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Behavioral Responses to Social Separation Stressor Change Across
Development and Are Dynamically Related to HPA Activity in Marmosets
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Psychosocial stressors activate two distinct stress–response systems, a central, behavioral response, and
a peripheral, endocrine response. Both behavioral and endocrine responses to stressors are subject to
individual and developmental variables, but it is not known whether stressor induced behaviors are
stable across development, and how they correspond with changes in the endocrine component of the
stress response. We characterized the development and stability of behavioral responses to a mild
psychosocial stressor inmarmosets (Callithrix geoffroyi), and assessed the degree towhich the behavioral
and endocrine stress–response systems were co‐activated. The behavioral response to stressors was
stable within individuals, but only some stressor‐induced behaviors changed as the monkeys developed.
Overall, there was more variability in the development of behavioral responses compared to stress‐
induced endocrine profiles found previously [French et al., 2012. Horm Behav 61:196–203]. In young
marmosets, only increased alarm calling was correlated with increased cortisol reactivity, and in older
marmosets increased cage manipulations and motor activity were associated with poorer post‐stressor
cortisol regulation. Because these relationships were so few, we conclude that while the behavioral and
endocrine systems follow a similar developmental trajectory, each system maintains a level of
independence. Furthermore, the relationship between stressor‐induced behaviors and HPA activity
changes across development. Am. J. Primatol. 76:239–248, 2014. © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Responses to psychosocial stressors involve both
a physiological component and behavioral compo-
nents. However, the evidence regarding the degree to
which physiological and behavioral responses to
stressors co‐develop and are co‐activated is mixed
[Coe et al., 1983; Gunnar et al., 1981, 1995; Levine
et al., 1993; Norcross & Newman, 1999; Smith et al.,
1998; Suomi, 1997]. Rhesus macaques (Macaca
mulatta) classified early in life as highly behaviorally
reactive demonstrate both behavioral and endocrine
differences in response to stressful stimuli, such as
elevated neophobia, reduced behavioral habituation
to a stressor, increased heart rate, and elevated
circulating ACTH and cortisol when compared to
monkeys classified early as less‐reactive [see Suomi,
1997 for review]. Similarly, marmosets (genus
Callithrix) exposed to novel or isolated housing
conditions show significant increases in urinary
and plasma cortisol, as well as increases in locomo-
tion and vocalizations. If paired with a heterosexual
partner, both the endocrine and behavioral responses
to the stressor are attenuated [Norcross & Newman,
1999; Smith et al., 1998]. However, individual rates of

locomotion and cortisol were correlated only on the
first, and not the second day of novel housing and no
correlation was found between cortisol and vocal-
izations [Smith et al., 1998]. Both physiological
behavioral responses to stress and are influenced
by corticotropin‐releasing hormone (CRH), as admin-
istration of a CRH receptor antagonist reduces both
endocrine and behavioral responses to stressors in
nonhuman primates [French et al., 2007; Habib et al.,
2000]. However, this differential cortisol‐behavior
relationship for locomotion andvocalizations suggests
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that factors independent of CRH, such as develop-
ment, experience, and context, may affect both
behavioral and endocrine responses to stressors.
Furthermore, this indicates that stressor induced
“anxious” behavior, may not always serve as a good
proxy for physiological reactivity.

In primates, social isolation from conspecifics
produces increases in locomotion, vocalizations, and
cortisol [Coe et al., 1983; Gunnar et al., 1981; Levine
et al., 1993; Norcross & Newman, 1999; Smith et al.,
1998]. In young primates, even a short separation
from the caregivers can be a stressful experience [see
Parker & Maestripieri, 2011 for review], and the
specific context of the separation procedure differen-
tially affects behavioral and HPA stressor responses.
Infant squirrel monkeys (Saimiri sciureus) who are
housed adjacent to their mothers (allowing olfactory
and auditory, but not visual or tactile contact) exhibit
more vocalizations than infants who are completely
isolated, however, cortisol levels are only affected by
isolation procedure at long (24 hr) intervals [Levine
et al., 1993]. Similarly, repeated, complete isolation
results in eventual attenuation of vocalization
behavior, but locomotion and the cortisol response
do not decline [Coe et al., 1983]. In infant rhesus
macaques, total isolation results in almost no vocal-
izations, while monkeys isolated with auditory
contact with the mother or peers will respond by
calling and increased cage biting [Levine et al., 1985].
Similarly, housing with limited contact with peers
results in slightly faster habituation of the cortisol
response than either calling or locomotion [Gunnar
et al., 1981]. Not surprisingly, partial contact with
conspecifics, the mother in particular, results in
infants behaving in order to establish or maintain
contact with that individual, while the physiological
response is either blunted or unaffected. However,
this work highlights the fact that behavioral and
physiological responses to stress do not always
match, and are differentially affected by context.

Though many contextual factors influence HPA
responses, there are also significant changes in
normative and stress‐induced HPA activity across
development. Marmosets naturally exhibit very high
levels of corticosteroids, even at a resting state
[Yamamoto et al., 1977], and neonatal marmosets
have even higher levels of ACTH and cortisol. ACTH
levels drop to adult levels by 8 weeks of age, but the
high levels of cortisol do not drop to adult levels until
7months of age [Pryce et al., 2002]. Infantmarmosets
also do not exhibit an afternoon decline in cortisol,
which is typical of adult diurnal cortisol variation,
and this normal cortisol profile is not established
until about 6months of age [Pryce et al., 2002]. Young
marmosets’ responses to stressors differ across
development as well. While 2‐, 6‐, and 12‐month‐
old infants had similar initial increases in plasma
ACTH and cortisol in response to a brief stressor, 2‐
month‐old marmosets exhibited elevated cortisol

levels 2 hr after cessation of the stressor, significantly
longer than 6‐ and 12‐month‐old marmosets [Pryce
et al., 2002]. When subjected to an 8‐hr social
isolation stressor at 6, 12, and 18 months, peak
cortisol reactivity and overall cortisol release de-
clined with age, while post‐stressor cortisol on the
morning after the stressor (a measure of cortisol
negative feedback and homeostatic regulation) did
not [French et al., 2012]. This suggests that while
long‐term HPA regulatory mechanisms are mostly
developed by 6 months of age [Pryce et al., 2002],
short‐term reactivity continues to develop (i.e.,
decrease to adult levels) as marmosets transition
through juvenile, subadult, and young adult stages of
life [French et al., 2012]. Furthermore, three of the
five measures of HPA activity used (peak reactivity,
AUCG, and AUCI) were highly correlated across ages
within individuals, indicating that though overall
cortisol reactivity changes across development, mar-
mosets demonstrate individual stability in HPA
responses to stressors [French et al., 2012]. Though
previous research has elucidated the developmental
trajectory of the stressor‐induced HPA response in
marmosets [French et al., 2012; Pryce et al., 2002],
the longitudinal development of stressor‐induced
behavioral responses for juvenile, subadult, and
young adult marmosets is not yet known.

The first goal of this studywas to characterize the
development and stability of the behavioral response
of marmosets to separation stress during the first
18 months of life. If the developmental pattern of
stressor‐induced behaviors follows the concurrent
developmental pattern of stressor‐induced HPA
activation [French et al., 2012] then overall behav-
ioral responding should decrease across develop-
ment, and relative individual rates of behavioral
responding should remain consistent. The second
goal was to examine the relationship between
stressor‐induced behavioral changes and cortisol
reactivity. If psychosocial stressors co‐activate the
behavioral and HPA stress response systems, then
increases in stressor‐induced behaviors should be
associated with increases in measures of stressor‐
related cortisol activity.

METHODS
Subjects

Fifty white‐faced marmosets (C. geoffroyi) born to
breeding pairs in the Callitrichid Research Center
(CRC) at the University of Nebraska at Omaha were
included in the study. Twenty‐nine of the marmosets
recruited into the study were male, and 22 were
female.All subjectswere housed in natal family groups
with their mother, father, and, in some cases older and
younger siblings. Full data on endocrine and behavior-
al measures were available for 44 marmosets at
6 months, 40 marmosets at 12 months, and 29
marmosets at 18 months. Marmosets were removed
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from analyses if behavioral or endocrine data were
missing, or if the monkey was unable to complete the
stressorprocedure (6months,6marmosets; 12months,
10 marmosets; 18 months, 21 marmosets). Complete
behavioral and endocrine data at all three time points
were available for 27 marmosets. Family groups were
housed in large enclosures (minimum of 0.8m3 per
individual) that contained natural branches, sleeping
enclosures, and various enrichment and foraging
devices. The marmosets were fed commercially pre-
pared marmoset food (Zu‐Preme) at approximately
0800hr, and fresh fruit, eggs, and invertebrate protein
at approximately 1400hr. For additional details on
husbandry, see Schaffner et al. [1995]. All procedures
were approved by UNMC/UNO Institutional Animal
Care and Use Committee (IACUC 07‐033‐05‐FC), and
the CRC is a USDA‐licensed and AALAC‐accredited
facility. All procedures followed the ethical policies of
the American Society of Primatologists.

Standardized Psychosocial Stressor
Procedure

At 6, 12, and 18 months of age, each marmoset
was exposed to a standardized psychosocial stressor.
These ages represent distinct stages in development
(juvenile, sub‐adult, young adult; [Yamamoto, 1993],
and are sufficiently separated in time to reduce the
potential for habituation to the stress procedure. On
the day of the stressor, the target marmoset was
captured by net, removed from its family group, and
transferred to a transport cage (50 cm� 50 cm� 50
cm) made of nylon‐coated wire. The marmoset was
placed in a novel room some distance from the
family’s colony room, such that there was no visual
and only limited auditory contact with the family
group. The marmoset was given food and water, and
remained isolated for 8 hr from 0900 to 1700hr.

Urine Collection

First‐void urine samples were collected the day
prior to, themorning of, and the day after the stressor
procedure at approximately 0700hr. We used a
noninvasive collection procedure in which the ani-
mals were trained to urinate into handheld alumi-
num pans in exchange for a preferred food treat [see
French et al., 1996]. During the separation proce-
dure, plastic sheeting was placed under the transport
cage, and urine samples were collected opportunisti-
cally once per hour. Because some monkeys did not
provide samples at each collection point, urine was
averaged into 2‐hr blocks. Urine samples were
centrifuged after collection to remove debris, and
the supernatant was pipetted into a clean vial and
then frozen at �20°C until time of assay. Urine
provides a simple, noninvasive way to measure
peripheral hormones, while disturbing the isolation
procedure as little as possible. Furthermore, it allows

for repeated measurements even from very young
animals.

Hormone Measurement and Analysis

A cortisol enzyme immunoassay, developed and
validated for marmosets, was used to determine
urine cortisol concentrations [Smith &French, 1997].
Samples, standards (1,000–7.8 pg/well), and high and
low quality controls created from pooled marmoset
urine were added to coated well plates [see French
et al., 2012 for a full description]. Intra‐assay
coefficients of variation (CV) for quality control pools
were 8.94% and 9.78% for high and low pools,
respectively, and inter‐assay CVs were 12.28% and
14.90% for high and low pools, respectively. To
control for variable fluid intake and output, cortisol
concentrations were divided by creatinine concentra-
tion to give a value of mg cortisol/mg creatinine.
Creatinine was measured using a standard Jaffé
reaction colorimetric assay [French et al., 1996].

Several derived measures of HPA function were
computed based on raw cortisol data. Area under the
curve with respect to increase (AUCI) was calculated
by plotting the data points for each time period and
finding the area of the polygon with the baseline first‐
void samples serving as the base of the polygon. AUCI
is a measure of overall cortisol exposure over a time
period [Pruessner et al., 2003]. Post‐stressor regula-
tion was calculated by subtracting the pre‐stressor
baseline from the cortisol measured from the
morning after the separation procedure. This pro-
vides a measure of the animal’s ability to maintain
HPA homeostasis, and thus a high value indicates
decreased ability to return to normative (pre‐stress-
or) levels upon cessation of the stressor (poorer HPA
regulation). Finally, peak reactivitywas calculated as
change from baseline to peak cortisol concentration
[French et al., 2012]. This measure represents the
maximal intensity of the glucocorticoid response at
any point during this particular stressor, and
functions as a measure of acute physiological
reactivity.

Behavioral Observations

Focal subject observations were conducted dur-
ing the first hour of the separation from the family
group. Behaviors were recorded continuously via
Observer Software (Noldus Information Technology,
Leesburg, VA). We recorded phee calls, alarm calls,
cage manipulations and locomotion. Phee calls are
high‐pitched, long distance contact calls used most
often when isolated in order to reestablish contact.
Alarm calls are short, sharp calls used most often
when in danger or distress. Cagemanipulations were
scored as attempts to grab, pull, or bite at the cage or
fasteners. Locomotionwas scored as number ofmoves
from one plane (wall, ceiling or floor) of the cage to
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another (Supplementary Table SI). With the excep-
tion of locomotion, all of these measures are reduced
following CRHR1 antagonist treatment, suggesting
that they are mediated by central CRH release
[French et al., 2007].

Data Analysis

Changes in behavioral responses across the three
time periods were evaluated using 3 (age)� 2 (sex)
mixed ANOVAs. Post hoc analyses were done using
Fisher’s LSD. Individual behavioral stability was
assessed using correlations between ages.

The relationship between stressor‐induced be-
haviors and endocrine activity was assessed using
correlational analyses. To examine the unique contri-
bution of sex and behaviors when predicting cortisol,
as well as any sex� behavior interactions, a multi-
variate analysis of covariance (MANCOVA) was done
at each age. Peak reactivity, post‐stressor cortisol,
and AUCI were entered as dependent variables, sex
was entered as a fixed factor, and phee calling, alarm
calling, cage manipulation, and locomotion were
mean‐deviated and entered as covariates. Post hoc
tests of interactions were done by regressing cortisol
measures on all behaviors for each sex separately.
Criterion for significance was set at P¼ 0.05 for all
analyses. All analyses were two‐tailed.

RESULTS

Stressor Response Across Development
Behavioral responding across development

Throughout development, mean rates of separa-
tion‐induced behavioral responding in marmosets

changed (Fig. 1). Rates of cage manipulations
and alarm calling followed opposite developmental
trajectories (cage manipulations, F(1,30)¼ 4.41,
P¼ 0.044; alarm calling, F(1,30)¼ 6.58, P¼ 0.016).
Cage manipulations increased from 6 to 18 months of
age, while alarm calling decreased during the same
time period. There were no age differences in rates of
locomotion during social separation (F(1,30)¼ 2.93,
P¼ 0.061). There were no overall sex differences for
any of the behaviors measured, however there was a
sex by age interaction for phee calling, in which phee
calling rates decrease among females, while males
had low calling rates at all ages (F(1,30)¼ 4.72,
P¼ 0.038).

Behavioral stability across development
Across development, relative rates of individual

behavioral responding were stable (Table I). Individ-
ual rates of phee calling and cage manipulations at
6 months were predictive of individual rates of these
behavioral measures at 12 and 18 months of age.
However, individual rates of locomotion during
separation were consistent only later in development
(12–18 months). In contrast, alarm calling showed no
stability across development.

Co‐Activation of Cortisol and Behavioral
Responses

Only a few behaviors and measures of cortisol
during social separation were correlated, and these
relationships changed over the course of develop-
ment. At 6months, higher rates of alarm calling were
correlated with increased peak cortisol reactivity (r
(47)¼ 0.32, P¼ 0.027). Due to the number of animals

Fig. 1. Behavioral responding (mean�SE) during the first hour of a social isolation stressor at 6, 12, and 18 months. Differing letters
between bars (Females, dark bars; Males, light bars) indicate a significant difference indicate significant differences between ages when
sexes are combined, differing letters above bars indicate differences when sexes are compared (Fisher’s LSD, P<0.05; N¼32).
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that failed to exhibit alarm calling during separation,
this analysis was performed again only with individ-
uals who exhibited at least one or more alarm calls.
Even with this reduced sample, higher peak cortisol
was still significantly correlated with alarm calling (r
(16)¼ 0.64, P¼ 0.008). No other behaviors were
significantly associated with any of the cortisol
measures at 6 months. At 12 months, increased
locomotion tended to be positively correlated with
increased post‐stressor cortisol, though not signifi-
cantly. Finally, at 18 months, marmosets exhibiting
higher rates of cage manipulations and locomotion
had higher post‐stressor cortisol (r(30)¼ 0.40,
P¼ 0.030; r(30)¼ 0.49, P¼ 0.006). Overall, correla-
tions between endocrine and behavioral responses to
the social separation protocol were few, but the
relationship between motor behavior and HPA
activity strengthened across development (Supple-
mentary Table SII).

Additionally, the relationship between behaviors
and cortisol wasdependent on the sex of themarmoset,
but only in young monkeys (Figs. 2–4, Supplementary
Tables SIII and SIV). At 6 months of age, there was a

significant sex� locomotion interaction for both post‐
stressor cortisol and AUCI when all other behaviors
were controlled (Wilk’s l¼ 0.73, F(4, 31)¼ 2.88,
P¼ 0.039; post‐stressor cortisol, F(1,34)¼ 12.29,
P¼ 0.001; AUCI, F(1,34)¼ 9.60, P¼ 0.004). There
was also a nonsignificant trend for the interaction
between sex and alarm calling, again for both post‐
stressor cortisol and AUCI (Wilk’s l¼ 0.73, F
(4,31)¼ 2.19, P¼ 0.093; post‐stressor cortisol, F
(1,34)¼ 8.67, P¼ 0.006), AUCI, F(1,34)¼ 7.46,
P¼ 0.010). Post hoc regressions (separated by sex)
showed that females who responded to the stressor
with increased locomotion had increased AUCI and
increased post‐stressor cortisol. However, males who
responded to the stressor with decreased locomotion
and increased alarm calling had increased AUCI
(Supplementary Tables SV and VI). At 12 and
18 months of age, relationships between behaviors
and cortisol measures were not sex‐dependent.

DISCUSSION

We demonstrated that while marmosets show
age‐related differences in some behavioral responses

TABLE I. Stability in Behavioral Responding Across Ages

Stress measure 6–12 months (N¼ 47) 12–18 months (N¼32) 6–18 months (N¼32)

Phee calling 0.67�� 0.42�� 0.31
Alarm calling 0.03 �0.07 0.05
Cage manipulations 0.49�� 0.54�� 0.37�

Locomotion 0.18 0.36� 0.33

�P< 0.05.
��P< 0.01.

Fig. 2. Residual scatterplots between locomotion and area under the curve (AUCI) when other stressor behaviors (alarm calling, phee
calling, cage manipulations) are controlled. Locomotion predicted cortisol in 6‐month‐old females (a) and males (d), but not in older
animals (b,c,e,f).

Am. J. Primatol.

Stressor Responses Across Development / 243



to stressors, individual marmosets exhibit longitudi-
nal stability in specific behavioral responses. Addi-
tionally, the degree of co‐activation between endocrine
and behavioral stressor responses is subject to
developmental change as well. Finally, we found
sex‐related differences in both the development of
certain behavioral responses and the co‐activation of

behavioral responses with physiology. Across devel-
opment, alarm calling decreased from 6 to 18 months,
while phee calling followed this pattern only in
females. Cage manipulations increased from 6 to 18
months, while rates of locomotion did not change.
There was intra‐individual consistency among all
ages for cage manipulations and phee calling, but

Fig. 3. Residual scatterplots between alarm calling and area under the curve (AUCI) when other stressor behaviors (locomotion, phee
calling, cagemanipulations) are controlled. Alarm calling predicted cortisol in 6‐month‐oldmales (d), but not females (a–c) or older males
(e,f).

Fig. 4. Residual scatterplots between locomotion and 24‐hr post‐stressor cortisol when other stressor behaviors (alarm calling, phee
calling, cage manipulations) are controlled. Locomotion predicted cortisol in 6‐month‐old females (a), but not males (d–f) or older females
(b,c). Though the partial correlation between post‐stressor cortisol and locomotion for males at 18 months is significant, the multivariate
omnibus test was not.
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rates of locomotion were only consistent later in
development. We also found that stressor‐induced
behaviors and cortisol were not consistently co‐
activated across ages, but rather the relationship
between behaviors and cortisol changed across
development. In juveniles, alarm calling alone was
significantly higher in marmosets with higher peak
cortisol reactivity, but in young adults, this relation-
ship weakened, and locomotion and cage manipula-
tions became associated with post‐stressor cortisol.
Moreover, the co‐activation of the behavioral and
cortisol responses differed by sex in juveniles only.
Increased locomotion was associated with increased
cortisol in females, while increased vocalizations
and decreased locomotion were associated with
increased cortisol in males.

Developmental Changes in Behavioral
Responding

In comparison with the decrease in cortisol
measures described in a subset of this sample by
French et al. [2012], only one of the four behaviors
measured here decreased as the marmosets devel-
oped (alarm calling). In contrast, cage manipulations
during social separations increased throughout the
three ages we tested. This change in behavioral
responding may be part of a maturation process
whereby young adult marmosets exhibit more inde-
pendent behaviors in response to the stressor (i.e.,
manipulating their environment) and become less
dependent on caregivers (i.e., vocalizing with contact
calls). Phee calling exhibited developmental change
only in females, indicating that while young females
engage in calling as a strategy, youngmales and older
marmosets of both sexes do not. Furthermore, phee
calling was unrelated to the cortisol response,
suggesting that it is not a particularly good indicator
of physiological stress in marmosets (especially
males) at any age. As a whole, when compared with
the concurrent development of the endocrine stress-
or‐response system described by French et al. [2012],
these findings show that though some stressor‐
induced behavioral responses follow a similar devel-
opmental time course to stressor‐induced endocrine
activity, there is more variability in how stress
behavior expression develops.

On an individual basis, only select behavioral
stress responses were consistent across ages. That is,
individuals who exhibited high behavioral responses
at 6 months also exhibited high behavioral responses
at 12 and 18 months. This suggests, in part, that
marmosets showa “trait‐like” behavioral reactivity to
stressful stimuli, at least for phee calling and cage
manipulations, and to a lesser extent, locomotion.
This is similar to the “trait‐like” cortisol response to
stressful stimuli reported previously [French et al.,
2012]. This behavioral stability is in line with other
research demonstrating within‐individual consisten-

cy in stressor‐induced behaviors across development
in other animals [macaques, Suomi, 1997; pigs, Ruis
et al., 2000], and human children [Bates et al., 1985;
Belsky & Rovine, 1987; Matheny et al., 1984]. So,
while the expression of specific behavioral response
patterns to stress change significantly from one age to
the next (i.e., there are important developmental
changes in overall responding), there does appear to
be individual‐level stability in the overall behavioral
response to the social separation stressor as the
marmosets mature into adolescence.

Relationships Between Behavior and HPA
Measures

Increased behavioral responding to the psychoso-
cial stressor was not generally associated with
increased HPA activity. This suggests that despite
the dual effect of CRH on behavior and endocrine
activity [French et al., 2007; Habib et al., 2000], these
two systems maintain a degree of independence in
response to stressful stimuli. The sex‐based differ-
ences in the strengths of these relationships found
here also suggest that sex steroids (or other sexually
dimorphic processes) play a role in mediating the
behavioral, endocrine, or joint stressor response, even
in young, prepubescentmonkeys. Though sex steroids
dohave anacute effect (whether via injection or estrus
cycle) on anxiety [see Toufexis et al., 2006 for review],
we found sex differences only in young (prepubescent)
monkeys, so the differences we foundmay be from the
organizational effects of sex steroids during early
development, or perhaps from differential treatment
by the caregivers. It is also possible that there may be
other behavioral patterns that better express the
animal’s physiological state, that were not measured
here. Increased tail–hair piloerection [Dettling et al.,
2002] and scratching [Ayala, 2004; French et al., 2007;
Maestripieri, 2000; Polizzi di Sorrentino et al., 2012]
have been suggested as indicators of increased stress
in nonhuman primates in response to a variety of
stressors. However, French et al. [2007] found that
CRH antagonist treatment reduced vocalizations and
cage manipulations during a separation stressor,
suggesting that these behaviors are controlled by
CRH release. It is also possible that metabolic
processes involved during corticosteroid excretion
introduces additional variance which behavior cannot
account for. Salivary samplingmethodsmayprovidea
balance between temporal resolution and limited
invasiveness, provided the animals can be reliably
trained to the procedure [Cross et al., 2004]. Finally,
given the fact that cortisol and stressor‐induced
behavior each represent two effects of central CRH
release, we cannot exclude the possibility that cortisol
and stressor‐induced behaviors are not completely co‐
activated, and are related, but distinct systems.

Despite the general disconnect between behav-
iors and HPA response, an interesting finding that
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did emerge was the change in the behavior–cortisol
relationship from vocalization to cage manipulations
and locomotion. At 6 months, high rates of alarm
calling were co‐activated with increased cortisol
reactivity. At 12 months, a positive relationship
between locomotion and cortisol regulation was
beginning to develop, and finally, at 18 months,
stressor‐induced alarm calling had dropped to very
low levels, and locomotion and cage manipulations
were associated with poorer cortisol regulation. It is
worth noting that though behavioral reactivity was
related to cortisol reactivity during the stressor in
young monkeys, in older monkeys behavioral reac-
tivity was instead related to long‐term homeostatic
regulation. This suggests that those monkeys who
were most behaviorally disturbed during the stressor
continued to respond physiologically for upwards of
24 hr. It is possible that poor familial reunion
strategies after the stressor contribute to poorer
physiological regulation [see Dettling et al., 2002].
Coupled with the overall changes in responding, with
alarm calling rates decreasing from 6 to 18 months,
and cage manipulations increasing during the same
time period, this may reflect young marmosets’
emerging independence from the caregivers as they
reach adolescence [Nunes et al., 2001; Yamamoto,
1993; Yamamoto et al., 1996]. Thus the difficulty in
establishing a consistent cross‐age behavior–cortisol
relationship may be in part due to changing
behavioral response styles as marmosets reach and
progress from adolescence through adulthood, and
thus we suggest that the behavioral–endocrine
relationships are fluid across development as mar-
mosets maintain some and alter other behavioral
strategies to adjust to a social separation stressor.

The co‐activation of locomotion and alarm calling
with cortisol also varied by the sex of the marmoset,
with females showing correlated increases in locomo-
tion and cortisol, and males showing correlated
increases in vocalizations and cortisol. It may be
that that the locomotion–cortisol relationship devel-
ops earlier in females than it does in males. Also,
young, but not older females engage in more long
distance (phee) calling thanmales. While the reasons
for these sex differences are unclear, it may be
explained by sex‐differential group emigration pat-
terns. Not only are subordinate femalesmore likely to
participate in extragroup interactions [marmoset,
Lazaro‐Perea, 2001], but they are also more likely to
be the target of aggression, especially as group size
increases [marmoset, De Filippis et al., 2009;
Snowdon & Pickhard, 1999]. Furthermore, group
fission is more likely to occur when resource
competition and environmental stress are high
[toque macaque, Dittus, 1988]. Given that maternal
stressors affect infant CRH, cortisol, and behavior in
marmosets and other nonhuman primates [macaque,
seeMeaney, 2001 for review; Bardi &Huffman, 2006;
Coplan et al., 2001; marmoset, Mustoe et al.,

unpublished data], increased locomotion and phee
(long distance) calling in response to stress may be
more advantageous for young females than young
males. Specifically, when the group environment is
particularly stressful, it may be more important for
females than males to develop a stressor response
style that may promote increased likelihood of
contact with other groups and/or natal group
dispersal at a young age. In contrast, stressed male
infants behave in ways that re‐establish contact (i.e.,
alarm calling) with the caregiver. Thus stressed
young males behave in a way that is more dependent
upon the caregivers when compared to stressed
young females. It is worth noting that under the
relatively low stress conditions in captivity, re-
sponses to isolation became more homogenous
between the sexes as the marmosets developed.

General Discussion
This study is the first to use a longitudinal design

to document the developmental changes in behavior-
al responding to an isolation stressor in this unique
primate model, and adds to the existing literature
describingmarmoset endocrine development [French
et al., 2012; Pryce et al., 2002]. We chose to focus not
only on separation stress responses during early
infancy, but instead focused on those changes which
occur from infancy into adulthood, at distinct
developmental time points. Additionally, we docu-
mented the developmental changes in the relation-
ship between behavioral and endocrine measures of
stress. Finally, we found sex‐related differences in
the development of the stressor response systems,
particularly in young (prepubescent) marmosets. The
findings here can be used to inform husbandry and
animal welfare practices, as developmental stage and
sex should be considered when using behavior as a
heuristic proxy for physiological disturbance. In a
related vein, developmental stage and sex should be
taken into account when using behavior as ameasure
of stress in experimental settings.

The study of stressor responses raises questions
about the effects of stress physiology on behavior, and
the effects of behavior on stress physiology. For
example, locomotion, cage directed behavior, or
calling, all controlled by largely voluntary central
processes, may promote sympathetic responses such
as cortisol release, vasodilation, and pulse quicken-
ing. However, sympathetic responses themselves
may promote behavior instead. Cortisol mobilizes
energy resources, making increased locomotion
possible, and increased blood flow to the skin may
induce scratching. Relatedly, there is also the issue of
the timing of each of these responses. Certain
physiological responses to stress are likely to be
less rapidly mobilized than behavioral responses (e.
g., a captured animal is capable of distress calling
almost instantly, but even plasma glucocorticoids
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would not be detectable for several minutes).
However other physiological responses (e.g., pulse,
vasodilation) can be expressed on a similar time scale
as behavior. Finally, there is the issue of behaviors as
stress copingmechanisms. Certainly escape serves as
a coping behavior as it removes the individual from
the stressful situation, and calling serves a similar
purpose if the individual is retrieved. However, given
that all of the associations found in the current study
were positive, it is unlikely that the behaviors
measured here function as stress‐reducing coping
mechanisms.

The complexity found in the behavior–cortisol
relationship is perhaps best described in terms of
maximizing stressor adaptability. A variety of
environmental influences have been shown to affect
the HPA axis and the stressor response, including
gestational stressors [Glover et al., 2010; Mustoe et
al., unpublished data], early parental deprivation
[Dettling et al., 2002; Higley et al., 1992; Pryce et al.,
2004],maternal and paternal rejection [Birnie, 2013],
and milk quality and milk cortisol [Hinde &
Capitanio, 2010; Karg, 2011; Sullivan et al., 2011].
Life events also interact with genes to produce
varying stressor phenotypes [Barr et al., 2004;
Karg, 2011; McCormack et al., 2009]. From an
evolutionary standpoint, these various influences
allow an individual to tailor its stress response to its
early environment. Stressor‐induced behaviors ha-
bituate faster and more completely than cortisol
responses after repeated [Coe et al., 1983] or
extended [Levine et al., 1993] social stressors, and
are related differentially to the endocrine response
across development (current study). Thus by having
some independence in behavioral and biological
stressor responses, individuals can maximize adap-
tation across the lifespan.
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