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Abstract
Sexual dimorphism in body size, aggression, and dispersal patterns may affect the degree to which males and females per-
ceive aggression from either sex as stressful. Whereas male macaques typically disperse to new groups at maturity, thus 
encountering many unfamiliar individuals of both sexes, females are philopatric, usually only encountering unfamiliar males 
who transfer into their natal groups. In rare circumstances, however, group fusions can expose both males and females to 
many novel individuals, which often increases aggression. Here, we use a captive new group formation of rhesus macaques 
(Macaca mulatta) as a model of social instability during fusions and examine differences in male and female chronic stress 
responses to male-pattern and female-pattern trauma (i.e., trauma inflicted by males or by females, respectively). We found 
that male- but not female-pattern traumas predicted hair cortisol concentrations during the first 9 months after new group 
formation, but in opposite ways for males and females. A greater number of male-pattern traumas was linked to elevated 
hair cortisol concentrations in females but slightly lower hair cortisol concentrations in males. We suggest that the apparent 
importance of male-pattern trauma, but not female-pattern-trauma, in predicting higher hair cortisol concentrations in females 
can be attributed to the more acutely intense but less persistent nature of male aggression toward females.
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Introduction

Most cercopithecine primates live in stable multi-female 
groups in which the females typically remain in their natal 
groups throughout their lives whereas males disperse at sex-
ual maturity (Moore 1984; Pusey and Packer 1987). As a 
result of their different life histories, males, but not females, 
are guaranteed to experience a change in their social envi-
ronment at least once in their lives. However, social change 
can occur for females, too, such as when social relationships 
change (Ehardt and Bernstein 1986; Engh et al. 2006), large 
numbers of females mature at once (Samuels and Henrick-
son 1983), or a group fuses with another (Jaffe and Isbell 
2010). Under such conditions, aggression and physiological 
stress may increase. For example, in wild vervet monkeys 
(Chlorocebus pygerythrus) undergoing group fusion, agonis-
tic interactions between adult females increased immediately 
and then declined as individuals sorted out their positions in 
the dominance hierarchy (Jaffe and Isbell 2010), and in cap-
tive rhesus macaques (Macaca mulatta), trauma and diarrhea 
were associated with uncertainty in dominance relationships 
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(Beisner et al. 2014). Aggression and physiological stress 
may also be exacerbated in captive environments because 
animals cannot easily escape aggressors, and management 
decisions to remove individuals, introduce unfamiliar indi-
viduals, or combine groups affect the social environment 
(Brent et al. 1997; Clarke et al. 1996). Importantly, these 
captive situations differ from social changes in wild groups 
in that captive individuals do not make their own decisions 
about whether to join or leave groups. However, if we are 
interested in the evolved responses of individuals to changes 
in their social milieu, then removing individuals, introduc-
ing individuals, or combining groups in captivity may elicit 
similar responses to those that evolved as responses to emi-
gration or death, immigration, or group fusions, respectively.

Social instability is presumably stressful. One reason for 
this is that aggressive social interactions become more com-
mon and may lead to physical trauma (Wooddell et al. 2016). 
How stressful this situation is for an individual might depend 
on both the severity of trauma they are likely to experi-
ence from an aggressive encounter and whether aggressive 
interactions are chronic or transient. In cercopithecines, 
female–female aggression can take the form of ongoing 
harassment of particular individuals or matrilines in both 
socially stable and unstable conditions (Aureli et al. 1992; 
Gygax et al. 1997). Rates of aggression between unrelated 
females may further increase under the higher density condi-
tions of captivity (Judge and de Waal 1997) and during peri-
ods of social instability (Bernstein and Gordon 1974). Thus, 
when females experience aggression from other females, 
particularly in captivity and during periods of social instabil-
ity, this may be a chronic source of stress. For males, aggres-
sion from females may be an acute stressor, though likely not 
as severe as male aggression toward females because with 
their heavier bodies and larger canines, males pose a threat 
to female aggressors.

Whereas females might experience chronic stress due 
to aggression from other females, more severe acute stress 
might result from male aggression. Cercopithecines are typi-
cally sexually dimorphic in both body size and canine size 
(e.g., rhesus macaques: Feeroz et al. 2010). Because males 
are larger, have longer canines, and can therefore cause 
more serious trauma than females, even a transient bout of 
aggression from a male toward a female might cause more 
physiological stress than repeated aggression from a female 
would. In contrast, male aggression toward males may be 
a chronic stressor, as males direct most of their aggression 
toward each other (Kulik et al. 2015) and ascendance in the 
male dominance hierarchy can be achieved and maintained 
through repeated aggression (Georgiev et al. 2016; Higham 
and Maestripieri 2010). Thus, males might be expected to 
experience aggression from other males as more stressful 
than aggression from females, because the former is both 
more severe and more frequent.

Rhesus macaques are typical cercopithecines in that they 
live in large nepotistic social groups characterized by obvi-
ous dominance hierarchies in both males and females (Thierry 
2004). Dominance relationships are established and reinforced 
through frequent agonism (Bernstein and Gordon 1974; Bern-
stein and Ehardt 1985). Although most such interactions are 
merely threats, contact aggression is still common, particularly 
in captivity (Southwick 1969), and in groups undergoing peri-
ods of social instability (Ehardt and Bernstein 1986; Gygax 
et al. 1997). The sexes are dimorphic in body size, with adult 
males weighing 1.1–1.6 times that of adult females (Feeroz 
et al. 2010). Physical trauma differs depending on the sex of 
the aggressor, with male-inflicted injuries often involving 
tooth punctures and severe lacerations (male-pattern traumas) 
and female-inflicted injuries often involving crushing trauma 
to extremities, bruising, and superficial lacerations (female-
pattern traumas) (Bohm and Gilbert 2012).

Here, we examine physical trauma and its effects on hair 
cortisol concentrations in captive, group-housed rhesus 
macaques for 9 months before and after a new group was 
formed at the California National Primate Research Center 
(CNPRC). New group formations simulate the social insta-
bility created by group fusions in the wild. We examine 
whether the severity and persistence of social stressors alter 
the effects of those stressors on hair cortisol. We focus on 
physical trauma because it reflects an extreme end of social 
aggression that would be expected to elicit a stress response 
in the recipient. Since high-ranking individuals have more 
to lose in periods of social instability and severe aggression 
may be associated with uncertainty in dominance relation-
ships, we also examine whether sex-specific traumas are cor-
related with lower ranks and lower dominance certainty at 
9 months after group formation.

First, we predict that male-pattern trauma will lead 
to higher hair cortisol concentrations in both males and 
females, with females experiencing a greater effect because 
they are at a disadvantage in agonistic encounters with 
males. Second, we predict that female-pattern trauma will 
also lead to higher hair cortisol concentrations in both males 
and females, with females experiencing a greater effect 
because female–female aggression can be persistent and 
female aggression poses less of a threat to males than to 
other females. Third, we predict that higher-ranking indi-
viduals will have higher hair cortisol concentrations than 
lower-ranking individuals, as previous studies have found 
in some cercopithecines during periods of social instability 
(Higham et al. 2013; Sapolsky 1990). Finally, we predict that 
those with less certainty in their dominance relationships 
will have higher hair cortisol than those with greater domi-
nance certainty, because uncertainty about one’s dominance 
relationships is presumably a stressor.
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Methods

Study site and subjects

The study focused on a new social group (NC21-B) formed 
at the CNPRC in their outdoor breeding colony on May 7, 
2012. The group was housed in a 0.2-ha field cage that con-
tained multiple perches, swings, and A-frames for protection 
from rain and wind. The new group initially comprised 111 
individuals. Behavioral management staff monitored the new 
group, and sometimes temporarily or permanently removed 
individuals from the field cage for medical treatment or man-
agement purposes. Data on individuals’ ages and housing 
histories were obtained from CNPRC records. Individuals 
placed in the new group came from matrilines from an estab-
lished large outdoor social group, several small outdoor-
housed peer groups, and several indoor-housed animals. 
Individuals included in the study (n = 49 individuals, 39 
females) ranged in age from 0.75 to 4.9 years, with a mean 
of 2.2 years. Our sample includes all individuals present at 
hair sample collections at baseline and at 9 months after 
group formation, excluding one very old female because she 
was an outlier for age.

We collected hair samples from the study subjects on May 
15, 2012, 1 week after the new group was formed, and again 
on February 12, 2013, approximately 9 months after the ini-
tial group formation, during routine health checks conducted 
by CNPRC staff. Management staff sedated animals using 
weight-specific doses of ketamine and shaved hair from the 
inner thigh of each individual present in the enclosure. We 
placed each sample in an aluminum foil pouch and labeled 
the samples with the individual’s identification number and 
the date of collection. Foil pouches were sealed and stored 
at room temperature until laboratory processing for assay.

Hair cortisol processing

Hair samples were processed for cortisol following a pro-
tocol modified from Davenport et al. (2006). Briefly, hair 
samples were weighed, washed twice in isopropanol, dried, 
and ground in a Retsch Ball Mill. We extracted hormones 
from the powdered hair using methanol, dried the samples 
under a stream of air, and reconstituted the extracts in 0.4 ml 
of diluent using buffer solution from commercially available 
assay kits (Salimetrics, State College, PA, USA). We stored 
samples in a freezer at − 80 °C until assay for cortisol con-
centrations. For more details, see Linden et al. (2018) and 
Vandeleest et al. (2019). Hair cortisol concentrations from 
the assay were converted to pg cortisol/mg hair for statisti-
cal analyses.

Trauma and health data collection

We extracted trauma and health data for 9-month periods 
before individuals were moved for group formation (August 
8, 2011 to May 6, 2012) and after group formation (May 
7, 2012 to February 12, 2013) from health records main-
tained by management and veterinary staff at CNPRC. We 
scaled severity of wounding from 0 to 5, with 0 indicating 
no wounding and 5 representing the most severe injuries, 
for both male-pattern traumas and female-pattern traumas 
(R. Samak and D. Hannibal, unpub. data; Table S1). We 
included all hospitalizations during the 9-month period and 
any injuries treated during the health check at which hair 
samples were collected.

Statistical analyses

We compared rates of hospitalization with female- and 
male-pattern traumas before and after new group formation 
with paired Wilcoxon signed-ranks tests, examining males 
and females separately (Table S2, Supplementary Materi-
als). Since we were interested in socially inflicted trauma, 
we included only socially housed individuals in the sample 
before group formation (n = 45 individuals, 37 females).

We used network analysis to calculate rank and domi-
nance certainty. First, we constructed a win-loss matrix 
based on dyadic interactions involving aggressive and sub-
missive behaviors from data collected routinely by a single 
behavioral management staff member between July 6, 2012 
and February 5, 2013 using event sampling. For each inter-
action, the observer recorded the individual identification 
number of the initiator and the recipient and noted all behav-
iors from Table S3 (Supplementary Materials) that were 
exhibited during the interaction. Then, with the Perc pack-
age for R (Fujii et al. 2015), we used indirect pathways to 
calculate imputed dominance probabilities for relationships 
between each pair in the network, ranging from 0 (complete 
certainty that the row individual is subordinate to the column 
individual) to 1 (complete certainty that the row individual 
is dominant to the column individual), with 0.5 representing 
complete uncertainty about the dominance relationship. The 
Perc package also identified the best rank order based on 
the imputed dominance probability matrix, using simulated 
annealing runs that compare costs of various rank orders. 
These methods are described in greater detail by Fushing 
et al. (2011). For analyses, Rank is the proportion of indi-
viduals in the group that the focal individual outranks, such 
that the highest-ranked individual has a value of 1 and the 
lowest-ranked has a value of 0. We calculated each individ-
ual’s average dominance probability to obtain its dominance 
certainty score (see Vandeleest et al. 2016). This score, 
ranging from 0.5 (maximally uncertain relationships) to 1.0 
(maximally certain relationships), provides a metric for each 
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individual’s general certainty in dominance relationships, 
regardless of whether it is dominant or subordinate.

We analyzed hair cortisol at baseline and hair cortisol 
9 months after group formation using models fitted in R 
(R Core Team 2016). We fitted multi-level models to hair 
cortisol data with varying intercepts for the subgroup in 
which the individual had previously been housed using 
the Bayesian map2stan function from the rethinking pack-
age (McElreath 2016a), which estimates parameters in the 
model using Markov Chain Monte Carlo algorithms imple-
mented in RStan (Stan Development Team 2017). We used 
regularizing (“weakly informative”) priors, which reduce 
overfitting (McElreath 2016b). This approach allows bet-
ter estimation of varying effects via pooling of informa-
tion across clusters and is more robust for small sample 
sizes than traditional frequentist multi-level models (Gel-
man and Hill 2007; McElreath 2016b). Models were fit-
ted to examine several possible influences, including age, 
sex, sex-specific traumas, and hospitalizations (Table 1). 
No males experienced female-pattern trauma during the 
baseline period, so we could not include an interaction 
with sex in models of female-pattern trauma. We used an 
information theoretic approach to compare models, calcu-
lating WAIC scores and weights (McElreath 2016b; Gel-
man et al. 2014). By comparing several models to a null 
model including only varying effects for subgroup (Q0; 
Table 1), we were able to ask several questions. We first 
asked whether hair cortisol varies by age and sex classes 
(Q1; Table 1). The other models asked whether hospitali-
zation (Q2a; Table 1), male-pattern trauma (Q3a; Table 1), 
or female-pattern trauma (Q4a; Table 1) influence hair cor-
tisol beyond the effects of age and sex, and if so, whether 
those effects are different for males and females (Q2b, 
Q3b, and Q4b; Table 1). By examining these questions 
under baseline conditions as well as the period follow-
ing the new group formation, we were able to determine 
whether our results apply generally or are specific to peri-
ods of social instability. 

Using the subset of individuals for which we had data on 
dominance interactions (n = 41), we fitted linear regression 
models with varying effects for subgroup to the 9-month hair 
cortisol using age, sex, rank, and dominance certainty as 
predictors, and allowing interactions. We compared models 
containing subsets of these predictors, allowing up to three 
predictors, using WAIC. We included a model with just age 
and sex as predictors to assess whether effects of rank or 
dominance certainty improved prediction over this model. 
We generated figures with estimated means and 95% cred-
ible intervals also using the rethinking package in R.

Results

Rates of hospitalizations and traumas

Rates of hospitalization, male-pattern trauma, and female-
pattern trauma increased for both males and females after 
the new group formation. These rates did not increase 
equally for both sexes, however. Hospitalizations of females 
increased (0.89 traumas/individual before to 1.0 after) to a 
lesser degree than hospitalizations of males (0.5 hospitaliza-
tions/individual before to 1.5 after). Among females, female-
pattern traumas increased only slightly (0.35 traumas/female 
before to 0.38 after), whereas male-pattern traumas showed 
a more marked increase (0.30 traumas/female before to 0.49 
after). Males experienced no female-pattern traumas before 
the new group formation, but increased to a rate of 0.5 trau-
mas/male after new group formation. Male-pattern traumas 
experienced by males increased from 0.13 traumas/male 
before to 0.40 after the new group formation. There were 
no significant differences between counts before and after 
for either sex, possibly due to the low numbers of events per 
individual (hospitalization count for females p = 0.69; hos-
pitalization count for males p = 0.10; male-pattern trauma 
count for females p = 0.36; male-pattern trauma count for 

Table 1  Questions and models tested for baseline and 9-month hair cortisol

Model Question Variables

Q0 Null model (Varying effects for subgroup, 
also included in all models 
below)

Q1 Does hair cortisol differ by age and sex class? Y = age + sex
Q2a Does hospitalization influence hair cortisol beyond the effects of age and sex? Y = age + sex + hosp
Q2b Does the impact of hospitalization differ for males and females? Y = age + sex + hosp + sex × hosp
Q3a Does male-pattern trauma influence hair cortisol beyond the effects of age and sex? Y = age + sex + MPT
Q3b Does the impact of male-pattern trauma differ for males and females? Y = age + sex + MPT + sex × MPT
Q4a Does female-pattern trauma influence hair cortisol beyond the effects of age and sex? Y = age + sex + FPT
Q4b Does the impact of female-pattern trauma differ for males and females? Y = age + sex + FPT + sex × FPT
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males p = 0.37; female-pattern trauma count for females 
p = 0.92; female-pattern trauma count for males p = 0.37).

Effects of age and sex on hair cortisol prior to group 
formation (baseline)

The model that best balanced fit and parsimony in predict-
ing hair cortisol concentrations before the group forma-
tion included only age and sex (Q1; Table 1). This model 

had the lowest WAIC score. In this model, older individu-
als had significantly lower hair cortisol concentrations 
than did younger individuals, and females had signifi-
cantly lower hair cortisol concentrations than did males 
(Table S4).

Effects of age, sex, and male‑pattern trauma on hair 
cortisol following group formation

The model that best balanced fit and parsimony in predict-
ing hair cortisol concentrations after the group formation 
included age, sex, male-pattern trauma, and an interaction 
between sex and male-pattern trauma (model Q3b; Table 1). 
We note that our sample included only ten males. Baseline 
patterns remained in that older individuals had lower hair 
cortisol concentrations than did younger individuals, and 
females had lower hair cortisol concentrations than did 
males. In addition, an interaction between sex and male-pat-
tern trauma appeared. Experiencing more male-pattern trau-
mas during the period after group formation led to higher 
hair cortisol concentrations in females but lower concentra-
tions in males (Fig. 1). We identified three potential outliers 
(one female, two males) with high cortisol concentrations, 
which could have driven this relationship, and refitted the 
models excluding them (Table 2) but model Q3b remained 
the highest-ranked model with age, sex, and male-pattern 
trauma continuing their influences.

To examine whether this result was driven by greater 
severity of traumas in females than males, we fitted an 
ordered categorical model with a cumulative probability link 

Fig. 1  Log 9-month hair cortisol concentrations relative to male-
pattern trauma. Blue circles indicate data for males, orange circles 
indicate data for females, jittered on the x-axis to avoid overlapping 
points. X marks indicate data points for outliers excluded from analy-
sis. Black circles indicate estimated mean hair cortisol concentrations. 
Black lines indicate 95% credible interval for mean

Table 2  Model coefficients and standard errors for 9-month hair cortisol, excluding outliers

Q3b coeff 
(SE)

Q0 coeff (SE) Q4a coeff 
(SE)

Q3a coeff 
(SE)

Q1 coeff (SE) Q4b coeff 
(SE)

Q2b coeff 
(SE)

Q2a coeff (SE)

WAIC − 70.8 − 66.8 − 65.1 − 64.1 − 63.9 − 63.9 − 62.8 − 61.7
dWAIC 0 4.0 5.7 6.7 6.9 6.9 8.0 9.1
Weight 0.76 0.10 0.04 0.03 0.02 0.02 0.01 0.01
Intercept 2.01 (0.06) 1.91 (0.02) 1.93 (0.06) 1.94 (0.06) 1.94 (0.06) 2.08 (0.07) 2.02 (0.07) 1.94 (0.06)
Age − 0.01 (0.003) − 0.07 (0.04) − 0.01 (0.01) − 0.01 (0.01) − 0.01 (0.01) − 0.01 (0.01) − 0.01 (0.01)
Sex − 0.05 (0.05) − 0.03 (0.05) − 0.04 (0.05) − 0.03 (0.05) − 0.05 (0.07) − 0.07 (0.07) 0.03 (0.05)
Hospitaliza-

tion
− 0.14 (0.09) 0.002 (0.04)

Male-pattern 
trauma

− 0.15 (0.09) 0.06 (0.05)

Female-pat-
tern trauma

− 0.07 (0.04) − 0.19 (0.12)

Hospitaliza-
tion × sex

0.16 (0.09)

Male-pattern 
trauma × sex

0.24 (0.09)

Female-
pattern 
trauma × sex

0.17 (0.13)
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to the maximum severity scores of individuals who expe-
rienced male-pattern trauma (n = 18), using the rethinking 
package in R (McElreath 2016a). This method estimated 
the probability of receiving a maximum severity score of k 
or lower, for k = 1–3 (the highest maximum severity expe-
rienced by individuals in our sample during this period). 
We found, however, that females who suffered male-pattern 
traumas had significantly lower severity trauma scores than 
did males (αcutoff1 = − 7.19 ± 3.40; αcutoff2 = − 0.62 ± 1.28; 
βsex = − 7.94 ± 3.40, p = 0.03).

Our finding that females suffered lower-severity male-pat-
tern traumas comes despite the systematic removal of males 
who suffered severe trauma. Fitting a logistic regression 
model to data on individuals who were removed temporar-
ily or permanently from the group (n = 158 removal events 
of 96 unique individuals), we found that males removed 
for treatment because they experienced trauma were more 
likely to be permanently removed from the group than were 
females, who were more likely to be returned to the group 
(α = − 2.33 ± 0.37; βsex = 1.06 ± 0.50, p = 0.035). This reveals 
that females still suffered less severe male-pattern traumas 
than the males remaining in the group.

Effects of age and dominance status on hair cortisol 
9 months after group formation

Both rank and dominance certainty were important pre-
dictors of hair cortisol in our models. Of the six highest-
weighted models (accounting for 81% of model weight), 
five included rank and two included dominance certainty 
(Table 3). However, the highest-weighted model included 
age as well as rank and dominance certainty. Younger ani-
mals, those with lower rank, and those with greater domi-
nance certainty had higher hair cortisol concentrations 
(Fig. 2).

Discussion

Our first prediction was that both males and females who 
experienced male-pattern trauma following the new group 
formation would have higher hair cortisol concentrations 
than those who did not, with this effect being stronger in 
females than in males. The results supported this predic-
tion for females, but were opposite from expected for males. 
Second, we predicted that both males and females who expe-
rienced female-pattern trauma following new group forma-
tion would have higher hair cortisol concentrations than 
those who did not, with this effect being stronger in females 
than in males. Contrary to our predictions, female-pattern 
trauma was not important in predicting hair cortisol con-
centrations for either sex. Our third and fourth predictions 
were that we would see higher hair cortisol concentrations 

in higher-ranking individuals and those with less dominance 
certainty, respectively. Contrary to both predictions, more 
highly ranked individuals had lower hair cortisol concentra-
tions, and those with greater dominance certainty had higher 
hair cortisol concentrations. We consider explanations for 
these results below.

Male‑pattern trauma and hair cortisol 
concentrations

Our finding that females who experienced male-pattern 
trauma had higher hair cortisol concentrations than those 
who did not during the period of social instability suggests 
that the severity of injuries caused by male aggression makes 
that aggression particularly stressful for females. Because 
males are larger than females and can cause severe trauma, 
it is perhaps not surprising that females experiencing male-
pattern trauma would exhibit the most extreme response in 
hypothalamic–pituitary–adrenal (HPA) activity, although we 
note that our post hoc analysis of trauma severity showed 
that females suffered less severe male-pattern traumas than 
males did. We did not find a relationship between male-
pattern trauma and hair cortisol at baseline, suggesting that 
male aggression becomes particularly stressful for females 
during periods of social instability. Perhaps this is because 
under more stable conditions, females are better able to 
draw on social support to cope with stressors, for example, 
through grooming or proximity to social partners (Brent 
et al. 2011).

Males remaining in the group at 9 months who experi-
enced male-pattern traumas, including large lacerations that 
partially transected muscle tissue, had lower hair cortisol 
concentrations compared to those males not experiencing 
male-pattern traumas. Our sample size for males was lim-
ited, and this result should therefore be interpreted with 
caution. If our pattern of low hair cortisol concentrations 
for males experiencing male-pattern trauma does reflect a 
biological reality, we can think of three potential explana-
tions: evolved mechanisms for dealing with social stressors, 
confounding effects of metabolically costly physical activity, 
or HPA axis down-regulation.

Evolved mechanisms for dealing with social stressors

Because male–male aggression (or the threat of aggres-
sion) is comparatively common in rhesus macaques, par-
ticularly during periods of social instability, male rhesus 
macaques may have evolved strategies that minimize stress 
experienced during these interactions (male takeovers: 
Neville 1968; Georgiev et al. 2016; intra-group aggression: 
Higham and Maestripieri 2010; Kulik et al. 2015; Southwick 
1969). In contrast, females in the wild typically remain in 
their natal groups with female kin (Moore 1984; Pusey and 
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Packer 1987), and, although they interact with unfamiliar 
males who occasionally emigrate into their natal group, they 
rarely interact with many unfamiliar males at once under 
such extreme social instability as occurs when a new group 
is formed in captivity. Therefore, females may lack cop-
ing mechanisms for experiencing frequent aggression from 
many unfamiliar males. While such evolved differences 
between males and females could explain why males do not 
react as strongly to male-pattern trauma as females do, the 
question remains why males who experienced male-pattern 
trauma actually have slightly lower hair cortisol concentra-
tions than males who did not.

Confounding effects of costly metabolic activity

Males who avoid male-pattern trauma may do so through 
other metabolically costly behaviors, which are known to 
increase cortisol production (Sapolsky et al. 2000). For 
example, they might avoid trauma by running away, fight-
ing back, or maintaining heightened vigilance. It could even 
be that the males who do not suffer male-pattern trauma are 
the ones causing the trauma in others, which would involve 
physical activity for the aggressor.

HPA axis down‑regulation

Finally, because rhesus macaque males direct more aggres-
sion toward other males than toward females (Kulik et al. 

Table 3  Model coefficients and standard errors for 9-month hair cortisol by age, sex, rank, and dominance probability

N = 41

Model WAIC dWAIC Weight Intercept Age (SE) Sex (SE) Percent out-
ranked (SE)

Dominance 
certainty 
(SE)

Interaction

Age + rank + domi-
nance certainty

− 33.5 0 0.42 1.75 (0.20) − 0.019 
(0.008)

− 0.21 (0.10) 0.66 (0.33)

Age + rank − 31.0 2.5 0.12 2.11 (0.08) − 0.012 
(0.007)

− 0.12 (0.10)

Age + rank + age × rank − 30.5 3.0 0.09 2.23 (0.12) − 0.027 
(0.015)

− 0.33 (0.21) 0.025 (0.022)

Age + dominance 
certainty

− 30.2 3.2 0.08 1.91 (0.20) − 0.02 (0.008) 0.30 (0.32)

Rank − 29.4 4.1 0.05 2.04 (0.06) − 0.18 (0.09)
Age + sex + rank − 29.0 4.5 0.04 2.12 (0.08) − 0.012 

(0.008)
− 0.009 

(0.062)
− 0.12 (0.10)

Age + sex − 28.6 4.9 0.04 2.09 (0.08) − 0.015 
(0.007)

− 0.017 
(0.062)

Rank + dominance 
certainty

− 28.5 5.0 0.03 1.88 (0.21) − 0.23 (0.11) 0.26 (0.33)

Age + sex + dominance 
certainty

− 28.4 5.1 0.03 1.90 (0.19) − 0.02 (0.009) − 0.018 
(0.063)

0.34 (0.30)

Sex + rank − 27.4 6.1 0.02 2.05 (0.07) − 0.026 
(0.062)

− 0.16 (0.10)

Rank + dominance cer-
tainty + rank × domi-
nance certainty

− 27.2 6.3 0.02 1.51 (0.53) 0.43 (0.83) 0.80 (0.79) − 0.93 (1.17)

Age + dominance cer-
tainty + age × domi-
nance certainty

− 27.1 6.4 0.02 1.87 (0.37) − 0.030 
(0.038)

0.38 (0.56) 0.011 (0.050)

Sex + rank + sex × rank − 27.1 6.4 0.02 2.17 (0.11) − 0.16 (0.12) − 0.52 (0.26) 0.40 (0.28)
Sex + rank + dominance 

certainty
− 26.3 7.2 0.01 1.89 (0.21) − 0.032 

(0.062)
− 0.21 (0.11) 0.26 (0.33)

Dominance certainty − 25.4 8.1 0.01 2.03 (0.21) − 0.11 (0.29)
Sex + dominance 

certainty
− 23.6 9.9 0 2.04 (0.22) − 0.045 

(0.065)
− 0.07 (0.31)

Sex + dominance cer-
tainty + sex × domi-
nance certainty

− 21.3 12.2 0 2.11 (0.75) − 0.14 (0.78) − 0.19 (1.13) 0.14 (1.17)



58 Primates (2019) 60:51–62

1 3

2015), males who experience chronic stress due to aggres-
sion from other males may have suffered HPA axis dysregu-
lation, leading to a reduction in cortisol production despite 
continued experience of stress. If male aggression toward 
females is more transient, then females would not experi-
ence this dysregulation, consistent with our observations. 
Although stress is associated with increased cortisol produc-
tion as part of an adaptive fight-or-flight response, chronic 
stress can eventually lead to down-regulation of the HPA 
axis. Such HPA axis dysregulation has been demonstrated 
in humans with post-traumatic stress disorder, major depres-
sion, and other stress-related disorders (Heim et al. 2000; 
Pochigaeva et al. 2017; Steudte et al. 2013). In nonhuman 
primates, similar down-regulation of the HPA axis has been 
found in captive rhesus macaques under chronic stress (Cap-
itanio et al. 1998), in socially subordinate female marmosets 
following a new group formation (Saltzman et al. 2006), 
and in individually housed captive rhesus macaques with a 
history of self-inflicted bite wounds (Novak 2003). Another 
study reported that rhesus macaques who experienced early 
adversity via maternal separation had lower hair cortisol 
concentrations 1.5 years later (Feng et al. 2011). Thus, low 
cortisol concentrations do not necessarily indicate that the 

individual is not under intense stress; rather, they may indi-
cate that the individual has been unable to cope with chronic 
stress, eventually resulting in dysregulation of the HPA axis 
(Linden et al. 2018).

One argument against this explanation is that HPA axis 
down-regulation would only result after an initial period 
of chronic stress, during which individuals would still pro-
duce high concentrations of cortisol. This makes it unclear 
whether we should expect high or low cortisol concentra-
tions in a long-term measure of HPA activity such as hair, 
even if chronic stress has led to down-regulation of corti-
sol production. Future studies could examine both short-
term and long-term measures of cortisol, as well as tests 
of HPA axis regulation such as dexamethasone suppression 
tests, over a period of social instability to test whether some 
individuals are experiencing HPA axis down-regulation. It 
is also possible that HPA axis dysregulation preceded the 
group formation, and individuals with dysregulated HPA 
axes were disproportionately recipients of trauma. For exam-
ple, certain personality traits might lead to HPA axis dys-
regulation in periods of chronic stress (Linden et al. 2018), 
while also predisposing individuals to socially inflicted 
trauma. Only some of the individuals in our group had been 
assessed for temperament, which precluded examining both 
personality and trauma in a single model. Studies could 
address this in the future by thoroughly assessing tempera-
ment of all individuals prior to a new group formation.

Unfortunately, we do not have behavioral data about phys-
ical activity or hormonal data about HPA axis regulation 
for this group during the time period of the study. Future 
research could include such data to account for the effects 
of physical activity on HPA axis activity and examine altera-
tions in HPA axis regulation before and after a new group 
formation. As a final point, our sample consisted primarily 
of females, and perhaps our sample size for males was too 
small to detect broader patterns in male responses to male-
pattern trauma. Although it is typical for both wild and natu-
ralistic captive groups to consist of more females than males, 
future studies could examine multiple group formations to 
increase the sample size of males.

Female‑pattern trauma and hair cortisol 
concentrations

We found no relationship between female-pattern trauma 
and hair cortisol concentrations for either sex. This was 
surprising, as such trauma could be severe. The majority 
of individuals who suffered female-pattern trauma (nine of 
15) had such severe injuries to extremities that fingertips or 
tail tips had to be amputated. We offer several explanations 
similar to those offered above for our male-pattern trauma 
results. Female-female aggression is common in rhesus 
macaques, particularly during periods of social instability 

Fig. 2  Log 9-month hair cortisol by rank for individuals of different 
dominance certainties, assuming mean age. Rank is shown here as 
percent outranked, a number between 0 and 1 such that the highest-
ranking individual is 1.0 and the lowest-ranking is 0. Colors indicate 
dominance certainty for highest quartile (yellow), middle two quar-
tiles (red), and lowest quartile (blue). Lines represent model-esti-
mated mean hair cortisol concentrations for the mean dominance cer-
tainty in each dominance certainty group. Note that ages vary within 
each dominance certainty group and dominance certainty is shown 
here in categories for visualization purposes only
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or when unfamiliar females interact (Bernstein and Gor-
don 1974; Hausfater 1972; Payne et al. 2003; Wooddell 
et al. 2016). Perhaps evolved mechanisms for dealing with 
similarly high rates of female aggression under naturalistic 
conditions allowed individuals in our sample to cope with 
the trauma they experienced without adverse physiological 
effects. Alternatively, perhaps individuals who did not suffer 
female-pattern trauma did so through metabolically costly 
behaviors (e.g., running, vigilance) that led to increased 
cortisol concentrations equivalent to those seen in injured 
individuals, or female aggression did greatly intensify, even 
if actual rates of trauma did not, leading to HPA axis dys-
regulation in some individuals. Studies incorporating behav-
ioral data on individual activity levels and measures of HPA 
axis regulation could test these three potential explanations.

Rank and dominance certainty

We also found that age and rank, and, to a lesser extent, dom-
inance certainty, affect 9-month hair cortisol. Our results are 
consistent with the known decline of cortisol with age (Gust 
et al. 2000). Interestingly, rank and dominance certainty are 
positively correlated (Pearson’s r = 0.59, p < 0.01) in our 
sample, but when considering the two together, they had 
opposing effects: more highly ranked individuals had lower 
cortisol concentrations whereas those with greater domi-
nance certainty had higher cortisol concentrations.

Previous work has suggested rank and social stability 
interact in their effects on cortisol production. Under socially 
stable conditions, lower-ranked cercopithecines tend to have 
higher cortisol concentrations than those of higher rank, but 
during periods of social instability this pattern can reverse 
(Gust et al. 1993; Sapolsky 1990). The interpretation for 
this pattern is that under stable conditions, high rank con-
fers benefits in terms of reduced stress, but high-ranking 
individuals have more to lose during periods of social insta-
bility and therefore perceive the situation as more stressful. 
However, other studies have found more complex relation-
ships between rank and cortisol. For example, one study of 
male rhesus macaques found no relationship between rank 
and cortisol except during periods of social instability, when 
more highly ranked males had higher cortisol concentra-
tions (Higham et al. 2013). One complication is that even 
within the same social group, the degree of social instabil-
ity can vary at different positions in the dominance hier-
archy, influencing individuals’ cortisol production. Sapol-
sky (1992) found that male olive baboons’ (Papio anubis) 
basal cortisol concentrations depended on uncertainty in 
dominance relationships with males close to their own 
rank, and these effects differed depending on whether the 
uncertainty resulted from the individual rising or falling in 
rank. However, in chacma baboons (P. ursinus), females’ 
glucocorticoid concentrations increased during periods of 

instability but, unlike male olive baboons, their positions in 
the dominance hierarchy had no effect (Engh et al. 2006). 
Other studies of rank and cortisol have failed to find a clear 
relationship, though low-ranking individuals may be more 
variable in their cortisol concentrations (Bercovitch and 
Clarke 1995).

Our results did not match our predictions based on the 
most common patterns in other studies of cercopithecines. 
Our study took place during a period of social instability, 
following a new group formation, when high-ranking indi-
viduals would be expected to have higher cortisol concentra-
tions. We found the opposite. However, we have only one 
timepoint for hair cortisol concentrations after the group for-
mation, 9 months later, and perhaps by then social instability 
had decreased to the point where high-ranking individuals 
were no longer at risk of losing their status. If the group 
was comparatively stable for the majority of the 9-month 
period following the group formation, our results may then 
be attributed to differences in the outcomes of aggressive 
interactions for high- and low-ranking individuals under 
stable social conditions. Under these conditions, individu-
als of high rank tend to benefit more from the formalized 
dominance hierarchy than those of low rank do (Maestrip-
ieri and Georgiev 2015). High-ranking individuals might be 
injured during aggressive interactions, but they “win” more 
of these interactions, which is why they attain high rank. 
Low-ranking individuals who are injured during aggressive 
encounters are also likely “losing” many of these interac-
tions, which might mean they continue to receive harass-
ment from higher-ranking individuals or have reduced 
access to resources such as food, space, or social partners. 
Future research could measure HPA activity repeatedly to 
document whether high-ranking individuals had higher hair 
cortisol concentrations when social instability was most 
intense, immediately following the new group formation. 
Alternatively, previous work has shown higher cortisol in 
low-ranking individuals during periods of social instabil-
ity in species with high rates of displacement of aggres-
sion (Abbott et al. 2003). Future studies could examine this 
with data on rates of displacement of aggression in a newly 
formed group. We also found that individuals with greater 
dominance certainty had higher hair cortisol concentrations. 
As with our results for trauma, tests of HPA axis regulation 
might also shed light on these findings. If intense uncertainty 
in dominance relationships led to HPA axis down-regulation, 
for example, that would also explain the patterns we see 
here. Behavioral data on social interactions would also be 
useful. Perhaps individuals with lower dominance certainty 
avoid social interactions while those with greater dominance 
certainty engage more. That engagement could be physio-
logically stressful, leading to higher cortisol concentrations.

Future research should test the potential explanations 
we offer above by examining behavioral data on physical 
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activity and HPA axis responsivity to suppression and acti-
vation before and throughout periods of social instability. 
If males have evolved coping mechanisms for male aggres-
sion that females lack or females perceive male aggression 
as more stressful than males do, both males and females 
should exhibit typical cortisol responses to dexamethasone 
suppression tests, regardless of their experience of male-
pattern trauma. In this case, behavioral data coupled with 
repeated measures of cortisol concentrations could provide 
a clearer picture of how individuals of different age-sex 
classes respond to threats of aggression, in addition to 
actual injuries as examined here. If our findings here were 
confounded by metabolically costly behaviors, then behav-
ioral data on physical activity should predict hair cortisol 
concentrations better than the experience of trauma does 
in future studies. If our findings reflect down-regulation of 
the HPA axis due to chronic stress for males experiencing 
male-pattern trauma, males but not females should exhibit 
an altered cortisol response to a dexamethasone suppres-
sion test, as in Capitanio et al. (1998). If down-regulation 
is due to previous experience of chronic stress, which both 
alters HPA activity and increases likelihood of experienc-
ing male-pattern traumas, it should be evident prior to 
the period of instability as well. If the stress of the new 
group formation causes HPA axis down-regulation, the 
altered cortisol response should emerge during the period 
of social instability.

Conclusions

We found that male-pattern trauma led to greater hair corti-
sol concentrations in females, but not males, following a new 
group formation. We suggest that for females, male aggres-
sion is acutely severe. Our other results were unexpected and 
more difficult to explain. Throughout the discussion we have 
offered suggestions for how future research can disentangle 
the different hypotheses we offer using data on behavior, 
personality, and HPA axis regulation.
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