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a  b  s  t  r  a  c  t

Testosterone  and  cortisol  are  hormones  expected  to  play a major  role  in competitive  behaviours  (i.e.
aggression),  and  are  related  to rank  and  hierarchical  stability.  Through  a non-invasive  technique,  we
analyzed  faecal  testosterone  (FTM1) and  cortisol  (FCM2)  metabolites  of  dominant  and  subordinate  males
from  two  wild  groups  of bearded  capuchin  monkeys.  One  group  had  a stable  dominance  hierarchy  while
the  other  had an  unstable  hierarchy,  with  a marked  conflict  period  related  to  a  male  take-over.  In  the
unstable  hierarchy  group  (1) the  dominant  male  had higher  FTM  peaks  than  subordinates,  and  (2)  basal
FTM  levels  were  higher  than  in  the  stable  group.  These  findings  are  in accordance  with  the  Challenge
Hypothesis  and  rank-based  predictions,  and  confirm  that in Sapajus libidinosus  hierarchy  stability,  social
status,  aggression  rates  and  testosterone  are  closely  related.  Dominants  of  both  groups  had  higher  basal
and peak  FCM  levels,  suggesting  that  in  S.  libidinosus  the  dominant  male  has  a higher  allostatic  load  than

subordinates,  related  to his  role in  protection  against  predators,  intragroup  appeasement,  and  control  of
food sources.  Finally,  we  suggest  that  males  of  S. libidinosus  are  resistant  to testosterone  suppression  by
cortisol,  because  in  the  unstable  group  in spite  of  an  increase  in  FCM  there  was also  an  increase  in FTM
during  the conflict  period.

This  article  is  part  of a Special  Issue  entitled:  Neotropical  Behaviour.
. Introduction

In social species, group members are subject to constant com-
etition for limiting resources, which led to the evolution of
ierarchical social structures in many social taxa, in which com-
etitive relations are formalized in dominance relationships (Chase
t al., 2002). Stability of hierarchies can increase or reduce the
ielded benefits. In a stable hierarchy there is no reversal in dom-

nance and no change in rank among subjects (Sapolsky, 1993);
ubjects can predict the outcome of an intra-group interaction and
onsequently save energy and avoid possible deleterious results
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2 Fecal cortisol metabolites.
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(see Clutton-Brock and Huchard, 2013 for a review on social com-
petition). In many primate species access to females occurs via
dominance rank, with low levels of overt aggression (Cowlishaw
and Dunbar, 1991; Gogarten and Koenig, 2013). However, in unsta-
ble hierarchies males generally engage in agonistic interactions in
order to monopolize estrus females (Cowlishaw and Dunbar, 1991).

Hierarchy stability and dominance rank are expected to be
linked to hormone levels of males (Mehta and Josephs, 2010).
Testosterone is related to behaviours such as aggression, mate seek-
ing and guarding, and courtship (Wingfield et al., 1990). According
to the Challenge Hypothesis (Wingfield et al., 1990), because testos-
terone is involved in the aggression necessary to compete for high
rank but might reduce health (e.g. Muehlenbein and Watts, 2010),
males from stable hierarchies would have lower testosterone
levels than males from unstable hierarchies, and testosterone

levels would be similar in both dominants and subordinate
males. In unstable hierarchies (high aggression rates), higher rank
subjects are expected to have higher basal testosterone concentra-
tion (Sapolsky, 1993).
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Cortisol is another hormone important in mediating relation-
hips between aggression, social rank, and reproductive function
Muehlenbein and Watts, 2010). Features of social structure such
s dominance style, means of maintaining dominance, breeding
ystem, hierarchy stability and availability of coping outlets for sub-
rdinates may  influence how dominants and subordinates perceive
tress (Sapolsky, 2005). Dominants are expected to experience
ore stress than subordinates in an unstable hierarchy while

he opposite is expected in a stable hierarchy (Sapolsky, 2005).
owever, findings concerning this prediction are divergent, reflect-

ng the wide diversity of primate social systems (Abbott et al.,
003). Goymann and Wingfield (2004) suggested that cortisol lev-
ls would depend on the benefits or costs (allostatic load) of being

 dominant or a subordinate in a given species, population or sex.
f allostatic load is higher in dominants than in subordinates their
ortisol levels are expected to be higher and vice versa.

Capuchin monkeys (the two sister genera Cebus and Sapajus;
ynch-Alfaro et al., 2012a,b), although known for their high diver-
ity in social systems related to ecological variation (Fragaszy et al.,
004; Izar et al., 2012), generally present a clear male dominance
ierarchy, and reproductive skew towards the dominant male (Izar
t al., 2009). Given these features, this taxon is an interesting model
o study the relationship between male hormones, dominance
ank, and hierarchy stability. Few studies, however, have addressed
his relationship, presenting divergent results (Lynch et al., 2002;
choof et al., 2012, 2014; Schoof and Jack, 2013). In white-faced
apuchins (Cebus capucinus),  hormone levels differ according to
ominance status, so that dominant males present higher corti-
ol and androgen levels than subordinates (Schoof et al., 2012,
014; Schoof and Jack, 2013). In black horned capuchin monkeys
Sapajus nigritus), Lynch et al. (2002) found no difference between
ominants and subordinates in testosterone and cortisol levels.

In the genus Sapajus,  rank reversals are very rare (Carosi et al.,
005), since male tenure is long and normally ended by death or
isappearance (for a review, see Izar et al., 2009). In this study, we
ook advantage of the observation of a rank reversal in one of the
wo wild groups of Sapajus libidinosus followed on a long term study
e.g. Izar et al., 2012), in Fazenda Boa Vista (FBV3), Piauí, Brazil. We
nalyzed faecal testosterone and cortisol metabolites from all adult
ales of the two wild groups to test the difference in male hormone

evels between a stable and an unstable hierarchy. Social system
f S. libidinosus follows the general pattern of capuchin monkeys:
roups are cohesive during all activities and subordinate individ-
als are well integrated (albeit may  be excluded form favourable
ood sources); male dominance hierarchy is despotic and the dom-
nant male monopolizes most reproductive activity, due to female
hoice (Fragaszy et al., 2004; Izar et al., 2012). Male–male relation-
hips between groups are usually aggressive (Verderane, 2010). In
BV, mating might occur throughout the year and most births occur
rom October to May, with a peak between November and January,
he middle of the rainy season (Izar and Fragaszy, unpublished
ata).

This study aimed at verifying whether hierarchy stability and
ominance rank were related to: (1) frequency of agonistic interac-
ions among males; (2) faecal testosterone metabolites levels, and
3) faecal cortisol metabolites levels. According to the Challenge
ypothesis (Wingfield et al., 1990) and rank-based predictions

Sapolsky, 1993), we expected that (1) males would have higher
estosterone and cortisol levels in the unstable hierarchy than in
he stable one, because agonistic interactions would be more fre-

uent in the unstable group; (2) dominant males would have higher
estosterone and cortisol levels than subordinates only in the unsta-
le hierarchy, because dominants would have to aggressively keep

3 Fazenda Boa Vista.
ral Processes 109 (2014) 79–88

their position while in the stable hierarchy aggressive competition
would be formalized (Verderane et al., 2013; Fragaszy et al., 2004);
and (3) subordinates from the stable hierarchy would have higher
cortisol levels than dominants because they are deprived from
desirable resources (e.g. food and females; Fragaszy et al., 2004).

2. Methods

2.1. Study site

This study was conducted at FBV, a flat open woodland located
in the ecotone between Caatinga and Cerrado in the state of
Piauí, northeast Brazil (9◦39′ S, 45◦25′ W),  between January 2009
and December 2010. Vegetation presents areas of shrubs, xero-
phytic, and palm trees are very abundant in the open woodland
(Visalberghi et al., 2007). Rainfall is seasonally distributed, with a
clear dry season from May  to September and a wet season con-
centrated from October to April (Verderane et al., 2013). In spite
of the marked dry season, food abundance is high throughout the
year, and the monkeys’ diet consists mainly of fruits and insects.
Besides these, the subjects often feed on leaves, flowers and small
vertebrates (Spagnoletti et al., 2012; Izar et al., 2012).

2.2. Study groups

The two  wild groups (CH and ZA) of bearded tufted capuchin
monkeys (S. libidinosus)  had been studied by the Ethocebus
research group since 2006 (Izar et al., 2012) and were therefore
habituated to the researchers presence and individually recog-
nized. During this study, CH group size ranged from 17 to 20
individuals: four adult males, five adult females, eight juveniles
(two females and six males) and five infants. One of the adult males
(CHam0) died due to unknown causes at the beginning of the study
and his data were not included here. The other three adult males
in this group (CHam1, CHam2, CHam3) participated in an intra-
group agonistic conflict, from June to August 2010, that resulted in
a takeover of the dominant position. This occurred in the following
sequence. Immediately after the death of the former alpha male
(CHam0), in October 2008, CHam1 assumed the dominant position
until June 2010. In June 2010, he was  attacked by CHam3 and during
the following months CHam3 and CHam2 engaged in several ago-
nistic conflicts that led CHam2 to assume the dominant position in
August 2010. Therefore, CH was  considered the unstable hierarchy
group. This group was  studied for a total of 1331 h and 222 faecal
samples from males (see Supplementary Table 1 for more details)
were collected and analyzed.

Supplementary Table 1 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.beproc.2014.09.010.

Group size of ZA ranged from 15 to 19 individuals: four adult
males, four adult females, six juveniles (three females and three
males), and six infants. ZAam1 had been the alpha male in this
group since its habituation by the Ethocebus research team in 2006
and continued to be so during this study. Two of the other adult
males (ZAam2 – immigrated in March 2009 and ZAam3 – immi-
grated in October 2008) were in the group since the beginning of
this study and another (ZAam4) immigrated into the group in July
2010. Therefore, ZA was considered the stable hierarchy group. The
group was  studied for a total of 732 h and 65 faecal samples from
males (see Supplementary Table 2 for more details) were collected
and analyzed.

Supplementary Table 2 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.beproc.2014.09.010.

2.3. Behavioural data collection and analyses
Data were collected monthly, five consecutive days for each
group, whenever we could find the group (CH was not found in

http://dx.doi.org/10.1016/j.beproc.2014.09.010
http://dx.doi.org/10.1016/j.beproc.2014.09.010
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ebruary and March/2009 and ZA was not found from January
o April/2010 and in August/2010), between January 2009 and
ecember 2010. We  used the scan sampling method (Altmann,
974) of 1 min  at 5 min  intervals, and we also recorded all occur-
ences of agonistic behaviours (vocalizations, intra-group conflicts;
or details on observation conditions, see Izar et al., 2012). Actor
nd recipient were specified whenever possible. Observations were
ade by OMF and two field assistants trained by the Ethoce-

us researchers until inter-observer reliability reached 85% (see
erderane et al., 2013 for details).

Behavioural data were used to calculate: (1) monthly rate of ago-
ism directed towards any group member from each adult male
directed rate); (2) monthly rate of agonism received from any
roup member by each adult male (received rate). To calculate rates
e divided the monthly agonistic events of each subject by the
onthly hours the group was observed. Agonistic interactions were

sed to calculate rank using the Dominance Direct Tree method
Izar et al., 2006; for more details see Section 2.5).

.4. Faeces collection and analyses

To evaluate the endocrine status of each individual male a
on-invasive method was applied (Sheriff et al., 2011). Faeces were
ollected opportunistically, only when it was possible to identify
hich individual produced it, depending on the presence and visu-

lization of the subjects. For this reason, hormone data were not
ollected on a regular basis and a GzLMM4 test (for more details
ee Section 2.6) was used to deal with missing data. Medians were
sed instead of means because data were not normally distributed.

A total of 287 samples was collected: 84 from CHam1, 86 from
Ham2, 52 from CHam3, 34 from ZAam1, 11 from ZAam2, 15 from
Aam3 and 5 from ZAam4 (see Supplementary Tables 1 and 2 for
ore details). Faeces were placed in eppendorf tubes and stored

n ice until the arrival at the camp lab, where they were stored at
20 ◦C.

Faecal metabolites were extracted according to the methanol-
ased protocol given in Palme et al. (2013). Briefly, a 0.2 g aliquot
f each homogenized wet sample was mixture in a multivortex
or 30 min  with 2 mL  of 80% methanol. The suspension was  cen-
rifuged at 1950 × G for 10 min. The supernatant was stored at
20 ◦C until assayed. Faecal hormone metabolites were measured

n a 50 �L aliquot of the extract (diluted 1:100) with a cortisol and
estosterone enzyme immunoassay (EIA). Details of the two EIAs
ncluding cross-reactions have been previously described (Palme
nd Möstl, 1997; Bauer et al., 2008). The cortisol EIA proved suited
or monitoring adrenocortical activity in several primate species
Heistermann et al., 2006), and was successfully validated by an
CTH test in this species, too (Mendonç a-Furtado, 2012). A lack
f a correlation between FCM and FTM following the ACTH test
no increase in FTM) indicated that the testosterone EIA (mea-
uring androgen metabolites with a 17�-hydroxy group) picked
p metabolites of testicular origin (Möhle et al., 2002). All intra-
nd inter-assay coefficients of variation of pool samples were less
han 12%. All samples were assayed in duplicate. Concentrations of
ormone metabolites are expressed as nanogram per gram of wet

aecal matter.

.5. Dominance trees
To determine the rank of each male within each group, we
nalyzed dominance relations using the Dominance Direct Tree
DiTree), a method that (1) decides the dominance relationship

4 Generalized linear mixed model.
ral Processes 109 (2014) 79–88 81

between each pair of individuals based on the number of vic-
tories in conflicts, and (2) resolves tied relationships applying
the transitiveness property to the dominance matrix of observed
agonistic relations (Izar et al., 2006). For the unstable group,
study length was  divided into three periods: pre-conflict (January
2009–March 2010), conflict (April–August 2010) and post-conflict
(September–December 2010). We  conducted one dominance anal-
ysis for each period. In the conflict period, behaviours of females
(grooming, proceptive behaviour and copulations) were analyzed
along with the dominance trees to help solve circular (tied) agonis-
tic relations. For the stable group, we considered the entire study
period for one dominance analysis, since there was no rank reversal.
For dominance analyses, infants were excluded.

2.6. Statistical analysis

To verify whether aggression rates differed according to hier-
archy stability, we  performed a GzLMM with monthly rates of
agonism (sum of directed and received) as the dependent variable,
month as within-subject factor, subject as random factor and group
as fixed factor. Because there was  a sharp drop on agonistic interac-
tions in the unstable group during the post-conflict period (several
months with zero aggression, Fig. 1), jeopardizing the statistical
analysis, we  excluded the last four months of aggression data of
both groups (CH and ZA) to perform the analysis.

Hormone levels data contained outliers. Biologically these out-
liers stand for a hormone response to an event, and do not represent
experimental errors. Therefore we  used two kinds of basic statis-
tics: (1) monthly medians were calculated for each subject after
outliers were iteratively removed to avoid dragging median levels
up; and (2) highest monthly value of each individual (peak values)
were calculated keeping the outliers. These were calculated only
for months with more than one sample per individual and for both
cortisol and testosterone metabolites.

In a first GzLMM analysis, considering male dominance rank
order as a fixed factor, we found no ordinal relation between varia-
tion of hormone levels and dominance rank. Rather, when there was
an effect of rank, significant results pointed either to individual vari-
ation among subjects or to an effect of the dominant position versus
subordinates. Therefore, we  conducted further analyses consider-
ing “Status”, where subjects were dichotomously classified as dom-
inant (for male ranking 1) or subordinate (for males ranking 2–4).

We did not conduct analyses comparing mating versus non-
mating periods because in FBV there is no marked mating period
(see Supplementary Tables 1 and 2 for more details). In addition,
preliminary analyses showed no influence of presence of procep-
tive females on hormone levels of males in both groups.

Therefore, we  performed a generalized linear mixed model
(GzLMM) to test for correlation between median and peak values
of testosterone and cortisol metabolites with (1) status (dominant
vs. subordinate), (2) hierarchy stability (stable vs. unstable), and (3)
the three periods of conflict (only for the unstable group, because
preliminary analyses showed hormone levels of males from the
stable group did not vary across these periods). In this GzLMM
model, fixed factors were status, hierarchy stability and the three
periods of conflict, within-subject factor was month, subjects were
considered as random factor, and subject hormone levels were the
dependent variables. The correlation structure of the random effect
was the component of variance. All analyses were performed with
IBM SPSS Statistics 20 software.

3. Results
3.1. Aggression rates

Excluding the post-conflict period, hierarchy stability was a pre-
dictor of monthly rates of aggression (GzLMM, F = 4.713, p = 0.032;
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eriods. On ZA group, ZAam1 was the dominant and ZAam2, ZAam3 and ZAam4 we

ig. 1): rate of aggression was higher in the unstable group
mean = 0.07 ± CI 0.014 events/observation hours) than in the sta-
le group (mean = 0.047 ± CI 0.016 events/observation hours).

.2. Dominance relations

In the unstable group, during the pre-conflict period, dominance
ierarchy was linear and CHam1 was the alpha male (Table 1, see
lso Supplementary Fig. 1). During the conflict period, agonistic
elationships between males were tied, so dominance rank among
hem could not be determined. DiTrees along with behaviour of
emales indicated that CHam2 was the dominant male, since he was
he individual that received most grooming, proceptive behaviour
nd was the male that copulated the most. After the conflict period
ominance hierarchy became partial (i.e. not all individuals were
art of the dominance structure; Izar et al., 2006), frequency of
gonistic interactions was  much lower than before, and DiTrees
ndicated that CHam2 consolidated his dominant position until the
nd of the study period.

Supplementary Fig. 1 related to this article can be found, in the
nline version, at http://dx.doi.org/10.1016/j.beproc.2014.09.010.
In the stable group, dominance hierarchy was linear and ZAam1
as the dominant male during the whole study period (Table 1, see

lso Supplementary Fig. 1).

able 1
ale hierarchical structure of two groups of S. libidinosus:  unstable hierarchy CH (pre

 pre-conflict period; during – during conflict period; post – post-conflict period)
nd stable hierarchy ZA. Subjects were identified by group initials (CH and ZA), age
a = adult), gender (m = male), and a subject number. Subject status was determined
s  dominate (dom) or subordinate (sub), and numbers stand for subordinate position
n  the hierarchy. CHam3 was not seen during the post conflict period. Although
iTree analysis considered all group members, in order to facilitate visualization,
ere we  show only dominance relationships among adult males.

Subjects CH

Pre During Post

CHam1 dom sub sub
CHam2 sub2 dom dom
CHam3 sub1 sub –

Subjects ZA

ZAam1 dom
ZAam2 sub1
ZAam3 sub2
ZAam4 sub1
as observed For males from CH group, rates were divided into three periods: pre,
le in both during and post conflict periods; CHam3: subordinate male on the three
ordinates throughout the study.

3.3. Faecal testosterone metabolites

Hierarchy stability was a predictor of monthly FTM median
(GzLMM, F = 4.100, p = 0.047); males from the unstable hierarchy
had higher median FTM levels than males from the stable hierar-
chy (meanunstable = 216 ± CI 87 ng/g; meanstable = 63 ± CI 123 ng/g).
Status was not a predictor of monthly median testosterone
(GzLMM, F = 2.349, p = 0.13), as well as the interaction between
status and hierarchy (GzLMM, F = 1.912, p = 0.172). Although in
the unstable hierarchy dominant males clearly had higher FTM
levels than subordinates did (meandominant = 198 ± CI 110 ng/g;
meansubordinates = 82 ± CI 104 ng/g; Fig. 2), there was  an overlap in
the confidence interval of the means of those groups that probably
lead to the lack of effect regarding status and FTM monthly medians.

Both hierarchy (GzLMM, F = 8.833, p = 0.004) and status (GzLMM,
F = 5.658, p = 0.02) were predictors of maximum FTM levels (peaks),
and there was an interaction between those variables (GzLMM,
F = 4.080, p = 0.048). In the stable hierarchy FTM peaks were lower
than the in the unstable hierarchy, but only in the unstable hier-
archy dominant males had higher FTM peaks (mean = 1275 ± CI
388 ng/g) than subordinate males. Furthermore, dominant and sub-
ordinate males from the stable hierarchy and subordinates from the
unstable one did not differ (mean peakssubordinate/unstable = 303 ± CI
332 ng/g; mean peaksdominant/stable = 171 ± CI 510 ng/g; mean
peakssubordinate/stable = 92 ± CI 510 ng/g; Fig. 3).

When analysing the periods that the unstable group went
through, the interaction between status and periods was a pre-
dictor of the median FTM levels (GzLMM, F = 3.809, p = 0.031).
During the conflict period, the dominant males had higher median
FTM levels (mean = 858 ± CI 251 ng/g) than dominant males
in the pre- and post-conflict period and subordinate males in
all periods. Moreover, dominant males in the pre- and post-
period and subordinate males in all periods did not differ in
their median FTM levels (meandominant/pre = 172 ± CI 177 ng/g;
meandominant/post = 49 ± CI 280 ng/g; meansubordinate/pre = 47 ± CI
155 ng/g; meansubordinate/during = 261 ± CI 212 ng/g;
meansubordinate/post = 53 ± CI 229 ng/g; Fig. 4).

Still in the unstable group, the interaction between status and
periods was not a predictor of FTM peaks (GzLMM, F = 1.933,
p = 0.158). On the other hand status (GzLMM, F = 9.321, p = 0.004)
and periods (GzLMM, F = 6.965, p = 0.003) were predictors of FTM

peaks. Disregarding periods dominant males (mean = 1230 ± CI
452 ng/g) had higher FTM peaks than subordinates (mean = 339 ± CI
379 ng/g). Disregarding status, during the conflicts, males had
higher FTM peaks (mean = 1558 ± CI 536 ng/g) than in the

http://dx.doi.org/10.1016/j.beproc.2014.09.010
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Fig. 2. Means (±CI) of monthly median FTM levels of adult males of two  groups of S. libidinosus (CH – unstable hierarchy; ZA – stable hierarchy), categorized by status. Total
samples: N = 67 (Nunstable/dominants = 19; Nunstable/subordinates = 26; Nstable/dominant = 11; Nstable/subordinates = 11). *Significantly different FTM data (p < 0.05).

F nstab
( 1). *Si

p
5

3

(

F
a

ig. 3. Mean (mean ± CI) FTM peak levels of two  groups of S. libidinosus (CH – u
Nunstable/dominants = 19; Nunstable/subordinates = 26; Nstable/dominant = 11; Nstable/subordinates = 1

re- (mean = 663 ± CI 385 ng/g) and the post (mean = 133 ± CI
90 ng/g)-conflict periods (Fig. 5).
.4. Faecal cortisol metabolites

Status was  a predictor of both monthly FCM medians
GzLMM, F = 9.247, p = 0.003) and maximum (peak) FCM

ig. 4. Means (±CI) of monthly median FTM levels of males from the unstable hierarchy g
nd  post conflict, categorized by status. Total samples: N = 45 (Ndominants = 19; Nsubordinates =
le hierarchy; ZA – stable hierarchy), categorized by status. Total samples: N = 67
gnificantly different FTM data (p < 0.05).

levels (GzLMM, F = 18.986, p < 0.0001). Dominant males had
higher monthly FCM medians (mean = 6981 ± CI 2168 ng/g)
and higher FCM peaks (mean = 16,613 ± CI 4072 ng/g)

than subordinates (meanFCMmedian = 2432 ± CI 2058 ng/g;
meanFCMmaximum = 4370 ± CI 3866 ng/g; Fig. 6).

Both hierarchy and the interaction between hierarchy and
status were neither predictors of the monthly FCM medians

roup (CH) of S. libidinosus in the three periods the group went through: pre, during
 26). *Significantly different FTM data (p < 0.05).
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Fig. 5. Mean (mean ± CI) FTM peak levels of males from the unstable hierarchy group (CH) of S. libidinosus in the three periods the group went through: pre, during and post
conflict, categorized by status. Total samples: N = 45 (Ndominants = 19; Nsubordinates = 26). *Significantly different FTM data (p < 0.05).

Fig. 6. Means (±CI) of monthly median FCM levels of two groups of S. libidinosus (CH – unstable hierarchy; ZA – stable hierarchy), categorized by status. Total samples: N = 67
(Nunstable/dominants = 19; Nunstable/subordinates = 26; Nstable/dominant = 11; Nstable/subordinates = 11). *Significantly different FCM data (p < 0.05).

Fig. 7. Mean (mean ± CI) FCM peak levels of two groups of S. libidinosus (CH – unstable hierarchy; ZA – stable hierarchy), categorized by status. Total samples: N = 67
(Nunstable/dominants = 19; Nunstable/subordinates = 26; Nstable/dominant = 11; Nstable/subordinates = 11). *Significantly different FCM data (p < 0.05).
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ig. 8. Means (±CI) of monthly median FCM levels of males from the unstable hiera
nd  post conflict, categorized by status. Total samples: N = 45 (Ndominants = 19; Nsubor

hierarchy − GzLMM,  F = 0.011, p = 0.917; hierar-
hy × status − GzLMM, F = 2.181, p = 0.145) nor the maximum
CM levels (hierarchy − GzLMM,  F = 0.055, p = 0.815; hierar-
hy × status − GzLMM, F = 1.978, p = 0.165; Fig. 7).

Considering only the unstable group, period of conflict was
 predictor of median FCM levels (GzLMM, F = 5.798, p = 0.006).
uring the conflict period males had higher median FCM levels

mean = 8917 ± CI 3050 ng/g) than in the pre- (mean = 3475 ± CI
191 ng/g) and post (mean = 2066 ± CI 3363 ng/g)-conflict periods.
tatus (GzLMM, F = 1.528, p = 0.224) and the interaction between
tatus and period (GzLMM, F = 0.652, p = 0.526) were not predictors
f median FCM levels. Although in the unstable group dominant
ales had higher FCM levels than subordinates during the pre-

onflict and conflict periods (Fig. 8), there was an overlap in the
onfidence interval of the means that probably lead to the lack of
ffect regarding status and FCM across the entire study period.

Still in the unstable group, both status (GzLMM, F = 5.867,
 = 0.02) and period (GzLMM, F = 6.21, p = 0.005) were
redictors of maximum FCM levels (peaks). Dominants

mean = 14,526 ± CI 4666 ng/g) had higher FCM peaks than sub-
rdinates (mean = 7234 ± CI 3911 ng/g). The interaction between
tatus and period (GzLMM, F = 1.677, p = 0.2) was not a predictor
f maximum FCM levels. However, during the conflict period

ig. 9. Mean (mean ± CI) FCM peak levels of males from the unstable hierarchy group (CH
onflict, categorized by status. Total samples: N = 45 (Ndominants = 19; Nsubordinates = 26). *Sig
roup (CH) of S. libidinosus in the three periods the group went through: pre, during
 26). *Significantly different FCM data (p < 0.05).

(mean = 18,489 ± CI 5526 ng/g) males had higher FCM peaks when
compared to the pre- (mean = 9326 ± CI 3970 ng/g) and post
(mean = 4825 ± CI 6092 ng/g)-conflict periods (Fig. 9).

4. Discussion

In this study, we  presented a behaviourally and physiologi-
cally documented rank reversal in a group of bearded capuchin
monkeys. With the help of non-invasive sampling methods (faecal
hormone metabolites levels), we analyzed this event in the light of
the hypothesized relationship between male dominance status and
hierarchy stability, and levels of testosterone and cortisol of males.

The first hypothesis that in a stable hierarchy, with formal dom-
inance relationships, direct competition is resolved without costly
overt aggression (Bernstein, 1981) was supported by the results:
aggression rates were higher in the unstable hierarchy group than
in the stable group. We  also observed that the intensity of aggres-
sion in the conflict period of the unstable group was  much greater

than in the other periods, and greater than in the stable group,
including not only threats but also fierce physical combats. In fact,
as a result of one of the fights between CHam1 and CHam3, CHam1
lost his right foot and CHam3 had a severe cut in his inferior lip.

) of S. libidinosus in the three periods the group went through: pre, during and post
nificantly different FCM data (p < 0.05).
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hese observations contrast with the general pattern of low inten-
ity aggression found in captive and wild capuchin monkeys (Cebus
nd Sapajus, Fragaszy et al., 2004; Lynch et al., 2002), but is similar
o the injuries suffered by a dominant male during a rank reversal in
. capucinus (Perry, 1998), what is further evidence that dominance
ierarchy lowers the risk of injuries.

The second hypothesis was that hierarchy stability and status
ould affect testosterone levels of males in S. libidinosus.  The pre-
iction that males in an unstable hierarchy would have higher
TM than males in a stable hierarchy due to the higher rate of
ggressive interactions was confirmed for both median and peak
estosterone levels. This result is in accordance with the Challenge
ypothesis that predicts an increase in testosterone levels when
ales face social instabilities, as well as reproductive challenges

Goymann et al., 2007). Because in tufted capuchin monkeys repro-
uctive success is strongly skewed towards the dominant male due
o female choice (Izar et al., 2009, 2012), fights for rank acquisition

ight be considered ultimately related to competition for repro-
uction. Our findings for S. libidinosus are in accordance with several
tudies on cercopithecoids (e.g. Teichroeb and Sicotte, 2008) but
iffer from a previous study with the sister species S. nigritus, for
hich the only correlate of testosterone increase was  female pro-

eptive behaviour, but not male–male aggression related to female
onopolization (Lynch et al., 2002). We  suggest that in capuchin
onkeys testosterone levels increase only at times of male–male

ggression in the context of rank acquisition (instability in the hier-
rchy), and not in the context of direct competition for receptive
emales.

The prediction that status would affect testosterone levels only
n the unstable hierarchy was also confirmed. Indeed the dominants
rom the unstable group had higher peak levels than subordinates,
nd the dominant male of the stable group had similar values
s subordinate males (of both groups). The fact that dominants
nly had their testosterone levels elevated in the unstable hierar-
hy might be related to their directed aggressive interactions rate
hich was higher than those of subordinates (see Fig. 1) (Sapolsky,

993). For example, in Assamese macaques (Macaca assamensis)
estosterone levels were associated with higher directed aggres-
ion and rank acquisition (Ostner et al., 2011), and in chimpanzees
Pan troglodytes), lower testosterone levels were related to strong
ggression received (Klinkova et al., 2004). In addition, the results
rom the post-conflict period (possibly a stable phase for the unsta-
le group) and from the stable hierarchy (ZA) show that when
ggression rates are lower, median testosterone is low and similar
n both dominant and subordinates.

Results for S. libidinosus once again differ from the previous
tudy with S. nigritus (Lynch et al., 2002), where dominant and
ubordinate males had similar testosterone levels. The authors
ypothesized that this lack of difference could be due to the short
ominant tenure, since a dominance take-over had happened just
efore the beginning of their study. Our results suggest otherwise
hat the lack of difference could be a consequence of hierarchy
tability and the reported low agonism rates (Lynch et al., 2002)
lready reached.

Findings for S. libidinosus also differ from findings for C.
apucinus, a closely related capuchin species in which dominant
ales always have higher testosterone levels than subordi-

ates (Schoof and Jack, 2013; Jack et al., 2014), even when
ominance is achieved through a non-aggressive rank reversal
Schoof et al., 2012). We  suggest that this difference between
pecies could be related to the short male tenure in C. capuci-
us (Jack and Fedigan, 2004) when compared to Sapajus (Izar

t al., 2009). Physiologically, C. capucinus would respond as if
hey were permanently in an unstable condition, and therefore
ominants would maintain their testosterone levels higher all
he time (Schoof and Jack, 2013). More studies are necessary to
ral Processes 109 (2014) 79–88

address factors related to interspecific differences in capuchin
monkeys.

The hypothesis that hierarchy stability and status would affect
cortisol levels of males in S. libidinosus was  partially confirmed.
We  predicted that: (1) males from the unstable hierarchy would
have higher cortisol levels than males from the stable hierarchy;
(2) dominant males from the unstable hierarchy would have higher
cortisol levels than subordinates from the same hierarchy; and (3)
subordinate males from the stable hierarchy would have higher
cortisol levels than dominants from the same hierarchy. Results
supported only the second prediction. Although in the unstable
group there was an increase in cortisol levels of males during the
conflict period, there was  no difference in cortisol levels of males
from stable and unstable hierarchies. Overall results suggest dom-
inants carry a larger allostatic load than subordinates regardless
of hierarchy stability. Only during the post-conflict period in the
unstable group dominant and subordinate males had similar cor-
tisol levels. This result was  probably due to the severe injuries
suffered by the two  subordinate males (see description in Section
2.2).

Goymann and Wingfield (2004), using data from Lynch et al.
(2002) on S. nigritus showing no effect of status on male cortisol
levels, suggested that in the genus Sapajus dominant and subordi-
nate males would not differ in their allostatic load. In contrast to
that, our results indicate that alpha males of S. libidinosus had higher
allostatic load than subordinates. This is consistent with the cen-
tral role dominant males of Sapajus occupy within the group (e.g.
group protection against predators [Izar, 2004], elevated vigilance
and alert behaviour [Hirsch, 2002], protection of food sources from
other groups or species [Janson, 1984; Verderane, 2010], to control
of intra-group conflicts [Ferreira et al., 2006]). Higher cortisol levels
in dominant than in subordinate males was  observed in other pri-
mate species such as white-faced capuchins (C. capucinus; Schoof
et al., 2012), chimpanzees (P. troglodytes schweinfurthii;  Muller
and Wrangham, 2004), cynomolgus monkeys (Macaca fascicularis;
Czoty et al., 2009), and Verreaux’s sifakas (Propithecus verreauxi;
Fichtel et al., 2007). However other species show an opposite
pattern (olive baboons [Papio anubis], Sapolsky, 1982; squirrel
monkeys [Saimiri sciureus], Manogue et al., 1975; talapoin monkey
[Miopithecus talapoin], Eberhart et al., 1983; mandrill [Mandrillus
sphinx], Setchell et al., 2010). These diverse findings in many dis-
tant clades, with a wide diversity of social features, support the idea
that differences in cortisol levels between dominants and subordi-
nates not only vary according to social systems exhibited by each
species or population, but depend on the dominant/subordinate
allostatic load ratio (Abbott et al., 2003; Goymann and Wingfield,
2004, Gesquiere et al., 2011). In addition, the dominant male allo-
static load might vary between populations in relation to ecological
features such as distribution of food resources and predation risk.
Therefore environmental differences between S. nigritus and S.
libidinosus habitat could account for different results reported here
and by Lynch et al. (2002). Finally, because both studies report
data from a few dominant males, another possible explanation for
the difference in results is the influence of personality modulating
physiological profiles of dominant males (Sapolsky, 2011).

Summing up, in the unstable group, all males had an increase
in both FCM and FTM levels during the conflict period. The ele-
vation of both hormones at the same time may  indicate that in
unstable periods, Sapajus males are less vulnerable to testosterone
suppression by cortisol or may  have a higher secretion of the first
one (Sapolsky, 2011). This same pattern was observed in the black
horned capuchin monkeys (Lynch et al., 2002), as well as in many

other species (Sapolsky, 2005) when there is male–male competi-
tion during the mating season. Our findings are in accordance with
this framework, because the conflict period involved fighting for
the dominant position and indirectly for female access.
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. Conclusion

Our results provide support for hypotheses in the litera-
ure regarding both testosterone and cortisol levels. The relation
etween testosterone and aggression predicted by the Challenge
ypothesis (Wingfield et al., 1990) was corroborated by our results.
ank-based predictions on testosterone levels (Sapolsky, 1993)
ere also confirmed. Our data support the idea that variation in

ortisol levels is also closely related to specific features of social
tructure (Abbott et al., 2003; Goymann and Wingfield, 2004;
apolsky, 2005) and add that in Sapajus libidinosus,  the allostatic
oad of dominants is higher than that of subordinates, even in a
table hierarchy. Finally, this is the first study to compare hor-
one profiles of two groups of Neotropical primates from the same

opulation varying in hierarchy stability, including a male rank
eversal. This is a rare event in the wild, especially in the genus
apajus (Carosi et al., 2005), and the fact that we were able to track
he hormone changes during this transition provides breakthrough
nowledge to understand how the physiological profile responds
o changes in social system.

cknowledgments

We thank the family Gomes de Oliveira for permission to work
t FBV; Renato, Marcos and Marino Junior for their assistance in
he field; Edith Klobetz-Rassam for the help with steroid analy-
es and Gisele Zago for the logistic help throughout this research;
erry Hogan for the invitation to write this manuscript and for
nglish review; Alex Hubbe, Jessica Lynch and an anonymous ref-
ree for insightful comments on a previous draft of this manuscript.
his research was funded by FAPESP (OMF: 08/52293-3 and PI:
8/55684-3), and CNPq (ME: 11.1.514.47.3). This research complies
ith the current Brazilian laws on ethical standards. Permits to

ollect data granted from ICMBio to PI (21406).

eferences

bbott, D.H., Keverne, E.B., Bercovitch, F.B., Shively, C.A., Mendoza, S.P., Saltzman,
W.,  Snowdon, C.T., Ziegler, T.E., Banjevic, M.,  Garland Jr., T., Sapolsky, R.M., 2003.
Are subordinates always stressed? A comparative analysis of rank differences in
cortisol levels among primates. Horm. Behav. 43, 67–82.

ltmann, J., 1974. Observational study of behavior: sampling methods. Behaviour
49, 227–265.

auer, B., Palme, R., Machatschke, I.H., Dittami, J., Huber, S., 2008. Non-invasive mea-
surement of adrenocortical and gonadal activity in male and female guinea pigs
(Cavia aperea f. porcellus). Gen. Comp. Endocrinol. 156, 482–489.

ernstein, I.S., 1981. Dominance: the baby and the bathwater. Behav. Brain Sci. 4,
419–429, http://dx.doi.org/10.1017/S0140525X00009614.

arosi, M.,  Linn, G.S., Visalberghi, E., 2005. The sexual behavior and breeding system
of  tufted capuchin monkeys (Cebus apella). Adv. Study Behav. 35, 105–149.

hase, J.M., Abrams, P.A., Grover, J.P., Diehl, S., Chesson, P., Holt, R.D., Shane, A.R., Nis-
bet, R.M., Case, T.J., 2002. The interaction between predation and competition:
a  review and synthesis. Ecol. Lett. 5, 302–315.

lutton-Brock, T.H., Huchard, E., 2013. Social competition and selection in males and
females. Philos. Trans. R. Soc. B: Biol. Sci. 368, 20130074.

owlishaw, G., Dunbar, R.I., 1991. Dominance rank and mating success in male
primates. Anim. Behav. 41, 1045–1056.

zoty, P.W., Gould, R.W., Nader, M.A., 2009. Relationship between social rank and
cortisol and testosterone concentrations in male cynomolgus monkeys (Macaca
fascicularis).  J. Neuroendocrinol. 21, 68–76.

berhart, J.A., Keverne, E.B., Meller, R.E., 1983. Social influences on circulating levels
of  cortisol and prolactin in male talapoin monkeys. Physiol. Behav. 30, 361–369.

erreira, R.G., Izar, P., Lee, P.C., 2006. Exchange, affiliation, and protective inter-
ventions in semifree-ranging brown capuchin monkeys (Cebus apella). Am.  J.
Primatol. 68, 765–776.

ichtel, C., Kraus, C., Ganswindt, A., Heistermann, M.,  2007. Influence of reproductive
season and rank on fecal glucocorticoid levels in free-ranging male Verreaux’s

sifakas (Propithecus verreauxi). Horm. Behav. 51, 640–648.

ragaszy, D.M., Visalberghi, E., Fedigan, L., 2004. The Complete Capuchin: The Biology
of the Genus Cebus. Cambridge University Press, Cambridge.

esquiere, L.R., Learn, N.H., Simao, M.C.M., Onyango, P.O., Alberts, S.C., Altmann, J.,
2011. Life at the top: rank and stress in wild male baboons. Science 333, 357–360.
ral Processes 109 (2014) 79–88 87

Gogarten, J.F., Koenig, A., 2013. Reproductive seasonality is a poor predictor of recep-
tive  synchrony and male reproductive skew among nonhuman primates. Behav.
Ecol. Sociobiol. 67, 123–134.

Goymann, W.,  Landys, M.M.,  Wingfield, J.C., 2007. Distinguishing seasonal androgen
responses from male–male androgen responsiveness – revisiting the challenge
hypothesis. Horm. Behav. 51, 463–476.

Goymann, W.,  Wingfield, J.C., 2004. Allostatic load, social status and stress hor-
mones: the costs of social status matter. Anim. Behav. 67, 591–602.

Heistermann, M.,  Palme, R., Ganswindt, A., 2006. Comparison of different enzymeim-
munoassays for assessment of adrenocortical activity in primates based on fecal
analysis. Am.  J. Primatol. 68, 257–273.

Hirsch, B.T., 2002. Social monitoring and vigilance behavior in brown capuchin
monkeys (Cebus apella). Behav. Ecol. Sociobiol. 52, 458–464.

Izar, P., 2004. Female social relationships of Cebus apella nigritus in a southeastern
Atlantic forest: an analysis through ecological models of primate social evolu-
tion. Behaviour 141, 71–99.

Izar, P., Ferreira, R.G., Sato, T., 2006. Describing the organization of dominance rela-
tionships by dominance-directed tree method. Am. J. Primatol. 68, 189–207.

Izar, P., Stone, A., Carnegie, S., Nakai, E.S., 2009. Sexual selection, female choice and
mating systems. In: Garber, P., Estrada, A., Bicca-Marques, J.C., Heymann, E.,
Strier, K.B. (Eds.), South American Primates: Testing New Theories in the Study
of  Primate Behavior, Ecology, and Conservation. Springer Press, New York, pp.
157–189.

Izar, P., Verderane, M.P., Peternelli-dos-Santos, L., Mendonç a-Furtado, O., Presotto,
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Mendonç a-Furtado, O., (PhD Theses) 2012. Medidas de metabólitos de cortisol em
macacos-prego (Gênero Sapajus): análise comparativa entre populaç ões para
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