus

macaques inhabiting Hainan Island, China. We hypothesized that (H1)

if females living in a larger group face increased feeding competition,

they are expected to exhibit a lower their birth rate and reduced in

infant survival compared to females in a smaller group. (H2) If rank is a

strong predictor of access to resources, thenwe expect higher-ranking

females in both the larger and smaller groups to have higher

reproductive output and higher infant survivorship compared to

lower-ranking females. We also examined the potential effects of

group size and female rank on mother–infant relationships and

expected that (H3) if mothers and their infant living in a larger group

face greater social risks such as infant kidnapping or increased

aggression, these mothers are expected to be more protective of their

infants than females in a smaller group. (H4) if mothers and offspring

living in smaller groups face significant challenges associated with

increased predation risk, then we expect these females to be more

protective and remain in closer proximity to their offspring compared

to mothers in a larger group. Finally, (H5) If female rank is a main driver

of maternal style, we expect middle and lower ranking females to be

more protective and remain in closer proximity to their infants than

higher ranking females during the birth season and the mating season

in both larger group and smaller groups.

4.1 | Effect of group size and rank on reproductive
success

We found that the expected effects of group size andmaternal rank on

birth rate and infant survivorship were partly supported (H1 and H2).

Overall, females in the larger group experienced a reduction in their

birth rate compared to females in the smaller group. There was an

effect of rank as well. Dominant ranking females in the larger group

were characterized by a higher birth rate than intermediate and

subordinate ranking females. Females in the smaller group had a higher

birth rate than did females in the larger group, but in the smaller group

there was there no effect of rank. However, infant survivorship was

significantly higher among females in the larger group.

Studies on several species of wild primates indicate that females in

larger groups experience lower reproductive output than females in

smaller groups (Van Schaik, 1983;M. silenus, Kumar, 1995;M. fascicularis,

Snaith & Chapman, 2007; Van Noordwijk & Van Schaik, 1999;

Trachypithecus phayrei, Borries et al., 2008; Majolo et al., 2008;

Rhinopithecus roxellana, Zhao et al., 2011). In many cases, it was argued

that this was the result of increased feeding competition among females

living in larger groups (Borries et al., 2008; Kumar, 1995;VanNoordwijk&

Van Schaik, 1999; Zhao et al., 2011). Our study group was semi-

provisioned, with an average of approximately 80 g of food provided to

each individualperday. Inaddition, thearea inwhich foodwasprovisioned

is a small area (about 40m2 for larger group and 20m2 for smaller group)

and this enabled dominant females to have priority access to this clumped

resource. This might help to explain the reduced birth rate in larger group

(Harcourt, 1987; Van Noordwijk & Van Schaik, 1999).

It has been argued that amajor benefit of living in a larger or amore

cohesive group is enhanced predationdetection. Studies focused on the

effects of group size in modulating individual fitness indicate that in

species such as long-tailed macaques (M. fascicularis), wedgecapped

capuchinmonkeys (Cebusolivaceus), and ring-tailed lemurs (Lemur catta),

with increasing group size, there was an associated reduction in

predation risk (increased ability of predator detection) (De Ruiter, 1986;

Sauther, 2002; van Schaik et al., 1983). A study on Japanese macaques

showed a negetive relationship between group size and infant/juvenile

survivorship (M. fascicularis, Van Noordwijk & Van Schaik, 1999).

However, a comprehensive studyof43primate species failed to identify

a consistent pattern of increased juvenile survivorship with increasing

TABLE 5 Results of GLMM in mating season

Time in contact Time in transport Time in proximity Time in separation

β ± S.E p β ± S.E p β ± S.E p β ± S.E p

Groupa∼b −0.73 ± 0.25 <0.01 −0.90 ± 0.93 0.34 −0.31 ± 0.21 0.14 0.71 ± 0.25 <0.01

Rank D∼I 0.91 ± 0.03 <0.001 2.67 ± 0.22 <0.001 −0.25 ± 0.04 <0.001 −0.72 ± 0.03 <0.001

Rank I∼S −0.26 ± 0.25 0.29 0.82 ± 0.91 0.36 0.33 ± 0.21 0.11 0.06 ± 0.24 0.81

Rank D∼S 0.65 ± 0.25 <0.01 3.49 ± 0.93 <0.001 0.08 ± 0.21 0.71 −0.66 ± 0.24 <0.01

Initiation skew of
contact

Initiation skew of
proximity

Frequency of maternal
restrains

Frequency of maternal
rejections

β ± S.E p β ± S.E p β ± S.E p β ± S.E p

Groupa∼b LRT = 0.25 −1.53 ± 0.58 <0.01 LRT = 0.24 2.06 ± 0.60 <0.01

RankD∼I −0.91 ± 0.49 0.06 0.01 ± 0.56 0.99

RankI∼S 0.19 ± 0.59 0.74 0.90 ± 0.69 0.20

RankD∼S −0.74 ± 0.61 0.23 0.90 ± 0.64 0.17

Value of likelihood ratio test (LRT) is only displayed while the model does not pass the test.
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group size (Majolo et al., 2008). This may reflect the fact that juvenile

survival is affected by several factors including access to a high quality

diet, protection from predators, and pretection from aggressive

conspecifics. In the present study, our results indicate that survival to

one year of agewas higher in the larger group (Table 7). Belowwe offer

the possiblity that predation risk may help to explain these results.

Although previous studies have suggested that there are few

predators at our field site (Jiang, Lian, Feng, Wang, & Li, 1998), we

found the body of one dead infant (HZ) with two tooth marks on its

neck that were consistent with a snake bite. We also recorded three

events in 2015 in which a python (Python bivittatus) was seen within

5m of a rhesus group (one time near the larger group, one time near

the smaller group, and one time near another group of some 60

individuals). In these cases, themacaques responded by climbing into a

nearby tree, staring at the python, and making “Hoo, Hoo” alarm calls.

Other groupmembers responded to the alarm calls by climbing into the

trees and also alarm calling. That same month, one reserve officer

recorded an infant being eaten by a python. On several occasions, we

observed other snakes (including the Chinese cobra, Naja atra, and

Chen's bamboo pitviper, Trimeresurus stejnegeri chenbihuii) within 2m

of our study groups. Thirty-seven species of terrestrial snakes are

present on Hainan island and at least 3 of these, Chen's bamboo

pitviper (Trimeresurus stejnegeri chenbihuii), the many-spotted cat

TABLE 6 Birth rate in HL and HZ

Dominant Intermediate Subordinate

2014

HL

Adult females 9 9 12

Infants 8 4 6

Birth rate 88.9% 44.4% 50%

60%

HZ

Adult females 2 4 3

Infants 2 4 3

Birth rate 100% 100% 100%

100%

2015

HL

Adult females 11 13 12

Infants 11 9 6

Birth rate 100% 69.3% 50%

72.2%

HZ

Adult females 3 4 3

Infants 2 4 3

Birth rate 88.5% 100% 100%

90%

2016

HL

Adult females 12 14 12

Infants 8 10 7

Birth rate 66.7% 71.4% 58.3%

65.8%

HZ

Adult females 4 4 4

Infants 4 3 3

Birth rate 100% 75% 75%

83.3%

TABLE 7 Infant survival rate in HL and HZ

Dominant Intermediate Subordinate

2014

HL

Infants 8 4 6

Survived infants 8 3 4

Survival rate 100% 75% 66.7%

83.3%

HZ

Infants 2 4 3

Survived infants 2 3 2

Survival rate 100% 75% 66.7%

77.8%

2015

HL

Infants 11 9 6

Survived infants 10 8 5

Survival rate 90.9% 88.9% 83.3%

88.5%

HZ

Infants 2 4 3

Survived infants 1 0 1

Survival rate 50% 0% 33.3%

22.2%

2016

HL

Infants 8 10 7

Survived infants 6 8 6

Survival rate 75% 80% 85.7%

80%

HZ

Infants 4 3 3

Survived infants 2 2 0

Survival rate 50% 75% 0%

40%

Survived infants means the number of infants who survive to 1-year-old.

12 of 16 | LIU ET AL.



snake (Boiga multomaculata), and the Hainan keelbak (Rhabdophis

adleri) are poisonous inhabit our study site (Zhao, Zhao, Shi, & Wang,

2005). Studies of rhesus macaques at other sites, indicate that snakes,

leopards, raptors, weasels, and tigers prey on infant and juvenile

monkeys (Fooden, 2000). Although illness, maternal neglect, accident,

and other factors contribute to infant mortality, predation risk also

appears to be an important factor. In addition, a possible reason of the

extremely low offspring mortality recorded during the mating season

(only 1 young juvenile died during the three mating seasons of 2014–

2016) might be the decline in snake activity during the colder months

of the year.

Although we did not find a significant effect of rank on offspring

survival, there was a trend of increasing infant survivorship with

increasing maternal rank (D 89%, I 78%, S 74% in larger group and D

63%, I 45%, S33%insmaller group).More long-termdataare required to

identify the effects of rank and matriline size on offspring survival.

Several studies in other primate species indicate a significant positive

effect of maternal rank on infant survivorship (M. mulatta, Drickhamer,

1974; Cercopithecus aethiops sabaeus, Fairbanks & McGuire, 1984; Pan

troglodytes, Pusey, 1997; M. fascicularis, Van Noordwijk & Van Schaik,

1999), and a 12-year study of long-tailed macaques (M. fascicularis)

proposed that the lower infant survival rate recorded for lower-ranking

females was best explained by an increased predation risk

(Van Noordwijk & Van Schaik, 1999). In this species, higher-ranking

mothers and their offspring were positioned in the center of the group

while lower-ranking mothers and their offspring were commonly

locatedon theperiphery,wherepredation riskwasassumedtobehigher

(VanNoordwijk&VanSchaik, 1999; vanNoordwijk&vanSchaik, 1987).

4.2 | Effect of group size and rank on mother–infant
relationship

We found limited support for H3 or H4. During the birth season,

differences inmother–infant interactions between groupswere driven

principally by the behavior of middle- and low-ranking mothers. Lower

ranking mothers and their infants in the smaller group spent more time

in contact and transport and less time in separation compared to

mothers and infants in the larger group. Unrelated to rank, mothers in

the smaller group initiated more contact and proximity with their

infants than did mothers in the larger group. Effects of rank also

differed between two groups. In the large group, high-ranking mothers

and infants allocated more time to both contact and separation, and

less time in transport and proximity. In the small group, there were no

effect of female rank.

During themating season, however, this patternwas reversed, and

mother–infant dyads in the smaller group allocated significantly less

time in close contact, and mothers rejected their offspring more than

did mothers in the larger group. Regardless of group size, high ranking

mother–infant dyads spent more time separated than did middle or

low ranking dyads.

Our results were not fully consistent with earlier studies regarding

the effect of group size onmother–infant relationship by Berman et al.

(1997) on free-ranging and provisioned rhesus macaque on Cayo

Santiago Island, Puerto Rico. Berman and her colleagues focused their

data collection on infants from 25 to 30 weeks old in a predator-free

environment (Maestripieri & Hoffman, 2012). This study observed two

independent groups, one of them (which later grew and fissured into

several daughter groups) was studied over a 12-year period. The

results were similar to our results during the mating season. In Berman

et al. (1997), as group size increased from63 to 78 to 265–282 animals,

mothers’ spent less time at a distance (>5) with their infants and played

a larger role in maintaining mother–infant proximity. As the group

fissured into several daughter groups and group sizes decreased,

mother–infant relationships did not change.

We hypothesize that differences in mother-offspring interactions

between rhesus macaques on Cayo Santiago Island and Hainan Island

during the birth season might relate to site-specific differences in

predation risk. The group observed in Berman's study living in a

predator-free environment. At our study site during the mating season,

as the temperature became colder in the winter, snakes are less active,

reducing predation risk. If increased group size offers advantages in

predator detection and defense (De Ruiter, 1986; Sauther, 2002; van

Schaik et al., 1983), wemight expectmothers in a larger group to exhibit

a more rejecting maternal style and spend less time in proximity to their

offspring. In addition, as indicated above, if lower-ranking individuals

remain at the periphery of the group and are more vulnerable to

predators (Van Noordwijk & Van Schaik, 1999) then low-ranking

mother–infant dyads might spend more time being together.

H5 tested the concept that if rank is a main driver of maternal

style, then in both the larger and smaller groups, and across the birth

and mating seasons, we expect middle and lower ranking females to

be more protective and remain in closer proximity to their infants

than higher ranking females. Our results indicated partial support for

Hypothesis 5: during the mating season, regardless of group size

effects, infants of high ranking females spent more time in

separation with their mothers than did infants of middle or low

ranking mothers. In the birth season, the effects of maternal rank on

mother–infant relationship were not consistent with this hypothesis.

Differences between groups were reflected in middle- and low-

ranking mother–infant dyads, compared with the small group,

middle-, and low-ranking mother–infant dyads in the large group

spent more time both in contact and less time in separation.

Differences among ranks only appeared in the large group: high- and

low-ranking mother–infant dyads both spent more time in contact

and separation, and less time in transport and proximity. Studies on

species such as rhesus macaques (M. mulatta) and Japanese

macaques (M. fuscata) suggest that lower-ranking mothers are

more protective of their infants, owing to the higher social risk they

face in receiving aggression from other group females (Hinde &

Spencer-Booth, 1971; Onishi & Nakamichi, 2011; Suomi, 2005). But

there is also a study of Japanese macaques showed that high-ranking

mothers restrict their infants more than low-ranking mothers when

infants were 1-month-old (Tanaka, 1989). Thus, we speculated that

our results are best explained by tradeoffs associated with the

integrated effects of social risks, predator risks, and feeding

competition influencing mother-offspring interactions.
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However, given that we lack quantitative data on the degree to

which feeding competition and predator risk influence maternal style in

Rhesus macaques living in smaller and large groups, our conclusions

remain tentative. Especially our groups were semi-provisioned, how

much provisioned food affects intragroup feeding competition is still

unknown. Other factors such as home range and food distribution for

each group, interactions between groups, intragroup sex ratios and

seasonal differences in food availability and distribution should be

considered more fully in the future studies. What's more, it should be

noted that instead of the ISC and ISP we used in this paper, there are a

more ideal indices to describe the maternal initiation of contact and

proximity, the infant's role inmaintainingproximity to itsmotherwhenoff

her (detailed definition in White & Hinde, 1975). It would be better for

future studies to take care of this and avoid the same deficiency like us.

We also founded some differences of mother–infant relationship

affected by infant sex, maternal age and parity. These aspects of

results could be found in Supplementary Table S1.

In conclusion, our results indicate that one benefit to rhesus

macaque females on Hainan Island of living in a larger group appears

to be reduced predation risk. The costs to females of living in a larger

group, especially mothers of intermediate or low rank, may be

increased feeding competition leading to reduced birth rate. In the

case of females living in smaller groups, they appear to benefit from

reduced feeding competition at the tradeoff of increased predation

risk, leading to a higher reproductive rate but lower offspring

survivorship.
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