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ARTICLE INFO
ABSTRACT
According to the concept of allostasis and its association with energy
mobilization, glucocorticoids (GCs) should parallel cumulative energy expenditure
for animal survival and reproduction. Therefore, it is expected that seasonal food
shortages might lead to increased levels of GCs. We tested this hypothesis by
analyzing the intra-annual variation of fecal glucocorticoid metabolites (GCM) in 14
wild black capuchin monkeys (Sapajus nigritus) living in a social group in the
Brazilian Atlantic Forest. We analyzed the association between GCM and social
and environmental variables for the three age/sex classes (adult males, adult
females and immatures (juveniles and infants). Decreased fruit intake during the
dry season increased the GCM levels of both immatures and adult males. Although
fruit shortage influenced the allostasis of adult males, the variation in their GCM
levels was more impacted by the breeding season. GCM levels of adult females
varied during the late stage of pregnancy. These results suggest fruit consumption
as the main source of allostatic load for immature animals, while reproductive costs
had greater effect on adults.
RESUMEN
De acuerdo al concepto de alostasis y su asociación con la movilización de
la energía, los glucocorticoides (GC) deben acumular en paralelo la energía para
la supervivencia animal y la reproducción. Por lo tanto, se espera que la escaséz
de alimentos de temporada pueda llevar al incremento de los niveles de GC.
Pusimos a prueba esta hipótesis mediante el análisis de la variación intra- anual
de metabolitos de glucocorticoides fecales (MGC) en 14 monos capuchinos
salvajes negros (Sapajus nigritus), que vivían en un grupo social en el bosque
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Atlántico de Brasil. Analizamos la asociación entre MGC y variables sociales y
ambientales para tres clases de edad y sexo (machos adultos, hembras adultas y
jóvenes e infantes inmaduros). La disminución en la ingesta de fruta durante la
temporada seca, incrementó los niveles de MGC en los machos inmaduros y
adultos. A pesar de que la escasez de fruta influyó en la alostasis de los adultos
machos, la variación en sus niveles de MGC fueron mas impactados en la
temporada de reproducción. Los niveles MGC en hembras adultas variaron durante
la última etapa del embarazo. Estos resultados sugieren el consumo de frutas como
principal fuente de carga alostática para animales inmaduros, mientras que los
costos reproductivos tienen mayor efecto para los adultos.
1.

in São Paulo state, Brazil – present low reproduction
rate, large home range and foraging in subgroups as a
consequence of nonideal environmental condition
characterized by low food availability, especially during
the dry season (Izar, 2004; Izar, Stone, Carnegie, &
Nakai, 2009; Izar et al., 2012). In this context, and using
the association between energy mobilization and GCs,
we verified whether energy shortage during the dry
season would result in higher levels of fecal
glucocorticoid metabolites (GCM) on individuals’ feces.
Since adult animals have specific reproductionrelated requirements also known to influence the
production of GCs, we investigated whether there was
an increase in males’ GCM levels during the breeding
season in response to mating opportunities or
intragroup male-male competition (e.g. Lynch, Ziegler,
& Strier, 2002; Romero et al., 2009; Sapolsky, 1983;
Setchell, Smith, Wickings, & Knapp, 2010; Strier,
Ziegler, & Wittwer, 1999). We also investigated whether
there is an increase in females’ GCM levels caused by
energy requirements related to the breeding season or
to the late pregnancy (Bales, French, Hostetler, & Dietz,
2005; Bercovitch & Ziegler, 2002; Lahoz, Nagle, &
Porta, 2007; Schoof, Jack, & Ziegler, 2014); and if
reproduction-related factors can explain GCM
variations better than food availability. Since immature
individuals do not have reproduction-related
requirements and deal with specific challenges
associated to their development, as body growth
(Altmann, 1998; Clymer, 2006), we expected that food
availability would influence their GCM levels more than
other events. We therefore predicted that immature
individuals would differ in their GC responses from
adults and that adult males would differ from adult
females.

INTRODUCTION

Stressors are usually defined as stimuli that
disrupt the body’s homeostasis – i.e. stability of
physiological parameters (Chrousos & Gold, 1992).
Nevertheless, studies that estimate long-term effects of
stressors have been focusing on allostasis – i.e. the
ability of the body to produce mediators that support the
animal adaptation to a new situation – to explain how
the body changes in response to stressor events
(McEwen, 1998). Allostasis is not only related to acute
environmental disturbances, but also to the body’s
ability to deal with predicted events occurring at
different intervals of the day and on different seasons
or periods of the life cycle (McEwen & Wingfield, 2003;
McEwen & Wingfield, 2010; Romero, Dickens, & Cyr,
2009).
In this context, energy is intrinsically related to
allostasis because it influences the physiological
mechanisms needed to adjust internal demands to
environmental changes. If the energy required by the
organisms to deal with their routine or with
unpredictable events (allostatic load) exceeds the
energy they can acquire from the environment, the
levels of hormones associated with energy
mobilization, such as glucocorticoids (GCs), usually
raise to initiate physiological and behavioral changes
that promote survival (Sapolsky, Romero, & Munck,
2000; McEwen & Wingfield, 2007; Wingfield &
Ramenofsky, 1999). That is why energy intake
shortages have been associated with high levels of
GCs in several primate species (Alouatta pigra: Behie,
Pavelka, & Chapman, 2010; Lemur catta: Cavigelli,
1999; Pan troglodytes: Muller & Wrangham, 2004;
Papio anubis: Sapolsky, 1986; Papio ursinus: Weingrill,
Gray, Barrett, & Henzi, 2004) and correlated with travel
distance (Di Fiore & Suarez, 2007; Girard & Garland,
2002).
Previous studies suggested that the black
capuchin monkeys (Sapajus nigritus) living at Carlos
Botelho State Park (PECB) – an area of Atlantic Forest
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2.

METHODS

2.1 Study area
Data collection took place in PECB, located in
southeastern Brazil in an Atlantic Forest domain of São
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Paulo state (24º00`-24º15’S, 47º45`-48º10’W). It
comprises an area of about 380 km2, and forms, with
three other parks, a continuous and mainly undisturbed
forest within an area of 1200 km2 (Dias, Custodio Filho,
Franco, & Couto, 1995). The study site is located at an
altitude of 720-890 m and has average annual
temperatures between 19oC and 22ºC, with a minimum
of 3oC and maximum of 29oC. High rainfall levels occur
between September and March (spring and summer)
and the lowest level occurs in July during the winter
(Presotto & Izar, 2010; Izar et al., 2012). The winter
season (from June until September) is also the period
of the year when fruit availability reaches its lowest
levels (Izar, 2004; Izar et al., 2012).

2.3.2 Glucocorticoid metabolites sampling
Fecal samples were collected from all age/sex
classes in the group on an opportunistic basis in order
to gather the maximum number of samples. We
collected only fresh fecal samples in which the
individual (adults) or the individual’s age class
(immatures) was identified. The total number of
samples per age/sex class was: 76 for adult males, 61
for adult females and 98 for immatures. The time of
collection was recorded and the results were pooled
taking into account the time of day: from 6:00h to
10:00h; from 10:01h to 14:00h; and from 14:01h to
18:00h, for further considerations about circadian
rhythm. After collection using a hood stick, the fresh
samples were placed in 15 ml falcon tubes and kept on
ice until being transferred to the facility where remained
at -20°C until the analysis.

2.2 Group composition
At the end of the study period, the monitored
group of S. nigritus, denominated Pimenta 1, had 14
individuals: 2 adult males, 3 adult females, 7 juveniles
and 2 infants. The group did not vary during this period,
except for one birth in September/October 2007. We
were able to classify the individuals into age/sex
classes (adult males, adult females and immatures)
because all adult members were individually
recognized based on previous studies of the group
(Izar, 2004; Nakai, 2007; Taira, 2007), and based on
color patterns, body size and cap shape.

2.4 Data sorting
Animals’ activity budget encompasses the
percentage of time they spent in foraging, resting,
traveling and social behaviors. The diet was accessed
by dividing foraging into proportions of time animals
invested in: fruits, invertebrates or leaves. Since the
diet of capuchin monkeys at PECB consists mainly of
fruits, invertebrates and epiphytic bromeliad leaves,
and only fruits exhibit limited availability (Izar et al.,
2012), we used the proportion of fruit consumption in
relation to total foraging scans of each age/sex class as
a measure of food availability.
Since we expected that the breeding season
influences the variation of GCMs of adult males, and
late pregnancy influences the variation of GCMs of
adult females, the whole study period was divided into
smaller reproduction-related periods based on former
studies (Izar et al., 2009), on our personal observations
of sexual activity and based on birth records. These
periods are described on Data analysis. Birth records
were determined during the study period and through
follow-up censuses of the group between September
and November 2008. We recorded only one female
displaying proceptive behavior followed by copulation
on April 2008, but two females gave birth 6 months after
this period.

2.3 Sampling
The group Pimenta 1 was monitored during 38 days per month (mostly between sunrise and sunset)
from August 2007 to July 2008. The number of hours of
group observation was 103, 89, 98, 42, 46, 0, 42, 23,
72, 48, 58 and 34 per month, respectively over the 12month study period. The group had been habituated to
the presence of humans for three years.
2.3.1 Behavior sampling
In order to access individuals’ behavior, we
recorded 1 minute scan sampling of all individuals we
could observe followed by 4 minutes without recordings
(Altmann, 1974) during the entire observation period.
Animals’ activities were categorized as: foraging,
resting, traveling or social behaviors as in Izar et al.
(2012). We also performed ad libitum sampling of
female proceptivity, sexual interactions and births.
Female proceptive behavior is described by Izar (2009).
Group location was recorded every 5 minutes, at the
beginning of each scan sampling, using a Map 60 CSx
GPS handset as described by Presotto & Izar (2010).

Moreira et al. (2016)

2.5 Steroid processing
Fecal samples were processed according to
methods reported by Sousa & Ziegler (1998). Briefly,
0.1 g of feces was weighed and extracted into 5 ml of
ethanol/water. A 500 µl portion was taken for solvolysis
(Ziegler et al., 1996) and samples were resuspended in
500 µl of ethanol and stored until assay quantification.
GC metabolite assays, being cortisol the main hormone
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(60%), were performed using the fecal extracts. The
flat-bottomed microtiter plates (Nunc) used to perform
ELISA were previously sensitized with polyclonal
anticortisol R4866. The enzyme conjugated to the
antigen was horseradish peroxidase. Both antibody
(R4866) and HRP (Cortisol:HRP) were prepared by C.
Munro (University of California, Davis, CA, USA), used
at respective dilutions of 1:16.000 and 1:75.000. The
standards ranged from 3.16 to 1000 pg/ml. The
validation protocol for GCM in feces was developed in
the Laboratory for Hormonal Measurement at
Universidade Federal do Rio Grande do Norte, Brazil.
The intra- and inter-assay variation coefficients for low
and high pools were 1.61 ± 0.19 % and 3.47 ± 2.47 %,
and 6.6 ± 5.19 % to 10.84 ± 0.72 %, respectively.
3.

differences. Late pregnancy was modeled as factor for
the only adult female who was at this stage of
pregnancy during the study period.
Hence, the used linear mixed-effects
regression model (lme) was the following:
Model = lme (GCM ~ Day period + Fruit
availability*Age/sex class + Breeding season*Age/sex
class + Pregnancy + Distance, random = ~ 1 |
Individual)
4.

No significant differences in mean GCM levels
were found among age/sex classes (DF=4, p > 0.05 for
all comparisons), but adult females had the highest
mean GCM levels, followed by adult males, and
immatures (Figure 1).

DATA ANALYSIS

ArcView v9.3 was used to calculate monthly
travelled distances using plotted location points. These
distances were incorporated into the model as
described below.
We used one single model to test the effect of the
independent factors (day period, monthly travelled
distance, food availability, breeding season and late
pregnancy) on GCM levels. We performed the analysis
in R software using a linear mixed-effects regression
model (R package nlme; Pinheiro et al., 2014) that
allowed us to include all data available (unbalanced
design) with GCM levels as response. We included the
identity of each adult animal as random effect.
Juveniles and infants were also included as random
effect variables but, since we could not distinguish the
individuals, they were included as two individual
variables. Significance for statistical tests was
established as p < 0.05.
Since we had specific predictions for each
age/sex class about the influence of food availability
and the breeding season over individuals’ GCM levels,
we incorporated the interaction between these
variables and age/sex classes. Food availability
corresponded to the monthly percentage of fruit
consumption in the diet of each age/sex class; and the
breeding season was modeled as factor. Considering
the recorded sexual activity, the typical gestation period
for S. nigritus (five months) and follow-up birth
censuses, we defined the breeding season during April
(see also Izar et al., 2009). We also incorporated time
of the day and monthly travelled distance as variables
without interaction, since we did not expect age/sex

Moreira et al. (2016)

RESULTS

The group’s GCM levels decreased after the
first period of the day. Compared to interval one (610am), GCM levels decreased significantly in interval
two (t(216) = -4.193, p < 0.0001) and three (t(216) =
-5.218, p < 0.0001). No difference between the second
and third intervals of the day was observed (t(216) =
-1.383, p = 0.17). The decrease on GCM levels after
the first period of the day occurred for the three age/sex
classes (Figure 2).
Food availability and reproduction-related
factors affected differently the GCM levels of each
age/sex class. A decrease in 1% of food availability
resulted in an increase of 25.11±11.12 ng of GCM/g of
feces in immatures (t(216) = -2.636, p < 0.01) and
14.19±7.19 ng of GCM/g of feces in adult males (t(216)
= -1.975, p < 0.05), but it did not influence adult females’
GCM levels (t(216) = -0.001, p = 0.99).
During the breeding season (April), the GCM
levels of adult males increased 2225.14±378.35 ng/g of
feces (t(216) = 5.869, p < 0.0001), while it increased
only 798.80±590.01 ng/g of feces in adult females
(t(216) = 1.753, p = 0.08) and 494.47±634.19 ng/g of
feces in immatures (t(216) = 1.415, p = 0.16). For the
last two age/sex classes, the variation was not
statistically significant.
Lastly, the only adult female who was on late
pregancy during the study period presented fecal GCM
levels higher at this stage than during other periods
(t(216) = 13.906, p < 0.0001).
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Figure 1. Means and standard errors of GCM concentrations for the three age/sex classes (adult males, adult females and
immatures) of a group of S. nigritus in the PECB between August 2007 and July 2008. N = number of fecal samples. Number
of individuals in each class is reported in the text.

Figure 2. Means and standard errors of GCM concentrations for the three age/sex groups of S. nigritus in the PECB
between August 2007 and July 2008 over the three periods of the day. Number of individuals in each class is reported in
the text.
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Figure 3. Monthly means and standard errors of GCM levels for the three age/sex classes of the studied group of S.
nigritus between August 2007 and July 2008. (A) Variation in monthly GCM levels of adult males. This variation was
mostly affected by the breeding season occurred on April 2008. (B) Variation in the monthly GCM levels of adult females.
The highest mean value occurred during the late stage of pregnancy of one of the three adult females. (C) GCM levels
and Fruit intake of immature individuals (juveniles and infants). The decrease in food intake increased the GCM levels of
individuals of this age/sex class. Although the peak value was not modeled, we illustrate this prominent reduction in fruit
intake to highlight its impact over immatures’ GCM levels. N = number of fecal samples. Number of individuals in each
class is reported in the text.
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We highlighted the modeled variables that
influenced most the variation of GCM levels of each of
the age/sex classes: food availability for immatures,
breeding season for adult males and late pregnancy for
adult females, using GCM monthly means (Fig. 3).

the same capuchin group showed that fruit shortage
has more detrimental effects on juveniles because
these animals are the main targets of agonistic
behavior in foraging-related contexts (Peternelli-dosSantos, 2010). Consequently, juveniles foraged more
on non-patchily distributed resources such as leaves,
than on monopolizable foods such as fruits. According
to the present data, fruit foraging accounted for only
4.65% of the feeding time (foraging) of juveniles and
infants during the peak of fruit shortage (May), and
close to 40% during summer (from December until
March). Based on our data and on the association
between allostasis and energy mobilization (McEwen &
Wingfield, 2007), we propose that immature capuchins
might use GCs to mobilize energy to search, extract
and process low quality foods. Bromeliad leaves, for
instance, were consumed during 70% of the foraging
time on the peak of fruit consumption shortage (May).
As previously described, whereas GCM levels
of adult males were influenced by fruit intake, they were
mostly influenced by the mating season. Cortisol levels
of male S. nigritus are shown to increase during this
season in response to mating opportunities (Lynch et
al. 2002). Similar results were also reported for Cebus
capucinus (Schoof et al., 2014), Brachyteles
arachnoides (Strier et al., 1999) and Callithrix jacchus
(Cunha, Vivacqua, Fernandes, & Sousa, 2007).
Although the variation in GCs of primate males was
also associated with intragroup male-male competition
(Emery Thompson & Georgiev, 2014), we did not find
such association in our data (Moreira, 2010). The
studied group of capuchin monkeys had only two adult
males, being the beta male mostly positioned at the
periphery of the group with rare interactions with other
adult individuals. Nevertheless, since the GCM levels of
dominant males of Sapajus libidinosus increase due to
energetic costs related to group protection against
predators and interventions on intragroup conflicts
(Mendonça-Furtado et al., 2014), it is possible that
these or similar factors were adding extra burden to the
allostatic load that the PECB’s male capuchins had
during the breeding season.
Finally, the variation of adult females’ GCM
levels was not associated with fruit intake or with the
breeding season. Their highest GCM values occurred
during the late pregnancy period of one female. The
increase in GCM during this pregnancy stage is
expected since, in many primate species, baseline
cortisol levels rise during the latest stage of gestation to
boost fetus’s brain development and lung maturation
(e.g. human: Lindsay & Nieman, 2005; mandrill:
Setchell, Smith, Wickings, & Knapp, 2008; common
marmoset: Tardif, Ziegler, Power, & Layne, 2005;
cotton-top tamarin: Ziegler, Scheffler, & Snowdon,

Travelled distance did not influence GCM
levels (t(216) = 0.583, p = 0.56).
5.

DISCUSSION

The data sampling of the present study was
restricted by the small size of the studied group of S.
nigritus living in PECB (especially the low number of
adult individuals) compared to other populations (e.g.
Lynch & Rímoli, 2000). Despite this intrinsic limitation,
we showed that food shortages affected the GCM
levels of adult males and especially of immature
individuals. This result agrees with previous studies
relating peculiarities of this population – low
reproduction rate, large home range and foraging in
subgroups – to seasonal decreases in food availability
(Izar, 2004; Izar et al., 2009; Izar et al., 2012).
In order to deal with our restricted sample size,
we used a sensitive approach in which one single
model tested the interactions of all modelled factors and
controlled for repeated sampling of the same
individuals. We found results regarding GCM diurnal
variation similar to those obtained by field and
laboratory studies (e.g Kriegsfeld & Silver, 2006;
Torres-Farfan et al., 2008) and we obtained significant
results about the influence of different factors over
individuals’ GCM levels depending on their age/sex
classes. Specifically, the variation of GCM levels of
immature animals was associated with decreased fruit
intake; the GCM levels of adult males increased mostly
during the breeding season; and the variation of GCM
levels in adult females might be explained by the
increased energy demand during the late stage of
pregnancy.
Food availability was the main seasonal factor
influencing the GCM levels of immature capuchins.
Immature individuals exhibit higher metabolic rates
(Bell, 1971; Kleiber, 1961) and have additional energy
costs for growth (Altman, 1998). These costs should be
balanced with a proportionally higher energy intake
(Agetsuma, 2001; Clymer, 2006; Oftedal, 1991). In
general, fruits are high quality resources because they
are easy to digest and rich in energy (Garber, 1998;
Chapman et al., 2012), playing an important role in
capuchins’ diet (Izar et al., 2012). Fruits are, therefore,
essential to increase the energy intake of juveniles and
infants. Moreover, a concurrent study performed with
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1995). High cortisol levels are also associated with
lactation in chimpanzees (Emery Thompson, Muller,
Kahlenberg, & Wrangham, 2010), but the present data
suggest that this is not the case for S. nigritus, since
GCM levels dropped after parturition. Our results are,
therefore, similar to those found by Ganzhorn (2002)
suggesting that reproduction in adult (male and female)
lemurs imposes higher costs than decreased food
availability. Nevertheless, considering that the
concentration of GCM on females’ feces during the late
pregnancy was much higher than during the following
months (or even compared to the peak levels of the
other two age/sex classes), we ran another model
without the data related to this period in order to test if
fruit intake and/or the breeding season influenced the
allostasis of females, but their effects were masked by
the greater variation of GCM levels on August. Fruit
intake and breeding season also did not influence the
GCM levels of adult females in this additional model
(data not presented), indicating that the proceptive
behavior exhibited by females prior to the copulation did
not affect their GCM levels, or we were not able to
collect samples which contained evidence about the
physiological changes associated to this behavioral
demonstration. Therefore, our results suggest that in
spite of low fruit availability, females had access to the
energy required by their allostatic load during the
studied period.
In summary, in spite of the limitations of our
study due to small sampling, we provided evidence that
the physiology of S. nigritus living in an area of Atlantic
Forest at southeastern Brazil is modified to deal with
annual variation in fruit availability. In this context, low
fruit availability seems to be critical for animals in
development (juveniles and infants), but the
reproduction is still the major demand for adults.
6.
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