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ABSTRACT The reproductive cycles of 23 captive
olive baboons were studied over two successive parturi-
tions. Interbirth intervals of 450 days were reduced by
60% in comparison to wild baboons, and consisted of 145
days of postpartum amenorrhea, 3.5 cycles, and a gesta-
tion of 185 days. Dominance rank was found to be one
significant factor affecting female fertility. Low-ranking
females had longer total intervals between successive
births and, in particular, they experienced a longer delay
to conception once they had resumed sexual cycles. Mothers

of infants who were heavy for age resumed cycling more
quickly and had fewer cycles before a subsequent concep-
tion. Mothers best able to sustain rapid early infant
growth were those of high dominance rank and of high
body mass; these females had more rapid reproductive
rates. As female energy intake was unrelated to domi-
nance, we suggest that social stresses are important sup-
pressors of the hormonal and lactational competence of
subordinate females. Am J Phys Anthropol 00:000–000,
2006. VVC 2006 Wiley-Liss, Inc.

The factors that potentially impose intrinsic physiolog-
ical limits on fertility and fecundity in mammals have
been the focus of considerable interest. In the last dec-
ade, studies of sportswomen attempted to disentangle
the possible effects of energetics on the regulation of
ovarian function, e.g., sustained endurance effort includ-
ing daily training sessions, inadequate caloric intake,
and short-term negative energy balance (Loucks, 1990;
De Souza et al., 1998; Rosetta et al., 2001). Williams
et al. (2001) experimentally induced reproductive dys-
function in female long-tailed macaques (Macaca fascicu-
laris) after strenuous exercise training. Their monkey
model exhibited many similarities to the pattern of men-
strual impairment in exercising women, and led to ques-
tions about the role of metabolic adaptation to chronic
energy restriction.
In nonhuman primates, both energy intake and travel

costs influence net energy balance and female reproduc-
tive success (Altmann and Samuels, 1992; Isbell et al.,
1999; Pontzer and Wrangham, 2004). Captive primates
typically have shorter durations of postpartum inhibition
of ovarian function and shorter interbirth intervals than
do their wild counterparts (Gomendio, 1989; Johnson et al.,
1993; Lee, 1996a; Gauthier, 1999), which may be a function
of lower energy constraints in captivity. Reduced costs of
traveling (i.e., less time and energy spent searching for food
and carrying infants), and a plentiful and regular supply of
food, may explain the early resumption of fertility as well
as the greater reproductive success of captive compared to
wild primates. Studies of free-ranging yellow and olive
baboons and semifree-living mandrills also showed that
seasonal or population food availability modifies reproduc-
tive performance (Altmann, 1980; Strum and Western,
1982; Bercovitch, 1987; Altmann et al., 1988; Smuts and
Nicolson, 1989; Wasser et al., 1998; Setchell and Wickings,
2004).
In addition to energetics as a factor regulating mam-

mal fertility, other key variables are the possible effects

of female age and the role of the hypothalamo-pituitary-
adrenal axis driving physiological stress responses. There
is a dramatic decrease in fertility with age in women, par-
ticularly after age 35 years (CECOS Federation et al.,
1982), which is also seen in female nonhuman primates
(Strum and Western, 1982; Smuts and Nicolson, 1989;
Wasser et al., 1998), while there is less information on cap-
tive primates (but see Walker, 1995). The relationship
between dominance rank and female fertility has been
debated for over 20 years (Harcourt, 1987; Packer et al.,
1995; Wasser, 1996; Altmann et al., 2004), with some stud-
ies showing clear reproductive advantages for individual of
high rank, especially when resources are clumped or are
large and monopolizable (Mathy and Isbell, 2001). Whether
low-ranking female monkeys incur energy costs or stress
costs which affect their fertility is also debated (Deutsch
and Lee, 1991).
A preliminary survey at the CNRS Primatology Sta-

tion (France) on a sample of 17 captive female olive
baboons (Papio anubis) found that maternal rank influ-
enced reproductive output, with high-ranking females
having a shorter postpartum inhibition of ovarian func-
tion and interbirth intervals than did mid-ranking
females (Garcia et al., 2002). The same animals were ob-
served over a further 2 years, and six additional females
were added to the sample. This longitudinal study was
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designed to assess reproductive characteristics of semi-
captive female olive baboons between two successive par-
turitions.
Here, we report on female reproductive parameters in

relation to dominance rank, age of the female, and social
context, focusing on the duration of postpartum amenor-
rhea, and waiting time to conception including the num-
ber of cycles, gestation length, and total interbirth inter-
val. We controlled for infant mass and sex, as well as the
physical characteristics of the mothers. Captive studies
on socially housed, naturally reproducing females, where
energy intake and expenditure are more closely con-
trolled and exposure to environmental risks are limited,
may allow us to distinguish between key social and eco-
logical factors influencing fertility.

METHODS

Animals, housing, and diet

Twenty-three multiparous adult female olive baboons
contributed to the study (16.9 6 2.0 kg mass, range ¼
13.5–21.1 kg, and 13.9 6 2.8 years of age, range ¼ 10–
21 years). These subjects belonged to two social groups
housed in semifree-ranging conditions at the CNRS Pri-
matology Station (France). Eight females were part of a
group housed in Park 2, consisting of 63 individuals (two
adult males, 17 adult females, two adolescent females,
33 juveniles, and nine infants). This enclosure measured
220 m2, and had an outer park with climbing apparatus
and an inner compartment. The areas were linked to-
gether by multiple runs. The other 15 animals belonged
to another social group (Park 5) with 97 individuals (two
adult males, one subadult male, 30 adult females, two
adolescent females, 49 juveniles, and 13 infants). Park 5
measured 470 m2, with both indoor and outdoor areas,
and enrichment objects. These two groups were similar in
terms of age-sex classes, with equivalent individual areas.
The groups were artificially formed at least 2 years before
the beginning of the initial study, and thus all individuals
were familiar with each other, and some matrilines (moth-
ers and juveniles) had begun to form.
All animals had free access to water, and food was pro-

vided three times daily. Individuals were fed fruits (car-
rots and apples) at 11:30 hr and two types of commercial
monkey pellets (SDS, Vigny, France; UAR, Villemoisson-
sur-Orge, France) at 9:00 and 15:30 hr. The content of
the SDS diet was 16.3% protein, 6.1% fat, 57.4% carbo-
hydrates, and 4.4% total fiber, with a metabolizable
energy value of 11.9 MJ/kg. The UAR diet was 18.8%
protein, 6.7% fat, 55.1% carbohydrates, and 3.5% fiber,
with a metabolizable energy value of 14.21 MJ/kg. Each
day, the enclosure with 97 individuals (Park 5) received
about 15 kg of carrots, 20 kg of apples, 6.5 kg of UAR
pellets, and 12.5 kg of SDS pellets; the second park with
63 animals (Park 2) received about 10 kg of carrots, 13–
14 kg of apples, 6.5 kg of UAR pellets, and 7–7.5 kg of
SDS pellets. Fruit energy was determined from weighing
different specimens over time and using averages of me-
tabolizable energy per gram. Individuals in both parks
had access to an equivalent quantity of food on a daily
basis (0.59 kg/individual in Park 2, and 0.56 kg/individ-
ual in Park 5), and the major nutrient intake of focal
females was monitored. One focal female was followed
for 6–12 samples distributed equally over lactation/cycle
phases (Garcia, 2005). The number of pellets and quan-
tity and size of carrots and apples consumed by this indi-
vidual during continuous focal samples, which started

when food was distributed and available and terminated
when all food was eaten, were considered to represent
energy intake over a 24-hr period (MJ/day).

Variables recorded

Analyses are based on data collected from October
2002 through December 2004.

Age. The age of adults was determined from dental esti-
mates of age when the animals arrived at the CNRS Prima-
tology Station, and their previous reproductive history if
known.
Females were assigned to one of three age classes

(Smuts and Nicolson, 1989). The younger adult age class
(4–8 years) associated with first reproduction at 4–5 years
was excluded:

� Younger middle-aged (approximately 9–12 years): age
class 1 (N ¼ 8, 4 females in Park 2, and 4 in Park 5);

� Older middle-aged (approximately 13–16 years): age
class 2 (N¼ 11, 3 females in Park 2, and 8 in Park 5); and

� Old and very old (�17 years): age class 3 (N ¼ 4, 1
female in Park 2, and 3 in Park 5).

For infants born during the study period, we recorded
the exact birth date, and computed a new variable, birth
season (1, winter: December 21–March 20; 2, spring:
March 21–June 20; 3, summer: June 21–September 20;
and 4, autumn: September 21–December 20). This vari-
able was used to assess the distribution of reproductive
events throughout the year, and to test for the presence
or absence of seasonal birth peaks in this captive colony.

Reproductive parameters. The olive baboon is one of
approximately 20 species in which nonpregnant females
show obvious sexual swellings during the menstrual
cycle (Dixson, 1983). The swelling affects the sex skin of
the anogenital area (AGA); the AGA increases in turges-
cence due to estrogenic stimulation, and decreases after
ovulation as estrogen concentrations fall (Dixson, 1998).
All study females were multiparous. They were sys-

tematically observed daily over 2 years and reproductive
characteristics were recorded, including menstruation
and morphological changes of the AGA. Swellings typi-
cally commenced 2.8 days after menstruation (Garcia,
2005), and reached maximum tumescence as ovulation
approached (Hendrickx and Kraemer, 1969; Koyama et al.,
1977; Shaikh et al., 1982). Our analyses focused on the fol-
lowing parameters: duration of postpartum amenorrhea
and duration of cycling phase, waiting time to conception
(duration between parturition and next conception), gesta-
tion length, and total interbirth interval. The day of concep-
tion (i.e., when a cycle resulted in pregnancy) was calcu-
lated as 2 days before detumescence. Gestation lengths
were estimated retrospectively from day of birth to day of
conception. The sex ratio at birth for the 23 focal females
was 51.2% male (N ¼ 43; 22 M:21 F), with an equal sex ra-
tio for each category of maternal rank. There was no differ-
ence between the sex ratio of the focal females and the col-
ony sex ratio at birth (30 M:29 F overall).
Rank. Female dominance rank was assessed as part of

long-term behavioral monitoring, using ad libitum sam-
pling (Altmann, 1974). The assessment of rank was based
on all occurrences of submissive gestures (avoidances), ini-
tiation of attacks, threats, chases, and retreats during esca-
lated aggression (Deutsch and Lee, 1991). We recorded the
outcome of agonistic bouts, an agonistic bout being defined

2 C. GARCIA ET AL.



as an interaction sequence between two individuals in
which one exhibits at least one ‘‘submissive behavior’’ or
‘‘aggressive behavior’’ (Altmann, 1980). Dominance rank
was determined using the criteria of Hausfater (1975)
during agonistic bouts:

‘‘A winner and a loser were determined in an agonis-
tic bout only when one animal directed one or more
submissive behaviors, and no aggressive behaviors,
toward a second animal who directed no submissive
behaviors toward the first animal. The individual
who gave the submissive behaviors was considered
the loser of the bout, and the individual who gave
only aggressive and/or other nonsubmissive behav-
iors was considered the winner of the bout.’’

Female rank was expressed as the proportion of fe-
males dominated (after Cheney et al., 1988), providing a
relative rank ranging between 0 (low) and 1 (high). Rank
was divided into quartiles, and we categorized indi-
viduals as high-ranking (upper quartile), mid-ranking
(interquartile range), and low-ranking (lower quartile). If
rank is not highly linear, but rather, power is skewed, the
arbitrary division of females into quartiles will obscure
potential differences between ‘‘alpha’’ individuals and a
mass of relatively similar subordinate females. However,
for the purposes of comparison between the parks and with
other studies, we categorized the females into these high,
mid, and low classes.

Anthropometric measurements. Females were anes-
thetized with ketamine (10 mg/kg by intramuscular injec-
tion), a widely accepted dissociative anesthetic used in
studies requiring transient animal tranquilization. Infants
were maintained with their mothers and not sedated, so as
to minimize physical stress or disturbance to the mother-
infant relationship during the measurement period. Meas-
ures of body size and mass were carried out on the anesthe-
tized females and their infants. Body weight was measured
with a standard scale (accurate to the nearest 50 g) and
expressed in kilograms, accurate to two decimal places. We
weighed the female with her infant, and then weighed the
female only, and the infant weight was calculated from the
difference, again to minimize any handling stress on the
infant. The same investigators (C.G. and L.R.) were respon-
sible for all body measures, to minimize interobserver error.
Two series of body-weight measurements were made for
each animal during the study period: one measurement at
11–12 postpartum weeks, and another at 4 weeks after re-
sumption of cycling. Heavy individuals (mothers and in-
fants) were those with mass in the upper 75%, and light
individuals were those in the lowest 25%, with infant age
taken into account.

Ethical considerations. All manipulations and treat-
ments of subjects had ethical approval from the Comité Re-
gional d’Ethique sur l’Expérimentation Animale (Marseille,
France), and followed European Science Foundation ani-
mal-handling guidelines to minimize pain and distress.
Since the aim of the study was to assess normative repro-
ductive behavior in the social context, the social separation
stress to the female was kept as limited as possible. Trap-
ping, taking of blood, and measurements were considered
to be interventions, but not invasive procedures.

Statistics

Subjects entered the study when they gave birth to an
infant, and were excluded from the study at the second
parturition. When the study terminated, several subjects

had not yet given birth a second time and contributed
differentially to the data, since they had incomplete life
histories. We therefore used survival analysis techniques
that take into account the time that each subject was at
risk for events of interest such as resumption of cycling,
whether or not the event occurred during the study.
Although the number of censored events was small, a
time to event analysis was considered more appropriate
for two further reasons. We were interested in exploring
the underlying biology rather than statistical goodness
of fit, and we had potential time-dependent covariates
such as infant and maternal mass (see Wood, 1994).
We used Kaplan-Meier survival analyses to examine

duration of postpartum amenorrhea, duration of cycling
phase, gestation lengths, and interbirth intervals. The
results are described by median and mean survival time
with standard error and Brookmeyer-Crowley 95% confi-
dence intervals for median survivorship. The log-rank
test (L) was used to assess whether the survivorship
functions differed significantly between groups (Hill et al.,
1996). A second technique, the Cox proportional hazards re-
gression model, was used to investigate the multivariate in-
fluence of several variables on reproductive intervals (Hill
et al., 1996). The analysis estimated a set of regression coef-
ficients that related the effect of each covariate to the haz-
ard function. The test statistic used here was the regression
coefficient divided by the standard error of the sample (RC/
SE). For each analysis, a significant effect indicated that
the covariate influenced the hazard function when the
effects of other covariates were taken into account, i.e., the
results were analogous to those obtained by standard mul-
tiple regression techniques. All statistical analyses were
performed with BMDP for Windows, release 8.0 (BMDP,
Inc., Cork, Ireland), or SPSS version 11, with the signifi-
cance level set at P < 0.05.
Where we used parametric statistics, we first con-

firmed a normal distribution of the variables.

RESULTS

Most (65%) females resumed cycling within 5 months
after giving birth (Fig. 1). The mean duration of postpar-
tum amenorrhea was 145.2 6 12.1 days (mean 6 SEM),
with a median of 132.5 6 12.0 days (median 6 asymp-
totic SE), and a range of 54–270 days (N ¼ 23). Three

Fig. 1. Survival curve for postpartum amenorrhea duration
in captive female olive baboons.
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females resumed cycling within 100 days of giving birth,
while five females took over 170 days to resume cycling.
Overall, resumption of cycles was influenced by domi-
nance rank (Table 1). Short postpartum amenorrhea was
associated with being of mid or high rank, while low-
ranking females took significantly longer than dominant
counterparts before they resumed their cycles (L ¼ 4.03,
P¼ 0.04). The relationship between duration of postpartum
amenorrhea and infant mass (Table 2) was consistent with
predictions: females with light, potentially slowly growing
infants took significantly longer to resume cycling than did
females with heavy, rapidly growing infants (Fig. 2).
Once a female resumed cycling, on average (N censored

¼ 1) she would experienced three or four cycles before con-
ception (mean6 SEM, 3.6 6 0.6; median, 2.5; range, 1–10).
Conception resulted during 17% of first cycles, while a total
of 48% had occurred within two cycles, and 70% within
three. Low-ranking females tended to take longer to start
cycling, but were then slightly more likely to conceive on
the first cycle (17%) than were mid-ranking females (9%).
High-ranking females took the least time to start cycling,
and 33% of first cycles resulted in conception. Females in
the smaller Park 2 had significantly more cycles prior to
conception (Table 2) than did those in Park 5 (5.3 6 1.3 vs.
2.7 6 0.4). There was also a further effect of infant mass
(Table 2), with mothers of infants who were heavy after the
resumption of cycling experiencing fewer cycles than did

mothers of lighter infants. Female rank (proportion of
females dominated) and park were entered simultaneously
as covariates with the number of cycles to conception. The
trend for an effect of rank (RC/SE ¼ 1.79, P ¼ 0.07) was
confirmed, while the park effect was again significant (RC/
SE¼ 1.93, P ¼ 0.05) when the other factors were taken into
account.
Total time between resumption of cycles and conception

was 126.4 6 20.7 days (N censored ¼ 1; median, 96.5 days;
range, 18–370 days). Taking a combined measure of the
waiting time to conception, which includes postpartum
amenorrhea and the duration of cycling until conception,
themean delaywas 270.86 23.4 days (N¼ 1 censored bout).
The median delay was 237 days (SE¼ 30.3), with a range of
110 to over 553 days. As expected from previous findings (Ta-
ble 2), rank was amajor influence on the waiting time to con-
ception, with low-ranking females taking significantly longer
to conceive than high-ranking females (L ¼ 9.99, P < 0.01).
Females in the larger Park 5 took less time to conceive again,
while light mothers took longer to conceive (light vs. mid, L¼
5.37, P ¼ 0.02; light vs. heavy, L ¼ 4.04, P ¼ 0.04). Park,
female rank category, and maternal mass were entered
simultaneously as covariates. The three factors all had signif-
icant independent associations with waiting time to concep-
tion (park, RC/SE¼ 2.28, P¼ 0.02; maternal mass, RC/SE¼
2.89, P < 0.01; high- vs. mid-ranking, RC/SE ¼ �2.21, P ¼
0.03; high- vs. low-ranking, RC/SE¼�3.27,P¼ 0.001).

TABLE 1. Postpartum amenorrhea duration in female olive baboons, calculated from survival analyses1

Class of female N2 Median 6 SE3 95% CI4 Mean 6 SE3

All 23 132.5 6 12.0 116–158 145.2 6 12.1
With male infant 13 118.0 6 14.4 105–158 136.3 6 15.0
With female infant 10 133.0 6 3.2 117–203 156.8 6 20.2
High-ranking 6 133.0 6 31.2 87–158 122.7 6 17.8
Mid-ranking 11 114.0 6 3.3 105–136 127.9 6 14.3
Low-ranking 6 203.0 6 62.5 132–238 199.5 6 24.9
Age class 1 8 132.0 6 12.7 111–238 153.6 6 24.8
Age class 2 11 124.5 6 13.2 103–169 138.2 6 16.1
Age class 3 4 117.0 6 15.0 1055 147.8 6 29.4
Low body weight, <15.5 kg 6 158.0 6 35.5 111–203 163.3 6 20.6
Medium body weight, 15.5–17.7 kg 12 135.0 6 2.6 132–166 149.3 6 20.3
High body weight, >17.7 kg 5 114.0 6 4.4 1035 113.6 6 2.9

1 Statistical comparisons between the groups are presented in Table 2.
2 Sample size.
3 Median and mean survival time with standard error (SE) in days.
4 Brookmeyer-Crowley 95% confidence interval for median survival time in days.
5 Lower one-sided Brookmeyer-Crowley 95% confidence interval.

TABLE 2. Maternal, infant, and habitat factors affecting reproductive parameters in 23 semifree-ranging female olive baboons1

Postpartum
amenorrhea

Number of
cycles to
conception

Waiting time
to conception

Gestation
length

Interbirth
interval

Maternal factors
Age class (df ¼ 2) L ¼ 0.53 L ¼ 0.31 L ¼ 0.11 L ¼ 1.00 L ¼ 0.38
Relative mass (df ¼ 2) L ¼ 1.95 L ¼ 2.61 L ¼ 5.30* L ¼ 0.01 L ¼ 5.24*

Rank (df ¼ 2) L ¼ 3.39 L ¼ 2.92 L ¼ 7.67** L ¼ 8.94** L ¼ 8.14**

Infant factors
Sex (df ¼ 1) L ¼ 0.93 L ¼ 0.31 L ¼ 0.05 L ¼ 1.89 L ¼ 0.05
Relative mass (df ¼ 2) L ¼ 5.07* L ¼ 4.29* L ¼ 0.11 L ¼ 0.25 L ¼ 3.64
Birth season (df ¼ 3) L ¼ 3.71 L ¼ 3.72 L ¼ 3.43 L ¼ 3.64 L ¼ 6.21
Habitat factors
Park (df ¼ 1) L ¼ 1.42 L ¼ 5.36* L ¼ 5.87** L ¼ 0.26 L ¼ 4.78*

1 Postpartum amenorrhea, number of cycles to conception, waiting time to conception, gestation length, and interbirth interval. Sta-
tistics represent log-rank test (L) on survival functions.
*P < 0.05.
**P < 0.01 (italics, 0.05 < P < 0.1).
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Gestation length could be accurately determined for 20
females, when the date of conception and date of birth were
known to within 1 day. Gestation averaged 185.16 0.8 days
(median, 185.0 6 1.7 days; range, 177–192 days). The vari-
ation in gestation length was associated with maternal
rank (Table 2), with low-ranking females having shorter
gestations (mean6 SE¼ 182.66 0.7 days) than high-rank-
ing females (188.46 1.0 days, L ¼ 9.73, P < 0.002).
For 21 females, interbirth interval could be calculated

to within 1 day (N censored ¼ 2). The mean interbirth
interval in this population was 450.6 6 21.2 days (me-
dian, 422.0 6 29.6 days; range, 299–649 days). A small
proportion (22%) gave birth again in less than 1 year,
while only 13% took longer than 18 months. Although
the interbirth interval is obviously the sum of the wait-
ing time to conception plus gestation, there were differ-
ences in the rank effects on the separate durations and
events that make up this total interval. A number of fac-
tors influenced interbirth intervals (Table 2).
Again, dominant individuals had significantly shorter

intervals than did subordinates (Fig. 3), while lighter
females had longer intervals than did mid or heavy
females (light: 547.3 6 52.0 days vs. 415.1 6 22.1 days
for mid, and 419.6 6 25.2 days for heavy females).
Females in the larger Park 5 also had shorter intervals
than did those in Park 2 (415.1 6 22.5 days vs. 497.6 6
23.0 days). As was noted for duration of postpartum
amenorrhea and number of cycles to conception, mothers
of heavy infants experienced less of a delay between
reproductive events (390.0 6 26.6 days for heavy infants
vs. 505.3 6 51.5 days for light ones). Female rank cate-
gory, mother’s weight, and park were again explored as
simultaneous covariates influencing interbirth intervals,
and all were significant (high- vs. mid-ranking: RC/SE ¼
�2.34, P ¼ 0.02; high- vs. low-ranking: RC/SE ¼ �3.27,
P ¼ 0.001; park: RC/SE ¼ 2.07, P ¼ 0.04; mother’s
weight: RC/SE ¼ 2.76, P < 0.01).

In order to examine any potential interactions among
factors influencing interbirth intervals, we ran a general
linear model on the noncensored data. There were no
significant interactions between any of the independent
variables, and the main effect of rank was still strongly
demonstrated (ANOVA: F ¼ 7.56, df ¼ 2, 21, P ¼ 0.04).
We suggest that each factor highlighted above is acting
independently to influence interbirth intervals.
There were no rank-related differences in body mass

among females (ANOVA: F ¼ 0.40, df¼ 2, 23, NS), nor were
there rank-related differences in estimated individual food
intake per day (median¼ 4.20MJ, rs ¼ 0.23, NS) or individ-
ual intake per kg body mass (rs ¼ 0.10, NS). Thus, for this
sample, dominance status did not appear to influence
energy acquisition directly.

DISCUSSION

We present longitudinal data on the complete repro-
ductive cycles of captive female baboons from delivery
through postpartum amenorrhea (4–5 months), the num-
ber of cycles to conception (2–4 cycles), and pregnancy
and new delivery (interbirth interval ¼ 450 days). The
intervals reported here are only 60% of those found in
the wild (see below).
Baboons typically show an even distribution of repro-

duction throughout the year, with no strong seasonal
birth peaks (Altmann et al., 1988; Bercovitch and Harding,
1993). We found a slight seasonal trend in births but only
for females in Park 5, with a peak in February and a trough
in July–August. However, the sample sizes are too small to
test statistically. Furthermore, we found no effect of time of
year (birth season) on any of the reproductive variables
examined. Infant sex also had no marked effect on the
reproductive parameters assessed here. While breeding in
captivity appears to be subject to the positive benefits of
food enhancement increasing the rate of reproduction,

Fig. 2. Duration of postpartum amenorrhea for mothers of
light infants (<1.4 kg, N ¼ 6), compared to those with heavy
infants (>1.7 kg, N ¼ 5). Plot shows median (bar), interquartile
range (box), and highest and lowest values (whiskers).

Fig. 3. Interbirth interval (IBI) for high-, mid-, and low-
ranking female baboons. Plot shows median (bar), interquartile
range (box), and highest and lowest values (whiskers).
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the trends described here suggest that social variables
also influenced individual reproductive output.

Effects of female age on reproductive
performance

In this colony, no reproductive parameter was signifi-
cantly related to maternal age. Among wild olive baboons
at Gilgil, Kenya, interbirth intervals either shortened sig-
nificantly as females aged (Smuts and Nicolson, 1989), or
they initially shortened with age and then lengthened to-
ward the end of the females’ reproductive lives, i.e., the
classic mammalian inverse U-shaped relationship between
age and reproductive performance (Strum and Western,
1982; Bercovitch et al., 2003). In wild chimpanzees, fertility
declines substantially after age 35 (Nishida et al., 2003). In
free-ranging yellow baboons, Wasser et al. (1998) reported
that the number of cycles to conception decreased signifi-
cantly with age and that the duration of lactation showed a
U-shaped pattern with age, but they found no significant
effect of age on interbirth interval. Our failure to find any
association between fertility and age may be due to all
females having commenced reproduction (multiparity), and
thus being unlikely to show reduced fertility associated
with early reproductive careers, while the lack of a decline
in fertility with increasing age may be due to small sample
sizes, with only one female being very old (i.e., >20 years)
and 3 females being old (17–20 years). Furthermore, life
span and, concomitantly, reproductive life span are length-
ened in captivity (Colman et al., 1999), and thus we might
only observe such effects with females over age 25 years.

Other factors affecting fertility

Female dominance rank was related to the waiting
time to conception, gestation length, and total interbirth
interval. Rank was also weakly associated with duration
of postpartum amenorrhea and cycling phase duration,
as seen in many wild and captive primates (Smuts and
Nicolson, 1989; Wasser et al., 1998; Setchell et al., 2002;
Setchell and Wickings, 2004). However, the underlying
physiological mechanisms remain to be clarified. Several
were suggested as explanations of the links between domi-
nance rank and reproduction. Foremost among these are
nutritional status and energy balance or stress.
Reproductive rates of captive and provisioned free-rang-

ing primates tend to be higher than those of unprovisioned
groups (reviewed by Lee, 1996b). Maternal nutrition is
associated with milk production in nonhuman mammals
(Oftedal, 1984), and interacts with suckling rates. Suck-
ling and consequent infant growth underlie the resump-
tion of cycling, ability to conceive, and ultimately inter-
birth intervals. Food-enhanced wild baboon populations
have shorter interbirth intervals than do those with only
natural forage (Bercovitch and Strum, 1993; Altmann and
Alberts, 2003), mirroring the difference between captive
and wild populations.
We found a very short duration of postpartum amenor-

rhea (145 days) in our sample compared to wild popula-
tions (Altmann, 1980: 360 days in wild Papio cynocepha-
lus; Smuts and Nicolson, 1989: 407 days in wild Papio
anubis). Our data are similar to those of Gauthier (1999:
161 days in captive Papio papio), and confirm that captive
primates have a shorter duration of inhibition on ovarian
function than do their wild counterparts (Altmann et al.,
1977). It is notable that of the total interval between
successive births, the duration of lactational amenorrhea

accounts for the majority of the difference between our
captive females and wild baboons. Shortening the dura-
tion of postpartum amenorrhea may be a function of re-
duced energy constraints in the captive environment. A
lower cost of travel (i.e., time and energy spent foraging
and carrying infants), combined with a plentiful and reg-
ular supply of food, and access to health interventions
when ill, may all explain the early resumption of fertility
as well as the greater reproductive success of captive pri-
mates compared to wild ones. In our captive sample,
about 3.5 cycles are needed for a new conception, which
is similar to the 3 or 4 cycles usually occurring before
conception in wild yellow baboons (Altmann et al., 1978).
Better nutrition may influence reproductive parame-

ters among populations or groups, but is not sufficient to
explain interindividual differences in reproductive capaci-
ties within a group. Similar to the pattern observed in these
captive females, dominance influenced the duration of post-
partum amenorrhea in free-ranging olive baboons, with
365 days for high-ranking females and 456 days for low-
ranking females. Unlike our sample, however, the total
time cycling almost doubled between high (127 days) and
low (217 days) ranks (Smuts and Nicolson, 1989). Signifi-
cantly shorter interbirth intervals for high-ranking females
are generally observed (Gomendio, 1990; Wasser et al.,
1998; Setchell et al., 2002).
In this captive colony, food was widely delivered and

fairly evenly dispersed inside the parks, and there was
little possibility for dominants to monopolize patches of
high-quality food. Consequently, high-ranking females
did not have feeding advantages over low-ranking ones,
and no rank-related differences in total food intake were
found (see also Garcia, 2005). In this context, where
rank-related differences in energy intake cannot account
for the fertility patterns we found, it is unlikely that
nutritional mechanisms (Schneider, 2004) alone mediate
the relationship between dominance and fertility. Nutri-
tional factors are expected to have the greatest impact
on the duration of postpartum amenorrhea, as the period
of peak lactation and maximum infant growth rate repre-
sents the highest energetic costs to the mother (Oftedal,
1984; Lee, 1987; Altmann and Samuels, 1992). However,
our data show that the strongest effect of female status is
on the waiting time to conception and on gestation length,
suggesting that stress rather than nutrition alone may play
a crucial role.
Chronic social stress has long been proposed as an al-

ternative explanation for rank effects on female repro-
duction. Social constraints play an important role in the
regulation of reproductive function in a variety of mamma-
lian species (Wasser and Barash, 1983; Altmann et al.,
1988; Packer et al., 1995). In marmosets, social subordi-
nance hormonally suppresses reproduction (Abbott et al.,
1990). Stress can thus disrupt menstrual cycles, can reduce
the probability of ovulation or likelihood of a conception,
and might lead to abortion. Aggression toward subordinate
females on the part of reproductively active dominant
females was suggested as the major mechanism interfering
with cycling through the adrenal-hypothalamus network
(Weingrill et al., 2004). In our study, the chronic stress hy-
pothesis is supported by an increased wait to conception
among low-ranking females, which is the main cause of
their longer interbirth intervals. Low-ranking females
tended to cycle for longer than high-ranking females be-
cause their cycles may have been less fertile or even anovu-
latory. In addition, gestation length was also related to
dominance rank, with low-ranking females having shorter
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gestations, which may have been a hormonal or growth
response to harassment, attacks, and chases. Since rank in
this colony was determined on the basis of threats, chases,
attacks, and submissions, potentially stressful interactions
occurred and with some frequency. However, it should be
noted that the harassment of subordinates by dominants
could impose additional energy expenditure costs on the
subordinates as they flee to avoid interaction, which could
result in a negative energy balance even with similar in-
takes. Whether such interactions translate into chronic
hormonal stresses is currently being explored.

Infant and male effects

Infant mass at 11–12 weeks postpartum had an impor-
tant effect on the duration of postpartum amenorrhea:
the lighter the infant, the longer the postpartum amen-
orrhea. If infants must reach a threshold weight before
they are weaned (Lee et al., 1991; Bowman and Lee,
1995), then more time will be required to reach this
threshold. When the infant was lighter at 11–12 weeks
(peak suckling and peak growth), the duration of post-
partum amenorrhea was longer. Similarly, infant mass
4 weeks after the mother’s resumption of cycle was asso-
ciated with the number of cycles she experienced before
another conception: the heavier the infant, the fewer the
number of cycles. Stress could potentially interact with
the efficiency of milk production to reduce output, so
that light, slowly growing infants had to suck more fre-
quently, extending lactation duration or the hypofertility
of females once cycles resumed. Maternal mass also in-
fluenced the competence and quality of individual cycles,
e.g., a mother’s ability to conceive and capacity to become
pregnant quickly after resuming cycling was enhanced
when her mass was greater and maternal mass was unre-
lated to rank. Individual variation in condition and energy
balance appears to play a role in reproductive potential,
while stress interacted with these individual characteris-
tics through social status.
We also observed a park effect on the number of cycles

prior to conception, on the total duration of the cycling
phase, and on interbirth intervals, but no effect for the
duration of postpartum amenorrhea. Females in Park 5
with short interbirth intervals had a similar total food
intake and density as in Park 2 (Garcia, 2005). While
there were twice as many female competitors in Park 5,
some females had been together for longer, matrilines
had developed, and the area allowed for more escape,
which may have resulted in reduced social conflict.
Stress, nutrition, and energetics appear to be insuffi-

cient to explain park differences. One alternative expla-
nation is that male quality influenced the fertility of
females. Both parks contained two adult males, and the
ratio of adult males to adult females was similar. Males
in Park 2 may be less fertile than males in Park 5, lead-
ing to higher reproductive rates in Park 5. Lower male
fertility can result from the absence of sperm, insuffi-
cient sperm concentration, lack of sperm viability, mal-
formations of sperm, and a low proportion of normal
sperm, or insufficient mobility (see Dixson, 1998). Alter-
natively, the males in Park 2 may have experienced
sperm depletion due to higher cycle synchronization
(e.g., Zinner et al., 1994), but Park 2 showed less cycle
synchrony than did Park 5. Finally, females in Park 2
could have had less attractive sexual swellings than did
females in Park 5, resulting in fewer mounts and a reduced
probability of conception (Domb and Pagel, 2001; Dunbar,

2001; Nunn et al., 2001; Zinner et al., 2002). The shape of
Park 5 (with two separated polygons permitting copula-
tions hidden from view) might also be responsible for en-
hanced mating opportunities in this park.

CONCLUSIONS

All females in the captive colony exhibited enhanced
reproductive rates by contrast to wild baboons. Despite
excellent nutrition and a relatively low energy expendi-
ture on travel or foraging, individual variation in repro-
ductive rates was marked. Significant rank-related
effects were observed, with low-ranking females experi-
encing the slowest rates of reproduction. These data sug-
gest that chronic social stresses were critical influences
on reproductive rates, primarily affecting the waiting time
to conception. Interesting influences of infant growth (mass
attained for age) were also found, such that when infants
grew rapidly in early lactation, their mothers were more
likely to resume sexual cycling early. Infants who were
heavier after their mothers had resumed cycles also had
mothers who experienced fewer cycles prior to conception.
Heavier mothers also appeared to be at an advantage, as
expected if there are additional costs to lactation even in a
well-fed captive colony. Dominance status, energy acquisi-
tion, individual characteristics, and the physical environ-
ment all interacted to produce variation in reproductive
rates for these captive females.
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France.

Garcia C, Lee PC, Rousselière E, Dubreuil G, Rosetta L. 2002.
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