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Abstract

Among mammals, post-reproductive life spans are currently documented only in humans and a 

few species of toothed whales. Here we show that a post-reproductive life span exists among 

wild chimpanzees in the Ngogo community of Kibale National Park, Uganda. Post-reproductive 

representation was 0.195, indicating that a female who reached adulthood could expect to live 

about one-fifth of her adult life in a post-reproductive state, around half as long as human hunter-

gatherers. Post-reproductive females exhibited hormonal signatures of menopause, including 
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sharply increasing gonadotropins after age 50. We discuss whether post-reproductive life spans 

in wild chimpanzees occur only rarely, as a short-term response to favorable ecological conditions, 

or instead are an evolved species-typical trait as well as the implications of these alternatives for 

our understanding of the evolution of post-reproductive life spans.

Abstract

INTRODUCTION: It is not obvious why selection should favor menopause or the continued 

survival of individuals that can no longer reproduce. Among mammals, substantial numbers of 

post-reproductive females living under natural conditions in the wild have only been observed in 

humans and a few whale species. The rarity of this trait makes it both interesting and difficult 

to study. Data from our close primate relatives are especially valuable for the reconstruction 

and causal modeling of human life history evolution. In this study, we combined demographic 

and hormonal data to investigate post-reproductive life spans and their underlying physiological 

mechanisms in chimpanzees (Pan troglodytes schweinfurthii), who, along with bonobos, are 

humans’ closest living relatives.

RATIONALE: We examined the mortality and fertility rates of 185 female chimpanzees in 

the Ngogo community of wild chimpanzees in Kibale National Park, Uganda, from 21 years 

of observation (1995–2016). We calculated the demographic measure PrR (post-reproductive 

representation), representing the fraction of adult life spent in a post-reproductive state. Human 

menopause, the nonpathological and permanent cessation of ovarian function resulting from the 

depletion of ovarian follicles, is reflected in increasing levels of follicle-stimulating hormone 

(FSH) and luteinizing hormone (LH) and decreasing levels of ovarian steroid hormones (estrogens 

and progestins). To assess whether Ngogo females undergo humanlike menopause, we analyzed 

age-associated trends in five hormones measured in 560 urine samples from 66 females of varying 

reproductive status and age (range: 14 to 67 years).

RESULTS: As in other chimpanzee populations and humans, fertility declined after age 30, and 

no births were observed after age 50. Unlike other chimpanzee populations, but as in humans, it 

was not unusual for Ngogo females to live past the age of 50 ( N = 16 females). The observed PrR 

value was 0.195, indicating that a female who reached adulthood (age 14) was post-reproductive 

for about one-fifth of her adult life, around half as long as human hunter-gatherers. Hormonal 

measures show that Ngogo females experience a reproductive transition similar to that of humans, 

characterized by increasing levels of FSH and LH and declining levels of estrogens and progestins 

as they undergo menopause.

CONCLUSION: Menopause ends reproduction around the age of 50 in both humans and wild 

chimpanzees. Substantial PrR has not been previously observed in any wild primate population, 

chimpanzees included. One explanation for this discrepancy is that substantial PrR could be a 

temporary response to unusually favorable ecological conditions at Ngogo, including low levels of 

predation, high food availability, and successful between-group competition. A second possibility 

is that substantial PrR is an evolved, species-typical trait in chimpanzees, which has not been 

observed elsewhere owing to recent negative human impacts, especially disease epidemics. The 

grandmother hypothesis suggests that older females could evolve to live past their reproductive 

years to help increase their daughters’ fertility or their grandoffsprings’ survival. This is unlikely 

to apply to chimpanzees, whose aged females generally live apart from their daughters, as 
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daughters leave their natal groups at adulthood. In the context of female-biased dispersal, a more 

relevant theory may be the reproductive conflict hypothesis, which highlights the fact that after 

migrating into a new group, females become increasingly related to other group members as they 

age and face competition with younger females for limited breeding opportunities. The oldest 

females might stop reproducing in order to limit the inclusive fitness costs of that competition. 

The grandmother and reproductive conflict hypotheses are not mutually exclusive alternatives, and 

both may be required to explain why all human societies have higher PrR than documented here 

for chimpanzees. ■

Graphical Abstract

Three post-reproductive female chimpanzees. From left to right are MARL (died at age 69), 

MAR (died at 64), and Sutherland (still living at age 61).

In most wild vertebrates, the period of survival past the age of last reproduction is short, but 

the evolution of long life spans in humans is associated with a substantial post-reproductive 

period. In this study, we investigated whether a population of wild chimpanzees with long 

life expectancy experience menopause and exhibit significant post-reproductive survival. 

Demographic and behavioral data have been collected from the Ngogo community of wild 

chimpanzees in Kibale National Park, Uganda, since 1995. We examined demographic data 

covering the years 1995–2016, including 1611 chimpanzee risk years (i.e., the cumulative 

time that individuals in this study were demographically monitored) for measures of female 

mortality and fertility (n = 185 females). To assess post-reproductive survival at Ngogo, we 

calculated rates of fertility and survivorship across all ages, identified females that lived well 

beyond their last births, and calculated the post-reproductive representation (PrR) statistic 

(1), which represents the fraction of female adult years lived in a post-reproductive state.

In humans, reproductive cessation occurs by means of menopause, the permanent 

nonpathological age-associated cessation of ovarian function resulting from depletion of 

the lifetime supply of ovarian follicles (2). However, there are many other potential causes 

of sterility that can manifest with age, such as fetal loss, endometriosis, or infections 

in the reproductive tract (3). Studies of captive chimpanzees have produced conflicting 

evidence about the timing or existence of menopause, probably because researchers have 

used different measures of follicular depletion (e.g., postmortem counts of ovarian sections, 

observations of sexual swellings) and have included very few individuals in the age 

range where menopause is expected to occur (4–7). To assess whether Ngogo female 

chimpanzees experience menopause, we analyzed variation in the concentration of five 

hormones diagnostic of menopause. These were measured in 560 urine samples from 66 
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females that differed in reproductive status and age (range: 14 to 67 years). We compared 

the patterns found in our sample of chimpanzees with those from previous endocrinological 

studies of human females.

Results

Post-reproductive representation

The pattern of fertility at Ngogo resembles that in other chimpanzee communities (Fig. 1A). 

Probabilities of giving birth per year decline after around age 30, and reproduction ends near 

age 50, as in humans (8, 9). However, whereas females in other chimpanzee communities 

rarely live past age 50, 16 females at Ngogo have survived past this age (Fig. 1B).

We categorized females as post-reproductive if they were at least 40 years old and lived a 

long time after their last birth, using the definition provided by Caro and colleagues (10). 

This definition identifies post-reproductive females as those who lived past the age of their 

last reproduction for longer than the mean plus two standard deviations of successful, closed 

interbirth intervals for their population. We calculated this value as 7.9 years at Ngogo 

[5.5 + (2 × 1.2)]. Eleven of the 34 Ngogo females who survived to age 40 (32.4%) were 

post-reproductive by this criterion (Fig. 2). Nine of these 11 females lived at least 10 years 

past their age of last reproduction, and, on average, they were observed for 14.1 years 

without giving birth (SD = 4.6) (Fig. 2). Six of the 11 post-reproductive females lived past 

the end of our formal observation window in 2016, including three who are still alive now 

(as of 12 October 2023).

This demographic approach for assaying post-reproductive life spans has several short-

comings (1). The criterion of living 7.9 years beyond their last birth is likely to miss 

identifying truly post-reproductive females who died before reaching that milestone 

(i.e., false negatives). Furthermore, if interbirth intervals increase with age, some “post-

reproductive” females may yet reproduce in the future (i.e., false positives), although none 

of the three living females in the sample have done so at the time of this writing. Finally, 

even if senescence of the reproductive system typically occurs at the same rate as senescence 

of the rest of the body, some individuals will deviate from this pattern and stop reproducing 

well before they die. These considerations indicate the need for alternative methods to 

determine whether the frequency and duration of post-reproductive life spans are sufficiently 

large to reject the null hypothesis that somatic and reproductive senescence occur in parallel.

A more informative demographic approach is to calculate the post-reproductive 

representation (PrR) statistic, which represents the fraction of female adult years lived in 

a post-reproductive state. This statistic can be validly compared across populations that vary 

in longevity. The calculation uses the equation

PrR = TM /TB

where TM is the expected life years lived beyond age M, TB is the expected life years lived 

beyond age B,  M is the age at which 95% of lifetime fertility has been realized, B is the age 

at which 5%lifetime fertility has been realized, and TM is calculated from life tables using 
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the formula Tx = lx × ex, where lx is the proportion of individuals surviving to exact age x, and 

ex is future life expectancy at x.

When survival and fertility decline in parallel, PrR will be near 0. The statistical significance 

of PrR values greater than 0 can be determined through demographic simulations based 

on the null hypothesis that declines in survivorship and age-specific fertility occur 

simultaneously and at the same rate (1). Applying these formulas yields values of 14 years 

for B and 47 years for M at Ngogo, which results in values of TM = 4.88, TB = 24.97, and 

PrR = 0.195. This PrR value of 0.195 indicates that an Ngogo female who reaches adulthood 

can expect to live about one-fifth her life in a post-reproductive state. This PrR value is 

significantly different from 0 (see materials and methods), leading us to reject the null 

hypothesis of parallel declines of survivorship and fertility.

In a study of 52 wild mammal species, including nine nonhuman primates, 49 had PrR 

values close to 0 (range: 0 to 0.036) and not statistically different from chance under the null 

hypothesis of parallel declines of survival and fertility (11). Similarly, in a study of seven 

wild nonhuman primate species, including one chimpanzee population with PrR = 0.022, 

PrR ranged from 0.02 to 0.06 (12). Results of prior studies on primates specifically are 

summarized in Table 1. Only in humans (e.g., Hadza hunter-gatherers, PrR = 0.443), killer 

whales (0.309), and short-finned pilot whales (0.260) has PrR been shown to be sufficiently 

large to reject the null hypothesis of concurrent reproductive and somatic senescence under 

conditions of natural fertility and mortality. Our results are thus the first documentation of 

a wild nonhuman primate population that exhibits substantial and statistically significant 

post-reproductive representation.

Hormonal indicators of menopause

In humans, formal diagnosis of menopause typically occurs retrospectively, after a woman 

has experienced 12 months of amenorrhea; this method of diagnosis is difficult to implement 

given the observational methods used to study wild chimpanzees. However, menopause 

also results in a clear endocrinological signature in humans. As follicular stocks near 

depletion, the ovaries cannot sustain the levels of estrogen and progesterone production 

necessary for ovulatory cycles. The pituitary gonadotropins luteinizing hormone (LH) and 

follicle-stimulating hormone (FSH) fail to elicit the expected steroid response, and secretion 

of these hormones consequently increases via negative feedback.

Endocrinological analyses confirm that Ngogo chimpanzees experience menopause (Figs. 

3 and 4). As observed in humans, concentrations of ovarian steroid hormones (estradiol, 

estrone, and pregnanediol, a metabolic product of progesterone) were lower in post-

reproductive females (defined as above: ≥7.9 years since last birth at the time of sample 

collection) than in reproductive females who were regularly experiencing sexual swellings 

and thus experiencing ovarian cycles at the time of sample collection (2016–2018) (Fig. 3, D 

to F, and table S1). In another similarity to humans, post-reproductive female chimpanzees 

showed ovarian steroid hormone concentrations comparable to those of lactating females, 

indicating the absence of ovarian cycles in both groups (Fig. 3, D to F, and tables S1 and 

S2).
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In humans, the largest change in reproductive hormones across the menopause transition 

involves gonadotropins. LH and FSH levels spike briefly before ovulation in normally 

cycling women but are otherwise low, whereas both of these hormones increase and remain 

elevated from perimenopause into the postmenopausal period. In serum, mean LH levels are 

two to five times higher and FSH levels are 3 to 15 times higher in post-reproductive women 

than in reproductive women, although these differences are also influenced by variation 

in age and breastfeeding status (13–15). Limited data suggest that the differences may be 

smaller for urine, with one recent study reporting mean urinary FSH levels approximately 

two times higher in post-reproductive individuals than in reproductive individuals (16). 

Although methodological differences limit the utility of precise quantitative comparisons, 

the differences in gonadotropin levels observed between reproductive and post-reproductive 

Ngogo chimpanzees fell within the range seen in human females. Post-reproductive Ngogo 

chimpanzees had median LH levels 5.6 times higher and FSH levels 5.4 times higher than 

those of reproductive females (samples collected from 2016 to 2018) (Fig. 3, A and B, 

and table S2). In a smaller set of samples collected 10 years earlier using a different assay 

and including some individuals not available in the later set of samples, FSH levels were 

1.8 times higher in post-reproductive than in reproductive individuals (2006–2007 samples) 

(Figs. 3C and 4C and table S2). Individual-level patterns in the 2016–2018 data (fig. S1) 

show that all post-reproductive females had FSH and LH values that were higher than the 

median for reproductive females, except for the post-reproductive female with the earliest 

age of reproductive cessation (individual ARE, 34 years) (Fig. 2). ARE’s reproductive 

cessation may have therefore been due to a nonmenopausal form of secondary sterility, or 

she may have been in the early stages of perimenopause, and we underestimated her age 

(which in our study is generally more likely than age overestimation; see the Materials and 

methods section).

To verify that reproductive cessation generally occurred as a result of menopause rather 

than other pathological causes, we also examined the shape of changes in ovarian steroid 

hormones and gonadotropins with age. If Ngogo female chimpanzees follow a humanlike 

pattern of FSH changes accompanying menopause at around 50 years of age, there should 

be modest increases in their FSH levels beginning in their 30s, continuing into their early 

40s, and then followed by a more acute increase starting around age 45 (13, 17, 18). LH 

concentrations are expected to remain relatively stable before rising in the mid to late 40s 

(18).

Consistent with the human pattern, FSH and LH increased with age (Fig. 4, A to C). To 

examine the shapes of these relationships, we evaluated alternative regression fits using 

Akaike’s information criteria corrected for small sample sizes (AICc). For the larger 2016–

2018 sample, changes in both FSH and LH exhibit steeply increasing nonlinear relationships 

with age beginning in the mid-40s, rather than linear relationships (Fig. 4, A and B, and 

table S3). In the 2006–2007 sample, the positive association between age and FSH is best 

described as a linear relationship (Fig. 4C and table S4), although this result probably stems 

from a smaller sample size and the inclusion of very few samples from females between the 

ages of 20 and 50 years. As in humans, gonadotropin production accelerated around the age 

of typical last reproduction at 50 years.
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As Ngogo females age, they produce lower levels of ovarian steroids, especially after the 

age of 40. Figure 4, D to F, illustrates these age-related decreases in urinary estradiol, 

estrone, and pregnanediol among nonbreastfeeding Ngogo females. Post-reproductive 

Ngogo females exhibited uniformly low levels of ovarian hormones compared with 

reproductive females, a pattern also observed in human females (19).

Figure 5 compares standardized measures of gonadotropins and ovarian hormone 

concentrations in Ngogo females with those of women between the ages of 25 and 60. 

Because laboratory techniques and units of measure differ across these studies, we have 

standardized the measures of hormone concentration by their mean values within each study 

across the age range of 25 to 60, the age range of the human studies. Both species exhibit 

broadly similar patterns of increasing FSH and LH and declining estrogens and progestins as 

they undergo menopause.

We recognize that while our samples sizes are large by primatology standards, they are 

much smaller than those in human studies. Also, our age estimates—particularly those 

for older females—contain error that is not present in studies of human females (see 

Materials and methods section “Age estimation”). But even considering these limitations, 

the similarity across species in the age trends of urinary FSH, LH, estrogens, and progestins 

is considerable. In sum, the combination of demographic and hormonal data indicates 

that reproductive cessation in both humans and chimpanzees is caused by a common 

physiological factor, which is menopause, and that this occurs at a similar age of around 

50 years in both species.

Discussion and conclusions

Although the occasional presence of old, non-reproductive females has been reported 

in other wild chimpanzee communities (4, 9), demographic studies have not previously 

provided evidence for substantial post-reproductive survival in any wild population. The 

primary reason for this contrast is that the Ngogo chimpanzees exhibit higher survival rates 

than those in other populations studied in the wild, where only a few female chimpanzees 

have been observed to live beyond the age of 50. This demographic difference can be 

interpreted in two distinct ways, both of which have implications for understanding the 

evolution of this rare trait in humans.

The first possibility is that the long life spans of the Ngogo chimpanzees are a temporary 

demographic response to unusually favorable ecological circumstances. In captivity, or 

so-called “protective” environments, some mammal species, including chimpanzees, exhibit 

significant female post-fertile reproductive survivorship (Table 1). Leopards were extirpated 

from Kibale National Park by human hunters in the 1960s, and leopard predation may 

historically have been an important source of chimpanzee mortality, although this claim is 

contested (20–22). While hunters from the high-density human population surrounding the 

park have occasionally killed Ngogo chimpanzees using snares, metal spears, and trained 

packs of dogs, no such cases were known to occur during the study period (23). It is 

thus possible that hunting by humans was a larger source of mortality in chimpanzees’ 

overall long-term evolutionary history than currently occurs at Ngogo. Dietary quality is 
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also high at Ngogo; the local fruit supply is more abundant and stable, and chimpanzees 

there consume considerably more meat than those in the nearby Kanyawara community 

(24–26). The Ngogo chimpanzees have been more successful in between-group competition 

than chimpanzees in other communities. They expanded their territory by 22% in 2010 

after a decade of intense territorial boundary patrolling and killing in the area of the 

expansion (27). Finally, the Ngogo chimpanzee population grew over the study period, with 

a net reproductive rate (R0) of 2.0, which suggests that their high survivorship cannot be 

representative of the long-term evolutionary history of the species.

If the substantial post-reproductive life spans observed in chimpanzees are only a temporary 

response to favorable and protective ecologies, this would offer insight into the early 

stages of its evolution as a species-typical trait in humans. Population genetic theory 

predicts, and empirical research confirms, that the power of selection to modify a trait 

depends on the amount of its standing genetic variation present in the population (28). 

Substantial post-reproductive life spans cannot evolve as a species-typical trait unless there 

already exist in the population individuals who outlive their own reproduction (i.e., post-

reproductive viability) (29). In populations where there are individuals surviving beyond 

their reproductive years, natural selection can effectively translate the potential indirect 

fitness benefits of ceasing reproduction into a life stage for the species. The capacity for this 

demographic response in the last common ancestor humans share with chimpanzees would 

thus provide modest support for the plausibility of substantial post-reproductive life spans 

evolving earlier in hominin evolution [around 1.8 million years ago, at the emergence of 

Homo erectus, as discussed in (30)] rather than only very recently (around 50 thousand years 

ago, at the dispersal of Homo sapiens from Africa).

The second possibility is that substantial post-reproductive survivorship has been common 

in the evolutionary history of chimpanzees, but it is not exhibited by contemporary 

populations elsewhere because of recent environmental changes caused by humans. With 

one exception [Tai Forest (31)], previous demographic studies of chimpanzees have been 

conducted on populations living in habitats that were more heavily logged for forestry or 

agriculture within the past 100 years than Ngogo and are thus composed of less primary, 

old-growth forest (32–35). In addition, their close evolutionary relationship to humans 

makes chimpanzees extremely vulnerable to respiratory viruses that originate in humans 

and to which they have little developmentally acquired adaptive immunity or evolutionarily 

acquired genetic immunity [see review in (36)]. The devastating impact of human diseases 

was made clear by an outbreak of human meta-pneumovirus at Ngogo that killed 12.2% 

of the individuals in the community in early 2017, after the period under study here (37). 

The Ngogo chimpanzees had not previously suffered any known major disease outbreaks, 

and they have lower viral richness and load than the Kanyawara chimpanzee community, 

which lives at the edge of the park and has more contact with humans (38). Although 

more systematic research is needed, one study (39) concluded that anthropogenically caused 

habitat loss and disease epidemics are likely the main drivers of the substantial variability 

in survival rates observed across chimpanzee populations and for the fact that most 

have recently experienced devastating declines. The negative growth rates of non-Ngogo 

chimpanzee populations, like the positive growth rate of Ngogo, indicate that their patterns 
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of survivorship and fertility also cannot represent the long-term average for the species. 

Comparative data suggest that favorable ecological conditions promoting population growth 

do not alone account for the emergence of substantial post-reproductive representation, as 

six other species of wild primates studied by Bronikowski and colleagues (40) have also 

grown at robust rates similar to those of the Ngogo chimpanzees (R0 range: 1.51 to 2.37) yet 

do not show substantial post-reproductive life spans.

If substantial post-reproductive life spans were more common in the evolutionary history 

of chimpanzees, this would have additional implications for evaluating arguments for the 

evolution of prolonged post-reproductive life spans. A prominent adaptive evolutionary 

explanation for the evolution of substantial post-reproductive life spans in humans is the 

grandmother hypothesis (41, 42), some versions of which state that the indirect fitness 

benefits that post-reproductive females gain by helping their daughters to reproduce 

or their grandoffspring to survive are greater than the direct fitness costs of ceasing 

reproduction. However, whether such indirect fitness benefits are sufficiently large to 

outweigh the direct fitness costs of ceasing direct reproduction in humans is controversial 

(43, 44). Such indirect fitness benefits would likely be even smaller in chimpanzee-like 

social contexts. Chimpanzee males typically remain in the communities in which they 

were born for their entire lives. By contrast, females typically disperse from their natal 

community to reproduce in others, where they remain until they die (45). Unlike humans, 

chimpanzees cannot maintain long-distance helping relationships with individuals who 

reside in different communities (46, 47). Thus, female dispersal limits opportunities for 

chimpanzee grandmothers to help either their daughters or their daughters’ offspring, 

who will generally live elsewhere. Post-reproductive chimpanzee females could potentially 

help their sons reproduce, but current evidence suggests that unlike female bonobos, they 

do not do so. The difficulties of recognizing paternal kin under a highly promiscuous, 

polygynadrous mating system probably limits the ability of females to help their sons’ 

offspring survive (48–51).

Another prominent adaptive evolutionary explanation for substantial post-reproductive 

life spans is the reproductive conflict hypothesis (52). This hypothesis suggests that in 

certain contexts, older females will compete with younger females for limited reproductive 

opportunities. In dispersal and mating systems where female relatedness to other breeders 

and their offspring increases with age, the net benefits of continued reproduction at advanced 

ages are low, because reproduction imposes costs on relatives. This pattern of age-graded 

local relatedness occurs under the system of male philopatry and female dispersal that 

characterizes chimpanzees and, more controversially, may be ancestral in humans and their 

hominin relatives (52–56). Some of the assumptions of the reproductive conflict model have 

been supported in empirical tests with killer whales (57), but similar investigations have led 

to mixed results in humans (58) and long-finned pilot whales (59).

The grandmother hypothesis and the reproductive conflict hypothesis are not mutually 

exclusive alternatives, and both may be required to explain why humans have evolved 

a robust post-fertile life stage. Even in the harshest socio-ecological conditions, human 

communities still have a higher representation of post-reproductive individuals compared 

with Ngogo chimpanzees. For example, under the extreme conditions of plantation era 
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slavery in Trinidad, historical demographers estimate that a PrR of 0.302 was maintained (1, 

60), which is about 1.5 times that seen at Ngogo.

In sum, while the evolution of menopause and a substantial post-reproductive life span 

remains unclear, our results show that these traits can emerge in a chimpanzee population 

that has experienced a low level of human impact. The capacity for long post-reproductive 

life spans observed in contemporary humans may not have evolved de novo in our hominin 

ancestors but instead built on existing genetic variation in the last common ancestor we 

shared with chimpanzees. Our documentation of the survival of post-reproductive females at 

Ngogo required an extensive and ongoing research effort, and it will be crucial to invest in 

long-term studies across diverse ecological settings to better understand whether substantial 

post-reproductive life spans in chimpanzees emerge only rarely in particularly favorable 

ecological circumstances or are actually more common. There are currently insufficient data 

on survival and fertility in chimpanzees’ sister species bonobos (Pan paniscus) to ascertain 

whether substantial post-reproductive life spans also occur in this species, and if so, under 

what conditions. Filling these gaps in knowledge about post-reproductive life spans in 

humans’ two closest living relatives will be important for our understanding of the evolution 

of this rare and puzzling trait.

Materials and methods

Study site

All demographic and endocrinological data from females came from the Ngogo community 

of chimpanzees. Ngogo is located in Kibale National Park, southwestern Uganda. The 795 

km2 park is centered at ~0.5°S and 30.4°E. The vegetation of the park is mostly moist 

evergreen or semi-deciduous forest, transitional between lowland and montane forest (33). 

The Ngogo study area is in the center of the park, at altitudes between 1400 and 1470 

m. Ngogo receives ~1500 mm of rainfall annually, concentrated in March to May and 

September to December (61, 62). The vegetation is typically dry-ground forest that includes 

large tracts of old growth forest and early- to mid-stage colonizing forest regenerating 

from anthropogenic grassland (63). Anthropogenic grasslands still cover some of the study 

area, which also includes swamp forest, bush dominated by Acanthus pubescens, and a 

papyrus (Cyperus papyrus) swamp (64). The chimpanzees at Ngogo use the old-growth 

forest predominately and stay entirely within the park. Ngogo is surrounded on all sides 

by other communities of chimpanzees and does not abut areas occupied by humans. 

Consequently, the chimpanzees do not eat crops but instead rely entirely on wild foods. 

Veterinary interventions have been limited to the removal of a snare from one adult male.

Demographic data

Our prior study of mortality (65) provides in-depth descriptions of our methods of 

demographic data collection, age assessment, and parentage assignment. Information on 

Ngogo chimpanzee births, interbirth intervals, age-specific fertility rates (ASFR), and post-

reproductive survivorship are reported here for the first time, using data that span the 

years 1995–2016, including 306 individual chimpanzees and 3108 chimpanzee-risk-years 

of observation. Owing to the large size of the Ngogo community, the Ngogo demographic 
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database is among the largest available for any wild chimpanzee community. This sample 

includes 185 females and 1611 risk years of observation.

Because the Ngogo chimpanzees have only been observed continuously since 1995, the ages 

of the oldest chimpanzees were necessarily estimated through morphological comparisons 

with known-aged individuals and genetically determined kinship relationships [as in (65, 

66) and see Materials and methods section “Age estimation”]. However, our demographic 

and physiological data on reproduction provide a strong internal validation of these 

age estimates. First, ASFR at Ngogo closely accord with data from other chimpanzee 

populations (Fig. 1). Second, the ages of post-reproductive females and ages at which FSH 

and LH levels increased exceeded the maximum ages of the majority of chimpanzees 

previously described from the wild, suggesting why long post-reproductive life spans 

were found at Ngogo but not elsewhere (Fig. 4). As a robustness check, we created a 

simulation model that generates alternative schedules of mortality and fertility, on the 

basis of a reasonable model of age estimation error. Including these influences of age 

estimation error, Ngogo post-reproductive representation (PrR) remains substantial and 

significant (Materials and methods section “The statistical significance of post-reproductive 

representation is robust to error in age estimates”). When we subsample our data and focus 

only on individuals who were precisely aged, we also find that Ngogo survivorship is 

high, consistent with our general results (Materials and methods section “Precisely aged 

individuals show low mortality among the Ngogo chimpanzees”).

Interbirth intervals

Seventy-four females gave birth at Ngogo during the study, to a total of 175 offspring. 

We also identified 37 additional mother-offspring dyads through genetic analyses and 

observations of especially close interactions between females and young. Births that 

occurred before our observation period were not included in our analyses of ASFR or 

interbirth intervals, but they did allow us to infer whether some females had ever given 

birth. We identified closed, successful interbirth intervals at Ngogo—that is, those closed 

interbirth intervals in which first offspring survived to at least 4 years of age n = 75 . The 

mean duration of these intervals was 5.5 years (SEM = 0.14) and the standard deviation was 

1.2 years.

Demographic measure of post-reproductive life span

We sought to identify older females who had not reproduced for an extended period and who 

were thus strong candidates for having experienced menopause (Fig. 1). We defined “older” 

as estimated to be at least 40 years and “extended period” as the population mean interbirth 

interval plus two standard deviations (7.9 years).

The PrR statistic is constructed from the observed life tables of survivorship and fertility 

and should be near zero for species in which a substantial female post-reproductive life span 

does not occur. However, owing to sampling variation, a nonzero PrR value is insufficient 

evidence to conclude that post-reproductive representation is generally greater than zero 

in a study population. Levitis and Lackey (1) present a demographic simulation procedure 

that generates PrR values from the null hypothesis that age-specific fertility rates mx  and 
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survivorship lx  decline in parallel after the age of peak fertility. The observed age-specific 

fertility rates mx  are used to construct a smoothed model of monotonically declining 

fertility after the age of peak fertility. This fertility decline model is then used to construct 

the predicted survivorship lx  that would be anticipated if the null hypothesis were true, that 

is, if declines in survivorship were in parallel with and directly proportional to declines in 

fertility. Using the observed mx and null-predicted survivorship values lx , 1000 simulated 

populations are then created, each with its own corresponding null-predicted PrR statistic. 

The distribution of these null PrR values is then compared with the observed PrR. The P 

value for this significance test is the number of null-simulated populations with higher PrR
values than the observed PrR, divided by 1000. In our case, no null-simulated populations 

had a PrR value higher than 0.196; thus, our P value is <0.001.

Collection and measurement of urinary reproductive hormones

Most urine samples were collected opportunistically from individually identified female 

chimpanzees between 1 March 2016 and 11 May 2018. A second smaller dataset of urine 

samples from which we only analyzed FSH was collected between 28 May 2006 and 25 

November 2007. Urine was pipetted from plastic sheets or leaves (67) and transferred 

to collection vials. Vials were stored in a cooled thermos until the collector returned to 

camp then deposited in a solar-powered freezer at −20°C. Samples designated for steroid 

measurements were transported on dry ice from Uganda to Germany, where they were 

stored at −80°C until they were analyzed. Similarly, samples designated for gonadotropin 

measurements were transported on ice from Uganda to the United States and stored at 

−80°C.

Urine samples collected in 2016–2018 were analyzed for gonadotropins FSH and LH 

in the Comparative Human and Primate Physiology Center at the University of New 

Mexico, Albuquerque, NM, USA. FSH and LH data from 2016–2018 were assayed using 

commercial enzyme-linked immunosorbent assays from MP Biomedicals with a sensitivity 

of 1.5 mIU/ml FSH and 1.0 mIU/ml LH. Interassay coefficients of variation (CVs) were 

9.1% (low control) and 8.6% (high) for the FSH assay and 6.7% (low) and 13.4% (high) 

for the LH assay. Intrassay CVs, calculated as the mean CV of duplicate determinations, 

averaged 10.1% for both assays.

Urine samples from 2006–2007 were analyzed for FSH at the Smithsonian Conservation 

Biology Institute, Front Royal, VA, USA. FSH (LER-1976A) was iodinated following the 

protocol described in (68). Urine FSH was quantified by a iodine-125 double-antibody 

radio-immunoassay (RIA), with some modifications. The RIA used an anti-ovine FSH 

primary antibody (JADLER 178) and ovine LH label and standards (NIDDK-FSH-S16) in 

a phosphate-buffered saline (PBS)–based (0.01 M PO4, 0.9% NaCl, 0.5% bovine serum 

albumin, 2 mM EDTA, 0.01% thimerosal, pH 7.4) buffer system. It was incubated in 

a total volume of 500 μl in 12 mm by 75 mm borosilicate tubes at room temperature. 

Standards (100 μl) and/or sample were added to PBS (200 μl), followed by addition of 

primary antibody (1:25,000, 100 μl) and incubation for 24 hours. Iodine-125 FSH tracer 

(~25,000 counts per minute, 100 μl) was added and the tubes incubated for an additional 
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24 hours. Antibody-bound complexes were precipitated by centrifugating at 3000g for 25 

min after a 1 hour incubation with goat anti-mouse gamma globulin (1:300, 1 ml in PBS 

containing 5% polyethylene glycol, 8000 molecular weight, Sigma Chemical Co., St. Louis, 

MO). The antibody typically bound 30% of the iodinated tracer with ~5% nonspecific 

binding. Assay sensitivity was 0.25 ng/ml. The assay was validated for chimpanzee urine 

by demonstrating (i) parallelism between dilutions of pooled urine and the standard curve 

and (ii) significant recovery (>98%) of FSH standard added to non-estrous chimpanzee urine 

(y = 0.912x + 4.998, r = 0.993).

Urine samples collected in 2016–2018 were analyzed for steroid hormones in the 

Department of Primatology at the Max Planck Institute for Evolutionary Anthropology, 

Leipzig, Germany. Each sample underwent extraction before measurement using a 

modification of Hauser et al. (69) in which we combined each sample with an internal 

standard, performed hydrolysis with β-glucuronidase derived from Escherichia coli, 
and performed solvolysis with ethyl acetate and sulfuric acid. Estradiol, estrone, and 

pregnanediol were measured by liquid chromatography–tandem mass spectrometry (LC-

MS) using a modification of (69). We used a Waters ACQUITY UPLC separation module 

for liquid chromatography, using water (with 0.1% formic acid) and acetonitrile as eluents. 

We then used a Xevo TQ-S tandem quadrupole mass spectrometer (Waters, Milford, 

MA, USA) for mass spectrometry and examined the output with MassLynx (QuanLynx-

Software).

We corrected for variation in urine concentration by measuring the specific gravity (SG) of 

each sample. We measured SG with a digital handheld refractometer (2016–2018 samples 

for gonadotropins: PAL-10S, ATAGO, Bellevue, WA, USA; 2006–2007 samples for FSH: 

Urisystem, Fisher Scientific, Waltham, MA, USA; 2016–2018 samples for steroids: TEC, 

Ober-Ramstadt, Germany). Hormone values were adjusted for SG following (70). We 

present estradiol, estrone, and pregnanediol concentrations in picograms per microliter of 

SG, and FSH and LH concentrations from 2016–2018 samples in milli–international units 

per milliliter of SG.

Of the eight reproductive females in the 2006–2007 FSH dataset, six were also 

included among the reproductive females in the 2016–2018 FSH dataset. Of the nine 

post-reproductive females in the 2006–2007 FSH dataset, four were also among the post-

reproductive females in the 2016–2018 FSH dataset.

All analyses were based on individuals ≥14 years at the time of sample collection, which is 

close to the average age of first pregnancy among natal female chimpanzees (71). The oldest 

individual was estimated at 67 years. All analyses were based on samples from females 

that were known (via negative pregnancy tests) or inferred not to be pregnant because their 

next births occurred more than 253 days after sample collection, which corresponds to the 

mean gestation length plus two standard deviations in a sample of 118 captive chimpanzees 

(72). Finally, we did not include samples from females who died within 253 days of sample 

collection and did not have offspring younger than 3 years old, as they might have been 

pregnant.
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Analysis of hormone levels by reproductive category

We assigned females to one of three reproductive categories: (i) post-reproductive, (ii) 

cycling (i.e., females who were experiencing regular sexual swellings), or (iii) lactating. To 

compare hormone levels among females in these categories, we used linear mixed models 

(LMMs) with Gaussian error structures and fitted with restricted maximum likelihood 

using the “lmer” function in package lme4 (73) in R version 4.0.3. For the analysis of 

gonadotropins (LH and FSH), cycling and lactating females were lumped into a single 

“reproductive” category whose levels were then compared with post-reproductive females 

(table S2, models 1 to 3). For the analysis of the steroid hormones estradiol, estrone, 

and pregnanediol, hormone levels were compared among all three reproductive categories, 

using 2016–2018 samples (table S2, models 4 to 6). To control for multiple sampling of 

individuals, we included subject ID as a random intercept in all models. Sexual swellings 

in chimpanzees coincide with the periovulatory period when sex-steroid and gonadotropin 

levels are strongly elevated. To compare baseline levels of the different reproductive 

categories, we omitted samples of females when they exhibited maximal sexual swellings, 

thereby making statistical comparisons considerably more conservative.

To produce conservative probability values (74), we generated Satterthwaite approximations 

for degrees of freedom using package lmerTest (75). We set alpha to 0.05 and used the 

“confint” function to calculate bootstrapped 95% confidence intervals of fixed effects from 

1000 simulations. The regression assumption of residual normality was largely satisfied 

by Box-Cox transforming hormone values before analysis (76, 77). We visually inspected 

residual plots and qq-plots (78) of models1 to 6 (table S3) fit to all the hormone datasets to 

assess the normality of residuals and the presence of outliers. This assessment indicated that 

there were a few extreme observations that fell well outside the model-predicted ranges of 

hormone values. We then applied a conservative procedure described in Kutner et al. (79) to 

identify and exclude outliers from the datasets used in the final analyses. We first calculated 

the semi-studentized residuals of each observation in the raw data with respect to models 1 

to 6. We then excluded any data in which the absolute value of the semi-studentized residual 

was greater than or equal to 4. This process led us to exclude one sample from the estradiol 

data, one sample from the estrone data, and one sample from the pregnanediol dataset. No 

outliers were excluded from the LH or FSH data. The sample sizes in the final hormone 

datasets are tallied in table S2. The structure of the statistical models (models 1 to 6) used in 

the analysis of hormone concentrations by reproductive category are listed in table S3.

Analysis of LH and FSH by age

We conducted generalized additive modeling to estimate linear and nonlinear continuous 

relationships between age and gonadotropin levels (table S4, models 7 to 12). To adjust for 

repeated samples of individuals, subject ID was treated as a random intercept in all models. 

Models were fit using the “gam” function of the R package mgcv (80). The mgcv package 

estimates relationships between predictor and outcome variables using penalized regression 

splines in which smoother relationships are preferred to more complex or “wigglier” 

relationships to prevent over-fitting.
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In models 7 to 12, the hormone data were log-transformed before analysis, owing to the 

non-normal distribution and strictly positive ranges of these measures. In models 7 to 9, 

we specified that the relationship between age and hormone measures must obey a strictly 

linear relationship, whereas in models 10 to 12, we specified that a nonlinear relationship, 

constructed using a cubic spline, could characterize the age relationship. We then compared 

the estimated out-of-sample predictive accuracy of the linear and nonlinear models fit with 

each sample using AICc.

Comparison of models 7 to 9 to models 10 to 12 shows that treating age as a smoothed 

predictor variable leads to lower AICc values, representing improved out-of-sample 

predictive accuracy, for models 10 and 11. In the case of model 12, the penalized regression 

estimation process in mgcv shrunk the spline to a perfectly linear relationship between age 

and FSH, equivalent to the linear model 9, with an equivalent AICc value. AICc values are 

reported in table S4, and model coefficients are reported in table S5.

Analysis of estradiol, estrone, and pregnanediol concentrations by age

To investigate the continuous relationship between age and steroid hormone levels, we fit six 

generalized additive mixed models (models 13 to 18) in which the relationship between age 

and the hormone value was estimated as a smooth cubic spline using penalized regression 

estimation. Subject ID was entered into the model as a random intercept to model the 

possibility of subject-specific differences in mean hormone measures. The structure of these 

models is reported in table S6, and the coefficients estimated from models 13 to 18 are 

summarized in table S7. The model-predicted relationships between age and average steroid 

hormone measures are displayed in Figs. 4 and 5 and figs. S3 and S4.

Comparison of age trends in urinary hormone concentrations in human females and 
Ngogo females

We calculated average Ngogo female age trends for urinary FSH using model 11 (Fig. 

5A), for LH using model 10 (Fig. 5B), for estrone using model 14 (Fig. 5C), and for 

pregnanediol using model 15 (Fig. 5D). The median age trends for human females for 

urinary FSH were carefully traced from figure 1B of (18), for LH figure 1A of (18), for 

estrone-glucuronide figure 2A of (19), and for pregnanediol-glucuronide figure 2B of (19) 

using WebPlotDigitizer (81). Estrone-glucuronide is a metabolite of estrone that humans 

and chimpanzees excrete in their urine (82). In our analyses, following the protocol of 

(69), estrone metabolites were deconjugated to estrone before measurement by LC-MS, 

whereas in (19), immunoreactive estrone-glucuronide was measured directly. Likewise, the 

major urinary metabolite of progesterone, pregnanediol-glucuronide, was deconjugated to 

pregnanediol before measurement using LC-MS in our study, whereas immunoreactive 

pregnanediol was measured directly in (19).

There are several data limitations to Fig. 5. First, the error in chimpanzee age estimation 

would be expected to flatten out steep changes in age trends that might otherwise be 

detected with more-precise age estimates. Second, Fig. 5 displays only model-expected 

central trends for each population, ignoring considerable between-individual variability in 

base rates and change over time that is known to exist from studies of human females [see 
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figure 2 of (18)]. Finally, our sample sizes are large by primatology standards but much 

smaller than those of the human studies.

Age estimation

Ages of the oldest females in the sample, including those found to be post-reproductive, 

were necessarily estimated because they were adults when first identified. Nevertheless, 

these estimates are predicated on critical data that together suggest that any error in age 

estimation does not affect our conclusions.

First, age estimations for females in the study were made when females were first identified, 

rather than at the time of the current study. For the oldest females in the sample, including 

those found to be post-reproductive, these determinations were made in 1995–1998, 11 to 23 

years before sampling for this study. In other words, it was not the case that females in the 

study were visually estimated to be >50 years old, but rather they were identified when still 

young or middle-aged and subsequently observed over many years. Age estimations at the 

outset of the study benefitted from understandings of visual signs of aging (e.g., gray hair, 

prominent hips and shoulders, worn or missing teeth) generated by previous chimpanzee 

research [e.g., long-term research at Gombe (83)], and the distribution of these original 

age estimations for chimpanzees in the Ngogo community were consistent with population 

structures observed for wild chimpanzees elsewhere. Fortunately, females disperse into new 

communities within a narrow age range during adolescence, which means that those females 

who joined the Ngogo community over the course of the study could be aged with minimal 

error.

In most cases, contextual information allows us to identify the minimum age of females 

when first observed, on the basis of the presence and size of dependent offspring and/or 

genetic pedigree data that can identify adult offspring. For example, a female observed with 

two dependent offspring when first observed should be at least 20 years old. For 4 of the 

11 post-reproductive females, they must have already been in their 30s to 40s when first 

identified in 1995 because they already had genetically identified adult-aged offspring at 

this time. These estimates will tend to be conservative because first-born offspring may 

have died or emigrated before the period of genetic sampling. As an illustrative example, 

consider the oldest post-reproductive female in our sample, MARL. We identified DO as 

a middle-aged male in 1995 and assigned him the age of 28 on the basis of his physical 

appearance, making his birth year 1967. Genetic parentage analyses subsequently confirmed 

our suspicion that adult female MARL was DO’s mother. On average, immigrant female 

chimpanzees have their first offspring at age 16.2 years, which would make MARL’s birth 

year 1951 if we assume DO was her first offspring. However, we instead assigned MARL 

a birth year of 1950 (and thus age of 45 years in 1995) instead of 1951 in recognition 

of the possibility that DO was not her first offspring, and because she looked a bit older 

than females whose age estimates were similarly genealogically informed in 1995. Our 

age estimate of 28 years for DO in 1995 could not have been considerably over-estimated, 

because when he died in 2014 at an estimated age of 47 years, he had lost considerable 

muscle mass and all of his canines. Similarly, when MARL died in 2019 at the estimated 
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age of 69, she was very thin, had sparse gray hair, very worn teeth, and had multiple 

great-grandoffspring.

As noted above, although our age estimates were derived long before this study was 

conceived, the results help reinforce the validity of the age estimates because ASFR at 

Ngogo align closely with patterns observed in other chimpanzee populations (Fig. 1), and 

ages of the menopausal transition conform to the expectations from prior studies of ASFR 

and follicular depletion rate (Fig. 4).

The statistical significance of post-reproductive representation is robust to error in age 
estimates

To assess the possible impacts of age estimation error on our measure of post-reproductive 

representation (PrR) at Ngogo, we created a simulation model that generates alternative 

schedules of mortality and fertility, embodying a reasonable model of age measurement 

error. Our model of age estimation error starts with the intuition of human demographers and 

primatologists that as the actual age of an individual increases, the error in age estimations 

also increases (65, 84). We treated age measurement error as a process arising from uniform 

distributions, with ranges that increased proportional to our best point estimate (BPE) of an 

individual’s age when they entered our study. Following (65), we used the formula below 

to specify the relationship between the range of the uniform distribution and our best point 

estimates

Range of uniform distribution = BPE*0.2

Applying this model of age estimation error, we generated 1000 data permutations. Among 

permutations, the simulated ages were distributed across intervals with a minimum value 

of BPE − BPE*0.1 and a maximum value of BPE + BPE*0.1. The scaling factor of 0.2 

was chosen because it produces estimates that accord with experience. For example, a 

chimpanzee with a real age of 10 years might have been visually estimated as being between 

9 and 11 years old, while chimpanzees estimated to be ages 20 or 40 when first identified 

were treated in this model as having probabilistic ages uniformly distributed across the 

intervals 18–22 and 36–44 years, respectively.

By simulating 1000 permutations of the demographic data, we created 1000 schedules of 

mortality and fertility. Using these schedules, we then calculated the PrR statistic for each 

permutation, which resulted in the distribution of values shown in fig. S5.

Among all 1000 data permutations, the minimum PrR value recorded was 0.132. We then 

applied the analysis procedure described in (1) to assess whether even this minimal-PrR 

value of 0.132 was nevertheless greater than expected under the null hypothesis of parallel 

declines in survivorship (lx) and fertility (mx). We found that the PrR value of 0.132 is 

indeed higher than expected under the null hypothesis of there being no post-reproductive 

representation in this community (P < 0.001). In summary, while our age estimates may 

be off by a few years, even when making allowances for such error, Ngogo PrR values are 

significantly higher than expected if survivorship and fertility declined in parallel in this 

study population.
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Precisely aged individuals show low mortality among the Ngogo chimpanzees

When we subsample our data and only focus on those individuals who were two years or 

younger when they first entered our mortality risk pool, we see that Ngogo survivorship 

to young adulthood is higher than in the nearby community of Kanyawara, also located 

in Kibale National Forest [see figure 2 in (65)]. This analysis is particularly informative 

because age estimation error is minimized in this sample, and comparative demographic 

analysis indicates that high survivorship in early life is positively associated with high 

survivorship across the life course (85).

In summary, when making reasonable data adjustments for age estimation error (fig. S6), 

and when restricting analyses to only those individuals with the highest age accuracy, 

we find that survivorship among the Ngogo chimpanzees is high and post-reproductive 

representation is significant. Both age measurement error and sampling variation are thus not 

adequate alternative explanations for our results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We are grateful to the Makerere University Biological Field Station, Uganda Wildlife Authority, and Uganda 
National Council for Science and Technology for sponsoring our research in Uganda. We thank the Ngogo students, 
postdocs, and other researchers who have contributed to the chimpanzee demographic database and the late J. 
Lwanga and S. Angedakin, who served as camp managers for the Ngogo Chimpanzee Project. We are indebted 
to R. Davenport for sample collection, and to project field assistants C. Aligarya, C. Birungi, D. Kalunga, B. 
Kamugyisha, D. Kamweri, A. Magoba, G. Mbabazi, L. Ngandizi, A. Tumusiime, and A. Twineomujuni.

Funding:

We are grateful to the funders of research at Ngogo, including the US National Science Foundation (BCS-9253590, 
IOS-0516644, BCS-0215622, BCS-9253590, BCS-1613393), the National Institute on Aging and the Office for 
Research on Women’s Health (R01-AG049395), the Fulbright Foundation, the Explorer’s Club, the National 
Geographic Society (9824–15), the Detroit Zoological Society, Underdog Films, Silverback Films, University of 
Michigan, Yale University, Arizona State University President’s Strategic Initiative Fund, the Institute of Human 
Origins, the Max Planck Society, the Wenner-Gren Foundation, and the L.S.B. Leakey Foundation.

REFERENCES AND NOTES

1. Levitis DA, Lackey LB, A measure for describing and comparing post-reproductive lifespan as a 
population trait. Methods Ecol. Evol. 2, 446–453 (2011). doi: 10.1111/j.2041-210X.2011.00095.x 
[PubMed: 22081792] 

2. Jones RE, Lopez KH, Human Reproductive Biology (Academic Press, ed. 4, 2013).

3. Emery Thompson M, Sabbi K, “Evolutionary demography of the great apes” in Human 
Evolutionary Demography, Burger O, Lee R, and Sear R, Eds. (Open Science Foundation, 2019); 
https://osf.io/d2thj/.

4. Herndon JG et al. , Menopause occurs late in life in the captive chimpanzee (Pan troglodytes). Age 
(Dordr.) 34, 1145–1156 (2012). doi: 10.1007/s11357-011-9351-0 [PubMed: 22189910] 

5. Graham CE, Reproductive function in aged female chimpanzees. Am. J. Phys. Anthropol. 50, 291–
300 (1979). doi: 10.1002/ajpa.1330500302 [PubMed: 218459] 

6. Videan EN, Fritz J, Heward CB, Murphy J, The effects of aging on hormone and reproductive cycles 
in female chimpanzees (Pan troglodytes). Comp. Med. 56, 291–299 (2006). [PubMed: 16941957] 

Wood et al. Page 18

Science. Author manuscript; available in PMC 2024 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://osf.io/d2thj/


7. Lacreuse A et al. , Menstrual cycles continue into advanced old age in the common chimpanzee (Pan 
troglodytes). Biol. Reprod. 79, 407–412 (2008). doi: 10.1095/biolreprod.108.068494 [PubMed: 
18495682] 

8. Emery Thompson M et al. , Aging and fertility patterns in wild chimpanzees provide insights 
into the evolution of menopause. Curr. Biol. 17, 2150–2156 (2007). doi: 10.1016/j.cub.2007.11.033 
[PubMed: 18083515] 

9. Jones JH, Wilson ML, Murray C, Pusey A, Phenotypic quality influences fertility in Gombe 
chimpanzees. J. Anim. Ecol. 79, 1262–1269 (2010). doi: 10.1111/j.1365-2656.2010.01687.x 
[PubMed: 20412347] 

10. Caro TM et al. , Termination of reproduction in nonhuman and human female primates. Int. J. 
Primatol. 16, 205–220 (1995). doi: 10.1007/BF02735478

11. Ellis S et al. , Postreproductive lifespans are rare in mammals. Ecol. Evol. 8, 2482–2494 (2018). 
doi: 10.1002/ece3.3856 [PubMed: 29531669] 

12. Alberts SC et al. , Reproductive aging patterns in primates reveal that humans are distinct. Proc. 
Natl. Acad. Sci. U.S.A. 110, 13440–13445 (2013). doi: 10.1073/pnas.1311857110 [PubMed: 
23898189] 

13. Burger HG et al. , Prospectively measured levels of serum follicle-stimulating hormone, estradiol, 
and the dimeric inhibins during the menopausal transition in a population-based cohort of women. 
J. Clin. Endocrinol. Metab. 84, 4025–4030 (1999). [PubMed: 10566644] 

14. Lee SJ, Lenton EA, Sexton L, Cooke ID, The effect of age on the cyclical patterns of plasma 
LH, FSH, oestradiol and progesterone in women with regular menstrual cycles. Hum. Reprod. 3, 
851–855 (1988). doi: 10.1093/oxfordjournals.humrep.a136796 [PubMed: 3141454] 

15. Overlie I, Moen MH, Morkrid L, Skjaeraasen JS, Holte A, The endocrine transition around 
menopause—A five years prospective study with profiles of gonadotropines, estrogens, androgens 
and SHBG among healthy women. Acta Obstet. Gynecol. Scand. 78, 642–647 (1999). [PubMed: 
10422913] 

16. Onizuka Y et al. , Association between FSH, E1, and E2 levels in urine and serum in 
premenopausal and postmenopausal women. Clin. Biochem. 73, 105–108 (2019). doi: 10.1016/
j.clinbiochem.2019.08.009 [PubMed: 31442440] 

17. Sowers MR et al. , Anti-mullerian hormone and inhibin B in the definition of ovarian aging 
and the menopause transition. J. Clin. Endocrinol. Metab. 93, 3478–3483 (2008). doi: 10.1210/
jc.2008-0567 [PubMed: 18593767] 

18. Ferrell RJ et al. , Monitoring reproductive aging in a 5-year prospective study: Aggregate and 
individual changes in luteinizing hormone and follicle-stimulating hormone with age. Menopause 
14, 29–37 (2007). doi: 10.1097/01.gme.0000227859.50473.20 [PubMed: 17019379] 

19. Ferrell RJ et al. , Monitoring reproductive aging in a 5-year prospective study: Aggregate and 
individual changes in steroid hormones and menstrual cycle lengths with age. Menopause 12, 
567–577 (2005). doi: 10.1097/01.gme.0000172265.40196.86 [PubMed: 16145311] 

20. Boesch C, The Real Chimpanzee: Sex Strategies in the Forest (Cambridge Univ. Press, 2009).

21. Muller MN, Review of The Real Chimpanzee: Sex Strategies in the Forest, by C. Boesch 
(Cambridge University Press, 2009). Int. J. Primatol. 32, 524–529 (2011). doi: 10.1007/
s10764-010-9481-8

22. Zuberbühler K, Jenny D, Leopard predation and primate evolution. J. Hum. Evol. 43, 873–886 
(2002). doi: 10.1006/jhev.2002.0605 [PubMed: 12473487] 

23. Yong E, “A scientist witnessed poachers killing a chimp” The Atlantic, 1 August 2019; https://
www.theatlantic.com/science/archive/2019/08/death-chimpanzee/595303/.

24. Potts KB, Chapman CA, Lwanga JS, Floristic heterogeneity between forested sites in 
Kibale National Park, Uganda: Insights into the fine-scale determinants of density in 
a large-bodied frugivorous primate. J. Anim. Ecol. 78, 1269–1277 (2009). doi: 10.1111/
j.1365-2656.2009.01578.x [PubMed: 19523110] 

25. Potts KB, Watts DP, Wrangham RW, Comparative feeding ecology of two communities of 
chimpanzees (Pan troglodytes) in Kibale National Park, Uganda. Int. J. Primatol. 32, 669–690 
(2011). doi: 10.1007/s10764-011-9494-y

Wood et al. Page 19

Science. Author manuscript; available in PMC 2024 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.theatlantic.com/science/archive/2019/08/death-chimpanzee/595303/
https://www.theatlantic.com/science/archive/2019/08/death-chimpanzee/595303/


26. Watts DP, Potts KB, Lwanga JS, Mitani JC, Diet of chimpanzees (Pan troglodytes schweinfurthii) 
at Ngogo, Kibale National Park, Uganda, 1. Diet composition and diversity. Am. J. Primatol. 74, 
114–129 (2012). doi: 10.1002/ajp.21016 [PubMed: 22109938] 

27. Mitani JC, Watts DP, Amsler SJ, Lethal intergroup aggression leads to territorial expansion in 
wild chimpanzees. Curr. Biol. 20, R507–R508 (2010). doi: 10.1016/j.cub.2010.04.021 [PubMed: 
20620900] 

28. Walsh B, Lynch M, Evolution and Selection of Quantitative Traits (Oxford Univ. Press, 2018).

29. Levitis DA, Burger O, Lackey LB, The human post-fertile lifespan in comparative evolutionary 
context. Evol. Anthropol. 22, 66–79 (2013). doi: 10.1002/evan.21332 [PubMed: 23585379] 

30. O’connell JF, Hawkes K, Blurton Jones NG, Grandmothering and the evolution of Homo erectus. J. 
Hum. Evol. 36, 461–485 (1999). doi: 10.1006/jhev.1998.0285 [PubMed: 10222165] 

31. Boesch C, Boesch-Achermann H, The Chimpanzees of the Taï Forest: Behavioural Ecology and 
Evolution (Oxford Univ. Press, 2000).

32. Moreau RE, The distribution of chimpanzees in Tanganyika Territory. Tanganyika Notes Rec. 14, 
52–55 (1942).

33. Struhsaker TT, Ecology of an African Rain Forest: Logging in Kibale and the Conflict Between 
Conservation and Exploitation (Univ. Press of Florida, 1997).

34. Reynolds V, The Chimpanzees of the Budongo Forest: Ecology, Behaviour and Conservation 
(Oxford Univ. Press, 2005).

35. Matsuzawa T, Humle T, Sugiyama Y, Eds., The Chimpanzees of Bossou and Nimba, Primatology 
Monographs (Springer, 2011).

36. Emery Thompson M et al. , Risk factors for respiratory illness in a community of wild 
chimpanzees (Pan troglodytes schweinfurthii). R. Soc. Open Sci. 5, 180840 (2018). doi: 10.1098/
rsos.180840 [PubMed: 30839693] 

37. Negrey JD et al. , Simultaneous outbreaks of respiratory disease in wild chimpanzees caused 
by distinct viruses of human origin. Emerg. Microbes Infect. 8, 139–149 (2019). doi: 
10.1080/22221751.2018.1563456 [PubMed: 30866768] 

38. Negrey JD et al. , Viruses associated with ill health in wild chimpanzees. Am. J. Primatol. 84, 
e23358 (2022). doi: 10.1002/ajp.23358 [PubMed: 35015311] 

39. Muller MN, Wrangham RW, Mortality rates among Kanyawara chimpanzees. J. Hum. Evol. 66, 
107–114 (2014). doi: 10.1016/j.jhevol.2013.10.004 [PubMed: 24374229] 

40. Bronikowski AM et al. , Female and male life tables for seven wild primate species. Sci. Data 3, 
160006 (2016). doi: 10.1038/sdata.2016.6 [PubMed: 26928014] 

41. Medawar PB, An Unsolved Problem of Biology (H. K. Lewis and Co., ed. 1, 1952).

42. Kim PS, McQueen JS, Coxworth JE, Hawkes K, Grandmothering drives the evolution of longevity 
in a probabilistic model. J. Theor. Biol. 353, 84–94 (2014). doi: 10.1016/j.jtbi.2014.03.011 
[PubMed: 24637003] 

43. Rogers AR, Why menopause? Evol. Ecol. 7, 406–420 (1993). doi: 10.1007/BF01237872

44. Hill K, Hurtado AM, The evolution of premature reproductive senescence and menopause in 
human females: An evaluation of the “grandmother hypothesis”. Hum. Nat. 2, 313–350 (1991). 
doi: 10.1007/BF02692196 [PubMed: 24222339] 

45. Matsumoto T, Hanamura S, Kooriyama T, Hayakawa T, Inoue E, Female chimpanzees giving first 
birth in their natal group in Mahale: Attention to incest between brothers and sisters. Primates 62, 
279–287 (2021). doi: 10.1007/s10329-020-00886-3 [PubMed: 33442833] 

46. Pisor AC, Ross CT, Distinguishing intergroup and long-distance relationships. Hum. Nat. 33, 280–
303 (2022). doi: 10.1007/s12110-022-09431-1 [PubMed: 36181615] 

47. Hill KR, Wood BM, Baggio J, Hurtado AM, Boyd RT, Hunter-gatherer inter-band interaction 
rates: Implications for cumulative culture. PLOS ONE 9, e102806 (2014). doi: 10.1371/
journal.pone.0102806 [PubMed: 25047714] 

48. Langergraber KE, Mitani JC, Vigilant L, The limited impact of kinship on cooperation 
in wild chimpanzees. Proc. Natl. Acad. Sci. U.S.A. 104, 7786–7790 (2007). doi: 10.1073/
pnas.0611449104 [PubMed: 17456600] 

Wood et al. Page 20

Science. Author manuscript; available in PMC 2024 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



49. Sandel AA, Langergraber KE, Mitani JC, Adolescent male chimpanzees (Pan troglodytes) form 
social bonds with their brothers and others during the transition to adulthood. Am. J. Primatol. 82, 
e23091 (2020). doi: 10.1002/ajp.23091 [PubMed: 31903634] 

50. Murray CM, Stanton MA, Lonsdorf EV, Wroblewski EE, Pusey AE, Chimpanzee fathers bias their 
behaviour towards their offspring. R. Soc. Open Sci. 3, 160441 (2016). doi: 10.1098/rsos.160441 
[PubMed: 28018626] 

51. Boesch C, Lehmann J, Fickenscher G, Kin biased investment in wild chimpanzees. Behaviour 143, 
931–955 (2006). doi: 10.1163/156853906778623635

52. Cant MA, Johnstone RA, Reproductive conflict and the separation of reproductive generations 
in humans. Proc. Natl. Acad. Sci. U.S.A. 105, 5332–5336 (2008). doi: 10.1073/pnas.0711911105 
[PubMed: 18378891] 

53. S. R. Copeland et al. , Strontium isotope evidence for landscape use by early hominins. Nature 474, 
76–78 (2011). doi: 10.1038/nature10149 [PubMed: 21637256] 

54. Skov L et al. , Genetic insights into the social organization of Neanderthals. Nature 610, 519–525 
(2022). doi: 10.1038/s41586-022-05283-y [PubMed: 36261548] 

55. Alvarez HP, “Residence groups among hunter-gatherers: a view of the claims and evidence for 
patrilocal bands” in Kinship and Behavior in Primates, Chapais B, Berman CM, Eds. (Oxford 
Univ. Press, 2004), pp. 420–442.

56. Ellis S et al. , Patterns and consequences of age-linked change in local relatedness in animal 
societies. Nat. Ecol. Evol. 6, 1766–1776 (2022). doi: 10.1038/s41559-022-01872-2 [PubMed: 
36163259] 

57. Croft DP et al. , Reproductive conflict and the evolution of menopause in killer whales. Curr. Biol. 
27, 298–304 (2017). doi: 10.1016/j.cub.2016.12.015 [PubMed: 28089514] 

58. Mace R, Alvergne A, Female reproductive competition within families in rural Gambia. Proc. Biol. 
Sci. 279, 2219–2227 (2012). doi: 10.1098/rspb.2011.2424 [PubMed: 22258635] 

59. Nichols HJ, Arbuckle K, Fullard K, Amos W, Why don’t long-finned pilot whales have a 
widespread postreproductive lifespan? Insights from genetic data. Behav. Ecol. 31, 508–518 
(2020). doi: 10.1093/beheco/arz211

60. John AM, The Plantation Slaves of Trinidad, 1783–1816: A Mathematical and Demographic 
Enquiry (Cambridge Univ. Press, 1988).

61. Lwanga JS, Localized tree mortality following the drought of 1999 at Ngogo, Kibale National 
Park, Uganda. Afr. J. Ecol. 41, 194–196 (2003). doi: 10.1046/j.1365-2028.2003.00428.x

62. Potts KB, Watts DP, Langergraber KE, Mitani JC, Long-term trends in fruit production in a 
tropical forest at Ngogo, Kibale National Park, Uganda. Biotropica 52, 521–532 (2020). doi: 
10.1111/btp.12764 [PubMed: 33692573] 

63. Lwanga JS, Forest succession in Kibale National Park, Uganda: Implications for forest restoration 
and management. Afr. J. Ecol. 41, 9–22 (2003). doi: 10.1046/j.1365-2028.2003.00400.x

64. Lwanga JS, Butynski TM, Struhsaker TT, Tree population dynamics in Kibale National Park, 
Uganda 1975–1998. Afr. J. Ecol. 38, 238–247 (2000). doi: 10.1046/j.1365-2028.2000.00244.x

65. Wood BM, Watts DP, Mitani JC, Langergraber KE, Favorable ecological circumstances promote 
life expectancy in chimpanzees similar to that of human hunter-gatherers. J. Hum. Evol. 105, 
41–56 (2017). doi: 10.1016/j.jhevol.2017.01.003 [PubMed: 28366199] 

66. Hill K et al. , Mortality rates among wild chimpanzees. J. Hum. Evol. 40, 437–450 (2001). doi: 
10.1006/jhev.2001.0469 [PubMed: 11322804] 

67. Muller MN, Lipson SF, Diurnal patterns of urinary steroid excretion in wild chimpanzees. Am. J. 
Primatol. 60, 161–166 (2003). doi: 10.1002/ajp.10103 [PubMed: 12910467] 

68. Brown JL, Citino SB, Bush M, Lehnhardt J, Phillips LG, Cyclic patterns of luteinizing hormone, 
follicle-stimulating hormone, inhibin, and progesterone secretion in the Asian elephant (Elephas 
maximus). J. Zoo Wildl. Med. 22, 49–57 (1991).

69. Hauser B, Deschner T, Boesch C, Development of a liquid chromatography-tandem mass 
spectrometry method for the determination of 23 endogenous steroids in small quantities of 
primate urine. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 862, 100–112 (2008). doi: 
10.1016/j.jchromb.2007.11.009

Wood et al. Page 21

Science. Author manuscript; available in PMC 2024 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



70. Miller RC et al. , Comparison of specific gravity and creatinine for normalizing urinary 
reproductive hormone concentrations. Clin. Chem. 50, 924–932 (2004). doi: 10.1373/
clinchem.2004.032292 [PubMed: 15105350] 

71. Walker KK, Walker CS, Goodall J, Pusey AE, Maturation is prolonged and variable in female 
chimpanzees. J. Hum. Evol. 114, 131–140 (2018). doi: 10.1016/j.jhevol.2017.10.010 [PubMed: 
29447755] 

72. Peacock LJ, Rogers CM, Gestation period and twinning in chimpanzees. Science 129, 959 (1959). 
doi: 10.1126/science.129.3354.959.a

73. Bates D, Mächler M, Bolker B, Walker S, Fitting linear mixed-effects models using lme4. 
arXiv:1406.5823 [stat.CO] (2014).

74. Luke SG, Evaluating significance in linear mixed-effects models in R. Behav. Res. Methods 49, 
1494–1502 (2017). doi: 10.3758/s13428-016-0809-y [PubMed: 27620283] 

75. Kuznetsova A, Brockhoff PB, Christensen RH, lmerTest package: Tests in linear mixed effects 
models. J. Stat. Softw. 82, 1–26 (2017). doi: 10.18637/jss.v082.i13

76. Miller R, Plessow F, Transformation techniques for cross-sectional and longitudinal endocrine 
data: Application to salivary cortisol concentrations. Psychoneuroendocrinology 38, 941–946 
(2013). doi: 10.1016/j.psyneuen.2012.09.013 [PubMed: 23063878] 

77. Box GE, Cox DR, An analysis of transformations. J. R. Stat. Soc. B 26, 211–243 (1964). doi: 
10.1111/j.2517-6161.1964.tb00553.x

78. Wilk MB, Gnanadesikan R, Probability plotting methods for the analysis of data. Biometrika 55, 
1–17 (1968). doi: 10.2307/2334448 [PubMed: 5661047] 

79. Kutner M, Nachtsheim C, Neter J, Applied Linear Regression Models (McGraw-Hill/Irwin, ed. 4, 
2004).

80. Wood SN, Generalized Additive Models: An Introduction with R (CRC Press, 2017).

81. Rohatgi A, WebPlotDigitizer: Version 4.6 (2017); https://automeris.io/WebPlotDigitizer/.

82. Hobson W, Coulston F, Faiman C, Winter JS, Reyes F, Reproductive endocrinology of female 
chimpanzees: A suitable model of humans. J. Toxicol. Environ. Health 1, 657–668 (1976). doi: 
10.1080/15287397609529364 [PubMed: 1263283] 

83. Goodall J, The Chimpanzees of Gombe: Patterns of Behavior (Belknap Press, 1986).

84. Blurton Jones N, Demography and Evolutionary Ecology of Hadza Hunter-Gatherers, vol. 71 of 
Cambridge Studies in Biological and Evolutionary Anthropology (Cambridge Univ. Press, 2016).

85. Gurven M, Kaplan H, Longevity among hunter-gatherers: A cross-cultural examination. Popul. 
Dev. Rev. 33, 321–365 (2007). doi: 10.1111/j.1728-4457.2007.00171.x

86. Cords M, Chowdhury S, Life history of Cercopithecus mitis stuhlmanni in the Kakamega Forest, 
Kenya. Int. J. Primatol. 31, 433–455 (2010). doi: 10.1007/s10764-010-9405-7

87. Bronikowski AM et al. , Aging in the natural world: Comparative data reveal similar mortality 
patterns across primates. Science 331, 1325–1328 (2011). doi: 10.1126/science.1201571 [PubMed: 
21393544] 

88. Takahata Y et al. , Reproduction of wild Japanese macaque females of Yakushima and Kinkazan 
Islands: A preliminary report. Primates 39, 339–349 (1998). doi: 10.1007/BF02573082

89. Packer C, Tatar M, Collins A, Reproductive cessation in female mammals. Nature 392, 807–811 
(1998). doi: 10.1038/33910 [PubMed: 9572138] 

90. Ichino S et al. , Lifespan and reproductive senescence in a free-ranging ring-tailed lemur (Lemur 
catta) population at Berenty, Madagascar. Folia Primatol. (Basel) 86, 134–139 (2015). doi: 
10.1159/000368670 [PubMed: 26022309] 

91. MacDonald Pavelka MS, Fedigan LM, Zohar S, Availability and adaptive value of reproductive 
and postreproductive Japanese macaque mothers and grandmothers. Anim. Behav. 64, 407–414 
(2002). doi: 10.1006/anbe.2002.3085

92. Koyama N, Takahata Y, Huffman MA, Norikoshi K, Suzuki H, Reproductive parameters of female 
Japanese macaques: Thirty years data from the Arashiyama troops, Japan. Primates 33, 33–47 
(1992). doi: 10.1007/BF02382761

93. Howell N, Demography of the Dobe! Kung (Routledge, ed. 2, 2017).

Wood et al. Page 22

Science. Author manuscript; available in PMC 2024 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://automeris.io/WebPlotDigitizer/


94. Hill K, Hurtado AM, Ache Life History: The Ecology and Demography of a Foraging People 
(Aldine de Gruyter, 1996).

95. von Hofsten EAG, Lundström H, Swedish Population History: Main Trends from 1750 to 1970 
(Stockholm: Statistiska centralbyr an:[LiberFörlag], 1976).

Wood et al. Page 23

Science. Author manuscript; available in PMC 2024 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Ngogo female fertility and survivorship.
Female age-specific fertility rates, ASFR, were calculated for each 5-year age group by 

dividing the total number of births by the years of life observed in females of each 

age group. (A) Ngogo ASFR (±SE, in gray) and a composite sample of six other wild 

chimpanzee communities reported by Emery Thompson et al. (8). (B) Plot of the probability 

of female survival to each age (lx) [updated from Wood et al. (65)] and a composite sample 

of five other wild chimpanzee communities (8).
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Fig. 2. Ngogo post-reproductive females (1995–2016).
Their age at entry to the study is shown by yellow points, and age when giving birth 

(observed or inferred) is shown by red points. Age when exiting the study is represented 

by blue points if they were alive at the end of the study period, or by blue crosses if they 

died during the study period. Numbers plotted next to chimpanzee IDs describe the urine 

samples collected for hormonal analyses for that individual. Group 1 contributed samples to 

the analysis of FSH, LH, and ovarian steroid hormones; group 2, only FSH; and group 3, 

only ovarian steroid hormones. No urine samples were collected from individual BES.
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Fig. 3. Urinary hormone concentrations in females of different reproductive states.
(A) LH in samples collected in 2016–2018, (B) FSH 2016–2018, (C) FSH 2006–2007, (D) 

estradiol 2016–2018, (E) estrone 2016–2018, and (F) pregnanediol 2016–2018. Boxplots are 

based on all urine samples rather than averages per female. Black dots indicate data points 

above the third quartile by >1.5× the interquartile range. Median values by reproductive 

category are provided in table S2. For legibility, a few extreme measures have been excluded 

from (D) to (F), but full data ranges are displayed in fig. S3. corr. SG, corrected specific 

gravity.
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Fig. 4. Urinary concentrations of gonadotropins and ovarian hormones in females by age.
(A) LH in 223 samples from 58 individuals collected 2016–2018, (B) FSH in 215 samples 

from 57 individuals collected 2016–2018, (C) FSH in 143 samples from 15 individuals 

collected 2006–2007, (D) estradiol in 160 samples from 21 individuals, (E) estrone in 162 

samples in 21 individuals, and (F) pregnanediol in 162 samples from 21 individuals. Points 

represent average levels aggregated by individual female and reproductive status at the 

time of sample collection. Black points in (A) to (F) represent post-reproductive females, 

blue points in (A) to (C) represent reproductive females, and red squares in (D) to (F) 

represent nonbreastfeeding cycling females. The gray age curves in (A) to (F) represent 

mean expected values ( ±1 SE) from fit models 10 to 15, respectively (tables S4 to S7). See 

fig. S3 for sample-level plotting of gonadotropin concentrations and fig. S4 for age trends in 

ovarian hormone concentrations in all females, including those who were breastfeeding.
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Fig. 5. Standardized age trends in female urinary hormones in Ngogo chimpanzees and human 
females.
(A) FSH, (B) LH, (C) estrogens, and (D) progestins, as observed at Ngogo and in studies 

of human females by Ferrell et al. (18, 19). The expected values for Ngogo females in 

all panels were generated from our study’s data and the fit models 10, 11, 14, and 15 

(tables S4 and S6). The analytes from Ngogo females shown in (C) and (D) are estrone 

and pregnanediol, respectively. Median age trends for human females in urinary FSH, LH, 

estrone glucuronide (a conjugated metabolite of estrone), and pregnanediol glucuronide (a 

conjugated metabolite of progesterone) are derived from (18, 19).
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Table 1.
Published estimates of post-reproductive representation for nonhuman primates and 
selected human populations.

The statistical test for PrR is based on simulations of a null model of parallel declines in fertility and mortality, 

following the procedure described in (1). An asterisk in the “Source for demographic measures” column 

indicates that age-specific measures of mortality and fertility were calculated from a proprietary International 

Species Inventory System database (23) and used to calculate PrR, but user restrictions prevented the authors 

from publishing or otherwise sharing the underlying data, life tables, or fertility measures.

Species Community PrR PrR source PrR statistical 
significance

Source for 
demographic 

measures

Wild nonhuman primates

Chimpanzee (Pan troglodytes) Ngogo, Kibale, Uganda 0.195 This study Significant This study

Chimpanzee (P. troglodytes) Gombe, Tanzania 0.006 (11) Not significant (40)

Chimpanzee (P. troglodytes) Gombe, Tanzania 0.02 (12) Not tested (12)

Chimpanzee (P. troglodytes) Composite of Gombe, Tai, 
Kanyawara, Mahale, Bossou 0.018 (29) Not significant (8, 66)

Mountain gorilla (Gorilla beringei) Rwanda 0.022 (11) Not significant (11)

Mountain gorilla (G. beringei) Rwanda 0.04 (12) Not tested (12)

Blue monkey (Cercopithecus mitis) Kakamega Forest, Kenya 0.005 (11) Not significant (40)

Blue monkey (C. mitis) Kakamega Forest, Kenya 0.02 (12) Not tested (12)

Blue monkey (C. mitis) Kakamega Forest, Kenya 0.041 (29) Not significant (86, 87)

Japanese macaque (Macaca 
fuscata)

Yakushima and Kinkazan 
Islands, Japan

0.005 (11) Not significant (88)

Rhesus macaque (Macaca mulatta) Community name not listed 
by (29)

0.007 (29) Not significant No source listed by 
(29)

Northern muriqui (Brachyteles 
hypoxanthus)

Caratinga, Brazil 0.06 (12) Not tested (12)

Olive baboon (Papio anubis) Gombe, Tanzania 0.02 (11) Not significant (89)

Ring-tailed lemur (Lemur catta) Berenty, Madagascar 0.001 (11) Not significant (90)

Verreaux’s sifaka (Propithecus 
verreauxi)

Beza Mahafaly, Madagascar 0.003 (11) Not significant (40)

Verreaux’s sifaka (P. verreauxi) Beza Mahafaly, Madagascar 0.02 (12) Not tested (12)

White-headed capuchin (Cebus 
capucinus)

Santa Rosa, Costa Rica 0.004 (11) Not significant (40)

White-headed capuchin (C. 
capucinus)

Santa Rosa, Costa Rica 0.04 (12) Not tested (12)

Yellow baboon (Papio 
cynocephalus)

Amboseli, Kenya 0.036 (11) Not significant (40)

Yellow baboon (P. cynocephalus) Amboseli, Kenya 0.01 (12) Not tested (12)

Captive nonhuman primates

Chimpanzee (P. troglodytes) Zoo-living composite 0.224 (29) Significant *

Western gorilla (Gorilla gorilla) Zoo-living composite 0.214 (1) Significant *

Sumatran orangutan (Pongo abelii) Zoo-living composite 0.231 (1) Significant *
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Species Community PrR PrR source PrR statistical 
significance

Source for 
demographic 

measures

Bornean orangutan (Pongo 
pygmaeus)

Zoo-living composite 0.192 (1) Significant *

Japanese macaque (M. fuscata) Provisioned sanctuary, 
Arashiyama West, Texas

0.054 (29) Significant (91, 92)

Japanese macaque (M. fuscata) Zoo-living composite 0.247 (29) Significant *

Rhesus macaque (M. mulatta) Zoo-living composite 0.178 (29) Significant *

Humans

Human (Homo sapiens) Hadza hunter-gatherers, 
Tanzania

0.443 (11) Significant (84)

Human (H. sapiens) !Kung hunter-gatherers, 
Botswana

0.426 (1) Significant (93)

Human (H. sapiens) Ache hunter-gatherers, 
Paraguay

0.439 (1) Significant (94)

Human (H. sapiens) Historical Sweden 1751–1755 0.477 (1) Significant (95)

Human (H. sapiens) Plantation slaves of Trinidad 0.302 (1) Significant (60)
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