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Abstract

Weaning age in primates has been challenging to measure and new methods,

involving molecular biomarkers in feces, tissue, or teeth have contributed to a

solution. Here, we used a direct approach by briefly anesthetizing 442 female toque

macaques (Macaca sinica) of Sri Lanka (over a 17‐year period) and manually testing

their mammary tissue for the presence or absence of milk. Milk tests were related to

known offspring ages and maternal care behaviors and indicated that older infants

suckled milk well past the weaning age of 7 months that is often reported for food‐

provisioned primates. Mothers strongly rejected their infants' nursing attempts in

two phases, the first at 7 months as an honest signal “giving notice” promoting a shift

to greater independence from milk to solid food, and when “shutting down” at final

weaning after 12–18 months. The shift to supplementary lactation coincided also

with the cessation of mothers carrying their infants and a resumption of cycling. All

infants up to 7.2 months suckled milk, 91% of them did up to 18 months, this

continued for 42% of infants beyond 18 months, and normally none received milk

after 22 months. Lactation extended into 2.2% of cycling and 10.7% of pregnant

females (up to 50% of gestation). The interbirth interval was prolonged by factors

predicted to draw on female metabolic energy reserves and included the duration of

lactation, growth among primiparas, and dietary limitations. The last also increased

menarche. Females offset the metabolic costs of lactation with increased foraging

and catabolism, but infants died when lactation costs seemingly compromised

maternal condition. The prolonged lactation and slowed reproduction are considered

adaptations to promote infant survival and growth in an environment where the

natural food supply limits population growth and competition for food and water

impacts the mortality of the youngest the most.

K E YWORD S

interbirth interval, lactation and weaning, maternal depletion and infant survival, maternal
investment and metabolic energy balance, wild primate

Am. J. Primatol. 2023;e23584. wileyonlinelibrary.com/journal/ajp © 2023 Wiley Periodicals LLC. | 1 of 21

https://doi.org/10.1002/ajp.23584

Abbreviations: df, degrees of freedom; Md, median; mm, millimeters; Mn, mean; n, number; P, probability; SD, standard deviation.

http://orcid.org/0000-0001-7981-3968
mailto:WDittus@gmail.com
mailto:DittusW@si.edu
https://wileyonlinelibrary.com/journal/ajp
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fajp.23584&domain=pdf&date_stamp=2023-12-14


1 | INTRODUCTION

Maternal care behaviors among nonhuman primates are of theoreti-

cal interest for understanding primate group dynamics and the

evolution of reproductive and life history strategies (Charnov, 1991;

Trivers, 1974). Central to this consideration is the concept of weaning

whereby the developing primate must make the major transition from

a state of complete dependence on mother's milk to solid food as a

source of nutrition (Martin, 1984). Nursing delays a mother's return

to sexual receptivity (Charnov, 1991; Lee, 1996; Pagel &

Harvey, 2002), and the age of weaning determines the length of

interbirth intervals (IBI) and the number of offspring a female can

bear in her lifetime (Lee, 1987). Weaning presents genetic conflicts of

interest between mother and infant who are both attempting to

maximize their evolutionary fitness (Martin, 1984; Trivers, 1974). The

infant's interest to prolong nursing is therefore at odds with the

mother's best interest to partition care between the current and

future offspring (Trivers, 1972). Weaning also affects infants'

vulnerability to infanticide (Crockett & Sekulic, 1984) and nursing

distinguishes infants from juveniles in groups (National Research

Council, 1981). The IBI is a key to population viability analyses and in

formulating conservation strategies (Caro, 1999). Knowing the age of

weaning is therefore critical in studies of the mother–infant

relationship, primate life history with respect to maternal metabolic

balance and fitness (Ellison, 2003; Lunn et al., 1984), and conserva-

tion. Identifying the age at which lactation stops and infants are fully

weaned has, however, posed a practical challenge for field

primatologists (e.g., Altmann, 1980; Jay, 1965; Lee, 1996; Rajpurohit

& Mohnot, 1991; Smith et al., 2017). Observations of nursing

behavior may be hampered by visual obstructions in the natural

habitat, by unhabituated groups, and by nighttime. In addition, proxy

variables of weaning such as the frequency of nursing, maternal

carrying of infants, and the amount of solid food in the infant's diet

cannot account for actual milk transfer (Martin, 1984). Furthermore,

regardless of how long an infant appears to suckle, the behavior may

be “comfort nursing” (Blass & Teicher, 1980; Cameron, 1998) by

which the infant contacts the mother's nipple for months after

weaning occurs as a means of reassurance rather than sustenance

(Bădescu et al., 2016). The practical limitations of determining

weaning through observational studies has hampered our under-

standing of the complex dynamic between mothers and infants

(Maestripieri, 2002; Martin, 1984), and its effects on female fitness

under variable environments.

To circumvent this practical limitation stable isotope analyses of

soft tissues have been applied to determine weaning age in mother‐

infant pairs of zoo‐raised François' langur (Trachypithecus francoisi)

(Reitsema, 2012) and among captive rhesus macaques (Macaca

mulatta) (Reitsema et al., 2016). Noninvasive fecal stable isotopes

have been used for this purpose in wild chimpanzees (Bădescu

et al., 2016). Biomarkers from barium (Ba) have left stress signatures

in the development of teeth that indicate the transition from milk to

solid foods in macaques and humans (Austin et al., 2013, 2016) as

well as in wild orangutans (Smith et al., 2017). In this report, we

present a more direct approach that was applied in a wild population

of toque macaques (Macaca sinica) in Sri Lanka. Instead of using

proxies, lactation duration was measured directly by sampling the

milk expressed manually from the mammary tissue of captured and

released females that were nursing known‐aged offspring. While the

presence of milk from nipple stripping verifies maternal milk

production and nursing suggest an infant's milk ingestion, neither is

a direct measure of the amount or quality of milk transfer. The

nutritional contribution of milk to the infant's diet has been reviewed

for toque macaques and other primates (Goto et al., 2010; Hinde &

Milligan, 2011; Milligan et al., 2008; Oftedal et al., unpublished).

The first aim of this research was to establish new information on

the period of lactation and weaning age and to relate this to the

trajectories of known maternal care behaviors in this wild population.

Second, we wanted to test hypotheses addressing causes for

variations in lactation and their influence on IBIs. For a better

understanding of female reproductive schedules, it was of interest to

profile the prevalence of lactation at the level of the population in

relation to other female reproductive states, depletion of maternal

condition, and infant survival.

1.1 | Rationale and hypotheses

Lactation outweighs all other forms of parental investment in terms

of energy expenditure and its concomitants (Clutton‐Brock, 1991;

Ellison, 2008; Martin, 1984). The energetic cost of lactation is the

primary factor influencing the duration of postpartum amenorrhea

and in this way the interval between births (IBI), other effects on the

IBI being variations in the durations of gestation and cycling (e.g.,

Pontzer et al., 2014; Valeggia & Ellison, 2001). The duration of

gestation is the least variable for a given macaque species

(Ardito, 1976; Kiltie, 1982), that of cycling can be more so (e.g.,

Garcia et al., 2008; Gesquiere et al., 2018). Given the dominant effect

of lactation on the IBI or birth rate (Valeggia & Ellison, 2001),

lactation ranks with survival and growth as a key determinant of

female reproductive success and life history.

What agents involve the theoretically predicted balance of

maternal reserves (Ellison, 2003) that determines the IBI in this

population and other energy dependent reproductive parameters?

Earlier studies of reproduction in nonhuman primates have

identified several factors relevant to the complex relation between

lactation, the IBI, and reproduction (see reviews by Gesquiere

et al., 2018; Hill, 2000; Lee & Bowman, 1995). A number of these

agents were measurable in our field study of the toque macaques,

namely: the duration of lactation, weaning age, the IBI, environ-

mental food sources, female parity, female activity and body

condition, and infant survival. These observations were applied to

test several hypotheses relevant to lactation in this wild popula-

tion. We hypothesized that the IBI is extended through lactation

because it draws most on maternal reserves (Valeggia &

Ellison, 2001), and that this would be evident in a comparison of

the IBIs between lactating mothers and those whose energy debits
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were released from lactational amenorrhea by their infants' early

deaths. It has been shown that the IBI is reduced among primates

that feed on a high nutritional plane (Asquith, 1989; Gesquiere

et al., 2018; Lee & Bowman, 1995; Rawlins & Kessler, 1986)

presumably because access to quality food supports the energy

requirements for lactation and restores maternal reserves. In the

Polonnaruwa population of toque macaques access to quality

foods is known to enhance female growth rate (Cheverud

et al., 1992) and the accumulation of body fat (Dittus, 2013).

These observations suggested the second hypothesis that mater-

nal access to high‐quality human sources of food and water

reduced the IBI when compared to females feeding primarily on a

natural forest diet.

Young mammalian mothers face trade‐offs between investing in

their own growth and reproduction (Clutton‐Brock, 1991;

Stearns, 1989). In toque macaques, skeletal limb growth in juvenile

females ceased at about 5.5 years, whereas muscle mass, body

weight, and other morphological traits did not reach maturity until

about 8 years (Cheverud et al., 1992). This pattern of somatic growth

is similar to that reported for well‐fed captively managed rhesus

macaques (Turnquist & Kessler, 1989) and baboons (Coelho, 1985) as

well as feral baboons (Sigg et al., 1982), although the rates of

maturation of primates in their natural habitats are considerably

slower than their well‐fed counterparts under captive management

(macaques, Turnquist & Kessler, 1989; and baboons, Altmann &

Alberts, 1987; Altmann et al., 1977; Phillips‐Conroy & Jolly, 1988).

Focusing on investment trade‐offs, growing toque macaque females

had their first birth on average in their sixth year (Dittus, 1975)

before attaining physical maturity, a trend that has been noted also in

colony raisedmacaque species (Cerroni et al., 2003; Lipkin et al., 2001)

and baboons (Coelho, 1985). The third hypothesis was that the

additional demands on bodily reserves for physical growth during

lactation would result in greater IBIs among primiparas than among

mature females, a phenomenon that has been observed in several

species (baboons: Altmann et al., 1988; mandrills Mandrillus sphinx:

Setchell et al., 2002; Setchell & Wickings, 2004; and macaques:

Hinde, 2009; Koyama et al., 1992). A related fourth hypothesis

predicted that menarche is reached earlier in females feeding on rich

food sources than among those feeding primarily on a natural diet, a

consideration that is relevant to trade‐offs in female survival and

future reproduction (Bercovitch & Berard, 1993; Blomquist, 2009;

Charnov & Berrigan, 1993; Stearns, 1989) especially in relation to

environmental and social variation in resource acquisition (Altmann &

Alberts, 2005; Arlet et al., 2015; Mori et al., 1997; van Noordwijk &

de Jong, 1986).

Reflecting on Altmann's (1980) model of maternal time budgets a

fifth hypothesis predicted that mothers meet the energy costs of

lactation by increasing energy input through extended feeding time.

Support for the model has been partial with a better fit being

achieved by incorporating differences in food quality (Dunbar &

Dunbar, 1988; Dunbar et al., 2002; Koenig et al., 1997; Lycett

et al., 1998). Trade‐offs with vigilance against infanticidal males have

confounded a simple relationship in baboons of South Africa (Barrett

et al., 2006). In toque macaques, foraging times differ seasonally in

relation to food availability as well as by age and sex, social structure,

and dominance rank (Dittus, 1977a).

An alternate or additional means of meeting the cost of

lactation has been suggested through catabolism (Altmann, 1980)

as observed in a variety of mammals (Robinson, 1986) including

baboons (Bercovitch, 1987). In a sixth inquiry, we consider

whether increased feeding time together with catabolism may

compromise maternal ability to support offspring survival. A

perspective from humans contributes to these considerations,

because like nonhuman primates and other mammals, humans

also experience high metabolic costs of pregnancy and especially

lactation (Butte & King, 2005). Human studies indicated that

successive pregnancies with short intervals and/or poor diets

may overburden the mother nutritionally leading to poor health

for the mother and offspring and increased infant mortality, a

phenomenon referred to as the “maternal depletion syndrome

(MDS)” (Engelen & Wolf, 2011; Kozuki & Neff, 2013; Stephansson

et al., 2003; Wang et al., 2022). The phenomenon has been

investigated in nonhuman primates only recently by Lee et al.

(2019); infant mortality was high among well‐fed colony‐raised

rhesus mothers with short IBIs before and after pregnancy, a

condition that reduces maternal resources for investment in the

offspring. Winkvist et al. (1992) emphasized that maternal

depletion may occur from rapid reproduction as well as extrinsic

factors such as poor food quality that affect maternal nutritional

status directly. We present evidence suggesting that toque

macaque females lose the ability to support infant survival

through lactation consistent with both causes for maternal

depletion.

2 | METHODS

The methods of field observation, capture and release of macaques

and milk sampling comply with all regulations regarding the ethical

treatment of research subjects as prescribed by the National Institute

of Fundamental Studies, Sri Lanka, and the Smithsonian Conservation

Biology Institute, USA, and adhered to the American Society of

Primatologists principles for the ethical treatment of primates.

2.1 | The study population

Toque macaques are endemic to Sri Lanka. They are long‐tailed,

relatively small‐bodied (5.5 kg adult males, 3.1 kg adult females)

monkeys, mostly arboreal and opportunistically terrestrial. They

live in closed and cohesive matrilineal societies with one or more

immigrant breeding males. Those living in the Nature Sanctuary

and Archeological Reserve at Polonnaruwa have been studied

continuously for over five decades (1968–2023). The natural dry

DITTUS and BAKER | 3 of 21

 10982345, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajp.23584 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [21/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



evergreen forest at the site is typically diverse and comprises

dense layers of shrubs overlain with a continuous tree canopy up

to 15–20 m and scattered emergent trees up to 30 m

(Dittus, 1977b). Shrubs and some trees have been cleared in

restricted areas to expose archeological structures in a parkland

setting. The area is highly seasonal transitioning from excess rain

in winter (October to January) to drought in summer (May to

September). The birth season is from December to May with a

peak in March. The natural diet of the macaques includes a

diversity of ripe fruit, young leaves, insects, and the occasional

small vertebrate (Dittus, 1974; Hladik & Hladik, 1972). The

standing population for this study involved up to 1100 individuals

distributed among 39 independent social groups; many of which

were established through group fissions (e.g., Dittus, 1988a).

Toque macaque population size in general is closely attuned to

the availability of natural food and water in their habitat

(Dittus, 1977a, 1977c). In undisturbed natural forest environ-

ments net population growth is near zero, but the introduction of

anthropogenic food sources has stimulated growth in a few

affected groups (Dittus, 2012; Dittus et al., 2019). Seven groups,

labeled: A, B1, D1, D2, D3, M, and M1 had regular access to

anthropogenic food sources, the remaining 32 groups had

occasional or no such access. We distinguished the diets of the

females in these groups as “enriched” and “natural,” respectively.

2.2 | Demographic census

All macaques in the population of 39 groups were individually

identified by their natural markings and tattoos (Dittus, 1990;

National Research Council, 1981). Individuals in all groups were

subject to a regular census about once per month. During the birth

season females were checked once per week or more to pin‐point

infant birth dates. Such data were the basis for monitoring individual

life‐histories from birth to death (Dittus, 2004). The chronological

ages of nearly all individuals in this sample were based on known

birth dates; those of a few individuals that were born before 1968,

were estimated from morphological development. IBIs were esti-

mated in days but expressed here in terms of months, where days

were divided by the mean duration of a calendar month

(30.438 days).

2.3 | Estimating infant survival in relation to the IBI

Dates and ages of death were available from regular census logs. We

wished to measure whether infants survived to the dates of

conception and birth of the next sibling. The statistics were not

available if a mother bore no further infants owed to her death or

transition to postreproduction in old age. For these cases, therefore,

we chose infant survival to at least 18 months, which encompassed

the mean IBI for the population.

2.4 | Estimating gestation and pregnancy

The duration of gestation in toque macaques was not measured;

however, in the most closely related species, the bonnet macaques

(M. radiata) of southern India, the mean period of gestation was

166 ± 5 days or (5.45 ± 0.17 months) (Rao et al., 1998), the same as in

rhesus (M. mulatta) (Silk et al., 1993) and other congenerics

(Ardito, 1976). Accepting these statistics as applicable to toque

macaques as well, the dates of conception and the status of

pregnancy were estimated by subtracting 166 days from the known

dates of birth.

2.5 | Cross‐sectional sampling of females for
lactation analyses

The study population comprised 39 independent social groups for

which the sum of their home ranges occupied an area of

approximately 8.5 km2 with a perimeter of 18 km. These groups

were sampled during 13 different years over a span of 17 years (125

group sampling events) between 1986 and 2002. Months of sampling

were distributed from March to December. There were 814 tests for

milk among females of which 14 were rejected owed to abnormalities

(twins, miscarriage, and kidnaping). Some females were tested more

than once, each time with a different infant, year, and season.

Mother–infant pairs were tested only once per lactation. The

reproductive condition of females (see Definitions), their body

weights, morphometry (e.g., Cheverud et al., 1992), and body fat

indices (e.g., Dittus & Gunathilake, 2015) were recorded on sampling

dates. To eliminate the potential influence of female individual‐

specific qualities a random numbers generator was applied to select

each female only once in analyses; this left 442 unique females

among which independent milk tests were analyzed (Table 1). All test

data, and random selections, were reposited (Dittus, 2023). The

removal of female duplicates did not alter the patterns described here

because we had large sample sizes. The age of the youngest female in

the population that had milk was 4.08 years. Therefore, the females

considered in this report were >4.0 years old. Most females

experienced their first birth in the sixth year.

2.6 | Sampling milk

Procedures for the capture and release of macaques had been

described earlier (Hoelzer et al., 1994). Macaques were habituated to

enter steel mesh box traps (ca. 1 × 1 × 1.5 m) which were baited with

food for several days before the capture date. Upon capture, mothers

and their young were separated, and the mother tranquilized with a

single dose of IM injection of ketamine hydrochloride (Ketalar, Park‐

Davis Co.). The dose tranquilized the mother for less than 40min and

in pregnant mothers was far below the threshold for toxicity in the

mother or in fetal development (Paule et al., 2011; Zou et al., 2009).

4 of 21 | DITTUS and BAKER
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Notwithstanding, as a precaution, a few females were not sampled if

they appeared in the late stage of pregnancy as evident from a well‐

swollen abdomen.

All test for the presence or absence of milk considered in this

report involved manually palpitating the mammary tissue of

anesthetized females irrespective of their reproductive status.

Earlier work, based in 72 females (1986–1994), involved the IM

injection of oxytocin (0.20 cc, 4 IU) to induce milk letdown of small

volumes of milk for nutritional analyses (Goto et al., 2010; Milligan

et al., 2008; Oftedal et al., unpublished). Oxytocin was not applied,

however, in the tests for the mere presence of milk because the

earlier and present work showed that no milk was released with or

without oxytocin in nulliparas and nonnursing parous mothers. The

mammary tissue in such females also was not swollen. In contrast, in

nursing mothers the mammary tissue was swollen and manual

nipple stripping alone easily yielded small amounts of milk in the

absence of oxytocin. Coincidentally only, oxytocin had been applied

for three tests for mothers with infants aged 0.36, 2.33, and 14.17

months.

2.7 | Mother–infant behaviors and analyses

In an independent study, two groups of macaques, A and D, were

selected for behavioral observations of mother‐infant relationships in

the period 1977–1983 (Baker‐Dittus, 1985). The home ranges of

these two groups overlapped and included both intact natural forest

and parkland. The macaques had access to both natural and

occasional anthropogenic food sources. The study groups were well

habituated to an observer, and approached, and permitted an

observer to approach, to within two meters without apparent

disruption to their behavior. Data were recorded only when the

observer was in direct visual contact with the focal study animal.

The focal animal's general activity states were recorded every minute

(see Dittus, 1977a). The activity states most relevant in this report

were nursing, carrying, and foraging (see Definitions). A total of 59

different infants distributed among 20 different mothers were

observed for approximately 64 h each on the following schedule:

Infants were observed for a minimum of 8 h each month during their

first 6 months of life. For the next 6 months of life, infants were

observed for a minimum of 8 h during the 6‐month period. Older

offspring were observed for 8 h two to three times a year. Each 8‐h

sample was conducted over a period of 4 consecutive days. Days

were divided into four sampling periods of 2.5 h each, and each

animal was observed for a different sampling period each day. The

behavioral data presented here represent over 3500 h of direct

observation.

In addition to activity states, all interactions between the focal

animal and other group members were recorded ad libitum

(Altmann, 1974). Frequencies were scored with which infants were

successful in their nursing attempts and with which mothers refused

an infant's attempt to nurse. Mothers refused infants access to the

nipple by turning their backs to the infant, by covering the nipple with

their upper arm, by lying with their ventrum pressed against a branch,

or by threatening the infant. Threats ranged from mild upjerks and

raised eyebrow threats to more severe hitting and biting. An upjerk

involved a rapid straightening of the mother's back which caused the

nipple to be suddenly pulled out of the infant's mouth.

Observation times were not equal for all animals. Therefore,

behaviors (durations of activities and frequencies of events) were

calculated as rates per hour of observation and were expressed as

means and their standard errors (Altmann, 1974).

2.8 | Female activity budgets

Independently, Dittus (1977a) recorded the temporal distribution of

daily activity states of all group members that included lactating and

nonlactating parous females of social groups A and D. The present

objective was to compare foraging durations in relation to female

TABLE 1 Population cross‐sectional frequency distribution of
different reproductive phases among 442 unique wild female toque
macaques in the period 1986–2002 at Polonnaruwa.

Reproductive condition of females Number observed

Lactating

Lactating only 236

Lactating and cycling 6

Lactating and pregnant 29

All lactating 271

Dry, infant weaned

Weaned and cycling 4

Weaned and pregnant 12

Weaned and quiescent 5

Total dry and weaned 21

Dry, infant died

Dry and cycling 5

Dry and pregnant 18

Dry and quiescent 31

Total dry and infant died 54

Total parous and reproductively active 346

Postreproductive 24

Sterile 0

Nulliparous

Cycling 3

Pregnant 6

Nonreproductive 63

Total nulliparous 72

Total sample of females age > 4.0 year 442

DITTUS and BAKER | 5 of 21
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lactational status. Focal animal samples of females' activities were

taken on 24 different days between January and December 1971.

Daily observations were dawn to dusk for a daily mean of 11.3 h

(10.2–12.9 h) for a total of 159.2 h (14 female lactation days)

compared to 112.6 h (10 female nonlactation days). The ages of

infants of nursing mothers were (Mn = 5.3 months, range: 0.7–8.0

months) and that of nonnursing mothers was (Mn = 16.1 months,

range: 5.7–22.9 months).

2.9 | Definitions of reproductive states and
behaviors

Engaged mother, a female caring for her most recent living infant in

the period between successive births. Maternal behaviors included

nursing (lactation), carrying, grooming, closely associating, and social

support.

Lactating mother, an engaged mother for which milk was

expressed from the mammary tissue.

Dry mother, an engaged mother for which no milk could be

expressed from the mammary tissue. Mothers were dry because

either the infant had died, or it had been weaned.

Parous. The active reproductive phase of a female that has

experienced at least one birth and is capable of pregnancy, lactation,

and cycling.

Nulliparous. The nonreproductive state of a juvenile or adoles-

cent female before the first birth.

Postreproductive. A formerly parous female, usually older than 22

years, that has not given birth again after her last infant despite living

through one or more annual birth seasons before dying of old age.

Quiescent. The status of a parous female when she was neither

pregnant, lactating, nor showing external signs of cycling in the

interval between births and may or may not have weaned offspring

that were subject to other forms of maternal care. It corresponds

loosely to the “recuperative interval” described in humans (Dewey &

Cohen, 2007).

Sterile. The status of a female of reproductive age that has not

given birth despite mating and cycling over several years. Perma-

nently sterile females were not observed in this population.

Menstruation was scored when a female had traces of blood on

her vagina that was not related to parturition or injury.

Cycling was manifested by menstruation and/or the secretion of

copious amounts of mucous from the vagina (Hill, 1939) that is

typically associated with mating consorts and probable ovulation.

Toque macaques do not have conspicuous edematous swellings of

the vulva and neighboring skin as is typical of many other macaque

species (Dixson, 1983). The formation of consort relations, which

involved female soliciting mating, was a good indication of cycling

whereas copulations often initiated by males was less so.

Nursing. The infant has the mother's nipple in the mouth. It was

not always determined if the infant was also suckling, that is,

pumping its cheeks in sucking motions. It was never possible to

ascertain if the infant was receiving milk.

Foraging. The macaque was actively searching for and consuming

food from the environment.

Carrying. The infant was transported by clinging with its limbs to the

ventrum of the mother in locomotion. Toque macaque infants very rarely

ride their mother's back, even when moving on the ground.

2.10 | Data collection and analysis pertaining to
individual differences in lactation and reproduction

All data were tied to the identities of the individual female, her

offspring, and date of sampling. Relevant variables pertaining to the

female, the infant, capture and release, anesthesia, milk sampling,

and remarks were entered into handwritten data sheets in the field

and were then transcribed onto EXCEL spreadsheets. Additional and

derived information from demographic records were integrated.

These detailed records and methods of analyses were documented in

a publicly available repository (Dittus, 2023).

2.11 | Statistical tests

Differences in the distributions of age and IBIs were portrayed with

boxplots where outliers were represented by the 5th and 95th

percentiles. Differences in these distributions were tested with the

Kaplan–Meier Log‐rank test using SigmaPlot version 14.5 software.

Data were cited as medians (Md) and means with their standard

deviations (Mn ± SD).

3 | RESULTS

3.1 | Changes in the behavior of mothers and
infants over the first 16 months of infant life

Focal animal studies of the behavior of mothers and their infants by

Baker‐Dittus (1985) involved two groups of toque macaques and

indicated the changes in the mother‐infant relationship as infants

grew. These changes were measured in terms of infants' rates of

nursing and foraging as well as maternal rates of carrying infants and

rejecting infants' attempts to suckle (Figure 1).

Mothers were observed to nurse their infants from birth to 16

months old, but the rate of nursing declined gradually (Figure 1a).

During their infants' first month of life mothers did not reject infants'

attempts at suckling (Figure 1c) and none of these infants foraged

(Figure 1d). A low rate of maternal rejection was observed from the

second to fifth month of infant age, it doubled by 6 months and

peaked at 7 months when variance in maternal rejection rates was

also the greatest. A second peak in maternal rejection occurred

between the 11th and 13th months of infancy (Figure 1c). Maternal

rejection rates were accompanied by a decline in nursing rates that

dropped by about half during the first 4 months of infancy and then

continued to decline more gradually until nursing stopped altogether
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after 16 months of age. Infants in their second month of life began

foraging but at very low rates until, by 5 months of age, infants spend

more time searching for their food than suckling. Foraging rates in

infants reached a plateau by about 7 months when foraging rates

matched that of much older offspring. The rates at which mothers

carried their infants declined steadily in synchrony with the changes

noted above; infants at 7 months and older were carried <1% of

observation time and none were carried after 12 months of age

(Figure 1b).

In the following section, we supplement information about the

mother‐infant relationship in toque macaques from the perspective

of a cross‐sectional population profile for the evidence of lactation

and its effects on maternal condition and infant survival.

3.2 | The population distribution of female
reproductive states

Among the 442 independent tests for the presence or absence of

milk among females aged >4.0 years old, 72 (16.3%) involved

nulliparous females and 24 (5.4%) were postreproductive ones; none

of these had milk. Among the parous subset (n = 346), 271 (78.3%)

females were lactating, and 75 (21.7%) had no milk because either

they had weaned their infant (n = 21) or the infant had died (n = 54)

(Table 1).

Twin births were rare (about one per thousand) and all IBIs were

measured between singleton births. The overall IBI was (n = 320,

median = 19.8, mean = 18.6 ± 4.6 months, range 10.3–28.5 months,

with bimodal peaks at the 13th and 22nd months). Females nursed

only the most recent single offspring unlike rhesus macaques M.

mulatta under food provisioning where mothers may simultaneously

nurse two infants from successive birth cohorts (Lee et al., 2019)

3.3 | The evidence for lactation and its relation to
offspring age

The presence of manually expressed milk from the teats of

captured (and released) females was taken as indicative of

lactation (see Section 2.6). All engaged mothers had milk for

F IGURE 1 Behavioral changes in the mother–infant relationship from infant birth to weaning in wild toque macaques: (a) nursing rate,
(b) maternal carrying rate, (c) maternal weaning threats, and (d) offspring foraging rate. Plotted values are means and their standard error
bars (compiled from Baker‐Dittus, 1985).
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infants aged less than 7.2 months; thereafter the frequency of

lactating mothers decreased with increasing infant age (Figure 2).

Of all engaged mothers, approximately 74% were lactating with

infants 1 year and older, 42% had milk for infants at 18–22

months, and normally no mothers had milk for infants greater

than 22 months old. Two exceptional cases included offspring

that nursed at 24.2 and 26.4 months old and were the last before

their mothers died of old age (>27 years). A third unusual case,

excluded from the sample, involved a 28.2‐month‐old juvenile

that suckled milk destined for its miscarried younger sibling.

Among the 21 mothers that had weaned their infants the age

distribution of weanlings was manifest in two periods (Figure 3). A

minority of infants (10%) were subject to full weaning at an early age

(7–8 months), whereas most (86%) were not fully weaned until well

past 15 months old. The observed ages of weaning were maxima

because it is unknown exactly how long before sampling dry mothers

had weaned their offspring.

3.4 | Maternal reproductive schedules and overlap
of states

The overall distribution of the different reproductive states among

parous females indicated that only a small proportion of them (n = 36,

10.4%) were in a quiescent state providing only nonreproductive care

for weaned offspring if any. Most parous females (n = 310, 89.6%)

were either pregnant, lactating, cycling, or lactation co‐occurred with

cycling or pregnancy. Among the 271 lactating mothers, six (2.2%)

were also cycling, and 29 (10.7%) were pregnant (Table 1). The

frequency of lactating and cycling mothers peaked when offspring

were at 6–9 months old. The frequency of lactating and pregnant

mothers peaked at offspring ages 5–9 months and again between 14

and 20 months (Figure 4). The number of pregnant mothers that were

lactating decreased in relation to the age of the fetus up to 84 days

into gestation (Figure 5).

3.5 | Lactation, menarche, and the IBI in relation
to maternal reserves

The balance of female energy reserves (Ellison, 2003) was never

measured directly in this population of toque macaques but was assumed

to impact the measurable IBI (Valeggia & Ellison, 2001) and both variables

to be affected by the factors as hypothesized below.

Hypothesis #1, Lactation extends the IBI. Focusing only on the

years 1986 to 2002 and excluding dry mothers that had weaned their

infants, the IBIs among lactating mothers irrespective of diets and

whose infants survived to the birth of the next infant (Md = 20.2

F IGURE 2 The distribution of engaged mothers that were
lactating (suckling offspring, n = 271) and not lactating (weaned live
offspring, n = 21) in relation to offspring age, and the proportion of
females lactating within each offspring age range.

F IGURE 3 The distribution of engaged mothers (n = 21) with live
weaned offspring in relation to offspring age.

F IGURE 4 The frequency of lactating mothers that were also
cycling (n = 6) and pregnant (n= 29).

8 of 21 | DITTUS and BAKER

 10982345, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajp.23584 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [21/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



months, Mn = 19.1 ± 4.4 months, n = 221) was significantly greater by

3–6 months than the IBIs among dry mothers whose infants had died

early (Md = 13.7 months, Mn = 16.0 ± 4.6 months, n = 51) (Log‐rank

test = 18.662, df = 1, p < 0.001) (Figure 6a).

Hypothesis #2, Rich diet shortens the IBI. Among lactating mothers

whose infants did and did not survive to the birth of the next infant, the

IBI among females with access to a rich diet was significantly less

(Md=17.6 months, Mn=18.0 ±4.4 months, n=83) by 1–3 months than

that among females on a natural diet (Md=20.1, Mn=19.3 ± 4.5 months,

n=169) (log‐rank statistic = 6.742, df=1, p<0.009) (Figure 6b).

Hypothesis #3. Maternal physical growth during lactation extends

the IBI. Considering lactating females under all diets whose infants did

and did not survive to the next birth, the IBI among growing

primiparous mothers (Md = 21.8, Mn = 20.4 ± 3.9 months, n = 78) was

significantly greater by 2–4 months than that among mature

multiparous ones (Md = 17.8, Mn = 18.2 ± 4.6 months, n = 174) (Log‐

rank statistic = 4.118, df = 1, p = 0.042) (Figure 6c).

Hypothesis #4. Rich maternal diet promotes menarche. The age of first

birth of females feeding on a rich diet (Md=5.4 year, Mn=5.4 ±0.8 year,

n=41) was significantly less by about 1 year than that of females

restricted to mostly a natural diet (Md=6.2 year, Mn=6.4 ±0.9 year,

n=69) (Log‐rank statistic = 39.383, df=1, p<0.001) (Figure 7).

Hypothesis #5. Females increase foraging time to contribute to the

metabolic costs of lactation. Lactating females expended a significantly

greater proportion of a day foraging (Md = 34.3%, Mn = 35.4 ± 1.3%,

n = 14) than nonlactating ones (Md = 26.2%, Mn = 28.7 ± 1.8%, n =10)

(Log‐rank = 5.797, df = 1, p = 0.016) (Figure 8). The effects of

maternal qualities and seasons that might have influenced foraging

time were not parsed in these comparisons.

Hypothesis #6. The cost of catabolism and increased foraging time to

support lactation may exceed maternal ability to support infant survival.

Comparing rates of mortality among infants between dry and lactating

mothers, and arbitrarily not counting (n=7) potential neonatal deaths,

(n = 42/47, 89.4%) of infant deaths among dry mothers occurred during

the period of peak lactation from birth to 8 months (Figure 9a), whereas

most offspring deaths among lactating mothers (n = 33/38, 86.8%)

occurred after peak lactation (8 months) coinciding with weaning during

supplemental lactation (Figure 9b). The difference in these distributions

was significant (χ² = 49.360, df=1, p<0.001). The frequency of quiescent

females reflected those recovering their energy balance for their own

survival and future reproduction following the high cost of pregnancy and

lactation for their most recent reproductive effort. The proportion of

quiescent mothers (Table 1) among mothers whose infants died

(n = 31/54, 57%) was significantly greater than among mothers whose

infants survived (n = 5/21, 24%) (χ² = 6.838, df=1, p=0.009), suggesting

that the depletion of maternal bodily reserves contributed to the cause of

infant death as well as to the greater prevalence of recovery among the

females whose infants died.

3.6 | Maternal depletion, nutritional quality, and
infant mortality

The predicted link between maternal depletion, lactation, and infant

mortality was investigated further. Ideally, we would want to know

maternal condition on the date of infant death, but that information

F IGURE 5 The numerical distribution of lactating mothers that
were nursing their current infant and pregnant with the next infant in
relation to the age of the fetus.

F IGURE 6 Interbirth intervals in relation to: (a) the state of
lactation; (b) diet richness of lactating females, and (c) parity
of lactating females.
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was not available because sampling dates of mothers in this cross‐

sectional study did not coincide with the dates of infant mortality.

Alternately, a combination of related measures shed light on the

predicted relationship.

Hypothesis #7. The nutritional quality of the environmental food supply

promotes maternal body condition and in turn infant survival. Maternal

body condition was estimated by skinfold thickness that has been

shown to be proportional to the mass of dissected adipose tissue or

body fat in toque macaques (Dittus & Gunathilake, 2015) and similar

regressions have been shown in humans (Durnin & Rahaman, 1967;

Womersley & Durnin, 1977) and baboons (Rutenberg et al., 1987). The

skinfold thickness of toque macaque mothers on a rich diet (Md = 2.2

mm, Mn= 2.5 ± 0.6mm, n = 94; corresponding to 4.3% mean body fat)

was significantly greater than that (Md = 1.9mm, Mn= 1.9 ± 0.4mm,

n = 207; corresponding to 2.2% mean body fat) of mothers on a natural

diet (Log‐rank = 57.587, df = 1, p < 0.001) (Figure 10). The proportion of

infants surviving to the date of conception of the next sibling was

significantly greater (86.2%) among mothers feeding on a rich diet

(n = 109) and in better body condition than the proportion of infants

surviving (76.9%) among mothers of lesser fatness and feeding on a

natural diet (n = 238) (χ² = 4.057, df = 1, p< 0.05). The combined

observations underscore the importance of maternal body condition

(and of the environmental food base) to maternal ability to support

infant survival.

Hypothesis #8. Maternal depletion from rapid reproduction by

lactating mothers is associated with higher infant mortality. Was

maternal depletion from short intervals between births also a factor

driving infant mortality among lactating mothers of toque macaques

as has been noted in humans (Wang et al., 2022) and well‐fed rhesus

macaques (Lee et al., 2019)? To examine this possibility, we focused

more narrowly on infant survival up to the birth of the next sibling

under different conditions. Among lactating females on a natural diet,

infant death was associated with significantly shorter IBIs by about 3

months (Md = 17.8, Mn = 16.8 ± 4.4 months, n = 19) than the IBIs

among infants that survived (Md = 20.6 months, Mn = 19.7 ± 4.4

months, n = 146) (Log‐rank = 7.778, df = 1, p = 0.005) (Figure 11).

The same comparison among lactating mothers on an enriched diet

lacked a significant relationship between the duration of the IBI and

infant survival (Md = 17.5 months, Mn = 18.0 ± 4.2 months, n = 71

surviving infants, and Md = 20.5, Mn = 18.5 ± 5.5 months, n = 12 dead

infants) (Log‐rank = 0.719, df = 1, p = 0.396).

4 | DISCUSSION

4.1 | Lactation (nutrition vs. comfort) and weaning

Studies of maternal investment in primates have been inconclusive

about the age at which infants are weaned because observations of

suckling behavior by themselves cannot determine whether infants

are drawing milk from the mother or are deriving merely comfort and

reassurance (Blass & Teicher, 1980; Cameron, 1998; Jay, 1965;

Lee, 1987; Martin, 1984). This study has shown that milk is indeed

available for all infants up to 7.2 months old, for 91% of them up to

18 months and for a few even older (Figure 2), although the quantity

of milk transferred is unknown. The extended period of lactation is

therefore nutritional, at least to some degree, even among older

offspring. The psychological comfort that infants may derive from

suckling (Blass & Teicher, 1980; Cameron, 1998) was not tested, and

may be an additional benefit as observed in wild chimpanzees that

suckled after lactation ceased (Bădescu et al., 2016).

4.2 | Transition from primary to supplemental
lactation

All mothers had milk for infants up to 7.2 months (Figure 2). A

coincidence of developments among several parameters indicated

F IGURE 7 The relation between menarche and female diet
quality.

F IGURE 8 Comparison of the proportions of foraging time
expended per dawn to dusk activity by parous females lactating
(n = 14) and not lactating (n = 10) over 24 days of observation
between January and December 1971.
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F IGURE 9 The distribution of offspring death
ages among: (a) nonlactating or dry mothers, and
(b) lactating mothers.

F IGURE 10 Comparison of mean skinfold thickness among
parous females feeding on enriched and natural diets, corresponding
to 4.3% and 2.2% mean body fat in toque macaques, respectively.

F IGURE 11 The association between the survival of infants to
the birth of the next offspring and the interval between births
among lactating females feeding a natural diet.
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a pivotal change in the mother‐infant relationship at about 7

months postpartum. This was marked by a peak in maternal

rejection of infants' nursing attempts (Figure 1c), a near cessation

of infant carrying by mothers (Figure 1b) and infants foraging at

rates typical of older offspring (Figure 1d). Five to 8 months

postpartum also coincided with the first peak in the resumption of

sexual cycling among lactating mothers and their subsequent new

pregnancy (Figure 4). The onset of cycling involved the formation

of consorting mating pairs during which mothers shifted for

several hours to the periphery or at some distance away from

the social group to avoid aggressive interference for mating rights

(Dittus, 1977a). During their mothers' consort excursions infants

were left to fend for themselves among the core members of the

group, infant stress levels were high at such times as reflected by

their frequent contact and lost calls (Bayart & Dittus, 1987;

Dittus, 1988b). The shift in maternal reproductive priorities

accentuated weaning. Notwithstanding these pivotal develop-

ments, following the first weaning case at 7.2 months, most

mothers (82.4%) continued to nurse their infants for almost

another year until 16 months in the behavioral study (Figure 1a),

and beyond that age in the broader demographic sample (Figure 2)

where females had been tested for the presence of milk. Such

prolonged lactation extended into the next pregnancy for 11%

(29/271) of lactating mothers (Figure 5).

These relationships point to two phases in lactation: primary, up

to about 7 months followed by supplementary lactation, or late‐

lactation (Oftedal, 1984; Tanaka et al., 1970). During primary

lactation, the neonate is wholly dependent upon mother's milk and

gradually shifts to independent foraging such that by 4 months of age

infants spend as much time in foraging as nursing, and by 7 months

infants forage for durations typical for older offspring (Figure 1d). The

maternal rejection for suckling at 7 months (Figure 1c) functioned

primarily as an honest maternal signal “giving notice” to spur an

infant's greater independence from milk towards self‐reliance for

finding food in the environment (Figure 1d). The efficiency of

foraging by infants at that age is, however, low in terms of both the

quality and quantity of food intake because of age‐related priority of

access relationships as was shown earlier in an independent study

(Dittus, 1977a).

It is noteworthy that although maternal rejection of their

infants' nursing attempts peaked (Figure 1c) when mothers

returned to cycling at 6–9 months and later and assumed the

additional burden of pregnancy with their next offspring at those

times (Figure 4), there was no equivalent sharp discontinuity in

nursing rates (Figure 1a) and milk provided (Figure 2). Instead, the

withdrawal from nursing followed gradual trajectories in these

parameters from birth to final weaning at ages up to 16 months

and older (Figures 1a and 2). These changes were in synchrony

with infants' gradually improving abilities to locomote (Figure 1b),

drink and feed from the environment (Figure 1d). The enhanced

maternal weaning efforts after about 1 year (Figure 1c) effected a

final “shutting down” of lactation as progressively more infants

were weaned (Figures 2 and 3).

4.3 | Early and late weaning in other primates

The end of lactation or weaning at 7 months of infant age was

common to 16 species of cercopithecid primates that Langer (2003)

related to the anatomy of the alimentary tract in this taxon compared

to that of other primate taxa and eutherian mammals. But where

these primates have been investigated in the wild, or under food‐

restricted conditions, periods of suckling were prolonged as in

vervets Chlorocebus aethiops (Cheney et al., 1988; Lee, 1984),

Japanese macaques M. fuscata (Takahashi, 2002; Takahata

et al., 1998), long‐tailed macaques M. fascicularis (van Noordvijk &

van Schaik, 1999), rhesus macaques M. mulatta (Melnick, 1981),

stump‐tailed macaques M. arctoides (Nieuwenhuijsen et al., 1985),

baboons Papio cynocephalus (Lycett et al., 1998; Nicolson, 1982;

Rhine et al., 1985), hamadryas P. hamadryas (Barrett et al., 2006;

Garcia et al., 2006; Sigg et al., 1982) and patas monkeys Erythrocebus

patas pyrrhonotus (Isbell et al., 2009). Although solid food began to be

ingested at about 2 months in toque macaques (Figure 1d) and other

cercopithecids (Langer, 2003), the data imply that the early weaning,

at approximately 7 months, marked a more substantial shift to a

mixed milk‐solid diet and that final weaning from milk occurs at a

later age (12–20 months) (Dirks et al., 2010), as in the toque

macaques. This early period also coincides with rapid infant growth in

toque macaques (Cheverud et al., 1992) and other cercopithecids

(vervets: Lee, 1987; macaques: Saxton & Lotz, 1990; Tanaka, 1992).

4.4 | Weaning in other primates; early notice and
shutting down

The bimodal schedule of weaning, with peaks at 7 months and 11–13

months (Figure 3) has not been well defined in most studies, partly

because of the practical difficulties of determining the end of milk let‐

down especially in field studies (Borries et al., 2014). Our study has

shown, however, that some amount of milk was available for some

infants as old as 24 months in age (Figure 2). Nicolson (1982), too,

was able to express milk from Kenyan wild baboons (P. hamadryas) as

old as 15 months, and these baboons also had bimodal weaning

peaks at 7.5 and 11–13 months, and one infant still nursed at 22.5

months. In baboons (P. hamadryas anubis) from Uganda, Dirks et al.

(2010) identified accentuated lines of enamel in histological sections

of teeth that were indicators of stress during weaning, the first at 6

months with an inferred reduction of suckling frequency and the

second at 11 months at the cessation of suckling. Female howler

monkeys (Alouatta caraya) also enhanced weaning at these times

(Pavé et al., 2015). On a different timeframe, suited to apes

(Langer, 2003), Eckardt et al. (2016) showed that in wild mountain

gorillas (Gorilla beringei beringei) bimodal weaning peaks occurred at a

relatively early age (35–40 months) and a relatively late age (45–50

months) in synchrony with the availability of solid weaning foods

(tender bamboo) for infants composing these peaks. Given the long

periods of offspring care typical of primate life histories it is

understandable that the process of weaning would be timed to

12 of 21 | DITTUS and BAKER

 10982345, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajp.23584 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [21/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



promote the transition initially from milk to a mixed diet and finally

off milk altogether but on schedules that vary among taxa in keeping

with differences in digestive phenotypes (Langer, 2003), somatic

maturation (Lee et al., 1991; Reitsema & Muir, 2015; Reitsema

et al., 2016) as well as within species and population differences in

environmental and social conditions (Barrett et al., 2006; Pavé

et al., 2015) including the seasonal timing of births (Fürtbauer

et al., 2010).

4.5 | Supplemental lactation supports the
development of offspring foraging efficiency and
survival in a competitive society under harsh
ecological conditions

Weaned infants face challenges (Lee, 1996). Toque macaques forage on a

variety of natural foods involving more than 120 different food items

(Dittus, 1974). Juveniles are often supplanted from available food sources

by older dominant group members with the effect that the youngest

forage at food loci that are poorest in quality and quantity, at slower rates,

and for longer periods than older group members in fulfilling their daily

needs (Dittus, 1977a). Learning to forage efficiently among highly

competitive macaque group members and being subject to the vagaries

of a seasonally changing supply of water and food (Dittus, 1974; Hladik &

Hladik, 1972) invites risks to infant survival: 40%–50% of infants may die

in their first year of life (Dittus, 1975). In the present sample, 87% of the

infants whose mothers had milk survived to the birth of the next infant or

equivalent duration (18 months or more) in cases where the mother died.

These observations suggest that the extended period of supplemental

lactation is an adaptation of maternal investment to promote offspring

growth and survival under an often‐harsh seasonal natural environment in

a competitive society where individual survivorship and population

growth are capped by a limited supply of food and water (Dittus, 1977a;

Dittus et al., 2019). The contrasting shorter periods of lactation, or early

weaning, and lower infant mortality and superior body condition of

females under food provisioned conditions (Dittus, 1980, 2013; Lee &

Bowman, 1995; Reitsema et al., 2016) lends credence to this

interpretation.

Looking beyond the Cercopithecidae, the prolonged lactation of

6–8 years among wild orangutans (Pongo abelli and P. pygmaeus) also

has been attributed to environmental variability and uncertainty

(Smith et al., 2017) and their long IBIs to high survival by nursing

offspring (van Noordwijk et al., 2018). In humans, Barium analyses of

a fossil tooth suggested that Neanderthal children were subject to

primary weaning at 7 months followed by supplementary lactation

for an additional 7 months (Austin et al., 2013) in a pattern reflecting

that in wild toque macaques and other monkeys.

4.6 | Female reproductive costs and schedules

Pregnancy and especially early lactation are energetically costly in

mammals (Clutton‐Brock et al., 1989; Gittleman & Thompson, 1988;

Oftedal, 1984, 1991; Pond, 1977) including primates (Rosetta

et al., 2011). Therefore, extended maternal investment would be

expected to impact female reproduction. Female primates meet the

high energy demands of reproduction by engaging diverse strategies

(reviewed in Dufour & Sauther, 2002). These involved eating more

and better‐quality foods by wild baboons P. cynocephalus (Muruthi

et al., 1991), macaques M. assamensis (Touitou et al., 2021) and M.

nigra (Arismayanti et al., 2022) and/or minimizing energy expenditure

as in free ranging hamadryas (Barrett et al., 2006), or a combination

of both strategies as in chimpanzees Pan troglodytes (Murray

et al., 2009), as well as using up body tissue stores in baboons P.

hamadryas anubis (Bercovitch, 1987), and macaques M. nemestrina

(Maninger et al., 2000).

Whether female toque macaques mitigate the costs of repro-

duction with diet adjustment was not considered. Notwithstanding,

lactating females expended more time (or, energy) foraging than

nonlactating parous females (Figure 8). Furthermore, an earlier

investigation of body weight changes among 485 lactating nongravid

parous females indicated that they met the cost of lactation also by

using up stored bodily reserves, as is common among mammals

(Rogowitz, 1996) and suggested for wild baboons (Altmann, 1980;

Bercovitch, 1987); the effect of catabolism in toque macaques was

evident in a progressive loss of body mass with lactation duration

(tab. 3 in Dittus, 1998). Such maternal depletion of bodily resources is

expected to exert an effect on birth spacing because ovarian cycling

is sensitive to maternal energy balance, as laid out in the metabolic

load hypothesis (Ellison, 2003; Lunn et al., 1984; Valeggia &

Ellison, 2004, 2009). Consistent with this hypothesis, our results

also indicated that conditions that are predicted to draw on the

balance of maternal energy have the effect of extending the IBI.

These conditions include lactation (Figure 6a), relatively poor or

costly to attain natural food sources that are needed to replenish

maternal reserves (Figure 6b), and the diversion of energy towards

female growth among lactating primiparous mothers (Figure 6c).

The reduction of lactational amenorrhea and the IBI associated with

the death of nursing infants (Figure 6a) was observed similarly among

baboons (Altmann et al., 1978), bonnet macaques (Silk, 1990), and

Japanese macaques (Scucchi, 1984; Takahata et al., 1998; Tanaka

et al., 1970). Access to anthropogenic food in wild‐living toque macaques

underlay a reduction of the IBI by about 2 months from the 20 months

IBI among natural diet feeders (Figure 6b); both of these distributions,

however, were greater than the commonly observed IBI normatively of

10–14 months in provisioned primates, or in environments where food is

abundant (Asquith, 1989; Williams, 1986; macaques: Burton &

Sawchuk, 1982; Drickamer, 1974; Scucchi, 1984; Silk, 1990; Sugiyama

&Ohsawa, 1982; vervets: Fairbanks &McGuire, 1984; Lee et al., 1986). A

prolonged IBI, as in the toque macaques, agrees with that in other

primates subject to restricted natural diets (baboons: Altmann et al., 1978;

Gesquiere et al., 2018; Hill, 2000; Lycett et al., 1998; vervets: Hauser &

Fairbanks, 1988; Whitten, 1983; macaques: Fürtbauer et al., 2010;

Melnick & Pearl, 1987; Silk, 1990; Takahata et al., 1998). Relatively poor

food input in toque macaques slows the rate of reproduction also in other

ways: by retarding the female growth rate (Cheverud et al., 1992), raising
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the age of menarche (Figure 7), and extending the weaning age (a

secondary measure of lactation duration) (Figure 2). Other primate

species subject to natural food restrictions, too, exhibit retardation of

growth and delay of menarche (e.g., macaques: Koyama et al., 1992; Mori

et al., 1997; baboons: Altmann & Alberts, 2003, 2005; Bercovitch &

Strum, 1993).

In addition, young primate females often begin to reproduce

when they are still growing and face tradeoffs in investing some of

their bodily resources away from current reproduction towards their

own continued growth (Clutton‐Brock, 1991; Stearns, 1989). This has

the consequence of compromised reproductive outcomes (Hinde

et al., 2009) manifest, in part, by longer intervals between births

among primiparas compared to multiparas in toque macaques

(Figure 6c) and other primate species (baboons: Altmann et al.,

1988; mandrills M. sphinx: Setchell et al., 2002; Setchell & Wickins,

2004; and macaques: Hinde, 2009; Koyama et al., 1992).

The distribution of reproductive phases in parous females

indicated a full schedule whereby sexual cycling, pregnancy, or

lactation occupied most females (Table 1) to the extent that lactation

overlapped cycling and gestation (Figure 4). The combination of

lactation with pregnancy is metabolically highly costly with elevated

risks of infant mortality in humans (Molitoris, 2019;Wang et al., 2022).

Of the 346 parous females 8% (n = 29) were pregnant but continued

to provide milk for their older infants, albeit with decreasing numbers,

up to a maximum of 84 days or about half‐way into the duration of

the next pregnancy (Figure 5). These observations point to a

continuous lifelong cycle of costly reproductive engagement from

menarche to menopause. It is also consistent with expectations of

energy balance (Ellison, 2003; Lunn et al., 1984) that some females

were quiescent to conserve or restore bodily reserves following

weaning or the death of a new infant (Table 1).

4.7 | Maternal depletion, nutritional quality, and
age‐specific causes of infant mortality

Toque macaques feeding on a natural diet have approximately 2%

body fat like most wild mammals (Pond & Mattacks, 1987) including

wild‐feeding baboons (Altmann et al., 1993), and this is significantly

less than that among female primate counterparts on an enriched diet

(see review Dittus, 2013). Toque macaque infants are born with

virtually no body fat and mortality in the first year was 20%–50%

(Dittus, 1975; and unpublished), a mortality rate that is equivalent to

or somewhat greater than that observed in some other wild primates

(Altmann et al., 1977; Bronikowski et al., 2011). The paucity of body

fat in neonates points to little fallback resources for survival carried

over from gestation and a heavy reliance on milk for life support.

Lactating toque macaques that fed on a natural diet, too, had

relatively low body fat, and lose body weight with the duration of

lactation (Dittus, 1998). Persistent decreases in body fat over time

indicate a consistent state of negative energy balance (Gesquiere

et al., 2018). Under these nutritionally restrictive conditions among

lactating mothers significantly shorter IBIs were associated with

females whose infants died before the birth of the next infant

(Figure 11). Cause and effect are called into question, however; is the

IBI short because infants died from care independent sources such as

predation, disease, or infanticide (Kerhoas et al., 2014), or did infants

die because maternal care was curtailed (short IBI) (Lycett et al., 1998).

In this population, there is no evidence to suggest that extrinsic

sources were a major contributor to death among dependent infants

of engaged mothers (Dittus, unpublished). Instead, the observations

suggest that maternal depletion played a causal role in the mortality

of the youngest infants during primary lactation (Figure 9a). These

infant survival outcomes were reminiscent of similar ones among

humans (e.g., Wang et al., 2022) and rhesus macaques (Lee

et al., 2019) with high birth rates, albeit under richer food supplies

than available to wild toque macaques. Under natural conditions

where survival and population growth are environmentally and

socially constrained, we expect this pattern of maternal depletion

and infant mortality to be exacerbated. Short periods between births

reduce the time for lactating mothers to recover bodily resources

from the environment in support of their body condition and that of

their infants. We suggest that the high cost of lactation to maternal

energy balance that resulted from rapid reproduction (Figure 11), a

limiting food supply, especially a combination of both, depleted the

maternal body reserves for a minority of parous females to the extent

that they not only forfeited their ability to support infant survival

during primary lactation (Figure 9a) but also drove a significantly

higher proportion of mothers (57%) into quiescent recovery

(p < 0.001) when compared to the 24% of lactating mothers whose

infants survived (Table 1). This interpretation is consistent with the

maternal depletion syndrome commonly reported in humans (e.g.,

Wang et al., 2022) and recently in rhesus macaques (Lee et al., 2019)

and highlights the potentially multiple effects acting on maternal

depletion (Winkvist et al., 1992). The corollary implies that engaged

mothers of surviving toque macaque infants had sufficient bodily

reserves to support lactation for infant survival with significantly

fewer mothers (24%) in recovery. Access to superior nutrition

(presumably a matching maternal energy balance) through high rank

or rich food base has been linked to short IBIs in baboons (Barton &

Whiten, 1993; Gesquiere et al., 2018; Smuts & Nicolson, 1989),

macaques (van Noordwijk & van Schaik, 1999; Sugiyama &

Ohsawa, 1982), chimpanzees Pan troglodytes (Pusey et al., 1997;

Thompson et al., 2007), lemurs Propithecus verreauxi (Richard

et al., 2000) and toque macaques (Figure 6b), and for some of these

species also to increased infant survival in macaques M. fascicularis,

(van Noordwijk & van Schaik 1999); M. fuscata (Sugiyama &

Ohsawa, 1982); and chimpanzees (Pusey et al., 1997; Thompson

et al., 2007). The toque macaques fit this pattern insofar as superior

nutrition promoted maternal fatness (Figure 10) and infant survival,

but the duration of the IBI had no effect on infant survival under food

enrichment. It was only under the more restrictive natural diet that

prolonged IBIs (high maternal investment) were associated with

infant survival (Figure 11).

Although mortality during primary lactation among young

nursing infants (<8 months old) (Figure 9b) was significantly less
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than among their peers of dry mothers (Figure 9a), these survivors

eventually faced elevated risk of mortality between 10 and 18

months (Figure 9b). The latter coincided with a final peak in

behavioral weaning (Figure 1c) and the transition from supplemental

lactation to solid food (Figure 1d) when the youngsters' handicap in

resource competition with dominant group members (Dittus, 1977a)

played a greater role in their nutrition and survival (Figure 9b) than

nursing (Figures 1a and 2).

4.8 | Lactation duration in relation to reproductive
seasons

In mammalian evolution, Dall and Boyd (2004) noted that lactation

offers the female mammal to cope with unreliable food supplies.

Potential maternal depletion suggests that nutritional support in a

variable natural environment close to ecological carrying capacity for

primates can, however, limit lactational support for infants and that

the withdrawal from lactation that kills dependent infants safeguards

maternal bodily resources for her own survival and prospects for

future reproduction (Lee et al., 1991; Trivers, 1974; Williams, 1966).

Empirical support for this phenomenon has been observed in a

variety of other mammals (vervet monkeys: Fairbanks &

Mcguire, 1995; Lee, 1984; bighorn sheep: Berger, 1979; grizzly

bears: Tait, 1980). The extended period of lactation, reflected in long

IBIs would be expected to promote infant survival in harsh

environments as shown for the mountain baboons of Drakensberg,

South Africa (Lycett et al., 1998), and in the present study where

80.6% (279/346) of born infants did survive up to at least 1 year and

71.4% (247/346) lived to 2 years; the balance of 19.4% and 28.6% of

infants died up to these ages, respectively.

The timing of conception is a female gamble on unreliable future

food supplies for energy intake in support of reproductive costs, and

along with other sources of infant mortality, risks reproductive

failure. The observation of nonstop costly reproductive effort from

menarche to menopause with little respite for recovery as manifest in

toque macaques, or rapid reproductive rate with short IBIs in rhesus

macaques and humans suggests that the risks of failure from initiating

reproduction are less than slowing the rate of new reproductive

attempts. The all‐out reproductive effort appears as an adaptive

strategy in contexts where it is difficult to predict postconception

environments to support peak energy requirements for reproduction

and suggests that natural selection would favor the timing of

conception in accordance with environmental cues (daylength,

seasonal weather) that predict future supplies of quality food and

water that are best suited to support maternal condition during peak

lactation and/or infant weaning foods, a topic that has received much

attention in the literature (e.g, Barrett et al., 2006; Bercovitch &

Harding, 1993; Foerster et al., 2012; Jönsson, 1997; van Schaik &

Brockman, 2005). The fact that toque macaques exhibit a broad birth

season suggests that females attempt adaptive timing of reproduc-

tion in relation to environmental cues and that this would contribute

to the onset of weaning or the observed variation in lactation

duration after the first 7 months up to which infant age all mothers

provided milk (Figure 2).

4.9 | Terminal investment

Female toque macaques accumulate injuries (Dittus &

Ratnayeke, 1989) and lose body weight with age (Cheverud

et al., 1992) that are indicative of declining body condition and

social status as they approach menopause (Ratnayeke, 1994). Despite

their infirmities, however, two old females past 27 years of age

provided milk for their last offspring, before menopause and death,

for the longest period of lactation (>24 months) in the sample. Their

behavior is consistent under the hypothesis of terminal investment

(Clutton‐Brock et al., 1984; Gadgil & Bossert, 1970; Pianka &

Parker, 1975; Trivers, 1972).
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