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Abstract
Exposure to chronic stress during adolescence can shape behaviour, cognition and physiology in adulthood, but the consequences of these longterm changes remain unclear. Prior studies reporting altered performance
following exposure to stress in adolescence have generally interpreted
lasting changes as impairments. However, we have recently shown that
exposure to chronic unpredictable stress during adolescence (from postnatal days 30–70) can enhance performance in a context-dependent manner during a foraging task. Increases in foraging performance, (previously
measured by the number of rewards obtained), are often associated with
trade-offs in other behaviours, such as vigilance. Here, we examined the
effect of stress exposure in adolescence on adult foraging in male Sprague
Dawley rats to determine (1) whether the increase in foraging performance exhibited by animals exposed to stress in adolescence is balanced
by a decrease in vigilance, and (2) whether stress in adolescence alters
time allocation between foraging and vigilance behaviours in low- and
high-threat conditions. We found no evidence of a trade-off between foraging and vigilance; under low-threat conditions, rats exposed to stress in
adolescence spent more time being vigilant compared with unstressed
rats, suggesting that exposure to stress in adolescence enhances anticipation of threat in adulthood. Under high-threat conditions, adolescentstressed and unstressed rats did not differ in foraging and vigilance
behaviours. Given that we have previously found that rats exposed to
stress in adolescence nearly double food intake under high-threat, and we
now show that high-performing rats do not spend more time foraging, it
appears that stress exposure in adolescence may enhance foraging efficiency (food consumed/time) under high-threat conditions rather than
time allocation between foraging and competing behaviours. We also
examined the relationship, at the level of the individual, between foraging
performance and foraging and vigilance behaviours. We found that
changes in individual foraging performance between low- and high-threat
conditions were independent of behavioural changes (i.e. both highly and
poorly performing rats were equally active and contacted a similar number of patches). This suggests that the ability to obtain many rewards
under high-threat conditions may be related to efficiency, rather than the
frequency of foraging and effort-related behaviours.
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Highlights
1 We compared adult foraging and vigilance behaviours in adolescent-stressed and unstressed rats.
2 In low threat conditions, vigilance was increased by
prior exposure to stress in adolescence.
3 In high threat conditions, adolescent stress did not
affect foraging or vigilance behaviours.
4 Adolescent stress may increase foraging efficiency
but not effort under threat.

Introduction
Adolescence is a developmental phase characterized by
a transition from dependence in early life to independence in adulthood (Spear 2000; Crone & Dahl 2012).
During this phase, a myriad of physiological and neural
systems mature, making adolescence a period of both
plasticity and vulnerability to environmental conditions (Gogtay et al. 2004; Romeo & McEwen 2006).
Exposure to adversity during adolescence can cause
lasting changes in behaviour (Toledo-Rodriguez &
Sandi 2011; Green et al. 2013), cognition (Chaby et al.
2013) and physiology (Romeo 2010; Caruso et al.
2014), and can affect performance in adulthood
(McCormick et al. 2010). Determining the role of lasting changes in response to stress exposure in adolescence may be aided by understanding the life history
context in which the experience takes place (Clinchy
et al. 2011) or by understanding the functional consequences of changes resulting from adolescent-stress
exposure in free-living animals. In addition, it is important to understand how the consequences of early life
stress can be context-dependent (Breuner 2008; Sheriff
& Love 2013).
Exposure to early stress can result in a single phenotype that performs differently depending on the environmental conditions (Oomen et al. 2010; Sheriff &
Love 2013; Sheriff 2015). For example, environmental
conditions can affect the ability to manipulate novel
stimuli to obtain food (which is an indicator of problem-solving ability that can affect fitness; Morris &
Davidson 2000; Keagy et al. 2009). Previously, we
found that in high-threat conditions prior exposure to
stress in adolescence enhanced the ability of rats to
manipulate novel objects to obtain food (referred to as
foraging performance), but in low-threat conditions
foraging performance was unaffected by exposure to
chronic stress in adolescence (Chaby et al. 2015a). In
environments with varying levels of threat, the
amount of food an animal consumes in a specific context is suggested to correlate negatively with the
2

amount of fear or anxiety an animal experiences at the
threat level of that context (Brown 1999; Kotler et al.
2004). Here, we evaluate the effects of chronic stress in
adolescence on foraging and vigilance behaviours in
adulthood in high-threat conditions (exposure to a
simulated predator and bright lighting conditions) and
low-threat conditions (standard testing conditions).
While foraging, animals must balance time spent
obtaining resources and time spent monitoring their
environment for threats through vigilance (Lima & Dill
1990; Brown 1999; Brown et al. 1999; Favreau et al.
2014). Thus, to determine the effect of chronic stress in
adolescence on foraging ability, it is necessary to
understand both foraging performance and vigilance
behaviour. It is possible that the enhanced foraging
performance caused by exposure to stress in adolescence (Chaby et al. 2015a) may have an opportunity
cost of reducing competing behaviours, such as vigilance (Bachman 1993). Although this is somewhat
counterintuitive given the general assumption that
stress exposure will increase vigilance behaviours, it is
in line with predictions of the predation risk allocation
hypothesis (Lima & Bednekoff 1999). The risk allocation hypothesis states that after extended exposure to
stress, if patchy resources become available, animals
will become more active and increase foraging even
under high-threat conditions because the need for
resources is too great and there are no ‘better’ conditions in which to forage (Sih & McCarthy 2002). Thus,
we hypothesized that exposure to chronic stress in
adolescence would (1) increase time spent foraging
during a pulse of resource availability regardless of
threat condition, and that (2) an increase in time spent
foraging in high-threat conditions would have an
opportunity cost of decreasing vigilance (compared
with unstressed rats). The effects of adolescent stress
on foraging and vigilance are likely context specific; in
low-threat conditions, foraging performance is not
affected by exposure to stress in adolescence (Chaby
et al. 2015a), suggesting that potential trade-offs
between foraging and vigilance might be unaffected by
stress exposure in adolescence in the absence of threat.
It should be noted that these predictions are specific to
conditions with pulses of resource availability and are
distinct from predictions for conditions where
resources are uniform or unavailable (Ford 1983;
Arditi & Dacorogna 1988). Understanding whether
extended exposure to stress in adolescence can affect
the relationship between threat level and time allocation may help explain the context-specific consequences of stress in adolescence.
In addition to time allocation, foraging performance
may also be mediated by differences in effort or effiEthology 122 (2016) 1–14 © 2016 Blackwell Verlag GmbH

L. E. Chaby, M. J. Sheriff, S. A. Cavigelli, A. M. Hirrlinger, J. Lim, V. A. Braithwaite

ciency (food consumed/time). We have previously
found that in high-threat conditions, following testing
in low-threat conditions, both unstressed rats and
some rats exposed to adolescent-stress decrease their
foraging performance (by up to 43%), however, some
rats exposed to adolescent-stress increase their foraging performance (by up to 300%), greatly exceeding
the performance of all unstressed animals and suggesting high levels of individual variation following
the adolescent-stress treatment (Chaby et al. 2015a).
We investigated foraging and vigilance behaviours at
the level of the individual to understand the why
some rats performed well under high-threat conditions while others exhibited a decrease in foraging
performance. We hypothesized that a decrease in performance in high-threat conditions would be driven
by reduced foraging and effort-related behaviours (reduced activity, fewer patches contacted, etc.) while an
increase in performance would be driven by increases
in foraging and effort-related behaviours, such that
rats that exhibited minimal change in foraging behaviour across low- and high-threat conditions would
show the least change in foraging performance, while
animals exhibiting a decrease in foraging effort after
the introduction of threat would show a decrease in
foraging performance and obtain fewer rewards in the
high-threat environment. Similarly, we predicted that
individuals exhibiting an increase in vigilance across
the threat conditions would decrease foraging related
behaviours and obtain fewer rewards in the highthreat environment.

Stress During Adolescence Shapes Performance

Methods
Animals and Housing

Male Sprague Dawley rats (n = 24) were procured at
post-natal day 21 from Harlan Laboratory in
Maryland. Rats were randomly assigned to pair-housing in plastic cages that contained wood chip bedding,
two pine wood chews, and two 7.6-cm-diameter PVC
tubes. Standard rat chow, (LabDietâ 5001, 23% protein) and tap water were available ad libitum, except
preceding the behavioural trials as described below.
Rats were kept on a 12:12 h reversed light:dark
schedule to facilitate testing during the dark phase
when rats are most active. Foraging performance data
from these rats were previously reported in Chaby
et al. 2015a. In this study, we report novel data on
foraging and vigilance time allocation, as well as novel
behavioural frequency data and data at the level of
the individual, to understand whether the effects of
stress in adolescence on foraging performance are
mediated by trade-offs between foraging and vigilance.
Chronic Unpredictable Stress

Pairs of rats were randomly assigned to the adolescent-stress group (n = 12) or the unstressed control
group (n = 12). Unstressed rats were reared in standard laboratory conditions without exposure to stress
while adolescent-stressed rats were exposed to three

Table 1: Descriptions of chronic unpredictable stressors
Duration
Physical stressors
Smaller cage
Damp bedding
Cage tilt
Social stressors
Isolation
Crowding
Foreign bedding
Predation stressors
Taxidermied bobcat
Fox urine
Cat fur
Feline vocalizations

Housed in a 25% reduced volume cage (Doyle et al. 2011)
Housed with 200 ml water mixed into bedding (Harding et al. 2004)
Home cage tilted at a 30° angle (Harding et al. 2004)

4h
6h
6h

Individually housed with a 7.6 cm diameter PVC tube and a
2.5 cm 9 2.5 cm 9 8 cm pine wood block (McCormick et al. 2008)
Two rat pairs combined into one clean cage (Harding et al. 2004; Doyle et al. 2011)
Rat pairs housed in the empty home cage of a pair of
older conspecifics (Harding et al. 2004)

1h

Adult male taxidermied bobcat (Lynx rufus) placed
on a wheeled cart and pushed in front of rat home cages (Blumstein et al. 2004)
Fox urine (Tink’s Red Fox-Pâ) sprayed onto cotton balls and
placed inside plastic mesh into the home cages (Fendt & Endres 2008)
Felis catus fur placed inside mesh into the home
cages (Kendig et al. 2011)
Bobcat (Lynx rufus), mountain lion (Puma concolor),
domestic cat (Felis catus), lion (Panthera leo),
and tiger (Panthera tigris) vocalizations
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4h
12 h

0.5 h
0.5 h
0.5 h
0.5 h
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types of stressors (physical, social and predation) from
30 to 70 days of age, using procedures described in
Table 1 and Chaby et al. 2014, 2015a,b. This chronic
stress paradigm has been shown to cause long-term
behavioural and cognitive changes (Chaby et al.
2013, 2014, 2015a). Briefly, all adolescent-stressed
rats were exposed to one stressor each day (Table 1)
for 6 days per week, with 1 day of rest. Within each
week, adolescent-stressed rats were exposed to three
stressors between 0–1200 h and three stressors
between 1200–2400 h; within these blocks, the
specific hour of stress exposure was randomized.
Stressor order was randomized, but on average each
of the three types of stressors was presented twice
per week. Adolescent-stressed rats were given new
home cages after predation, foreign bedding, and
wet bedding stressors. To control for handling and
cage changes during the stressor procedures, rats in
the unstressed group were given additional handling
and cage changes approximately twice per week
(Kabbaj et al. 2002; Isgor et al. 2004). All rats were
weighed weekly during the stress treatment, and
every second week thereafter, because body mass is
an indicator of health that can be decreased by
exposure to adolescent-stress in laboratory rats (Pare
1965; Shimizu et al. 1989; Bhatnagar et al. 2006).
The duration of the adolescent-stress treatment (30–
70 days of age) included a short post-pubertal period
(approx. 55–70 days of age) both to cover the entire
ontogenetic window of adolescence (Schmidt et al.
2007; Sterlemann et al. 2010) and because we
wanted to evaluate foraging behaviours mediated by
the prefrontal cortex, which continues to develop
into early adulthood (Van Eden et al. 1990; Seamans et al. 1995; Spear 2000).
Ethical Note

Housing conditions conformed to National Institute
of Health (NIH) recommendations described in the
Guide for the Care and Use of Laboratory Animals,
8th edition. To ensure motivation to participate, rats
were food deprived for 5 h before all foraging tests.
Food restriction in laboratory rodents is advocated
by the NIH to increase longevity and decrease rates
of obesity, metabolic disease, cardiovascular disease,
and cancer (Keenan et al. 1994; reviewed in Anderson et al. 2009). During the adolescent-stress treatment, no signs of pain, aggression, or changes in
health were observed. All procedures were approved
by the Pennsylvania State University Institutional
Animal Care and Use Committee (IACUC), protocol
#44459.
4

Foraging Tests

Foraging was evaluated in low-threat conditions, at
108 days of age, and in high-threat conditions, at
144–145 days of age (half of the animals were tested
each day, counterbalanced by treatment). To control
for circadian rhythms, tests began at least 2 h after
the beginning of the dark cycle and were completed
within 6 h. Three days prior to the first foraging test
rats were placed in an empty white Plexiglas foraging
arena (122 cm 9 122 cm 9 46 cm) for 5 min to
allow for habituation to the arena and testing room.
During the subsequent foraging tests, the arena contained 15 Cheerios that were concealed by seven
objects. Each object had 0–3 available Cheerios. We
have previously shown that exposure to the current
adolescent-stress treatment does not affect motivation
to consume Cheerios (Chaby et al. 2015a).
Objects in the arena varied in texture, colour,
shape, and size (e.g. green and blue plastic bins, semicircular mesh domes). Objects also varied in the
manipulation required to obtain the potential reward
(e.g. forepaw manipulations, nose-poking, and
whole-body manipulations such as climbing under an
inverted bin). To refer to the combination of object
and potential reward, we use the term ‘patch’ below.
Rats freely consumed Cheerios in the foraging arena
for 12 min in the low-threat test and 10 min in the
high-threat test (to account for increases in performance related to learning across the tests). Given that
the arrangement of objects was novel in the lowthreat test, we used a second novel object arrangement in the high-threat test to compare performance
across novel foraging contexts. The use of novel object
arrangements in both the low- and high-threat tests
also controlled for possible group differences in spatial
or object memory, which can be affected by exposure
to stress in adolescence (Isgor et al. 2004; McCormick
et al. 2012). Within the low- and high-threat tests the
same object position, orientation, and number of
available rewards were used for all animals (see
Chaby et al. 2015a sec. 2.5.1. for further discussion).
Foraging in high-threat conditions was tested last
because rodents often exhibit altered behaviour when
re-exposed to an environment where they previously
encountered a predator, even after the predator is
removed (reviewed in Maren 2001). For example, California ground squirrels exposed to an environment in
which they previously saw a rattlesnake (but the snake
is no longer visible) exhibit vigilance and antipredator
behaviours at the same rate or greater as when a snake
is present (e.g. tail flagging, aerial leaps; Putman &
Clark 2015). Additionally, the effects of encountering
Ethology 122 (2016) 1–14 © 2016 Blackwell Verlag GmbH
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a predator can be persistent; a single predator encounter in a laboratory rat can cause lasting increases in
anxiety (Adamec & Shallow 1993). To minimize
potential effects from repeated testing, the low- and
high-threat tests were separated by 34 d; rats were
well into adulthood for all foraging tests, but did not
approach old age (which would begin approx. 400–
750 d after the final test; Pietrelli et al. 2012; Richardson et al. 2013), yet this delay may affect comparisons
between low- and high-threat tests.
For the high-threat test, acoustic and visual cues of
predation and bright lighting was added, but all other
conditions in the low- and high-threat foraging tests
were the same. The low-threat test was conducted in
dim, red light, whereas the high-threat test was conducted in standard laboratory light conditions
(430 lux). Light levels as low as 60 lux can be aversive to nocturnal rodents (Bueno et al. 2005) and can
increase the perception of predation risk (Clarke
1983; Kotler 1984). The predation cues used in the
high-threat test were novel to both the adolescentstressed and unstressed rats to avoid potential
sensitization or habituation effects from the adolescent-stress treatment. During the high-threat test,
acoustic predation cues (e.g. vocalizations from
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Cooper’s Hawk, Red-tailed Hawk) were played from
an audio recorder approx. 5 ft above the arena floor
and a visual predation cue, a hawk silhouette (47 cm
length 9 95 cm wingspan), was moved over the foraging arena in a pendulum motion. Although it is
unclear whether the rats interpreted the hawk cues as
indicators of predation or merely as aversive (Apfelbach et al. 2005), it is common to use predator models
and recordings, and the stimuli used in the highthreat test are inherently aversive to laboratory rats
(loud noise: Pearl et al. 1964; suddenly moving
objects: Blanchard et al. 1975; Bronstein & Hirsch
1976; bright light: Crozier & Pincus 1927; Keller
1941). All trials were video-recorded, and the experimenter was not in the room during testing. Equipment was cleaned with 70% ethanol between all
trials and subjects.
Foraging and vigilance behaviours

Recordings of foraging trials were analysed for foraging behaviours (number of active foraging bouts, time
spent foraging) and vigilance behaviours (number of
rearing bouts, time spent rearing, number of stretch
attends, and number of head scans). Operational

Table 2: Operational definitions for behaviours measured during the low- and high-threat foraging tests
Behaviour measured
Foraging & Vigilance behaviours
Foraging behaviours
Time spent eating
Number of active foraging bouts

Vigilance behaviours
Time spent rearing
Number of rearing bouts
Stretch attendsa
Head scansa
Effort-related behaviours in the foraging test
Object touches
Entries into the middle of the arena

Time spent in the middle of the arena
Activity

Operational definition

Time extracting, manipulating, or consuming food rewards
Active foraging was defined as eating or moving between patches;
to qualify as a single foraging bout, foraging behaviours had to be
separated by at least 5 seconds of vigilance or inactivity
Time standing on two rear legs scanning the environment (Quenette 1990;
Blumstein 1996; Vasquez 1997; Vasquez et al. 2002)
To qualify as a single rearing bout, rearing behaviours had to be separated by
at least 5 seconds of vigilance or inactivity
Stretching of the body towards a stimulus while keeping rear legs
immobile (Ribeiro-Barbosa et al. 2005)
Moving the head back and forth while keeping the body stationary
(Whishaw et al. 1992; Whishaw & Kolb 2005)
Contacting an object in the arena with either a paw or nose
During analysis of the video-recorded trials, a transparent 8 9 8 grid
was superimposed to separate the arena into 64 equally sized squares;
when a rat moved all four feet from grid squares bordering the arena
walls into grid squares in the centre, it was counted as an entry into the middle
Time in squares in the middle of the arena (Grønli et al. 2005)
Using the 8 9 8 video analysis grid, the number of squares crossed
with all four feet was quantified as a measure of activity (Candland & Nagy 1969)

a
Less than 5% of the rats exhibited stretch attends or head scans in either the low- or high- threat condition, so these behaviours were not included in
subsequent analyses.
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definitions are listed in Table 2). Recordings were
analysed by an experimenter blind to stress condition
using EthoLogâ v. 2.2.5. (Ottoni 2000). Reward consumption data were obtained immediately after each
foraging tests and were previously reported in Chaby
et al. 2015a. To compare behaviour between the lowand high-threat foraging tests, we calculated the percent of time spent foraging and being vigilant by
dividing the measures of time spent foraging and rearing by the length of the test.
Individual behaviour during foraging tests

We analysed, at the level of the individual, the relationship between foraging performance and foraging
and vigilance behaviours within the low- and highthreat tests.
For the individual-level analysis we assessed behaviours related to forgaging effort in addition to the
foraging behaviours previously described.To quantify
foraging effort, we measured activity (Eilam et al.
1999; Snaith & Chapman 2005), object touches
(Klaassen et al. 2007), and entries and time spent in
the middle of the arena (where the concentration of
patches is highest; Valone & Brown 1989). Time spent
in the middle of the arena has also been used as an
inverse index of anxiety (Simon et al. 1994; Harris
et al. 2009). We also related changes in foraging and
vigilance behaviours across the low- and high-threat
conditions to changes in foraging performance by calculating the percent change of all behaviours for each
rat [(high-threat
low-threat)/low-threat 9 100].
Data Analysis

To meet the assumption of normality, the number of
active foraging bouts and the per cent of time spent
rearing were natural log transformed. To confirm that
the data met assumptions for parametric analyses, all
data were required to pass Levene’s Test for Equality
of Variances. Less than 5% of the rats exhibited
stretch attends or head scans in either the low- or
high-threat condition, so these behaviours were not
included in subsequent analyses. We tested the effect
of stress in adolescence on the number of active foraging bouts, percent of time spent foraging, number of
rearing bouts, and percent of time spent rearing in
each threat condition at the population level using
multivariate analysis of variance tests (MANOVAs)
with stress condition as a main effect. MANOVAs
were evaluated with Box’s Test of Equality of Covariance Matrices and conformed to assumptions for
parametric analyses. Dependent variables in the
6

MANOVAs were assessed for multicollinearity. If significant treatment effects were detected in the MANOVA, we used discriminant analysis to determine
how the dependent variables contributed to the population level differences (Borgen & Seling 1978; Field
2013). At the level of the individual, to understand
whether performance related to changes in behaviour
between the low- and high-threat tests (independent
of stress condition), we investigated the relationship
between foraging performance and changes in foraging and vigilance behaviours using Pearson’s correlation analyses (with a Benjamini Hochsberg correction
for multiple comparisons). Analyses were run using
SPSSâ Statistics V. 21; values are reported as
means  SE.
Results
Foraging and Vigilance Behaviours

Under low-threat conditions, adolescent-stressed and
unstressed rats differed in foraging and vigilance
behaviours (MANOVA main effect: F4,18 = 3.51,
p = 0.031; Fig. 1). The two vigilance variables, number of rearing bouts and percent of time spent rearing,
were significantly correlated (R = 0.86, p < 0.000).
This correlation between the two vigilance variables
makes it difficult to isolate the effect of exposure to
stress in adolescence on the vigilance variables individually and suggests that the two variables provide
similar information. No other variables in the MANOVA for the low-threat condition were correlated.
Discriminant analysis revealed one discriminant function encompassing all four predictors (number of
active foraging bouts, percent of time spent foraging,
rearing bouts, and time spent rearing), which significantly differentiated the grouping variable, stress condition, (canonical R2 = 0.47, ∧ = 0.83, X2(4) = 10.71,
p = 0.030, depicted in Figure S1). The discriminant
function indicated that separation between the
adolescent-stressed and unstressed rats was driven
primarily by the adolescent-stressed rats exhibiting
greater vigilance behaviours, including both greater
time spent rearing (canonical variate correlation coefficients r = 0.81) and a greater number of rearing
bouts (r = 0.51). This suggests that despite a close
relationship between time spent rearing and the number of rearing bouts, in low-threat conditions the
amount of time spent rearing distinguishes the effects
of the adolescent-stress better than the number of
rearing bouts. The discriminant function also showed
that exposure to stress in adolescence had opposite
effects on the two foraging measures; compared to
Ethology 122 (2016) 1–14 © 2016 Blackwell Verlag GmbH

Stress During Adolescence Shapes Performance

L. E. Chaby, M. J. Sheriff, S. A. Cavigelli, A. M. Hirrlinger, J. Lim, V. A. Braithwaite

unstressed animals, adolescent-stressed rats exhibited
fewer foraging bouts (r = 0.47), but spent a greater
amount of time eating (r = 0.34). These effects were
weaker than the effects of adolescent-stress on
vigilance. Under high-threat conditions, exposure to
stress in adolescence did not affect foraging and vigilance behaviours (MANOVA main effect: F4,18 = 0.45,
p = 0.770; Fig. 1). In the high-threat foraging test,
exposure to adolescent-stress did not affect either time
spent foraging or being vigilant, or the number of

foraging bouts or rears. The two vigilance variables
were also significantly correlated in the high-threat
condition (R = 0.69, p < 0.000). No other variables in
the MANOVA for the high-threat condition were correlated.
Individual Behaviours During Foraging Tests

During the low-threat foraging test, several behaviours were correlated with foraging performance

Fig. 1: The effect of chronic stress during adolescence on foraging and vigilance behaviours in low- and high-threat environments; means  SE.
Under low-threat conditions, adolescent-stressed rats allocated time between foraging and vigilant behaviours differently compared to unstressed
rats (MANOVA, p = 0.031). Under high-threat conditions, despite previous work showing that in high-threat conditions adolescent-stressed rats
obtained more food compared to unstressed rats, here we found that adolescent-stressed and unstressed rats did not differ in foraging or vigilance
behaviours, suggesting that adolescent-stressed rats obtain more food in the same amount of time compared with unstressed rats (MANOVA,
p = 0.770).

Table 3: Correlations between behaviours and performance in the low- and high-threat tests

Low-threat foraging
performance
High-threat foraging
performance

Time spent
foraging

Foraging
bouts

Time spent
rearing

Rearing
bouts

Object
touches

Entries into
the middle

Time in
the middle

Activity

R
p
R
p

R
p
R
p

R
p
R
p

R
p
R
p

R
p
R
p

R
p
R
p

R
p
R
p

R
p
R
p

=
=
=
=

0.53
0.024a
0.70
0.001*

= 0.07
= 0.770
= 0.24
= 0.253

= 0.13
= 0.622
= 0.01
= 0.939

= 0.31
= 0.215
= 0.09
= 0.680

=
=
=
=

0.42
0.077a
0.33
0.115

= 0.45
= 0.032a
= 0.06
= 0.766

=
=
=
=

0.24
0.313
0.23
0.298

= 0.70
= 0.001*
= 0.07
= 0.740

*Indicates significant at p < 0.050, with Benjamini Hochsberg correction for multiple comparisons.
a
Indicates a trend, with Benjamini Hochsberg correction for multiple comparisons.
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(food consumption), including activity and strong
trends for entries into the middle and time spent foraging (see Table 3). During the high-threat test, however, only the amount of time spent foraging related
to foraging performance (r = 0.70, p < 0.000). Across
the threat conditions, change in food consumption
only correlated to change in percent of time spent foraging, and not to changes in vigilance or effort-related
behaviours (see Table 4). However, changes in effortrelated foraging behaviours between the low- and
high-threat tests were interrelated (see Table 4). For
example, rats were likely to decrease the number of
patches they touched if they reduced either entries
into the middle (r = 0.56, p = 0.005) or time spent in
the middle of the arena (r = 0.63, p = 0.002). Similarly, animals that decreased activity across the threat
conditions also decreased their entries into the middle
(r = 0.58, p = 0.003). Despite these relationships,
there was no correlation between the change in
effort-related behaviours and the change in food consumption, which suggests that effort-related behaviours do not mediate food consumption under threat
(see Table 4).

tested the effects of stress in adolescence on time allocation, between monitoring for threats and manipulating novel objects to obtain food (an indicator of
problem-solving ability; Keagy et al. 2009), in adulthood under low- and high-threat conditions. Under
low-threat conditions, adolescent-stressed rats spent
more time being vigilant and foraging, and exhibited
a greater number of rearing bouts and fewer foraging
bouts compared to unstressed rats. Under high-threat
conditions, however, exposure to stress in adolescence did not affect the amount of time spent being
vigilant or foraging, or the number of rearing or foraging bouts. Previously, we found that exposure to
chronic stress in adolescence can nearly double the
number of food rewards rats obtain in high-threat
conditions, compared to unstressed controls (Chaby
et al. 2015a). The current study showed that stress in
adolescence does not affect time allocation or the frequency of foraging bouts in high-threat conditions.
This suggests that in high-threat conditions, prior
exposure to stress in adolescence increases foraging
efficiency (food consumed/time) rather than affecting
behavioural decisions on whether or not to forage. At
the level of the individual, we found that foraging
behaviours are related to foraging performance in
low-threat conditions, but not in high-threat conditions. This indicates that it is possible for an animal to
exhibit high foraging effort in high-threat conditions
(e.g. frequent foraging bouts and high activity) but
poor performance (few rewards obtained). Similarly,

Discussion
Exposure to stress in early development can shape a
phenotype such that it performs differently depending
upon the environmental context (Sheriff & Love
2013; Chaby et al. 2015b). In the current study, we

Table 4: Percent change in behaviours across low- and high-threat conditions

Δ Foraging
performance
Δ Time spent
eating
Δ Number of
foraging bouts
Δ Time spent
rearing
Δ Number of
rearing bouts
Δ Object touches

Foraging behaviours

Vigilance behaviours

Effort-related behaviours in the foraging test

Δ Time spent
eating

Δ Number of
foraging bouts

Δ Time spent
rearing

Δ Number of
rearing bouts

Δ Object
touches

Δ Entries into
the middle

Δ Time in the
middle

R = 0.75
p = 0.000*

R
p
R
p

R
p
R
p
R
p

R
p
R
p
R
p
R
p

R
p
R
p
R
p
R
p
R
p

R
p
R
p
R
p
R
p
R
p
R
p

R
p
R
p
R
p
R
p
R
p
R
p
R
p

= 0.13
= 0.584
= 0.01
= 0.953

= 0.07
= 0.760
= 0.22
= 0.927
= 0.28
= 0.220

=
=
=
=
=
=
=
=

0.19
0.390
0.25
0.289
0.13
0.573
0.59
0.005*

=
=
=
=
=
=
=
=
=
=

0.01
0.963
0.10
0.752
0.15
0.540
0.25
0.282
0.05
0.849

Δ Entries into
the middle
Δ Time in
the middle

=
=
=
=
=
=
=
=
=
=
=
=

0.21
0.336
0.24
0.330
0.189
0.424
0.35
0.130
0.13
0.588
0.56
0.005*

=
=
=
=
=
=
=
=
=
=
=
=
=
=

0.213
0.330
0.28
0.234
0.29
0.208
0.11
0.625
0.02
0.928
0.63
0.002*
0.81
0.000*

Δ Activity
R
p
R
p
R
p
R
p
R
p
R
p
R
p
R
p

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

0.16
0.450
0.106
0.656
0.31
0.169
0.002
0.994
0.03
0.904
0.30
0.165
0.58
0.003*
0.498
0.016a

*Indicates significant at p < 0.050, with Benjamini Hochsberg correction for multiple comparisons.
a
Indicates a trend, with Benjamini Hochsberg correction for multiple comparisons.
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changes between the low- and high-threat test in foraging behaviours (activity, contact with patches,
entries in the middle of the arena, etc.) are independent of changes in the amount of food obtained.
Given that differences in foraging performance cannot
be attributed to changes in foraging behaviours, and
given that exposure to our adolescent-stress paradigm
does not affect motivation to consume food rewards
in adulthood (Chaby et al. 2015a), it follows that differences in performance might be attributed to cognitive or emotional processes that interfere with the
ability of a threat-na€ıve animal to consume food in
high-threat conditions. For example, animals in anxiety-like states caused by exposure to a novel arena
can exhibit hypophagia and delay reward consumption after locating a desirable food item (Merali et al.
2003; Samuels & Hen 2011).
We found that during a low-threat foraging task,
adolescent-stressed rats spent more time foraging
and being vigilant than unstressed rats, refuting our
prediction that exposure to stress in adolescence
would decrease vigilance in order to increase foraging during a pulse of resource availability. The finding that stress exposure during adolescence increases
the time spent foraging, but decreases the number of
foraging bouts, suggests that exposure to stress in
adolescence may cause a change in strategy that is
reflected by fewer, longer bouts of foraging in lowthreat conditions. In Chaby et al. (2015a), we proposed that stress experienced during adolescence
could cause context-specific changes in foraging,
compared to animals naive to threat, by (1) increasing familiarity and functioning in high stress states,
(2) heightening anticipation of future threat even
under low-threat conditions, or (3) biasing the perception of stressful stimuli as less intense (i.e. contrast effects; Moskowitz 2005). Both explanations (1)
and (3) suggest that differences between adolescentstressed and unstressed rats would be observed primarily in high-threat conditions. The current findings, that exposure to stress in adolescence does not
affect foraging and vigilance behaviours in highthreat conditions but amplifies vigilance in lowthreat conditions, supports explanation (2), suggesting that stress exposure in adolescence may modulate neurological processes or states that mediate
threat detection to increase anticipation of threat.
These changes might manifest as increased neophobia or anxiety; we have previously shown that the
adolescent-stress paradigm used in the current study
can cause lasting increases in anxiety-like behaviour
(hyponeophagia), tested 274 d after exposure to adolescent-stress had ceased (Chaby et al. 2014).
Ethology 122 (2016) 1–14 © 2016 Blackwell Verlag GmbH
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A persistent increase in anxiety, or fearfulness,
could account for the increase in vigilance that adolescent-stressed rats exhibit under low-threat conditions. If a persistent anxiety-like state could mimic the
presence of a threat, it could shed light on why adolescent-stressed rats have blunted responses to an
increase in threat; for example, persistent anxiety
could maintain stress response systems near a threshold of response capacity. The potential role of persistent anxiety, or heightened fearfulness, following
stress in adolescence is unclear; it is possible that
persistent anxiety could prepare an animal for an
environment where threats are common by modulating (1) the processing of threat related information
(MacLeod et al. 1986; MacLeod & Mathews 1988;
reviewed in Shechner et al. 2012), or (2) early threat
detection and evasion (Kaviani et al. 2004; Melzig
et al. 2008; Buwalda et al. 2013; reviewed in Davis
1990). Anxiety can affect threat detection processes;
highly anxious rats and humans exhibit (1) a startle
response with a larger amplitude (Kaviani et al. 2004;
reviewed in Davis 1990), (2) increased activity of the
autonomic nervous system during anticipation of
threat (Melzig et al. 2008), and (3) elevated resting
levels of norepinephrine, which serve as vital components of the early stress response (Mathew et al.
1981; Sevy et al. 1989). Most importantly, compared
to individuals with low trait anxiety, high trait anxiety individuals (that experience pervasive anxiety
outside of the context of a challenge) are biased
towards threat (MacLeod et al. 1986; MacLeod &
Mathews 1988) and identify threats faster (Byrne &
Eysenck 1995). Exposure to threatening conditions
during adolescence may trigger phenotypic changes
that facilitate faster threat identification in adulthood
outside of the context of a challenge.
In high-threat conditions, we found that exposure
to stress in adolescence did not affect time allocation
or the number of foraging and vigilance behaviours,
despite previous findings that adolescent-stress
increases foraging performance in high-threat conditions (Chaby et al. 2015a) for the risk allocation
hypothesis (which states that after extended exposure
to stress animals will forage even under high-threat
conditions because there are “better” conditions in
which to forage), our findings suggest that it is possible for extended exposure to threat (in the form of
chronic stress in adolescence) to increase the number
of resources acquired without either an opportunity
cost to vigilance or an increase in time spent foraging
which might increase exposure to threat. It should be
noted that these effects differ markedly from changes
in performance induced by acute stress, which
9

Stress During Adolescence Shapes Performance

L. E. Chaby, M. J. Sheriff, S. A. Cavigelli, A. M. Hirrlinger, J. Lim, V. A. Braithwaite

typically decreases foraging performance (Watson
et al. 2004; Graham et al. 2010). The contrasting
effects of acute and chronic stress exposure on foraging performance support assertions that extended
exposure to stress can prepare an individual for subsequent stress (e.g. the Match-Mismatch hypothesis,
Buwalda et al. 2013; Sheriff & Love 2013), and that
the effects of stress depend on the timing and intensity of exposure.
When behaviours were analysed at the level of the
individual, we found that activity and the number of
patches a rat physically contacts are independent of
changes in food consumption across the low- and
high-threat testing conditions. Given that unstressed
rats engage in the same number of foraging behaviours
but consume fewer rewards in high-threat conditions
compared with adolescent-stressed rats (Chaby et al.
2015a), performance under threat may relate to foraging efficiency rather than effort, suggesting that differences in performance may be attributed to cognitive
processes. The capacity for chronic stress during adolescence to have lasting effects on cognition has been
documented for spatial learning (Isgor et al. 2004),
reversal learning (Han et al. 2011), object memory
(McCormick et al. 2012), and cognitive bias (Chaby
et al. 2013; reviewed in McCormick & Mathews
2010). How differences in cognition might ‘scale-up’ to
affect performance, and how changes in performance
might impact fitness, requires further investigation.
The current results suggest that stress exposure during adolescence enhances anticipation of future threat
by increasing vigilance behaviours in the absence of
threat. Further, in high-threat conditions, the results
show that stress experienced during adolescence does
not affect time allocation between foraging and vigilance. This advances our previous findings, which
show that stress exposure in adolescence enhances
foraging performance, and suggests that exposure to
stress in adolescence enhances foraging efficiency
under threat while maintaining vigilance (Chaby
et al. 2015a). Our results emphasize the importance
of contextualizing stress-induced changes in behaviour by testing animals in conditions consistent with
their developmental environment or in conditions
that reflect ecologically relevant challenges, such as
predation threat or competing stimuli (Sheriff & Love
2013). The current findings both inform our understanding of the role of developmental plasticity and
expand our understanding of the potential for
responses to stress in adolescence to cause lasting
changes in problem-solving or the capacity for
divided-attention between competing goals such as
monitoring threat and searching for resources.
10
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Additional supporting information may be found in
the online version of this article:
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Table S1. Foraging behaviour data in the low and
high-threat tests (mean  SE)
Figure S1. Discriminant scores for unstressed and
stressed rats in low-threat conditions (A).
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