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Abstract Our research aims to further knowledge on the
adaptive significance of reproductive processes in female
primates, using a comparative approach. Our studies in
semi-free ranging olive baboons (Papio anubis) show that
sampled baboon mothers resume cycling and reconceive
when their infants reach a relatively constant threshold
mass, as predicted from interspecies life history theory.
We suggest that the duration of maternal investment acted
as a facultative adjustment to infant growth rates, and
depends on the maternal physical and social characteristics
(e.g. body mass and social rank). Energetic costs associated
with reproduction are surprisingly low in our sample.
Energy intake and energy expenditure do not closely pre-
dict the time to resumption of cycling. We also find a posi-
tive correlation between maternal energy expenditure and
infant growth rates. Using the baboon model, this study
places these results on infant growth and reproductive ener-
getics into a broader perspective on primate life history,
and explores the question of how costly non-human pri-
mate infants are. We have divided these expenditures into
time and energy costs, investigating each of these during
the early phase of growth.

Keywords Lactation · Postpartum amenorrhea · Postnatal
growth · Maternal investment · Energy balance · Baboon
model

Résumé Notre recherche a pour objectif de permettre,
grâce à une démarche comparative, une meilleure compré-
hension de la signification adaptative des processus repro-
ductifs chez les femelles primates. Nos études chez le

babouin olive (Papio anubis) en semi-liberté montrent
que les femelles babouins de notre échantillon reprennent
une cyclicité ovarienne et conçoivent à nouveau quand
leurs bébés atteignent un poids seuil relativement constant,
tel que celui prédit par la théorie d’histoire de vie interspé-
cifique. Nous suggérons que la durée d’investissement
maternel agit comme un ajustement facultatif aux taux de
croissance du jeune, et dépend des caractéristiques physi-
ques et sociales de la mère (e.g. masse corporelle et rang
social). Les coûts énergétiques associés à la reproduction
sont étonnamment faibles dans notre échantillon. Les
apports alimentaires et la dépense énergétique des femelles
ne prédisent pas précisément la durée de blocage de la
fonction ovarienne. La dépense énergétique de la mère et
les taux de croissance du jeune sont positivement corrélés.
En utilisant le modèle babouin, nous replacerons ces résul-
tats sur la croissance du jeune et l’énergétique de la repro-
duction dans une perspective plus large d’histoire de vie
des primates, et nous explorerons la question du coût
(temps et énergie) d’un jeune primate non-humain au
cours de la phase précoce de croissance.

Mots clés Lactation · Aménorrhée du postpartum ·
Croissance post-natale · Investissement maternel · Bilan
énergétique · Modèle babouin

Introduction

Is reproduction energetically costly, and do these energy
costs underlie variations in fertility? In primates with dilute
milk and long lactations with regard to body size [1], the
interaction of energetics and reproductive rates has remained
a subject of considerable debate as to mechanisms, controls
and costs [2]. Despite the long-held view that reproduction is
a costly activity, there have been only a few studies to date
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(i.e. unconstrained primates living in social groups) [3,4].
Anthropologists have long viewed humans and other pri-
mates as organisms with particularly high costs allocated to
reproduction, due to their large brain size, long periods of
infant and juvenile dependence and socially mediated learn-
ing. This combination of energy costs (growth to weaning)
and time costs (such as the prolonged period to reach first
reproduction), has confonded the assessment of reproductive
effort in primates.

This paper presents the main results of our studies in
semi-free ranging female baboons (i.e. captive but living in
social groups) and places those results into a broader per-
spective on primate life history. As in other organisms, pri-
mate life histories can be formalized as strategies for opti-
mizing reproductive effort, or the allocation of resources to
reproduction. Necessary constraints on the allocation of
resources generate unavoidable trade-offs between the
mother’s investment in herself and in her offspring, and
between finer categories of allocation. Thus, optimization
of the reproductive effort can be viewed as the cornerstone
of successful life history strategies.

This review explores the question of how costly non-
human primate infants are, and aims to highlight the links
between energetics and reproduction in female primates,
using a comparative approach. Physiological regulation of
the reproductive effort is manifested primarily in the alloca-
tion of metabolic energy to reproduction. Both the amount of
energy allocated and the temporal pattern of allocation have
profound consequences for ultimate reproductive success.
Baboons are excellent animal models to help understand
the energetics of human reproduction: humans and baboons
share many female reproductive characteristics such as long
ovarian cycles, spontaneous ovulation, extended receptivity
and mating periods, long gestation periods, intensive mater-
nal behaviour, suckling “on demand”, slow postnatal growth
rates and a long period of lactational dependence [1]. The
aims of our project were to compare energetics parameters
(energy intake, energy expenditure and energy availability)
in normally lactating female olive baboons between early
lactation and after the resumption of ovarian functions. The
key questions addressed here were: a) How costly is lacta-
tion among primates? b) What is the role of energy in pri-
mate fertility, i.e. the capacity to conceive, gestate, and lac-
tate? c) How do female primates minimise these costs? To
answer these questions, we explored the effects of maternal
rank, maternal mass, infant growth rates and infant sex on
energetic measurements in each period (early lactation vs.
resumption of fertility) and on reproductive outcomes. This
paper presents a concise review of progress in our under-
standing of postnatal maternal investment patterns in pri-
mates, with the ultimate goal of achieving a better under-
standing of the evolution of human patterns of maternal
investment.

Material and Methods

Study subjects and activity budgets

Twenty-three multiparous adult female olive baboons (Papio
anubis) contributed to the study (16.9 ± 2.0 kg mass and
13.9 ± 2.8 years of age). These subjects belonged to two
social groups housed in semi-free ranging conditions at the
CNRS Primatology Station (UPS 846) in France.

Observational data were collected over 2 years (2003-
2004) from these twenty-three female baboons. All females
with an infant under the age of three months at the beginning
of the study were selected as focal subjects, and all females
giving birth from January 2003 to July 2003 were subse-
quently included in the sample. Females and infants were
excluded from the study at the second parturition.

The social and demographic histories of these females
had been documented since 2001, including reproductive
cycles (daily monitoring of the colour and size of sexual
swellings) and social interactions. The monitoring data
included dates of birth, death and conception, as well as
data on maternal age and dominance status (see also [5] for
further details). In order to assess the time costs of raising
offspring, we examined three different time variables: timing
of the resumption of cycling (duration of postpartum amen-
orrhea, PPA), delay to subsequent conception and the abso-
lute length in days of the interbirth interval (IBI).

Behavioural sampling consisted of focal animal samples
of mother-infant dyads [6]. To obtain a representative longi-
tudinal sample across seasons and reproductive stages, all
the focal animals were sampled for 1-2 hours in every
month of the study. Overall, the data used in the analyses
are based on 465 hours of focal animal sampling. During
each focal sample (15 min), the mother’s activity was
recorded by instantaneous point sampling at 1 minute inter-
vals (categories of activity: foraging, moving, resting,
grooming, and social interactions).

Anthropometric measurements

Size and condition: mothers and infants were captured for
measurement at two specific points in time: peak lactation
(78.4 ± 3.3 days postpartum on average, range = 74 –

88 days) and after resumption of cycling (29.9 ± 4.3 days
after the end of postpartum amenorrhea, range = 21 –

38 days). In addition, the animals were also measured oppor-
tunistically throughout and after the study. As a result, we
have longitudinal mass and size data for up to 800 days in
age for some subjects.

Overall pattern of growth: infants were weighed and mea-
sured at varying ages according to the timing of their
mothers’s resumption of cycling. All data were initially
used to describe growth, with body mass (BM) and crown-
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rump length (CRL) as the dependent variables and age as the
independent variable (see [7] for further details). Growth
rates were calculated from BM and CRL curves as the gain
in mass and length between successive ages, and expressed
in grams/day and cm/day.

Energy intake assessment and energy expenditure
measurements

We followed a sub-sample of eight females for this purpose.
Females were assessed twice: at the end of the first month
postpartum (43.0 ± 8.1 days postpartum), and at the end of
lactational amenorrhea during the second menstrual cycle
(59.0 ± 18.0 days after resumption of cycling).

Energy intake: major energy intake of the female subjects
was monitored via focal animal samples. For each doubly
labelled water experiment (see below), each female was
observed during feeding time and to determine their activity
budgets during each 24 hour period of energy assessment.
Food consumption was based on one day of observation per
female and per period. Energy intake (EI) calculated from
counts of pellets and fruit or vegetable intake were used
with digestibility and caloric values and extrapolated to rep-
resent energy intake over a 24-hour period (MJ/day).

Energy expenditure measurement by the isotopic method:
24-hour total energy expenditure (TEE) was determined over
a 4-day period by the two-point doubly labelled water (DLW)
method described by Schoeller et al. [8] (see [9] for further
details). The samples were analyzed for hydrogen (2H/1H)
and oxygen isotope ratios (18O/16O) by isotope ratio mass
spectrometry at theCentre d’Ecologie et de Physiologie Ener-
gétiques (Strasbourg, France). TEE is presented as MJ/day. EI
minus TEE represented Energy Availability (EA). We com-
pared our measurements of TEE with measurements of the
resting metabolic rate (RMR) using Leonard and Robertson’s
[10] anthropoid-interspecies equation for determining RMR.
We also explored the difference between measured TEE and
the daily energy expenditure (DEE) as predicted by Leonard
and Robertson’s [10] interspecies equation. DEE approxi-
mates mass-specific, non-reproductive energy expenditure
over that of resting, and the ratio of TEE to DEE is used as
potentially indicative of the costs of reproduction over and
above those due to average activities.

Results and discussion

Time costs

We found that female dominance rank was related to several
reproductive parameters (i.e. waiting time to conception,
gestation length and total interbirth interval), with high-
ranking females having shorter reproductive intervals and

higher fertility [5,11]. Rank was also associated to some
degree with the duration of postpartum amenorrhea and
cycling phase duration, as seen in many captive and wild
primates [12,13]. This could be due to the fact that high-
ranking females have more energy available to invest in
their infants’ growth or protection, or that they are more
embedded in a social network, as suggested by Silk et al.
[14], which then provides them with helpers. Maternal rank
had more influence on investment strategies than the sex of
offspring, and this rank interacted with infant sex. Low-
ranking females rearing a daughter had the longest duration
of postpartum amenorrhea, suggesting that it was more dif-
ficult for subordinate mothers to sustain a daughter’s growth
to the threshold that allowed the resumption of cycling.

We also found that the duration of postpartum amenor-
rhea was variable (range = 54 270 days), but that infant
mass at weaning (i.e. after the end of PPA) seems to be con-
strained. For both sexes, mothers resumed cycling when
their infants weighed close to 2 kg, and 3 kg for subsequent
conception. The similarity between infant mass, regardless
of sex and maternal characteristics, both at the end of PPA
and at conception, suggested that infants either needed to
attain a threshold mass (Fig. 1) or some ratio of maternal
mass. Studies on a range of primate and non-primate species
suggest that infants need to reach a threshold weight of
around 3-4 times their birth weight before they can be
weaned, or for maternal fertility to resume, regardless of
the time needed to reach this mass [15,16]. In our study,
infant body mass at subsequent conception (3 kg) represents
the expected increase of 3-4 times the average mass of new-
born baboons, of around 0.8 kg [17], as previously reported
in captive rhesus macaques [16]. While a threshold mass was
apparent, the time taken to reach this threshold varied four-
fold (from 110 to 475 days). Therefore, prolonging the
investment period appeared to be mainly a compensatory
mechanism to reach this threshold mass.

Overall, we showed that IBI was strongly associated with
infant growth to PPA and with maternal rank and infant sex
(see [7]). Slower infant growth up to the end of PPA was
associated with a longer IBI, and low-ranking females had
a longer IBI for the same infant growth rates. We also found
that male infants had a faster growth rate for a similar IBI
and that mothers of sons of all ranks had a longer IBI than
did mothers of daughters. Low-ranking mothers of sons had
the longest investment period overall. Sons thus seemed to
cost more in terms of total time invested and in terms of
growth rate during a reproductive event. The only consistent
pattern that emerges from our data and from other studies on
fertility rates [18,19] is that a high maternal dominance rank
positively impacts fitness components, regardless of the sex
of the previous infant. However, the question of how
mothers partition their investment between sons and daugh-
ters remains open.
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Energy costs

Besides time costs, infant primates also have a cost in terms
of energy, both direct (carrying, lactation, protection) and
indirect (“teaching”, social maintenance, route learning,
etc.). The energy cost of lactation is assumed to be above
and beyond the needs of the non-reproductive state. We
showed that the energetic costs of early lactation obtained
by doubly labelled water techniques for female baboons rep-
resent 1.2 times the normal active daily energy requirements
or 1.5 times the resting metabolic requirements [9], which is
very similar to the costs of early lactation reported in humans
[20]. Our captive female baboons therefore had relatively
low energy costs associated with peak lactation. Mothers
cope with reproductive costs, and especially lactational
costs, through flexible behavioural strategies, for example
through changes in the time spent foraging, in physical activ-
ity levels and possibly in time spent socializing. Detailed
measurements of energy intakes during early to peak lacta-
tion (up to 270 days) showed that female baboons increased
their energy intake and met the small (30-50% increase)
additional energy costs of infant care through subtle adjust-
ments in intake (Fig. 2). These findings are similar to those
recently reported in other studies that estimated maternal
feeding time in orangutans, and thus average mean intake,
at only 20%-25% higher than for an adult female with no
dependent offspring [21]; the values for baboons vary from
0% to 57% depending on methods and habitat or living con-
ditions [see 21]. Human lactation requires an increase in
food intake of only ca. 15%-30%, varying among indivi-

duals and populations [22], partly due to differences in the
activity level of mothers and their chronic nutritional status.
These increases are quite modest compared to other mam-
mals, which can increase their intake by 2-4 times during the
period of maximum lactation [23]. We also showed that
mothers did not move significantly less during early lacta-
tion to save energy, but seemed instead to change the time
spent in social interactions [24]. Therefore, it appears that
both human and non-human primates tend to increase their
overall energy intake to meet part of the cost of lactation, but
use other strategies like relying on tissue stores, reducing
their physical activity and/or changing their time budget to
meet the remainder of the costs. Nevertheless, the potential
for female primates and women to change their level of
activity is dependent on their environmental context, with
some females being able to do so and others not. It is also
clear from the data available for primates that females in
different populations may use a different combination of
strategies to meet the costs of lactation, and that the way
humans and non-human primates meet the energy costs of
lactation varies to some degree between populations and
between individuals within the same population [25].

We also found that energy intake during early lactation
was negatively correlated with interbirth intervals (i.e.
females with a higher energy intake were those with the
shortest interbirth interval), but was unrelated to the number
of cycles until conception once cycling had resumed. Simi-
larly, despite our prediction that energy expenditure would
relate to fertility, in baboon mothers it did not closely predict
the time to resumption of cycling. We found a positive

Fig. 1 Infant mass at the end of postpartum amenorrhea in female olive baboons. The threshold mass of ca. 2.0 kg (range = 1.5 - 2.5 kg)

is indicated by the coloured area. Adapted from Garcia et al. [5] / Masse du bébé à la fin de l’aménorrhée du post-partum

chez des femelles babouins olive. La masse seuil de ca. 2.0 kg (dispersion = 1.5 - 2.5 kg) est indiquée par l’aire colorée. Adapté de Gar-

cia et al. [5]
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relationship between maternal energy expenditure and infant
growth rates, i.e. mothers with rapidly growing babies had a
higher energy expenditure than did those with slowly grow-
ing babies. Energy availability (intake minus expenditure)
varied by dominance rank during early lactation (Fig. 3),
with dominant females having greater energy availability
than subordinates. As a consequence of their lower energy
availability, low-ranking females in our captive context
experienced a longer duration of postpartum amenorrhea
even though energy expenditure after resumption of cycling
did not differ between dominant and subordinate females.
These results concur with previous studies in humans and
non-human primates showing that postpartum resumption
of the ovarian function appears to be determined by the
availabililty of metabolic energy to support the allocation
of effort to a new pregnancy. This availability is in turn
determined both by the level of allocation to milk production
and by the energy condition of the mother [26].

As in humans [27], energy availability in baboons can be
modelled as a non-linear relationship interacting with social
status, infant growth, lactation stage and fertility (see also
Rosetta et al’s model [9] based on Valeggia and Ellison’s
original model for humans [27]). There is a drop in the
energy balance during the period of early to peak lactation,

and an increase in the energy balance and body condition
associated with resumption of cycling. Whether there is a
threshold duration for maintaining a positive energy balance
prior to resumption of cycling in large mammals such as
baboons remains to be empirically determined, but manag-
ing the energy balance appears to be fundamental to the reg-
ulation of primate fertility.

Conclusions

For primates in general, and especially large-bodied pri-
mates including humans, the estimated daily cost of lactation
is relatively low because postnatal growth is comparatively
prolonged and breast milk is relatively dilute in composition.
This suggests that primates have more flexibility in meeting
the energy costs of lactation than other mammals of similar
size. Physiological, behavioural and social mechanisms
influence the reproductive function in primates, suggesting
that unless females are at the extremes of their capacity for
energy intake, various alternatives can compensate for the
costs of infant care. It seems that primates, including
humans, have optimized a strategy of fine-tuning their
care-giving behaviour within a social and supportive context

Fig. 2 Non-linear relationship between maternal energy intake (kJ/day) and infant age / Relation non-linéaire entre les apports énergé-

tiques maternels et l’âge du bébé
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as an evolved life history strategy, rather than simply trading
off time and energy with respect to reproductive output.
More research on non-human primates, especially in the
wild, is nevertheless needed to place human reproductive
energetics in a comparative light, and more emphasis is
required on the scope and importance of inter-individual var-
iability in meeting the energy costs of reproduction.
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