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Life history theory predicts a trade-off between offspring quality and
quantity. Among large-bodied mammals, prolonged lactation and
infant dependence suggest particularly strong potential for a quality–
quantity trade-off to exist. Humans are one of the only such species
to have been examined, providing mixed evidence under a peculiar
set of circumstances, including extensive nutritional provisioning by
nonmothers and extrasomatic wealth transmission. Here, we examine trade-offs between reproductive rate and one aspect of offspring
quality (body size) in wild chimpanzees (Pan troglodytes schweinfurthii), a species with long periods of infant dependence and little direct provisioning. Juvenile lean body mass, estimated using urinary
creatinine excretion, was positively associated with the interval to
the next sibling’s birth. These effects persisted into adolescence and
were not moderated by maternal identity. Maternal depletion could
not explain poor offspring growth, as older mothers had larger offspring, and low maternal energy balance during lactation predicted
larger, not smaller, juvenile size. Instead, our data suggest that offspring growth suffers when mothers wean early to invest in new
reproductive efforts. These findings indicate that chimpanzee mothers with the resources to do so prioritize production of new offspring
over prolonged investment in current offspring.
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P

arents face a fundamental life-history trade-off between producing more offspring and investing in the quality of each
progeny (1–4). This offspring quality–quantity trade-off, along with
a trade-off between reproductive investment and parental survival,
means that maximizing reproductive rates is often not the strategy
that maximizes fitness (5–7). The quality–quantity trade-off has
been empirically demonstrated in species that produce litters or
clutches, where large litter size often leads to small offspring size,
slow growth rates, and reduced survival, particularly under conditions of ecological stress (8–11). Comparative analyses also support
a negative interspecific relationship between reproductive rate and
offspring size (12, 13). The quality–quantity trade-off has rarely
been examined in species for which single births are the norm, and
for which reproductive rate is determined by the interval between
successive births. Such species are important tests of the model, as a
slow breeding strategy suggests a particularly potent trade-off between offspring investment and reproductive rate. Understanding
how individuals negotiate this trade-off can provide important insights into the evolution of reproductive biology and behavior.
Data on humans are valuable because humans invest intensively
in offspring, yet have highly variable reproductive rates. Many
studies find the predicted negative relationship between reproductive rates and offspring growth or health (14–18) or demonstrate fitness maximization at intermediate levels of fertility
(19–21). For example, when a water tap was installed to reduce
women’s workload in a rural Ethiopian community, birth rates
increased, but child growth rates decreased, and more children
were clinically stunted (22). Other studies fail to find evidence for
a trade-off, reporting that the production of grandchildren continues to increase even at the highest levels of fertility (23–25).
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Still others report trade-offs only under certain conditions, such as
resource scarcity (26). Even where genetic or physiological tradeoffs exist, phenotypic correlations between life history traits may
be weak or even positive if individuals vary significantly in their
ability to invest (27, 28).
The human case is an unusual one. Although infants of most
species are nutritionally independent after weaning, humans wean
infants early and continue to provide nutrition for them for many
years. Both mothers and their offspring are supplemented with resources from other group members, including fathers, grandparents,
older siblings, and unrelated allies (29–32). As a consequence, tradeoffs between reproductive rate and offspring quality are likely to be
mitigated. In addition, many cases of fertility optimization in humans have an evolutionarily novel explanation: fitness in large
families can be reduced not by poor physical health but by the
limitations that inheritance places on the ability to marry and reproduce (18). Amid this complex cultural background, it is difficult
not only to detect trade-offs but also to understand their effects on
population structure and health. It is also unclear whether trade-offs
occur because siblings compete for maternal resources or because
maternal resources are depleted by rapid reproductive rates (33, 34).
Chimpanzees, which are close evolutionary relatives to humans,
also experience prolonged periods of juvenile dependence characterized by intensive maternal investment in a single offspring
(35). Chimpanzees are not weaned until ∼4–5 y of age and do not
reach sexual maturity until their early teens (36, 37). Unlike humans, chimpanzee infants are rarely provisioned by their mothers
or by other group members after weaning. This ancestral pattern
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Methods
We studied the Kanyawara community of 50–60 wild chimpanzees in Kibale
National Park, Uganda. Individual chimpanzees were first identified in 1983
(42), and the community has been followed continuously since 1987. The
analysis concerned demographic data collected for the duration of the study to
the present, and urine samples collected between November 1997 and July
2012. Research permissions were provided by the Ugandan National Council for
Science and Technology, Makerere University Biological Field Station, the
Uganda Wildlife Authority, and the Institutional Animal Care and Use Committees of Harvard and the University of New Mexico.
Juvenile body size was assessed using lean body mass estimates derived from
the modified creatinine method (43). Urinary creatinine excretion over the
course of 24 h is a well-validated clinical measure of lean body mass (44–47)
that has been used to assess growth in human children (48). Our modification
for using spot urine samples works on the principle that muscle mass modifies
the relationship between specific gravity and creatinine, which are highly
correlated measures of urine concentration. Whereas creatinine derives from
creatine and phosphocreatine in muscle tissue (45), specific gravity is independent of muscle mass. In a validation with chimpanzees, we demonstrated that relative creatinine excretion was greater in adult males versus
females and in mature versus immature individuals (43). This method enabled
us to produce juvenile growth curves that closely mirrored those produced
from direct measures of body mass (49).
To derive age-dependent estimates of lean body mass, we used general linear
models (GLM) on urine samples from all chimpanzees in the study group to
calculate the residuals of urinary creatinine (in mg/mL) against specific gravity
(minus 1) and its quadratic transformation (adjusted R2 = 0.843; n = 16,191; P <
0.001). The intercept was set to zero, which is the equivalent of water. We
excluded highly dilute samples (specific gravity < 1.003; n = 544), because residual variance was constrained near zero. This is a slight modification of our
previous method, which assessed linear slopes for individual chimpanzees
(SI Text and Fig. S1).
Few urine samples were obtained from infants younger than 4 y, and their
residuals were unexpectedly high (Fig. 1). This is likely a limitation of using spot
urine samples, as 24-h urinary creatinine excretion provides accurate assessments of growth in human infants, including neonates (50, 51). Infant chimpanzees produced small quantities of highly dilute urine with low creatinine
levels and specific gravity (SI Text and Figs. S2–S4). Creatinine content of infants may also be skewed by enhanced protein intake during nursing (52) or
by absorption of maternal creatine/creatinine through breastmilk (53, 54). As
results for infants younger than 4 y were inconsistent with growth, they were
excluded from further analysis. We restricted our analysis to the 5,335 samples
obtained from 39 chimpanzees between the ages of 4.0 and 14.9 y (Fig. 1).
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Fig. 1. Age changes in the residual of specific gravity on creatinine during
chimpanzee development. Each point represents the mean ± SEM residual for
all samples from a 1-y age range. Dotted lines demarcate the range between
4.0 and 14.9 y that was considered in subsequent analyses.

Whereas creatinine excretion in a single 24-h urine sample can provide an
accurate assessment of lean body mass, the use of spot urine requires repeated
measurements (43). To facilitate this in a dataset in which individuals could not
be sampled consistently across ages, we derived measures of creatinine excretion that were independent of age and sex. To do so, we remodeled the
juvenile creatinine data, adding age and sex as covariates, along with their
interaction effects with each other and with the specific gravity terms (GLM;
adjusted R2 = 0.856; P < 0.001). Residuals of this model were normally distributed and were no longer correlated with age (r = 0.000; n = 5,335; P =
1.000) or different by sex (t = 0.000; males = 2,863, females = 2,472; P = 1.000).
These residuals provide estimates as to whether an individual was larger or
smaller than expected, similar to the weight-for-age measures used in many
human growth studies.
Our final sample consisted of creatinine residuals for 4,812 samples from 25
juveniles (mean = 190; range = 15–570 samples per juvenile). We excluded 14
individuals: eight were immigrant females whose mothers were not in the
community, and five were poorly sampled (<10 samples). One additional excluded individual had lost both feet to wire hunting snares as a young juvenile,
and he was an extreme outlier (2.3 SD below the mean) for low body size Fig.
S5. Most subjects were sampled over at least half of the juvenile period (mean =
6.5 y/individual; range = 2–11 y). Final sample sizes for each analysis vary because of other requirements (e.g., complete birth interval, surviving sibling). To
assess the influence of maternal reproductive rate on offspring size, we analyzed variation in the creatinine residuals, using linear mixed models (LMM),
with birth intervals and/or maternal age as covariates and juvenile identity
nested within mother as a random effect. These confirmed relationships
obtained by the simpler method of correlating each individual’s average creatinine residual (across all samples) and the predictors of interest. These correlations are reported in the figures, where individual averages are shown.
Infant birthdates were estimated on the basis of the appearance of the
infant at first observation and interval to the last observation of the mother
without the infant. Of 21 juveniles in the study with a younger sibling, we can
estimate the birth interval for 18 with an error of <1 mo. In the remaining three
cases, one (but not both) of the bracketing birthdates was estimated with a
potential error of more than a month. Of 15 juveniles with a surviving older
sibling, who may have been born before continuous observations of the
community, nine of the interceding birth intervals were known to <1 mo.
Because female chimpanzees disperse between communities at sexual maturity, all maternal ages were estimated. However, because dispersal occurs
within a narrow age range (37), we are confident in the relative ages of our
mothers based on their first observations in the community.
To evaluate whether maternal energetic condition influenced offspring
body size, we examined urinary C-peptide of insulin levels (standardized to
specific gravity) for mothers during the first year of nursing the offspring
concerned (methods, ref. 39). C-peptide is a well-validated marker of energy
balance in primates (55–59). In lactating mothers, it is a useful tool to assess the
metabolic load of milk production relative to the total energy budget (39, 55,
60). Because there are longitudinal changes in insulin secretion over the course
of lactation (39), we calculated z-scores that corrected monthly C-peptide
levels during each lactation period to the mean and SD for the equivalent
month postpartum in other lactation periods (n = 27 reference periods from
ref. 39). For mothers with at least 3 mo of data, we averaged across months to
obtain the relative C-peptide concentration for the first year of nursing.
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of high demands for offspring care with little assistance is expected
to generate stronger offspring quality–quantity trade-offs.
Here, we examine whether chimpanzee mothers experience a
trade-off between reproductive rates and one particular measure of
offspring quality: growth. We assessed this using longitudinal data
from a community of wild East African chimpanzees (Pan troglodytes schweinfurthii) in the Kibale National Park, Uganda. We first
assessed whether a juvenile chimpanzee’s body size was predicted
by the interbirth interval preceding its birth and/or that following its
birth. Reproductive rates in this population are strongly dependent
on interindividual, as well as temporal, variation in resource access
(37–41). Thus, although a trade-off between interbirth interval and
juvenile size was predicted, it remained plausible that some mothers
could afford to produce higher-quality infants at a faster rate. If so,
we expected a negative association between interbirth interval and
offspring size and/or a significant moderating effect of maternal
identity. Quality–quantity trade-offs for infant growth might arise in
two ways: via depletion of maternal resources by prior reproductive
efforts, leading to reduced ability to invest in a current offspring, or
via withdrawal of investment in the current offspring when a new
offspring is born. If maternal depletion was occurring, juvenile size
should be positively predicted by the length of the previous birth
interval and negatively associated with maternal age. If offspring
growth was affected by sibling competition, juvenile size should be
reduced by short intervals to the next sibling’s birth. As a further
test of whether maternal resources affect offspring growth, we examined whether maternal energy balance during lactation, assessed
via urinary C-peptide of insulin, predicts juvenile size.
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Results
Our dataset included 15 juveniles whose older sibling had survived
to 4 y of age. Body size was not significantly predicted by the
interval between the subject’s birth and the birth of the previous
sibling [LMM, parameter estimate (Est) = 0.008; F = 1.177; df =
12.6; P = 0.298; Fig. 2]. Because these intervals extended back to
early years of the study, the lengths of six of them were estimated.
There was no significant association between the preceding birth
interval and juvenile size in the sample of nine individuals with
birth intervals known to the nearest month (Est = −0.007; F =
0.472; df = 8.4; P = 0.511). Five first-born infants ranged from
large to small in size.
For the 21 juveniles with younger siblings, body size was strongly
and positively predicted by the interval to the birth of that next
sibling (Est = 0.019; F = 12.397; df = 19.6; P = 0.002; Fig. 3). This
relationship held when the three estimated birth intervals were
excluded (Est = 0.017; F = 6.658; df = 10.2; P = 0.027). The sizes
of last-born offspring were consistent with this relationship: one
whose mother died before the typical age of weaning was among
the smaller juveniles in the study, whereas three infants whose
mothers died after they reached age 7 y were relatively large.
In cases in which both birth intervals were known, there was a
positive correlation between the interval before and after the
births of the juveniles in our dataset (r = 0.657; n = 13; P = 0.015),
suggesting individual mothers had consistent reproductive rates.
Some mothers were represented by more than one juvenile in our
dataset (n = 1–4). However, zero variance could be assigned to
maternal identity in the model for subsequent birth intervals. As
an additional check for bias resulting from multiple offspring from
the same mother, we reran the analysis using only one offspring
per mother, the most recent completed birth interval (n = 12). The
association between the first offspring’s size and the interval to the
next sibling remained positive, with minimal change to the effect
size (Est = 0.018; F = 6.083; df = 9.8; P = 0.034).
The residuals used in our analysis were corrected for sex, but we
reintroduced sex into our model as an interaction to test whether
the effect of reproductive rate on offspring size differed for males
and females. Although the effect was slightly stronger for females,
the interaction was not statistically significant (Est = 0.020; F =
3.079; df = 18.9; P = 0.096). Similarly, we tested for an age interaction to determine whether the effect of a short birth interval
on offspring size attenuated with age. There was no significant
interaction with age (Est = 0.002; F = 2.733; df = 2.7; P = 0.099).
The negative effect of a short birth interval on juvenile size tended

Fig. 2. Association between preceding birth interval and estimated lean body
mass of juveniles. Points indicate the mean creatinine residuals, corrected for
age and sex, for each juvenile chimpanzee. Positive values indicate an individual was larger than expected for age/sex. Statistical analysis concerned only
juveniles whose older sibling survived to age 4 y (circles, n = 15; r = 0.427; P =
0.112). First-born offspring (crosses, n = 6) and those whose older siblings died
during infancy (open triangles, n = 3) are plotted for comparison.
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Fig. 3. Association between subsequent birth interval and estimated lean
body mass of juveniles (n = 21; r = 0.662; P = 0.001). Points indicate the mean
creatinine residuals, corrected for age and sex, for each juvenile chimpanzee.
Positive values indicate that an individual was larger than expected for age/
sex. Last-born offspring (crosses, n = 4) are plotted for comparison.

to increase, rather than decrease, with age (Fig. 4). This suggests
that adult body size is affected.
Offspring size increased significantly with maternal age (Est =
0.002; F = 8.392; df = 28.2; P = 0.007). The older mothers in our
sample also had longer birth intervals (r = 0.544; n = 21; P =
0.011), consistent with reproductive senescence. These age effects
closely mirrored each other (Fig. 5). When maternal age and the
length of the subsequent birth interval were considered together,
only birth interval explained a significant amount of variance in
juvenile size (Est = 0.015; F = 5.548; df = 19.7; P = 0.029; effect of
maternal age: Est = 0.001; F = 1.150; df = 23.1; P = 0.295).
For 13 of the juveniles in this study, mothers were sampled
during the first year of lactation to obtain C-peptide of insulin
levels, with higher levels indicative of lower energetic stress during
milk production (39). Mothers did not have lower C-peptide after
experiencing a shorter birth interval (r = 0.565; n = 9; P = 0.113).
Furthermore, maternal C-peptide did not predict the size of her
offspring (Est = −0.018; F = 0.617; df = 11.3; P = 0.448). Controlling for maternal age, which was positively correlated to
C-peptide (r = 0.638; n = 13; P = 0.019), maternal C-peptide was
negatively associated with offspring size (Est = −0.050; F = 8.266;
df = 9.4; P = 0.017). Small juveniles were not those whose mothers
were energetically stressed while nursing them.
Discussion
Here, we demonstrate an offspring quality–quantity trade-off in wild
chimpanzees. Chimpanzees whose younger siblings were born after
a relatively short period had lower lean body mass markers, suggesting mothers experience a trade-off between reproductive rate
and offspring quality. This relationship also predicted the effects of
maternal age on offspring size: older mothers produced larger offspring as a result of their declining reproductive rates. We found no
evidence that maternal identity mediated these effects, and maternal age did not affect offspring size independent of its effect on birth
intervals. Thus, mothers with more resources appeared to invest in
faster reproduction, rather than improved offspring growth.
Short birth intervals might compromise offspring investment in
at least two ways. First, mothers with faster reproductive rates may
experience depletion of energetic reserves or other aspects of
physical health and be less able to invest in later offspring (33, 34).
This is a favored explanation for offspring quality–quantity tradeoffs in humans (34), although most studies only examine infant
outcomes in relation to the interval preceding birth. Several factors suggest that maternal depletion does not explain the observed
relationship between short birth intervals and small offspring size
in chimpanzees. The maternal depletion hypothesis predicts that
smaller offspring should follow shorter birth intervals. We found
Emery Thompson et al.
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that offspring size was predicted by the interval after its birth,
rather than the interval preceding it. Maternal depletion effects
should also result in smaller offspring with advanced maternal age,
but we found that maternal age had a positive effect on offspring
size, chiefly because older mothers reproduced more slowly. Finally, maternal C-peptide of insulin, a marker of energy balance,
negatively predicted offspring size. This suggests that energetic
stress on nursing mothers could not explain poor offspring growth.
However, C-peptide only tells us about the effects of lactation on
mothers, and not about the nutrition provided to offspring. It is
possible that mothers with high C-peptide were those that had
conserved energy by investing less in breastmilk, compromising
offspring growth. However, our previous research with nursing
chimpanzees indicates that high C-peptide levels are associated
with improved resource access (39, 40), a robust predictor of fecundity in this species (38, 41). High C-peptide levels during lactation predict earlier resumption of cycling in both chimpanzees
(39, 40) and humans (60, 61). This suggests that the negative association between maternal C-peptide and offspring size emerged
because mothers who were better able to afford the costs of lactation reproduced again sooner.
Thus, a second, more plausible, explanation for our findings is
that faster reproductive rates compromised offspring growth because mothers stopped investing in one offspring relatively early to
begin investing in the next. Infant chimpanzees are able to begin
eating solid foods at about 6 mo of age (36, 62). The onset of independent feeding in larger primates likely occurs when mothers
can no longer supply all the calories the growing infant needs (63,
64), although mothers still provide the majority of infant nutrition
for quite some time (65) and provide an important buffer against
resource scarcity. Although chimpanzee infants are often not fully
weaned until 4–5 y (36, 62), many of the birth intervals in our study
were less than 4 y, suggesting premature withdrawal of nutritional
investment. Because larger bodies are more costly, slow growth in
primate juveniles is thought to be an adaptation to minimize the
risk for starvation when resources are unstable (66). Early weaning
and loss of the maternal buffer may set juveniles on a trajectory for
slow growth. Consistent with this, we had no evidence that chimpanzees made up for deficits in growth later in the juvenile period.
These data suggest that maternal weaning decisions in chimpanzees may not adapt to infant developmental progress, as in many
smaller mammals (67), but can be compelled by the return to fertility. This finding tempers the common assumption that breastfeeding regulates the birth interval (68–70), indicating important
Emery Thompson et al.

Fig. 5. The effects of maternal age on offspring body size (n = 25) closely
mirrored its effects on interbirth interval (n = 21). Lines fit via loess smoothing
(α = 0.5).
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Fig. 4. Effects of interbirth interval on juvenile growth across the juvenile
period, depicting uncorrected residuals to show changes with age. Boxplots
indicate median and interquartile range across individuals (n = 3–12 individuals
per box). Most subjects were represented in more than one age category.

opposing influences. For species with multiyear lactation, for which
weaning is a slow and gradual process, it is not uncommon for infants to be weaned only when the next offspring is conceived [e.g.,
Pongo pygmaeus (65); Loxodonta africana (71); Tursiops sp (72);
Homo sapiens (73)]. Our data also suggest that mothers in good
condition may not anticipate shorter periods of provisioning by
providing more calories to infants per day. Given that energy
availability varies temporally as much as it does across individuals,
this could be a risky strategy.
Our study used a noninvasive methodology to evaluate body size,
an important advance given the limitations of obtaining body
weights on a regular basis for many wild animals. This method
generates juvenile growth trajectories that closely approximate those
produced using conventional body weights (43, 49). Creatinine
production is specifically diagnostic of muscle mass (44, 46, 47, 74–
77), one dimension of overall body size. It is possible that there is
important variance in fat mass or long bone growth not accounted
for in this study. However, urinary creatinine was strongly associated
with height variation among human children (48). In the chimpanzee’s sister species, bonobos (Pan paniscus), variance in muscle
significantly predicted body mass (r = 0.682; n = 13; P = 0.010),
whereas the contributions of bone and fat were negligible (78). Our
method limited our ability to detect variation in infant muscle mass
because of the difficulty of sampling infants and unusually high
creatinine excretion in individuals younger than 4 y. Thus, we cannot at this point evaluate how reproductive rates and maternal
energetics affect the size of young infants, or whether growth rates
slow down specifically after weaning. Our data were consistent with
a report on baboons indicating that differences in offspring size
were relatively persistent across the juvenile period (79).
Our study evaluates only one dimension of offspring quality.
Body size is a strong predictor of infant and juvenile survival in a
wide range of animals, including some lizards (80), fish (81), birds
(82, 83), rodents (84, 85), pinnipeds (86, 87), deer (88, 89), and
primates (90). Although these effects are often attributable to
predation, similar effects are seen in humans, for which both low
birthweight and poor growth compromise long-term health and
well-being (91–94). The importance of body size for fitness is not
well documented in primates and is unknown for chimpanzees.
None of the juveniles sampled over the course of our study died,
and juvenile mortality is relatively low in chimpanzees versus other
primates (95, 96). However, body growth may also exert an important influence on fitness via its effects on adult reproductive
opportunities. Female body size is related to fertility in many
species (97–101). Male body size, and muscle mass in particular, is
expected to affect competitive ability, an important determinant of
reproductive access (102–106). Other factors, such as social relationships and sperm competition, may be of greater importance
to fitness in some primates (107). Accordingly, a recent study of
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determinants of reproductive function (39, 111), perhaps because maintaining maternal health is vital for offspring survival
through long periods of dependency. However, chimpanzee
mothers also face an environment in which resource availability
is unpredictable, suggesting selection may favor females who
reproduce again as soon as they can afford to do so. This evolutionary backdrop may have provided an important template for
the human species, which, with the addition of extrasomatic
provisioning, routinely sustains reproductive rates at the low end
of the chimpanzee distribution.

Assamese macaques reported that juvenile growth rates were
compromised by investment in locomotor play, suggesting the
fitness advantages of developing motor and social skills might
counteract the costs of slow growth (108). If the contribution of
body mass to fitness is relatively small in chimpanzees, the point of
diminishing returns for offspring investment may be lower than
expected. Finally, although our study addresses maternal influences on offspring growth, it does not address potential paternal
influences. Although male chimpanzees do not provision their
young, they may have important genetic or epigenetic influences
on offspring size (109, 110).
Our results indicate that individual chimpanzee females
maximize reproductive rates at the expense of investment in each
offspring. This is counterintuitive, given that, as a general rule,
chimpanzees exhibit a conservative pattern of reproductive investment, with high sensitivity to energetic stress and among the
longest birth intervals of any animal (37, 111). In female chimpanzees, as in humans, maternal energy reserves are important
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