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Given the deleterious consequences associated with chronic stress, individual differences in stress sus-
ceptibility can have important fitness implications. These differences may be explained in part by
dominance status because high rank is typically associated with decreased aggression and improved
nutrition. Here, we examined the relationship between dominance and social stress in lactating chim-
panzees, Pan troglodytes schweinfurthii, at Gombe National Park, Tanzania. We did so by pairing daily
demographic and behavioural data with faecal glucocorticoid metabolite (FGM) concentrations collected
over 37 months. While there was no main effect of rank, interesting differences emerged by adult
subgroup size and adult sex ratio (males/females). We found that differences in FGM concentrations
between high- and low-ranking females were most pronounced as adult subgroup size and sex ratio
increased. Low-ranking females had higher FGM concentrations in larger subgroups and in subgroups
biased towards adult males; we observed no comparable change in FGM concentrations amongst high-
ranking females. Because low-ranking females were the recipient of significantly more male aggression
relative to females of high rank, these patterns may be driven by psychosocial stress in low-ranking
females. There was no significant change in diet quality across subgroup sizes; this finding suggests
that nutritional stressors were not driving differences in female FGM concentrations. Being susceptible to
social stress has important fitness implications as it may constrain low-ranking females from ‘choosing’
optimal subgroups to take advantage of food resources and/or for the socialization of their offspring.
� 2013 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Although an animal’s physiological stress response can be
adaptive because it mobilizes energy reserves to cope with im-
mediate demands, chronic exposure to elevated stress hormones
can have deleterious consequences, including immunosuppression,
muscle wasting and reduced reproduction (reviewed in Sapolsky,
2002). Identifying factors promoting individual differences in sus-
ceptibility to stress can thus have important implications for un-
derstanding the proximate causes underlying variation in health,
survivorship and reproductive success.

Numerous studies have demonstrated that rates of aggressive
interactions and diet quality are correlated with glucocorticoid
concentrations in wild animals (reviewed in Creel, Dantzer,
Goymann, & Rubenstein, 2013). Because high rank typically con-
fers reduced rates of received aggression and priority of access to
food (reviewed in Clutton-Brock, 1988; Ellis, 1995; Sapolsky, 2001),
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early studies of rank and physiological stress responses were based
on the hypothesis that low rank is stressful. However, subsequent
research, particularly on males, has demonstrated a more equivocal
relationship. Although some species show a negative correlation
between rank and glucocorticoid concentrations (e.g. Faulkes &
Abbott, 1997), others are characterized by a positive correlation
(e.g. Carlson et al., 2004; Cavigelli, Dubovick, Levash, Jolly, & Pitts,
2003; Creel & Sands, 2003; Holekamp & Smale, 1998). Primary
factors contributing to this variability across species in the rela-
tionship between rank and glucocorticoid concentrations include
the stability of the social hierarchy and the manner in which high
rank is attained and maintained (reviewed in: Creel et al., 2013;
Sapolsky, 2005).

Fissionefusion systems provide a unique opportunity to inves-
tigate rank effects on stress physiology. In fissionefusion societies,
fluidity in subgroup size is a strategy by which individuals respond
to immediate constraints and opportunities. The general consensus
is that time spent alone or in small subgroups minimizes intra-
group competition for food when foraging resources are scarce (e.g.
by Elsevier Ltd. All rights reserved.
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reviewed in Aureli et al., 2008). Although subordinates can thus
reduce the likelihood of aggression by avoiding dominants, they
may, as a result, be relegated to lower-quality food patches, miss
opportunities for cooperative infant care, or be more vulnerable to
predation (Krause & Ruxton, 2002; Murray, Eberly, & Pusey, 2006;
Murray, Mane, & Pusey, 2007). Analysing individual behaviours
and stressors in the context of fissionefusion dynamics can thus
reveal the strategies used by animals to balance their social and
ecological environments.

Chimpanzees, Pan troglodytes, live in multimale, multifemale
communities characterized by fissionefusion social organization in
which subgroup composition within a permanent community
changes frequently over time (Goodall, 1986; Nishida, 1968). Sub-
group size is positively correlated with food supply (Goodall, 1986;
Isabirye-Basuta, 1988; Mitani, Watts, & Lwanga, 2002; White &
Wrangham, 1988; Wrangham, 1977), which suggests that taking
advantage of temporally abundant food resources can impose costs
associated with maintaining close proximity to others (i.e. nutri-
tional benefits may be offset by aggression and anxiety). Theory
predicts that these costs may be particularly pronounced among
low-ranking individuals (reviewed in Creel et al., 2013). However,
whether individuals of varying rank within a community differ-
entially respond to the costs and benefits of grouping is poorly
established.

In this study, we examined the relationship between rank and
social stress in lactating East African chimpanzees, Pan troglodytes
schweinfurthii. Dominance hierarchies in female chimpanzees are
stable over time, and high rank status confers fitness benefits,
including improved infant survival, faster-maturing daughters and
shorter interbirth intervals (Pusey, Williams, & Goodall, 1997).
These benefits are thought to be the result of differential access to
food resources because a female in better condition can invest more
energy in reproduction and offspring care (Emery Thompson &
Wrangham, 2008; Pusey et al., 1997).

We focus our analyses on lactating females primarily because
lactation is the most energetically demanding reproductive phase
(Clutton-Brock, Albon, & Guinness, 1989; Gittleman & Thompson,
1988; Hanwell & Peaker, 1977) and is a critical component of fe-
male reproductive success (e.g. Lee, 1996; chimpanzees: Emery
Thompson, 2013; Emery Thompson, Muller, & Wrangham, 2012).
Furthermore, by focusing exclusively on lactation, we minimized
complications of stress associated with sexual coercion (Muller,
Kahlenberg, Emery Thompson, & Wrangham, 2007) and avoided
known variation in cortisol concentrations across reproductive
states in chimpanzees (Emery Thompson, Muller, Kahlenberg, &
Wrangham, 2010).

Despite the importance of off-setting the costs of offspring care
(Dufour & Sauther, 2002; Gittleman & Thompson, 1988; Pond,
1977), lactating females may be constrained from capitalizing on
food resources if doing so is costly in terms of increased aggression
received from conspecifics. In chimpanzees, mothers with depen-
dent offspring are typically less gregarious, particularly with males
(Otali & Gilchrist, 2006), than other female chimpanzees (Goodall,
1986; Murray, Lonsdorf, Eberly, & Pusey, 2009; Wrangham &
Smuts, 1980). This may be due to the vulnerability of young to
aggressive attacks (‘infant safety hypothesis’: Otali & Gilchrist,
2006) and/or the costs of travelling with an infant: travel dis-
tance and subgroup size are positively correlated, andmothers with
dependent offspring may not be able to keep pace with larger
subgroups (Wrangham, 2000). In either case, evidence suggests
that lactating mothers face unique social and ecological trade-offs
relative to other females, yet little is known about how female
rank status influences this trade-off.

Our study addresses two main objectives. First, we examined
social stress in lactating chimpanzees by determining the effects of
rank, adult subgroup size and adult subgroup sex ratio on faecal
glucocorticoid metabolite (FGM) concentrations. Given the docu-
mented fitness benefits of rank in female chimpanzees, we pre-
dicted that low-ranking females would bemore susceptible to social
stress than high-ranking females. Second, we analysed how two
possible sources of stress in lactating chimpanzees vary with rank
and subgroup size: rates of received aggression and diet quality.
Chimpanzees are ripe fruit specialists (Goodall, 1986), and the per-
centage of fruit in the diet indicates quality such that diets higher in
fruit are considered better quality relative to diets lower in fruit (e.g.
Chapman, Wrangham, & Chapman, 1995; Emery Thompson &
Wrangham, 2008). We predicted that high-ranking females would
have lower rates of received aggression and higher diet quality
relative to low-ranking females, and that these differences would be
most pronounced in larger subgroups, which typically form in
response to fruit availability but foster greater opportunities for
conflict (i.e. more potential aggressors). These two variables (rate of
received aggression and diet quality) provide insight into the costs
and benefits of grouping, andwhether socioecological trade-offs are
experienced equitably by individuals of varying rank.

METHODS

Tanzanian field assistants and M. Heintz collected demographic
and behavioural data on chimpanzees at Gombe National Park,
Tanzania, as a part of a long-term research project. Faecal samples
were collected and processed as part of a broader study addressing
the effects maternal stress on offspring health and development.
Each observation day, researchers followed one lactating female
and collected data on (1) subgroup composition every 5e15 min
and (2) the female’s activity every 1 min (using instantaneous scan
samples: Altmann, 1974). Observation began when a female
descended from her sleeping nest or was first located, and
continued (at maximum) until the female ascended into a sleeping
site in the evening. Mean � SE duration of observation days
included in analyses was 8.6 � 0.25 h, and mean duration between
consecutive observation days was 75 � 10.3 days.

Aggression received by the female was recorded ad libitum on
observation days. For a 37-month period (1 January 2009e31 July
2012), researchers followed the mother again the next day to
collect faecal samples for hormone quantification (see below).
Because circulating glucocorticoid metabolites manifest in faeces
after 12e24 h in chimpanzees (Murray, Heintz, Lonsdorf, Parr, &
Santymire, 2013), this 2-day pairing of observational data with
physiological samples allowed us to link FGM levels to de-
mographic and behavioural data with finer temporal resolution
than in previous studies.

We categorized females as lactating from the birth of an infant
until the earliest of the following: infant’s death, the conception of
the female’s next infant, or the infant’s fourth birthday (infant
chimpanzees are typically not fully weaned until 4e5 years: Clark,
1977; Pusey, 1983; van de Rijt-Plooij & Plooij, 1987). Long-term
behavioural observations of immigrant females indicate that fe-
males are well integrated into their new community after they have
given birth; spatial site fidelity and permanent residence occur
after a female gives birth (Williams, Pusey, Carlis, Farm, & Goodall,
2002). Because all females included in this study were either natal
to the study community (64.3%; N ¼ 9), or they conceived after
immigration (35.7%, N ¼ 5), immigration status was not a variable
tested in our analyses.

Female Rank Status

We categorized females as either ‘high-ranking’ or ‘low-ranking’
based upon their position in the female dominance hierarchy. The
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dominance hierarchy was calculated from the directionality of fe-
maleefemale pant-grunts observed during the study period. Pant-
grunt vocalizations are formal indicators of subordination in
chimpanzees (Bygott, 1979). All pant-grunts from the long-term
data (for details, see Wilson, 2012) and student projects for our
study period were consolidated and provided to us by the Jane
Goodall Institute Research Center at Duke University (Durham, NC,
U.S.A.). We used SocProg 2.4 (Whitehead, 2009) to calculate the
modified David’s score (de Vries, Stevens, & Vervaecke, 2006). Only
pant-grunts between females who were adults (�12 years old)
within 1 month of the interaction were included. To limit compli-
cations of third-party involvement in dominance assessment, we
only included dyadic pant-grunts in our calculations. These criteria
resulted in a sample size of 99 pant-grunts. For analyses, ‘high-
ranking’ females (N ¼ 5) were categorized as individuals with a
modified David’s score greater than 0.5 SD above the mean modi-
fied David’s score; all other ranked females (N ¼ 9) were considered
‘low-ranking’. This follows the precedent set in other studies of
ranking female chimpanzees categorically (e.g. Murray et al., 2007;
Pusey et al., 1997; Wrangham, Clark, & Isabirye-Basuta, 1992), and
specifically for using two categories for analyses that focus on the
physiological benefits experienced by high-ranking females (Emery
Thompson et al., 2010).

Predictors of Stress: Subgroup Demographics, Rates of Received
Aggression and Diet Quality

We calculated mean daily subgroup size as the average number
of adults (�12 years old) present in each subgroup composition
taken over the course of the day; mean daily subgroup sex ratiowas
calculated as the average sex ratio (number of adult males/number
of adult females) of each subgroup composition taken over the
course of the day. We calculated daily aggression rate as the
number of aggressive interactions directed towards the focal
mother divided by the total hours of observation; aggression rates
were calculated separately for male versus female aggressors.
Finally, diet quality was determined as the percentage of fruit in the
diet. We calculated this as the number of 1 min scans when the
individual was eating fruit divided by the total number of minutes
that the focal was feeding on an identified food item that day; this
value was multiplied by 100 to express fruit as a percentage of the
female’s daily diet. This measure of diet quality follows the prece-
dent of other studies (e.g. Chapman et al., 1995; Emery Thompson &
Wrangham, 2008) and is correlated with the percentage of time
spent consuming fruit for full-day follows (focal female was
observed �10 h; Spearman’s rS ¼ �0.504, N ¼ 35, P ¼ 0.002).

Faecal Sample Collection and Preparation

Faecal samples were collected opportunistically during obser-
vation times as soon as feasible following defecation and stored in
sealed, labelled bags. Staff stored the samples in a �13 �C freezer
immediately upon return to the field station after completing a
follow. For days on which more than one faecal sample was
collected for a focal female (N ¼ 20 days), we selected one sample at
random for inclusion in our analyses. Faecal samples were pro-
cessed at our field laboratory, stored as dry extracts and recon-
stituted for quantification via enzyme immunoassay at Lincoln Park
Zoo (Chicago, IL, U.S.A.; Murray et al., 2013). Briefly, 5.0 ml of 90%
ethanol was added to approximately 0.5 g of homogenized faeces.
Samples were capped, shaken for 30 s and rotated on a low-energy
rotator (Barnstead International, Model 400110, DuBuque, IA,
U.S.A.) for 2 h. Samples were centrifuged for 20 min to pellet the
faeces. The samples’ ethanol (now containing the faecal hormone
metabolites) was poured into clean test-tubes. Then, 1 ml of
extracts were placed in to 12 � 75 mm tubes and allowed to
evaporate in a pelican case with reusable desiccant (Eva-dry,
Westchase, FL, U.S.A.). Dried extracts were capped and shipped to
Lincoln Park Zoo for analyses. Samples were reconstituted in 1 ml of
phosphate buffered saline (PBS; 0.2 M NaH2PO4, 0.2 M Na2HPO4,
NaCl), sonicated for 20 min and stored in the freezer until analysed
using a cortisol enzyme immunoassay (EIA). Cortisol antiserum
(R4866) and HRP (provided by C. Munro, University of California-
Davis, CA, U.S.A.) were used at dilutions of 1:8500 and 1:20 000,
respectively (Loeding, Thomas, Bernier, & Santymire, 2011). Cross-
reactivities of cortisol R4866 antibody are reported as: cortisol
100%, prednisone 6.3%, corticosterone 0.7%, 21-
deoxycorticosterone 0.5%, progesterone 0.2%, pregnenolone 0.1%,
androstenedione 0.1%, dehydroisoandrosterone-3-sulfate 0.1%,
oestradiol-17b 0.1%, oestriol 0.1%, cholesterol 0.1%, prednisolone
9.9%, cortisone 5.0%, deoxycorticosterone 0.3%, 11-desoxycortisol
0.2%, 17a-hydroxyprogesterone 0.2%, 17a-hydroxypregnenolone
0.1%, testosterone 0.1%, dehydroepiandrosterone 0.1%, aldosterone
0.1%, oestrone 0.1% and spironolactone 0.1% (Young et al., 2004). All
samples were run in duplicate. Assay sensitivity was 1.95 pg/well
and intra- and interassay coefficients of variation were less than
10%. This cortisol EIA was previously biochemically validated for
chimpanzees by demonstrating parallelism between the binding
inhibition curves of faecal extract dilutions and the cortisol stan-
dard and significant recovery (>90%) of exogenous cortisol added
to faecal extracts (Murray et al., 2013). An adrenocorticotrophic
hormone (ACTH) challenge has also been used to physiologically
validate the use of this EIA for chimpanzees (Murray et al., 2013).

Ethical Note

All project protocols complied with regulations in Tanzania and
were approved by Tanzanian National Parks, Tanzania Wildlife
Research Institute and Tanzanian Commission for Science and
Technology, and adhered to the ASAB/ABS Guidelines for the Use of
Animals in Research.

Statistical Analyses

We constructed linear mixed models (LMMs) to predict log-
transformed FGM concentrations. LMMs extend general linear
models by inclusion of random effects. In our first model, the
predictor variables included rank category (high and low ranking)
and average daily adult subgroup size. We also included an inter-
action term to test the relationship between these variables.
Similarly, in our second model, we tested rank category, average
daily adult sex ratio and an interaction term for rank and sex ratio.
Given previous reports of higher urinary cortisol concentrations in
older individuals (Emery Thompson et al., 2010), we tested female
age in a third model. In all LMMs, offspring age on the day prior to
sample collectionwas entered as a predictor variable to account for
potential variability in FGM concentrations throughout the lacta-
tion period. We also entered categorical time of day (AM vs PM) of
faecal sample collection as a predictor variable to account for
diurnal variability in FGM concentrations (Murray et al., 2013).
Lastly, chimpanzee identity was entered as a random variable to
allow for potential individual differences between chimpanzees.
We evaluated the effect of categorical rank and categorical sub-
group size (<5 adults and �5 adults: see below for justification on
this cut-off criterion) on received aggression rate, percentage of
fruit in diet and FGM concentrations using a series of Manne
Whitney U tests to test for (1) overall differences between ranks
and (2) differences within ranks between subgroup sizes. We used
this nonparametric test because aggression rate were not normally
distributed and therefore differences in aggression rates by rank
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Figure 1. Effect of adult subgroup size on log-transformed faecal glucocorticoid
metabolite (FGM) concentrations for high- and low-ranking lactating chimpanzees.
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and subgroup size could not be tested using LMMs. For consistency,
we performed the same test on percentage of fruit in diet. For FGM
concentrations, this ManneWhitney U test provided additional
insight beyond the LMM (described above) into differences in
hormone levels by rank and subgroup size. To account for repeated
sampling of individual females, we calculated mean values for each
female when testing for overall differences between ranks and
mean values for each female in each categorical subgroup size
when testing within ranks for differences between subgroup sizes.
Finally, we tested the direct effect of received aggression rate and
percentage of fruit in diet on log-transformed mean daily FGM
concentrations separately for high- and low-ranking females with
LMMs controlling for offspring age, categorical time of day and
female identity. Only data from days on which a focal female was
observed for at least 3 h were included in our analyses. To avoid
biases in the percentage of fruit in diet due to inadequate obser-
vation of food consumption, dietary analyses were further limited
to days on which the focal female was observed feeding for at least
2 h. All analyses were performed in SPSS 20.0 with a significance
value of 0.05.
RESULTS

We collected 102 faecal samples (from 14 lactating females) for
which FGM concentrations were partnered with behavioural data
from the day prior. Eighty-four of these faecal samples met the
additional criterion of being partnered with behavioural observa-
tions that captured adequate foraging data for inclusion in diet
analyses. On sample days, the mean � SE daily subgroup size was
6.5 � 0.60 and the mean daily sex ratio was 0.54 � 0.055. Mean -
� SE number of faecal samples collected per female was 7 � 1.3
(range 1e15).

FGM concentrations were negatively predicted (LMM:
F1,95.953 ¼ 5.049, P ¼ 0.027) by the interaction of female rank and
adult subgroup size; neither female rank, adult subgroup size, time
of day, nor offspring age was a significant predictor (Table 1). The
difference between high- and low-ranking females was more pro-
nounced as subgroup size increased (Fig. 1). The intercept of the
regression lines for high- and low-ranking females (5.14 adults) was
used to classify small and large subgroups in subsequent analyses:
small subgroups were defined as <5 adults and large subgroups
were defined as �5 adults. Similarly, FGM concentrations were
negatively predicted (LMM: F1,57.585 ¼ 5.174, P ¼ 0.027) by the
interaction of female rank and adult subgroup sex ratio; neither
Table 1
Effect of categorical rank (high- and low-ranking), adult subgroup size, infant age
(days), time of sample collection (AM vs PM), and an interaction term for rank by
subgroup size on log-transformed faecal glucocorticoid metabolite (FGM) concen-
trations in female chimpanzees

Variable Estimate Numerator
df

Denominator
df

F P

Dependent variable: log FGM
Intercept 1.2877 1 20.336 533.745 <0.001
Rank (high vs low) 0.1282y 1 15.734 2.846 0.111
Adult subgroup size 0.0140 1 95.964 0.835 0.363
Time of faecal

collection
(AM vs PM)

0.0057z 1 95.979 0.008 0.929

Offspring age (days) �0.0363 1 20.855 3.046 0.096
Rank*adult

subgroup size
L0.0198x 1 95.953 5.049 0.027

Statistically significant results appear in bold.
y For high-rank.
z For AM samples.
x For high-rank*adult subgroup size.
female rank, subgroup sex ratio, time of day, nor offspring agewas a
significant predictor (Table 2). Differences between high- and low-
ranking females were more pronounced as the sex ratio became
increasingly male biased (Fig. 2). Female age was not a predictor
(LMM: F1,4.169 ¼ 0.044, P ¼ 0.843) of FGM concentrations in a model
controlling for time of sample collection (F1,97.188 ¼ 0.017,
P ¼ 0.896) and offspring age (F1,21.157 ¼ 2.963, P ¼ 0.100).

For both high- and low-ranking females, aggression received
from adult females was rare: only two instances of femaleefemale
aggression were observed during the 865.4 h of focal observation.
Because of the paucity of data, subsequent analyses focused
exclusively on aggression from adult males (N ¼ 23 instances).
Rates of aggressive interactions with adult males were lower for
high-ranking females than for low-ranking females (two-tailed
ManneWhitney U test: U ¼ 2.5, Nhigh-ranking ¼ 4, Nlow-ranking ¼ 10,
P ¼ 0.008). Only low-ranking females experienced an increase
(two-tailed ManneWhitney U test: U ¼ 13.0, Nsmall subgroup ¼ 8,
Nlarge subgroup ¼ 9, P ¼ 0.027) in aggression rates in large subgroups;
there was no change (U ¼ 4.5, Nsmall subgroup ¼ 3, Nlarge subgroup ¼ 4,
P ¼ 0.629) in aggression rates between large and small subgroups
for high-ranking females (Fig. 3a). Rates of aggression were not a
direct predictor (LMM: F1,33.043 ¼ 0.837, P ¼ 0.367) of FGM con-
centrations for high-ranking females in a model controlling for
Table 2
Effect of categorical rank (high- and low-ranking), adult subgroup sex ratio (number
of adult males/number of adult females), infant age (days), time of sample collection
(AM vs PM), and an interaction term for rank by sex ratio on log-transformed faecal
glucocorticoid metabolite (FGM) concentrations in female chimpanzees

Variable Estimate Numerator
df

Denominator
df

F P

Dependent variable: log FGM
Intercept 1.3089 1 10.627 503.927 <0.001
Rank (high vs low) 0.1239y 1 6.922 2.479 0.160
Adult sex ratio 0.1025 1 38.775 0.037 0.848
Time of faecal

collection
(AM vs PM)

0.0224z 1 95.999 0.121 0.728

Offspring age (days) �0.0293 1 17.856 1.740 0.204
Rank*adult sex ratio L0.2229x 1 57.585 5.174 0.027

Statistically significant results appear in bold.
y For high-rank.
z For AM samples.
x For high-rank*adult sex ratio.
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time of sample collection (F1,33.885 ¼ 1.428, P ¼ 0.240) and offspring
age (F1,6.412 ¼ 3.825, P ¼ 0.095). Similarly, rates of aggression were
not a direct predictor (LMM: F1,58.543 ¼ 2.723, P ¼ 0.104) of FGM
concentrations for low-ranking females in a model controlling for
time of sample collection (F1,58.987 ¼ 2.343, P ¼ 0.131) and offspring
age (F1,11.255 ¼ 0.867, P ¼ 0.371).

High- and low-ranking females did not differ (two-tailed
ManneWhitney U test: U ¼ 13.0, Nhigh-ranking ¼ 4, Nlow-ranking ¼ 10,
P ¼ 0.374) in the percentage of fruit in their diet. Percentage of fruit
in diet did not vary by subgroup size for high-ranking females
(U ¼ 3.0, Nsmall subgroup ¼ 3, Nlarge subgroup ¼ 4, P ¼ 0.400) or low-
ranking females (U ¼ 31.0, Nsmall subgroup ¼ 8, Nlarge subgroup ¼ 9,
P ¼ 0.673; Fig. 3b). Percentage of fruit in diet was not a direct
predictor (LMM: F1,26.604 ¼ 0.065, P ¼ 0.801) of FGM concentrations
for high-ranking females in a model controlling for time of sample
collection (F1,26.676 ¼ 1.291, P ¼ 0.266) and offspring age
(F1,13.050 ¼ 1.641, P ¼ 0.222). Similarly, percentage fruit in diet was
not a direct predictor (LMM: F1,47.326 ¼ 0.037, P ¼ 0.849) of FGM
concentrations for low-ranking females in a model controlling for
time of sample collection (F1,47.248 ¼ 0.791, P ¼ 0.378) and offspring
age (F1,7.355 ¼ 1.008, P ¼ 0.347).

High- and low-ranking females did not differ in overall FGM
concentrations (two-tailed ManneWhitney U test: U ¼ 15.0, Nhigh-

ranking ¼ 4, Nlow-ranking ¼ 10, P ¼ 0.539), but FGM concentrations for
low-ranking females were higher in large subgroups than in small
subgroups (U ¼ 12.0, Nsmall subgroup ¼ 8, Nlarge subgroup ¼ 9,
P ¼ 0.021); FGM concentration did not vary by subgroup size for
high-ranking females (U ¼ 4.0, Nsmall subgroup ¼ 3, Nlarge subgroup ¼ 4,
P ¼ 0.629; Fig. 3c).

DISCUSSION

We found that differences in FGM concentrations between high-
and low-ranking females were most pronounced as adult subgroup
size and adult sex ratio (males/females) increased: compared to
high-ranking females, low-ranking females had higher FGM con-
centrations in larger subgroups and in subgroups biased towards
adult males. While previous studies have reported higher urinary
cortisol concentrations in older females (Emery Thompson et al.,
2010) and a positive correlation between female rank and age
(Goodall, 1986; Murray et al., 2006; Nishida, 1989; Pusey et al.,
1997), there was no direct relationship between FGM
concentration and age in this study. One plausible explanation is
that the ages (mean � SE: 22.9 � 2.09 years; range 13.1e38.7;
N ¼ 14) of females included in this study were constrained relative
to the age range of females analysed by Emery Thompson et al.
(2010). Status patterns reported herein therefore are interpreted
as rank effects independent of age.

Low-ranking females received more male aggression relative to
high-ranking females in general, with the highest rates experi-
enced in large subgroups. This suggests that negative social in-
teractions may drive the FGM concentrations of low-ranking
females to increase with subgroup size. Previous research has
documented male aggression against females with dependent
offspring (reviewed in: Arcadi & Wrangham, 1999; Muller et al.,
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2007), and the risk of aggressive encounters is considered a major
factor influencing decreased sociality in lactating females (Otali &
Gilchrist, 2006). We are aware of no prior analyses investigating
biases in male aggression rates towards lower-ranking females,
however.

One possible explanation for this pattern is that males prefer-
entially form close social bonds with high-ranking females as in
other primate species (e.g. Palombit, Seyfarth, & Cheney, 1997), and
rank-biased aggression is a reflection of males ensuring the well-
being of their preferred mating partners. Findings by Muller,
Emery Thompson, and Wrangham (2006) that male chimpanzees
prefer mating with older females offers preliminary support for this
hypothesis, given that female rank and age are highly correlated in
this species (Goodall, 1986; Murray et al., 2006; Nishida, 1989;
Pusey et al., 1997). Our result demonstrating that FGM concentra-
tions in low-ranking females increase as the subgroup sex ratio
becomes increasingly male-biased is also consistent with this
pattern. Note, however, that we found no significant correlation
between aggression received and FGM concentration. Emery
Thompson et al. (2010) reported a similar pattern in lactating fe-
males in the Kanyawara chimpanzee community at Kibale National
Park, Uganda, when urinary cortisol and aggression data were
assessed at a broad, monthly resolution. Together, these results
strongly suggest that low-ranking females may have an anticipa-
tory stress response as subgroup size increases or becomes biased
towards males.

Overall diet quality did not differ between high- and low-
ranking females, and females in both rank categories experienced
the same diet quality when in different subgroup sizes. Previous
studies detecting rank differences in diet quality in this species did
not consider reproductive state (Murray et al., 2007; Wittig &
Boesch, 2003). The extent to which diet quality differs between
high- and low-ranking females that are either cycling or pregnant
warrants further investigation.

The lack of a relationship between FGM concentrations and diet
quality in females is in marked contrast to patterns observed in
other primate species, which highlight the importance of nutri-
tional factors influencing stress in females (e.g. Cavigelli, 1999;
Gesquiere et al., 2008; but see Cheney & Seyfarth, 2009). One
plausible reason for this discrepancy may be differences in social
organization. Unlike females in species characterized by stability in
social group size and composition, it is possible for females to avoid
competitive interactions with conspecifics during periods of food
scarcity in fissionefusion social systems. Consequently, foraging
alone or in small subgroups is itself an important coping strategy
for periods of low food abundance uniquely available to females in
fissionefusion societies (reviewed in Aureli et al., 2008). Never-
theless, lactating chimpanzees may benefit from the social flexi-
bility to join subgroups at abundant food resources in order tomeet
the nutritional demands of milk production and offspring care. This
is consistent with studies demonstrating that lactating chimpan-
zees have higher-quality diets relative to females that are neither
lactating nor pregnant (Murray et al., 2009). A critical effect of rank
status may be that joining subgroups carries a physiological cost for
low-ranking females that is not experienced by high-ranking
females.

Previous research on female chimpanzees provides interesting
comparisons to our results. Emery Thompson et al. (2010) found
that lactating individuals in the Kanyawara community of Kibale
National Park, Uganda, had higher urinary cortisol levels during
months of low fruit consumption relative to months of high fruit
consumption. Although aggression from males led to higher uri-
nary cortisol levels among oestrous females relative to lactating
and pregnant females, there was no significant relationship be-
tween aggression received from males and urinary cortisol levels
among lactating females. Rather, urinary cortisol levels among
lactating females in Kanyawara were predicted by overall rates of
femaleefemale aggression within the community (regardless of
whether the focal individual was the direct recipient of aggres-
sion); aggression received from females did not predict urinary
cortisol levels. The authors also found that low dominance rank
was associated with increased urinary cortisol levels, particularly
in lactating (as opposed to pregnant or cycling) females. A possible
explanation for this difference is that females in Kanyawara are
more nutritionally constrained than females in other populations,
including Gombe. This argument is consistent with the results that
interbirth intervals are longer in Kanywara relative to those
experienced by chimpanzees in Gombe (Emery Thompson, 2013;
Knott, 2001; Potts, 2013), and emphasizes the importance of
evaluating predictors of stress in a range of social and ecological
conditions. Additionally, because Emery Thompson et al. (2010)
assessed urinary cortisol reactivity using monthly averages, im-
mediate (e.g. daily) changes in resource abundance and sub-
grouping patterns may be masked, whereas our daily assessments
provide insight into a more direct relationship between hormone
concentrations and socioecological conditions. Comparisons be-
tween Emery Thompson et al.’s findings and ours therefore high-
light the importance of analysing physiological responses across
multiple temporal scales.

Conclusion

While previous work has reported that lactating chimpanzees
are less social than nonlactating females (Goodall, 1986; Murray
et al., 2009; Otali & Gilchrist, 2006; Wrangham & Smuts, 1980),
our results suggest important nuances in the physiological trade-
offs of sociality based on rank; low-ranking females, but not
high-ranking females, exhibited increased FGM concentrations in
larger subgroups. This response to increased subgroup size among
low-ranking females can have important fitness implications as it
may constrain low-ranking females from ‘choosing’ optimal sub-
groups to take advantage of food abundances and/or opportunities
for socializing their offspring. Furthermore, these findings
contribute to our understanding of rank effects on female fitness in
chimpanzees by highlighting the importance of social factors, in
addition to the previously reported importance of nutritional fac-
tors (Pusey et al., 1997), as a benefit of high rank status.
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