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Compared to great apes, humans maintain a relatively rapid reproductive pace despite long periods of
dependency. This seemingly contradictory set of traits is made possible by weaning offspring before
nutritional independence and alloparents who help provide care. In traditional societies, this help may
be provided to mothers in part by their juvenile offspring who carry, supervise, or provision younger
siblings. In contrast to humans, chimpanzees (Pan troglodytes) are nutritionally independent after

I]\(:ywhords: weaning, yet juveniles continue to travel with their mother and younger sibling for an additional 4—5
Sill))ltinegrss years. This continued association could be costly to the mother if she continues to invest in weaned
Reproduction offspring. Alternately, while juvenile chimpanzees do not typically provision younger siblings, their
Life history presence and social interaction with infants may allow mothers to focus on other tasks. In this study, we

investigate the costs and benefits to mothers of continued association with juveniles in wild chimpan-
zees. Using 26 years of long-term behavioral data we examined how maternal activity budgets varied
based on the presence of a dependent juvenile offspring. We found that continued social interaction
between mothers and juveniles does not influence the mother's time allocated to interacting with the
younger infant, her feeding, resting, or travel time, or time socializing with other community members.
Instead, mothers may benefit from the additional social interaction and/or relationship with their older
offspring. Using 45 years of demographic data we found that those offspring who had an older sibling
tended to be more likely to survive each year from birth to 8 years than those without an older sibling.
Additionally, interbirth intervals were more likely to end when the female had an older offspring present.
A mutually beneficial mother-juvenile dynamic in great apes provides insight into continued association
between mothers and offspring after nutritional independence and the emergence of juvenile helping
during hominin evolution.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction which is most pronounced in the great apes and markedly pro-
longed in humans, is of particular interest. Unlike humans who are

Compared to other mammals of similar body size, primates are weaned relatively early and require additional provisioning

characterized by long, slow periods of growth, delayed sexual
maturation, and long lifespans (Harvey et al., 1987; Charnov and
Berrigan, 1993). The extended juvenile period between weaning
and sexual maturation and the associated delay in reproduction,
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(Robson et al., 2006; Bogin, 2009), nonhuman primates are nutri-
tionally independent after weaning. However, despite this nutri-
tional independence, juvenile nonhuman primates of both sexes
remain in their natal group where they are thought to benefit from
familiar ecological and social environments (Fairbanks, 2000),
including continued association with and support from their
mothers (Pereira and Altmann, 1985; Fairbanks, 1988; Van
Noordwijk, 2012). The majority of existing research on the juve-
nile period in primates focuses on the adaptive value of this
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developmental stage from the juvenile's perspective, highlighting
the benefits of slow and steady growth (e.g., Janson and van Schaik,
1993; Pagel and Harvey, 2002) and time to develop ecological and
social competence (e.g., Ross and Jones, 1999; Pereira and
Fairbanks, 2002; Cords et al., 2010). Less is known, however,
about the costs and benefits to nonhuman primate mothers of
continued association and interaction with juvenile offspring. In
traditional human societies, mothers typically raise multiple
offspring of different ages at a given time. Juvenile humans (~4—10
years of age) can provide benefits to their mothers by contributing
to the care of younger siblings through behaviors including car-
rying, supervising, and provisioning food (e.g., Kramer, 2005, 2011;
Konnor, 2010; Crittenden et al., 2013), which, studies suggest, can
translate into higher survival of younger siblings (e.g., Sear and
Mace, 2008; Nitsch et al., 2013). In this study, we investigate po-
tential costs and benefits of post-weaning maternal care among
wild chimpanzees (Pan troglodytes).

Compared to chimpanzees, modern humans have lower mor-
tality rates, later maturation, and longer lifespans (Kaplan et al.,
2000; Leigh, 2001; Robson et al., 2006; Emery Thompson, 2013).
However, despite extensive time and energy investment in
offspring, modern human reproductive rates are nearly double that
of chimpanzees (Emery Thompson, 2013). Humans maintain the
seemingly conflicting combination of large investment with rela-
tively rapid reproduction in part by weaning offspring before they
are nutritionally independent (Bogin, 2009). This ‘stacking’ of
dependent offspring is likely a derived feature in Homo (Dean,
2006; Robson et al., 2006) associated with the emergence of
other distinctive hominin traits, including slow juvenile growth
rates (Gurven and Walker, 2006) and reliance on alloparental care
(Kramer and Otdrola-Castillo, 2015), that allowed for relatively high
fertility rates and hominin expansion into novel, ecologically vari-
able environments (Wells and Stock, 2007; Wells, 2012). Recent
modeling efforts indicate that early shifts towards modern human
life histories could have been supported by help from within
mother-offspring groups (Kramer, 2014; Kramer and Otarola-
Castillo, 2015). Thus, understanding the trade-offs of post-
weaning maternal care in one of human's closest relatives can
provide insight into early hominin life history evolution.

According to parental investment theory, maternal resources
are finite and investment in one offspring reduces the ability to
invest in other offspring (Trivers, 1972). Parental care, however, is a
broader term that does not necessarily require such a trade off and
encompasses any parental behavior that might increase offspring
success (Clutton-Brock, 1991). In addition to costly investment,
parental care can also include non-depreciable or ‘umbrella’ care
behaviors such as alarm calling or territorial defense, the benefits of
which can be shared across multiple offspring (Lazarus and Inglis,
1986; Clutton-Brock, 1991). The majority of research on post-
weaning maternal care in primates comes from female phil-
opatric cercopithecine species (e.g., vervet monkeys [Chlorocebus
aethiops] and baboons [Papio spp.]) that live in stable social groups
and exhibit matrilineal rank inheritance (reviewed in Fairbanks,
2000). Thus, it is well established that cercopithecine mothers
can play a substantial role in the success of their juvenile and even
adult female offspring through access to preferred resources and
support in agonistic interactions (e.g., baboons: Cheney, 1977; Lee
and Oliver, 1979; Altmann and Alberts, 2005; vervet monkeys:
Horrocks and Hunte, 1983).

Unlike the cercopithicines described above, neither chimpan-
zees nor bonobos (Pan paniscus) live in cohesive social groups, but
instead exhibit fission-fusion social systems in which party (i.e.,
subgroup) size and composition are fluid within a larger stable
community (Goodall, 1986; Stumpf, 2007). Additionally, in both Pan

species males are the philopatric sex, whereas females typically
disperse at adolescence (Kano, 1992; Mitani et al., 2002). Despite
the lack of a stable social group, evidence for the post-weaning
importance of mothers in both Pan species is growing. In bono-
bos, where females can outrank males in the dominance hierarchy
(Kano, 1992; Surbeck and Hohmann, 2013), maternal support of
sons extends into adulthood as mothers have high rates of associ-
ation with their adult sons, support adult sons in adult interactions,
and maternal presence is associated with increased mating success
of sons (Surbeck et al., 2011). In chimpanzees, orphaned males face
significantly lower odds of survival than non-orphaned individuals,
even if they lose their mothers after weaning. This increased
mortality in weaned orphans highlights the importance of some
type of post-weaning maternal care in this species (Nakamura et al.,
2014). Notably, unlike in bonobos and matrilineal cercopithecine
primates, maternal interventions in immature chimpanzee
agonistic interactions are rare (Markham et al., 2015), although
some maternal interventions in interactions between immatures
and adults have been reported (Pusey, 1983; Goodall, 1986). While
maternal presence appears to be important to weaned offspring,
the rarity of this behavior suggests that maternal interventions are
an unlikely source of direct support, at least concerning aggression
among peers.

Chimpanzee offspring are nutritionally dependent on their
mothers until they are weaned between the ages of 3—5 years
(Clark, 1977; Pusey, 1983; van de Rijt-Plooij and Plooij, 1987). While
the mother-infant relationship is considered primary, juvenile
chimpanzees remain behaviorally dependent and continue to
travel with their mothers and younger sibling for 4—5 years after
weaning (Pusey, 1983, 1990; Goodall, 1986). Previous in-
vestigations suggest that this continued association may come at
some cost. For example, Pontzer and Wrangham (2006) found that
maternal day range was positively correlated with juvenile body
size, but not with infant carrying. Thus, mothers traveling with a
behaviorally dependent juvenile, who has not yet reached adult
stature, have smaller day ranges than mothers traveling with just
an infant, as the juvenile's small size limits how far mothers can
range while remaining with their juvenile. Another potential cost
to the mother is that of feeding competition with her juvenile
offspring, although previous work suggests that competition with
juveniles over food resources is unlikely to be a significant cost to
mothers, as they were observed to supplant juvenile offspring at
feeding sites (Pusey, 1983). Previous studies have also found that
mothers remain their juvenile's strongest grooming partner
(Pusey, 1983, 1990; Watts and Pusey, 2002), yet whether this
attention paid to the juvenile comes at a cost to infant care is
unknown. To avoid this trade-off, mothers could either increase
their total maternal care budget with two dependent offspring, or
the juvenile could offset some of the mother's time investment in
the infant. While juveniles in this study community do not
habitually carry or provision their infant sibling (Pusey, 1983;
Goodall, 1986), they may provide other benefits. These benefits
may include a ‘safe’ social partner such that mothers with juvenile
offspring would not need to engage in as much social interaction
with their own infants or spend time in parties with other po-
tential social partners, which could allow for mothers to focus on
feeding in the absence of other competitors. A recent study among
mother-infant pairs in the Ngogo chimpanzee community in
Uganda found that increases in infant handling by non-mothers
was related to lower lactation effort, which the authors suggest
could be indicative of faster weaning and shorter interbirth in-
tervals (IBIs) (Badescu et al., 2016). Early work in Gombe National
Park, Tanzania also found descriptive evidence suggesting that
mothers with two dependent offspring spend less time with other
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mothers than mothers with one dependent offspring (Halperin,
1979) and statistical evidence that infants with siblings spent
less time interacting with other community members than infants
without siblings (Brent et al., 1997).

This study examines potential costs and benefits of the
continued care of juveniles in wild eastern chimpanzee (P. t.
schweinfurthii) mothers, thereby complementing existing literature
on the benefits of juvenility from the offspring's perspective. Spe-
cifically, we consider maternal socializing (grooming and playing),
feeding (time spent feeding and diet quality), resting, and travel
budgets, as well as reproductive outcomes. If juveniles are costly to
the mother, we expect a greater proportion of time devoted to
interacting socially with offspring when the mother has two
dependent offspring compared to when just an infant is present.
This post-weaning maternal care may come at the expense of
mothers' social interactions with others such that we would expect
mothers to spend a lower proportion of time interacting with
others when traveling with a juvenile and infant compared to when
traveling with just an infant. Additional care for juveniles may also
interfere with a mother's resting budget, resulting in less time
spent conserving energy by resting, or with her feeding budget,
resulting in less time devoted to obtaining food. Because mothers
could offset a loss of feeding time by eating higher quality foods, we
also examined whether juvenile presence is related to diet quality.
Alternately, juveniles may provide a benefit to mothers. If there is
some benefit to mothers we expect the proportion of time mothers
spend engaged in affiliative interactions with offspring either to
decrease, if juveniles offset maternal care in infants and receive
little themselves, or to remain constant, if juveniles offset maternal
care in infants but continue to receive care themselves. Specifically,
if juveniles relieve some of the maternal burden, we expect
mothers to spend a lower proportion of time interacting socially
with their infants when their juvenile offspring is present
compared to when just the infant is present. Furthermore, less time
interacting socially with infants may allow mothers more time to
engage in social interactions with other community members and/
or more time to spend feeding or resting. In terms of reproductive
outcomes, any increased burden on mothers with multiple
offspring may manifest as a fitness cost in terms of lower infant
survival, an important source of variation in lifetime fitness for
females of long-lived species (Clutton-Brock, 1988; Altmann and
Alberts, 2003), or longer IBIs. Alternately, relief from some
maternal burden may manifest as greater survival of the infant and
shorter IBIs when mothers have an older offspring compared to
when no older offspring is alive.

2. Material and methods
2.1. Study site and subjects

We investigated the influence of juvenile offspring on maternal
behavior and fitness in the Kasekela community in Gombe National
Park, Tanzania. Gombe is a small national park (35 km?) located on
the western border of Tanzania. Our study focused on behavioral
data collected on Kasekela mothers and their offspring over a 26-
year period (1988—2013). Juvenile offspring included in this study
were individuals whose mothers had given birth to a younger
sibling and were less than 8 years of age. After 8 years of age in-
dividuals begin to enter puberty (Wallis, 1997). We focused on
mothers with infants ranging from 6 months to 3.5 years of age
(Supplementary Online Material [SOM] Table S1). Data on mothers
with very young infants were excluded from these analyses since
chimpanzee infants remain in almost constant contact with their
mothers for the first 6 months of life (Goodall, 1986), during which
time the opportunity for juveniles to offset maternal care is limited.

2.2. Behavioral data collection

Behavioral data were collected as part of a long-term study of
maternal behavior and offspring development. Each observation
day, researchers followed a focal family (mother and infant or
mother, infant, and youngest sibling) and recorded the behavior
(e.g., groom, play, travel, rest, and feed) and relevant social partner
of each focal family member at 1-minute instantaneous point
samples (Altmann, 1974; Goodall, 1986; see Lonsdorf et al., 2014 for
a more detailed ethogram). All occurrences of behavioral events,
including aggression and vocalizations were also recorded. Party
composition scans were also conducted at regular intervals during
each follow (5-minute intervals until 2011 and 15-minute intervals
thereafter). Target follow duration varied over the course of the
study from 6 h to 12 h, however some follows were less than 6 h
and durations were unequal due to time spent searching for and
losing sight of focal individuals. Thus, we limited analysis to daily
follows on focal families with a minimum of 5 h of observation time
in a given condition, that is either traveling with an infant only,
with an infant and female juvenile, or with an infant and male
juvenile (see SOM Table S1 for sample sizes). Minutes where
mother or offspring behavior was unknown or uncertain were
excluded.

2.3. Behavioral metrics

Behaviors were measured as the proportion of daily follow time
spent engaged in a given behavior — the number of minutes
engaged in the behavior divided by the number of minutes of good
observation. We calculated the overall proportion of time mothers
spent feeding, resting, traveling, or in either grooming or social play
behavior with any member of the community including de-
pendents. Furthermore, we calculated the proportion of time
mothers spent grooming with their infant and juvenile offspring,
the proportion of time mothers spent playing with their infant and
juvenile offspring, and the proportion of time mothers spent
grooming and playing with other members of the community
excluding dependents. Overall proportions allowed us to test how
the maternal activity budgets varied with the number of de-
pendents (infant versus infant and juvenile), while the proportions
of time mothers spent interacting with their dependents or others
in the community allowed us to investigate potential trade-offs
between infant and juvenile care. Additionally, since chimpanzees
are ripe fruit specialists, and following the precedent of previous
studies (e.g., Emery Thompson and Wrangham, 2008; Murray et al.,
2009), we determined diet quality based on the proportion of fruit
in the diet. Diet quality was calculated as the number of minutes
spent feeding on fruit divided by the number of minutes spent
feeding on an identified food item. Daily average party size was also
calculated as the average number of individuals present at each
party composition scan across the follow.

2.4. Behavioral analyses

To investigate differences in overall maternal activity budget
(proportion of time spent feeding, socializing, resting, and trav-
eling) we used a distanced-based permutation Multivariate Anal-
ysis of Variance (PERMANOVA; Bray-Curtis dissimilarity index and
5000 permutations), which allows us to simultaneously assess all
four behavioral categories in a single model that accounts for the
interdependent nature of activity budget data. While this approach
allowed us to examine variability in overall activity budgets, it does
not identify which of the individual behavioral categories differed
with juvenile presence. Therefore, to investigate differences in the
amount of time mothers spent engaged in each individual behavior,
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as well as any difference in diet quality, we fit separate generalized
linear mixed models (GLMMs). Because the response variables
were proportions bounded by 0 and 1 and highly skewed, we
modeled each proportion as a binomial variable consisting of the
number of minutes the mother was engaged in a behavior and the
number of minutes the mother was not engaged in the behavior
during each follow (e.g., minutes grooming/minutes not grooming)
and fit models using a binomial error structure and logit link
function. Because sex differences in mother-juvenile social in-
teractions may become pronounced as individuals increase in age
and males turn their attention away from the maternal unit (Pusey,
1990), we distinguished between male and female juvenile
offspring in all behavioral analyses. In addition to sibling presence
(none/male/female), each model also included as fixed explanatory
variables infant age in years, infant sex (male/female), infant parity
(firstborn: yes/no), daily average party size, and season (wet/dry),
as these factors are likely to influence maternal behavior (e.g.,
Lonsdorf et al., 2014; Murray et al., 2006, 2014; Stanton et al., 2014).
Mother ID was included as a random effect in GLMMSs to control for
repeated, uneven sampling of mothers. An additional observation-
level random effect was also included in the GLMMs to correct for
overdispersion. This effect models extra variation in the response in
order to estimate residual variance better, to avoid overestimating
statistical significance (Harrison, 2014; Bates et al., 2015). For the
analysis of diet quality we limited the sample to only those days
where the mother was observed feeding for at least two hours
(n = 413) (Markham et al., 2014). Significance of fixed effects in
GLMMs was assessed using type Il Wald chi-square tests and dif-
ferences between multiple levels of significant fixed effects were
examined using Tukey's post hoc tests.

2.5. Offspring survival

To test for a relationship between having a juvenile sibling and
survival we analyzed demographic data from 117 individuals (nitn
juvenile sibling at birth = 60; Nwith no juvenile sibling at birth = 57) born in the
Kasekela community from 1970 to 2012 whose birthdates were
known within 90 days and whose maternal dominance rank could
be determined at the time of birth. We used discrete event history
analysis (Singer and Willett, 1993) to test whether having a sibling
who was less than 8 years older was related to the odds of an in-
dividual's own survival each year between birth to age 8 years.
Examining survival past weaning age (~4—5 years) allows us to
investigate potential post-weaning effects of older sibling presence
on survival, given known post-weaning effects of maternal loss
(Nakamura et al., 2014). Eight and a half years of age is the earliest
onset of sexual maturity in females in this study community
(Wallis, 1997) and female life expectancy peaks between 6 and 8
years of age (Bronikowski et al., 2016). Discrete event history
analysis allows for the inclusion of censored data, can account for
repeated sampling, and allows for the analysis of time-dependent
variables, for example the death of the mother or dispersal of the
sibling, which can occur at different ages for different individuals.
Each offspring's life from age 0—8 years was divided into 1-year
intervals and the offspring's survival status for each interval was
scored as a binary response (survived/died). Older sibling presence
in the community (absent/present), and maternal presence (pre-
sent/absent) throughout the interval were scored as time-
dependent covariates. Individuals were considered dead only if
strong evidence, such as previously observed poor health or
observed death, existed (Strier et al., 2010). Siblings and mothers
were considered absent when they dispersed to another commu-
nity or died. Offspring who disappeared and could have joined
other communities and individuals alive as of October 31st, 2015
were censored.

Offspring survival was analyzed using GLMMs with binomial
error structures and logit link functions. A previous analysis found
no difference in survival between firstborn infants and later-born
infants (Stanton et al., 2014), although sibling presence was not
considered in that analysis. While firstborns by definition lack an
older sibling, later-borns may or may not have an older sibling
present. Therefore, in order to distinguish between any confound-
ing effects of firstborn status and sibling presence, we constructed
four candidate models that differed only in the inclusion of first-
born status and sibling presence as covariates. By comparing the fit
of these candidate models, we can distinguish the relative impor-
tance of firstborn status and sibling presence to offspring survival
(Burnham and Anderson, 2002). All three models contained
offspring age (in 1-year intervals) and age?, maternal age at birth,
maternal dominance rank at birth, and maternal presence as fixed
effects along with mother ID and birth year as random effects. Age?
was included given the non-linear relationship between mortality
rates and age early in life in this species (Bronikowski et al., 2016).
Both maternal dominance rank and maternal age at birth are well
established as significant predictors of offspring survival in this
community (Pusey et al., 1997). Maternal dominance rank was
determined based on the direction of pant grunts, submissive vo-
calizations that represent formal indicators of dominance re-
lationships (Bygott, 1979), and decided agonistic events. The
outcomes of these interactions were used to calculate normalized
cardinal Elo scores using an extension of the traditional Elo rating
method that optimizes individual Elo score trajectories through
maximum-likelihood fitting of Elo parameters (Albers and de Vries,
2001; Franz et al, 2015; Foerster et al., 2016). Mother ID was
included to control for females contributing an uneven number of
offspring to the dataset and birth year was included to control for
multiple and unevenly distributed births occurring each year.

Our first candidate model included only those variables listed
above (age, age?, maternal rank, maternal age, maternal presence,
mother ID and birth year). Our second candidate model included
those variables listed above plus sibling presence only. Our third
candidate model included the variables listed above plus firstborn
status only, and our fourth candidate model included both sibling
presence and firstborn status (Table 4). The four models were
compared using Akaike information criterion values corrected for
small sample size (AIC.) with the lowest AIC, value indicating the
best model fit (Akaike, 1974). Furthermore, we calculated weights
for each model, which estimate the probability that given a set of
models that model is the best. We also summed the weights of all
models containing either sibling presence or firstborn status in
order to calculate the relative importance of those variables. Rela-
tive importance represents the probability that a variable improves
model fit and is included in the best-fit model (Symonds and
Moussalli, 2011). Notably, we also assessed whether the effect of
sibling presence or firstborn status on survival changed with
offspring age by testing the interaction between offspring age and
sibling presence and/or firstborn status; the interactions were
never significant at o = 0.05 and were excluded from the candidate
models.

2.6. Interbirth intervals

We also used discrete time event history analysis to test for a
relationship between having an older offspring alive and interbirth
interval length by examining the odds of an IBI ending during a
given interval. This analysis included 98 IBIs (nwith juvenile sibling at
start = 53; Mno juvenile sibling at start = 45) from after 1970 from 34
females whose dominance rank could be determined at the start of
the interval. Each IBI was divided up into one-year intervals and
whether the IBI ended in each year was coded as the binary
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Table 1

Results of GLMMs examining the relationship between presence of a juvenile
offspring and a mother's overall proportion of time socializing (grooming or playing)
with any community member and proportion of time spent feeding, resting, or

M.A. Stanton et al. / Journal of Human Evolution 111 (2017) 152—162

traveling.”
Behavior Parameter Estimate (95% CI)  Wald x> df p
Socializing Juvenile presence® 20.68 2 <0.001
Female juvenile 0.719 (0.40, 1.04)
Male juvenile 0.380 (0.10, 0.66)
Infant sex® 0.010 (-0.22, 0.23) 0008 1 0.930
Infant age —0.094 (-0.21, 0.02) 2441 1 0.118
Firstborn? 0.162 (-0.36, 0.61) 0480 1 0488
Average party size  0.021 (0.01, 0.03) 12.63 1 <0.001
Season® —0.368 (—0.56, —0.18) 14.92 1 <0.001
Feeding Juvenile presence” 0.0001 2 0.999
Female juvenile —0.001 (-0.24, 0.24)
Male juvenile —0.0002 (-0.23, 0.23)
Infant sex® —-0.275(-0.44, -0.11) 10.17 1 0.001
Infant age 0.017 (-0.07, 0.11) 0142 1 0.706
Firstborn® —0.132 (-0.50, 0.24) 0529 1 0467
Average party size —0.032 (—0.04, —0.02) 52.80 1 <0.001
Season® —0.118 (—0.26 0.02) 2775 1 0.096
Resting Juvenile presence” 2900 2 0235
Female juvenile —0.181 (-0.46, 0.10)
Male juvenile 0.038 (-0.22, 0.29)
Infant sex® 0.417 (0.22, 0.62) 17.30 1 <0.001
Infant age 0.022 (-0.08, 0.12) 0181 1 0.671
Firstborn? 0.382 (—0.08, 0.91) 2457 1 0117
Average party size  0.025 (0.02, 0.03) 25.70 1 <0.001
Season® 0.433 (0.28, 0.59) 29.30 1 <0.001
Traveling  Juvenile presence® 1925 2 0382
Female juvenile -0.103(-0.27, 0.07)
Male juvenile —0.077 (-0.22, 0.06)
Infant sex® —0.036 (—0.15, 0.07) 0443 1 0.506
Infant age 0.032 (-0.03, 0.10) 1.031 1 0310
Firstborn® —-0.011 (-0.17, 0.21) 0014 1 0.905
Average party size  0.015 (0.01, 0.02) 23.94 1 <0.001
Season® —0.048 (-0.15, 0.05) 0850 1 0357

2 Significance (p < 0.05) is indicated in bold. CI = confidence interval; df = degrees
of freedom.

b Infant only is the reference category.

¢ Female is the reference category.

4 Not firstborn is the reference category.

€ Dry season is the reference category.

response variable (yes/no). Intervals that were ongoing as of
October 31st 2015 or that ended with a female's departure from the
community after her infant reached 4 years of age were censored
(i.e., IBI ended coded as ‘no’). To avoid including IBIs that ended
with the death of a mother before her infant was likely weaned, IBIs
that ended with a female's departure before her infant reached 4
years of age were excluded from the analysis. As above, sibling
presence was coded as a time-dependent covariate. That is, for each
1-year interval for each IBI, we indicated whether the female had an
offspring who was under 8 years of age at the start of the IBI present
in the community. A previous investigation of IBIs among Kasekela
females found that the IBI following first birth (referred to here as
the first IBI) was longer than subsequent IBIs (Jones et al., 2010);
thus as above, we created four candidate models that differed in
their inclusion of sibling presence and first IBI as covariates. All four
models also included time since birth (1-year intervals) and, based
on a previous investigation (Jones et al., 2010), maternal age at the
start of the birth interval, maternal dominance score at the start of
the birth interval, and a factor indicating whether the infant whose
birth began the interval died before the age of 2 years (yes/no) as
fixed effects along with female ID and the year the IBI began as
random effects.

Our first candidate model included the variables listed above
(time, maternal rank, maternal age, infant died before age 2 years,
female ID, and year IBI began). Our second candidate model
included the variables listed above plus sibling presence only. Our

third candidate model included the variables listed above plus IBI
following first birth, and our fourth candidate model included both
sibling presence and IBI following first birth. These four models
were also compared using Akaike information criterion values
corrected for small sample size (AIC.). As above, we calculated the
relative importance of sibling presence and IBI following first birth.
Also as above, interactions between time and sibling presence and
first IBI were never significant and were excluded from candidate
models.

All analyses were conducted in R (version 3.2.1; R Core Devel-
opment Team, 2015) using the adonis() function in the vegan
package for the permutation MANOVA (Oksanen et al., 2013), the
Ime4 package to fit GLMMs (Bates et al., 2015), the car package for
Wald chi-square tests (Fox and Weisberg, 2011), the Ismeans
package for Tukey's post hoc tests (Lenth and Hervé, 2015), and the
MuMIn package for model comparison (Barton, 2016). This research
was noninvasive, complied with the laws of Tanzania, and was
approved by The Tanzania Commission for Science and Technology,
Tanzania Wildlife Research Institute, and Tanzania National Parks
Authority.

3. Results
3.1. Maternal social budget

Maternal overall activity budgets differed significantly based on
juvenile presence (F493 = 5.208, p < 0.001), as well as season,
average party size, and infant sex (SOM Table S2). Investigations of
the individual behaviors reveal that this difference in overall ac-
tivity budget can be attributed to mothers devoting a greater pro-
portion of observation time to social behaviors when both an infant
and a dependent juvenile were present compared to when just an
infant was present (Table 1; Fig. 1). Post hoc tests indicate that this
increased social budget was true for both male and female juveniles
and that mothers with female juveniles had a significantly greater
social budget than mothers with male juveniles (Fig. 1). Average
party size and season were also significant predictors of time spent
socializing. Mothers spent more time socializing with increasing
party size, as well as more time socializing in the dry season
(mean =+ standard error [SE]: Dry = 0.147 =+ 0.006;
Wet = 0.107 + 0.006; Table 1).

The difference in maternal social budgets was primarily attrib-
utable to mothers spending a significantly greater proportion of
time grooming with dependent offspring when a juvenile of either
sex was present (Table 2; Fig. 2A). As with the overall social budget,
post hoc tests indicate that mothers with a female juvenile tended
to spend more time engaged in grooming dependent offspring than
mothers with a male juvenile (Fig. 2A). Also, as with the overall
social budget, mothers engaged in grooming with dependent
offspring more during the dry season (mean =+ SE:
Dry = 0.067 + 0.004; Wet = 0.040 + 0.003; Table 3). Average party
size was not a significant predictor of time mothers spent grooming
with dependent offspring (Table 2). Mothers also spent a signifi-
cantly smaller proportion of time grooming with other community
members when a male juvenile offspring was present compared to
when a female juvenile offspring was present (Table 3; Fig. 2B).
Unsurprisingly, the proportion of time mothers spent grooming
with other community members also increased with increasing
average party size (Table 3). Additionally, the proportion of time
mothers spent grooming with their infants did not differ based on
the presence of a juvenile offspring (mean + SE: Infant
Only = 0.010 + 0.001; Infant + Female Juvenile = 0.010 + 0.002;
Infant + Male Juvenile = 0.010 + 0.002; Table 2). However, season
was again a significant predictor as mothers spent significantly
more time grooming with infants in the dry season compared to the
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Table 2

Results of GLMMs examining the relationship between presence of a juvenile offspring and the proportion of time mothers spent grooming and playing with their behaviorally

dependent offspring.*

Behavior Parameter Estimate (95% CI) Wald y? df p
Playing with dependents Juvenile presence® 0.504 2 0.777
Female juvenile —0.144 (-0.98, 0.74)
Male juvenile —0.254 (—0.96, 0.48)
Infant sex* 0.443 (-0.07, 0.99) 2.755 1 0.097
Infant age —0.447 (-0.75, —0.14) 8.619 1 0.003
Firstborn® 0.202 (-0.62, 1.17) 0.220 1 0.949
Average party size 0.073 (0.04, 0.10) 24.75 1 <0.001
Season® —0.151 (—0.64, 0.33) 0.381 1 0.537
Grooming with dependents Juvenile presence® 57.00 2 <0.001
Female juvenile 0.943 (0.67, 1.22)
Male juvenile 0.670 (0.42, 0.92)
Infant sex® 0.090 (-0.10, 0.28) 0.835 1 0.361
Infant age —0.062 (—0.18, 0.06) 1.081 1 0.299
Firstborn® 0.013 (-0.30, 0.33) 0.007 1 0.935
Average party size 0.006 (—0.01, 0.02) 0.984 1 0.321
Season® —0.559 (-0.76, —0.36) 30.98 1 <0.001
Playing with infants Juvenile presence® 0.603 2 0.740
Female juvenile —0.159 (-0.99, 0.72)
Male juvenile —0.279 (—0.99, 0.45)
Infant sex® 0.411 (-0.10, 0.95) 2.406 1 0.121
Infant age —0.446 (-0.75, —0.14) 8.628 1 0.003
Firstborn® 0.191 (-0.62, 1.14) 0.202 1 0.653
Average party size 0.072 (0.04, 0.10) 24.21 1 <0.001
Season® —0.147 (-0.63, 0.33) 0.381 1 0.545
Grooming with infants Juvenile presence” 0.569 2 0.753
Female juvenile 0.094 (—0.22, 0.39)
Male juvenile —0.029 (-0.30, 0.24)
Infant sex® 0.101 (-0.11, 0.31) 0.902 1 0.342
Infant age —-0.023 (-0.15, 0.10) 0.131 1 0.717
Firstborn® 0.025 (-0.32, 0.38) 0.022 1 0.289
Average party size 0.007 (-0.01, 0.02) 1.124 1 0.881
Season® -0.574 (-0.78, —0.37) 30.08 1 <0.001

Infant only is the reference category.
Female is the reference category.

Not firstborn is the reference category.
Dry season is the reference category.

Table 3

Results of a GLMM examining the relationship between presence of a juvenile
offspring and the proportion of time mothers spent grooming with other commu-
nity members excluding behaviorally dependent offspring.*

Parameter Estimate (95% CI) Wald x? df p
Juvenile presence” 8.675 2 0.013
Female juvenile 0.333 (-0.23, 0.89)
Male juvenile —0.505 (—1.02, —0.005)
Infant sex® —-0.287 (-0.69, 0.11) 3.324 1 0.068
Infant age —0.068 (-0.27, 0.13) 1.253 1 0.263
Firstborn® —0.256 (—1.64, 0.94) 0.040 1 0.842
Average party size 0.039 (0.02, 0.06) 16.45 1 <0.001
Season® —0.253 (—0.56, 0.05) 3.745 1 0.052

2 Significance (p < 0.05) is indicated in bold. CI = confidence interval; df = degrees
of freedom.
Infant only is the reference category.
Female is the reference category.
Not firstborn is the reference category.
Dry season is the reference category.

nan o

wet season (mean + SE: Dry = 0.038 + 0.002; Wet = 0.026 + 0.002;
Table 2).

In contrast to grooming, the proportion of observation time that
mothers spent playing with dependent offspring did not differ
when a juvenile of either sex was present (Table 2; Fig. 3). This
result was primarily attributable to the consistency of time spent
playing with infants in the different conditions. That is, the pro-
portion of time mothers spent playing with their infants did not

Significance (p < 0.05) is indicated in bold. CI = confidence interval; df = degrees of freedom.

differ based on the presence of a juvenile offspring (playing
mean + SE: Infant Only = 0.032 + 0.002; Infant + Female
Juvenile = 0.035 + 0.004; Infant + Male Juvenile = 0.034 + 0.004;
Table 2). However, maternal play with dependents and play with
infants alone did decrease with increasing infant age and increase
with increasing party size (Table 2). Play between mothers and
their juvenile offspring was extremely rare and observed in only
two follows. Play between mothers and other members of the
community was also rare occurring in just 43 of the 501 follows.

3.2. Maternal feeding budget

Notably, the greater social budget in the presence of juvenile
offspring does not detract from feeding budgets. There was no
difference in the proportion of time mothers spent feeding when
traveling with an infant and juvenile as compared to just an infant
(mean + SE: Infant Only = 0.491 + 0.011; Infant + Female
Juvenile = 0.474 + 0.018; Infant + Male Juvenile = 0.478 + 0.017;
Table 1). Infant sex, however, was a significant predictor of time
spent feeding, with mothers spending more time feeding when
their infant was female, compared to when their infant was male
(mean =+ SE: Female Infant = 0510 =+ 0.013; Male
Infant = 0.467 + 0.01; Table 1). Time spent feeding also decreased
with increasing average party size (Table 1). There was also no
difference in maternal diet quality based on the presence of a ju-
venile offspring; however infant sex (mean + SE: Female
Infant = 0.614 + 0.018; Male Infant = 0.559 + 0.016) and increasing
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Table 4
AIC, ranked model sets comparing model sets of offspring survival each year between 0 and 8 years of age and interbirth interval (IBI) ending each year.?
Response Candidate model df AIC, AAIC, ;i
Offspring survival Model 2 (+sibling presence) 9 3209 0.00 0.682
Model 4 (+firstborn status + sibling presence) 11 3245 3.51 0.118
Model 1 (null) 8 324.7 3.79 0.103
Model 3 (+firstborn status) 10 324.8 3.89 0.098
IBI Model 4 (+first IBI + sibling presence) 9 291.8 0.00 0.585
Model 2 (+sibling presence) 8 2929 1.06 0.345
Model 3 (+first IBI) 8 296.2 434 0.067
Model 1 (null) 7 302.5 10.66 0.003

¢ Table includes difference in AIC. values between the two models (AAIC,), as well as the Akaike weight value (w;), which represents the likelihood that given the data, that

model is the best. df = degrees of freedom.

0.25 1 *

0.20 1

*k [*]
0.15 1
0.10 -
0.05 -
0.00 T T ]

Infant Only

Proportion Observation Time
Mother Engaged in Social Behavior

Infant+Female Juvenile Infant+Male Juvenile

Figure 1. Mean + SE proportion of time mothers spent engaged in social (grooming or
playing) behavior with any member of the community including dependent offspring.

Ninfant only follows = 302: Nfemale juvenile follows = 84; Nmale Jjuvenile follows = 115. Tlﬂ(ey's pOSt
hoc test **p < 0.001; *p < 0.05; [*]p < 0.10.
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Figure 2. Mean + SE proportion of time mothers spent (A) grooming with infant and
juvenile offspring and (B) grooming with all other members of the community. In (A)
gray sections indicate proportion of time grooming with infant offspring. Black sec-
tions indicate the proportion of time grooming with juvenile offspring. Standard error
bars based on total proportion of time spent grooming with infants and juveniles.

Tinfant only follows = 302; Nfemale juvenile follows = 84; Mmale juvenile follows = 115. Tukey's post
hoc tests **p < 0.001; *p < 0.05; [*]p < 0.10.

average party size and season were significantly associated with
diet quality (SOM Table S3). Season also tended to predict maternal
diet quality (mean =+ SE: Dry = 0.597 + 0.015; Wet = 0.559 + 0.019;
SOM Table S3).
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Figure 3. Mean + SE proportion of time mothers spent playing with infant and ju-
venile offspring. Gray sections indicate proportion of time playing with infant
offspring. Black sections indicate the proportion of time playing with juvenile
offspring. Standard error bars based on total proportion of time spent playing with
infants and juveniles- Ninfant only follows = 302; Nfemale juvenile follows = 84; Nmae juvenile
follows = 115. There was no significant relationship between juvenile presence and
proportion of time mothers spent playing with infant and juvenile offspring.

3.3. Maternal traveling and resting budgets

Neither maternal time spent resting nor traveling was associ-
ated with juvenile presence, although both behaviors increased
with increasing average party size (Table 1). Mothers also spent
more time resting with a male infant (mean + SE: Female
Infant = 0.189 + 0.009; Male Infant = 0.224 + 0.008) and during the
wet season (mean + SE: Dry = 0.178 + 0.007; Wet = 0.256 + 0.011;
Table 1).

3.4. Offspring survival

The best model predicting offspring survival each year from
birth to 8 years of age included sibling presence and not firstborn
status as indicated by a AAIC. > 2 (Table 4). This model including
sibling presence and not firstborn status was also the only model to
differ from the null model. Over the whole model set, the relative
importance of sibling presence was 0.80, while the relative
importance of firstborn status was just 0.22, indicating sibling
presence is more important to offspring survival than firstborn
status. Losing a mother significantly increased the odds of dying,
while increasing offspring age, maternal age, and maternal domi-
nance rank decreased the odds of dying (Table 5). Sibling presence
also tended (p = 0.053) to predict offspring survival with the
absence of an older sibling tending to increase the odds of dying by
a factor of 2.29 (Table 5).

3.5. Female interbirth interval

The best fitting model predicting interbirth interval length
included both first IBI and sibling presence (Table 4). The relative
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Table 5
Results from the discrete time event history model of offspring dying each year
between birth and age 8 years with lowest AIC..”

Covariate Odds ratio 95% CI

Infant age 0.35*** 0.19 0.65
Infant age? 1.10* 1.02 1.18
Sibling presence® 2.29[%] 1.01 5.53
Maternal presence® 5.77** 1.86 174
Maternal dominance 0.05** 0.01 0.37
Maternal age 0.10* 1.02 1.18

2 0dds ratios below 1 indicate the covariate is associated with lower odds of dying
(greater odds of survival), while odds ratio above 1 indicate higher odds of dying
(lower odds of survival). Significance of the covariates are based on Wald tests and
indicated by asterisks. '10.05 < p < 0.10; *0.01 < p < 0.05; **0.001 < p < 0.01;
***p < 0.001. CI = confidence interval.

b Sibling present is reference category.

€ Mother present is reference category.

importance of sibling presence was 0.90, while the relative
importance of first IBI was 0.62. As expected, IBIs were signifi-
cantly more likely to end if the infant died before age 2 years.
Notably, IBIs were also 73% less likely to end when a sibling was
absent compared to present (mean + SE IBI length in years: Not
Present = 5.57 + 0.21; Present = 5.14 + 0.18 among those IBIs that
ended with a birth while the subsequent offspring was still alive).
Conversely, IBIs following the first birth tended (p = 0.092) to be
less likely to end than subsequent IBIs, suggesting shorter IBIs
when older offspring are present. Maternal dominance rank was
not a significant predictor of the IBI ending; however increasing
maternal age was significantly associated with longer IBIs
(Table 6).

4. Discussion

Overall, we found that mothers spent a greater proportion of
time engaged in social interactions when a dependent juvenile was
present. This increase was primarily attributable to time mothers
spent grooming with their dependent juveniles. Notably, mothers
maintained a consistent level of social interaction with their infant
regardless of whether a dependent juvenile was present or not.
Likewise, the proportion of time mothers spent feeding and their
diet quality did not differ based on the presence of multiple
dependent offspring. Thus mothers are not forgoing interactions
with infants or their own feeding in order to interact with juveniles.
Indeed, socializing was the only individual behavioral category that
was significantly related to juvenile presence. It is therefore likely
that mothers have variable strategies for offsetting time spent so-
cializing with their offspring rather than consistently forgoing the
same activity.

Table 6
Results from the discrete time event history model of interbirth interval ending with
lowest AIC..*

Covariate Odds ratio 95% CI

Time 4.15** 2.85 6.55
First IBI° 0.35[*] 0.11 1.12
Sibling presence® 0.27* 0.84 0.75
Maternal dominance 0.25 0.004 6.22
Maternal age 0.85** 0.76 0.93
Infant died age 2 years® 699.3*** 119.6 6005.2

2 0dds ratios below 1 indicate lower odds of the birth interval ending, while odds
ratio above 1 indicate higher odds of the birth interval ending. Significance of the
covariates are based on Wald tests and indicated by asterisks. "l0.05 < p < 0.10;
*0.01 < p < 0.05; **0.001 < p < 0.01; **p < 0.001. CI = confidence interval.

b Later IBI is the reference category.

¢ Sibling present is reference category.

4 Infant survived past age 2 years is reference category.

Overall, these results agree with an earlier study on the influ-
ence of siblings on infant socialization that found Gombe infants
spent the same amount of time socializing with mothers regardless
of whether they had a sibling and the lack of a sibling as a social
partner was compensated for by increased interaction with other
community members (Brent et al., 1997). However, whether pri-
marily interacting with siblings versus other community members
results in differences in social development or adult competence
remains an intriguing question. It is possible that biasing behavior
toward kin undermines the development of non-kin relationships,
which may be particularly important to males for whom kinship is
of limited importance in cooperative relationships (Langergraber
et al.,, 2007). Alternately, juvenile siblings may be more tolerant,
less aggressive social partners. Indeed, a recent study found that
the majority of aggressive interactions between immature Kasekela
chimpanzees involved non-maternal kin (Markham et al., 2015).
Juveniles have an inclusive fitness stake in the success of their in-
fant siblings, and in the absence of limited resources all three
parties (infant, juvenile, and mother) stand to benefit from the
infant's success, yet whether juveniles benefit from interacting
with their younger sibling remains an open question for future
investigations.

Also of note is the difference in maternal activity budgets by
infant sex, with variation in overall activity budgets apparently due
to differences in time spent resting and feeding, with mothers of
male infants spending more time resting and less time eating.
Mothers with male offspring may need to be more vigilant as male
infants are socially precocious compared to female infants
(Lonsdorf et al., 2014) and mothers with sons are more gregarious
and found in larger parties on average than mothers with daughters
(Murray et al,, 2014). While beyond the scope of the current
investigation, future studies will examine how infant sex is related
to maternal behavioral budgets, physiological stress levels, and
subsequent reproductive effort.

Interestingly, rather than representing an investment that
comes at a cost to subsequent reproductive efforts, having an older
offspring present appears to have some benefit to chimpanzee
mothers. Offspring who had their older sibling present tended to be
more likely to survive each year between birth and 8 years of age
than those who did not have an older sibling present, even after
controlling for important predictors of offspring survival such as
maternal presence and maternal rank. Furthermore, controlling for
early infant death and other covariates associated with IBI length,
IBIs in this study were more likely to close during an interval when
an older offspring was present compared to intervals when they
were not present, suggesting shorter IBIs when older offspring are
present. A likely contributing factor for higher survival of offspring
with older siblings is that mothers with juveniles and infants are in
better condition than those without juveniles; however, it is
important to note that our analyses accounted for maternal
dominance status, which may be considered a proxy for female
condition given that body mass is correlated with dominance rank
and is more stable for high-ranking females (Pusey et al., 2005). It is
also possible that mothers who successfully raise one offspring are
more likely to successfully raise another due to subtle differences in
maternal behavior.

An alternate explanation for the relationship is that mothers
with juvenile offspring may benefit from the additional strong so-
cial bond. A growing body of literature demonstrates that social
bonds are related to increased survival and reproduction in both
humans and nonhuman primates (e.g., baboons [Silk et al., 2003,
2009, 2010; Silk, 2007; Archie et al., 2014], Assamese macaques
[Macaca assamensis; Schiilke et al., 2010], humans [Berkman et al.,
2004; Holt-Lunstad et al., 2010]). Grooming in particular is known
to have both hygienic (Akinyi et al., 2013) and social (Goosen, 1981;
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Mitani and Watts, 2001; Arnold and Whiten, 2003) functions in
nonhuman primates, and female grooming relationships, both
giving and receiving, are associated with the ability to cope with
stressful events (e.g., baboons [Engh et al., 2006; Crockford et al.,
2008; Wittig et al., 2008], rhesus macaques [Macaca mulatta;
Brent et al., 2011], crested black macaques [Macaca nigra; Aureli
and Yates, 2010]). Thus, the increased time spent grooming with
juvenile offspring, particularly female juveniles, may be valuable
for the well-being of chimpanzee mothers and thus that of their
infants. Notably, our results indicate that the tendency towards
higher survival of offspring with older siblings is not due to dif-
ferences in parity and confirm the results of a previous analysis that
found firstborn infants in this community were as likely to survive
as laterborn infants (Stanton et al., 2014). Mother-juvenile daughter
social relationships may be especially important at Gombe since
approximately 50% of females in the Kasekela community do not
disperse and the strong bond between these natal females and
their mothers persists into adulthood (Foerster et al., 2015). Recent
work indicates that females with high-ranking mothers tend to be
less likely to disperse (Walker, 2015) and future studies should test
whether the strength of bonds between mothers and their subadult
daughters predicts dispersal patterns.

The mother-juvenile relationship also does not appear to be
detrimental to other social interactions, as the time mothers
devoted to grooming with other members of the community did
not differ when a juvenile was present compared to when mothers
were with infants only. The greater proportion of time mothers
spent grooming with others when a female juvenile was present
compared to a male juvenile may be due to differences in party
composition, activity, or tenor (e.g., more commotion when juve-
nile males are present). In any case, mothers do not appear to
sacrifice time devoted to other social relationships in order to
provide affiliative care for their juvenile offspring.

During hominin evolution, despite nutritional dependence, ju-
venile siblings were possibly providing care for younger siblings
and/or likely allowing mothers the opportunity to complete other
tasks (Kramer, 2011, 2014; Kramer and Otarola-Castillo, 2015).
While juvenile chimpanzees are nutritionally independent and do
not routinely provide overt help to their mothers, this does not
preclude the possibility of a mutually beneficial mother-juvenile
relationship. Mounting evidence from the present and earlier
studies (Nakamura et al., 2014) suggests that mothers continue to
be important to weaned chimpanzees and our results indicate that
post-weaning care does not come at an immediate reproductive
cost to the mother. Instead, chimpanzee mothers may benefit from
increased social interaction with their older offspring.

One of the most interesting features of modern human repro-
duction is the birth ‘stacking’ of multiple dependent offspring that
is made possible by weaning infants before they are nutritionally
independent (Bogin, 2009). This rapid reproduction, despite large
investment in offspring, was likely made possible in large part by an
increased reliance on alloparental care (Hrdy, 2009; Kramer and
Otarola-Castillo, 2015). While the discussion concerning who pro-
vided that care has traditionally focused on recruitment of adult
helpers, including fathers and grandmothers (e.g., Hawkes et al,,
1998; Gettler et al., 2011), recent exploratory models indicate that
the earliest shifts towards modern human life histories could have
been supported by help from within mother-offspring units
(Kramer, 2014; Kramer and Otarola-Castillo, 2015). While chim-
panzees are not perfect substitutes for extinct hominin species,
examining the costs and benefits of the mother-juvenile relation-
ship in the closely related great apes provides context when
considering the emergence of helpful juveniles, birth stacking, and
the evolution of modern human life history. Our results highlight
the importance of considering the potential influence of juveniles

during hominin evolution and suggest that some benefit of
continued association with juveniles may have predated shifts to-
wards early weaning, juvenile nutritional dependence, and overt
alloparental sibling care.
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