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SCIENCE ADVANCES | RESEARCH ARTICLE

EVOLUTIONARY BIOLOGY

Stress responsiveness in a wild primate predicts
survival across an extreme El Nino drought

Sofia C. Carrera't#, Irene Godoy2'31'§, Colleen M. Gault?, Ashley Mensingz'4, Juliane Damm®,

Susan E. Perry2'4*#, Jacinta C. Beehner'%#

We know more about the costs of chronic stress than the benefits of the acute stress response—an adaptive re-
sponse that buffers organisms from life-threatening challenges. As yet, no primate study has empirically identified
how the stress response adaptively affects evolutionary fitness. Here, we take advantage of a natural experiment—
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an El Nifio drought—that produced unprecedented mortality for wild white-faced capuchins. Using a reaction
norm approach, we provide evidence from primates that a more robust stress response to a challenge, measured
using fecal glucocorticoids, predicts a greater likelihood of survival. We show that individuals with greater stress
responsiveness to previous droughts later had higher survival across a severe El Nifio drought. Evolutionary models
need empirical data on how stress responsivity varies in adaptive ways. While we cannot buffer subjects from cata-
strophic events, we can use them to understand which aspects of the stress response help animals to “weather

the storm.”

INTRODUCTION

Nearly 90 years after H. Selye introduced the term “stress” to the bio-
medical world (1), we still have a limited understanding of how the
vertebrate stress response affects evolutionary fitness (2). There have
been two primary avenues for stress research. In the biomedical field,
research has focused on how chronic stressors adversely affect human
health and longevity—dominating the literature with human examples
of how a chronic stress response [i.e., prolonged activation of the
hypothalamic-adrenal-pituitary (HPA) axis in response to frequent
or long-lasting stressors] can lead to anxiety, depression, and systemic
disease (3-6). This approach has been enormously successful at im-
proving human health and well-being by identifying risk factors and
prevention strategies for people with stressful lives (7).

By contrast, in the field of behavioral ecology and evolution,
research has focused primarily on how the acute stress response
adaptively enhances evolutionary fitness via individual survival or
reproduction. This approach has not had nearly the same level of
empirical success. Because the mechanisms that regulate endocrine
systems are enormously complex (e.g., plasticity of the endocrine
response, magnitude of the response, receptor number and function,
and speed and valence of feedback loops) and because the func-
tional outcomes are empirically difficult to measure, evolutionary
research has yet to identify a set of unifying principles about what
is (and is not) an adaptive endocrine response (2).
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Despite uncertainty about which aspects of HPA regulation are
under selection, there is some consensus that, in the face of a challenge,
an adaptive stress response (i.e., a fitness-enhancing one) should be
characterized by low baseline glucocorticoids, a rapid increase follow-
ing the onset of a stressor, followed quickly by a return to baseline
after the challenge is over (8). We use “stress response” to refer to
activation of the HPA axis in response to a variety of physiological
challenges that increase the secretion of glucocorticoids—steroid
hormones produced by the adrenal glands that regulate metabolism,
immune function, and the stress response in vertebrates (6). Thus,
an adaptive HPA response should permit and prepare the internal
defense mechanisms needed to survive a challenge (e.g., mobilizing
glucose for quick energy).

However, even an adaptive stress response has trade-offs. Frequent
or prolonged activation of the HPA axis takes a cumulative toll on an
organism. This “wear-and-tear” on an organism is known as allostatic
load (9). Organisms experiencing more energetic challenges (e.g.,
frequent predator attacks and exposure to pathogens) are forced to
allocate more energy to dealing with (and recovering from) these
anabolic challenges. All things being equal, these individuals have
less energy in their overall budget to allocate to catabolic processes
unrelated to immediate survival (but nevertheless important for
overall fitness) such as growth and reproduction (10). Across a life-
time, a higher allostatic load can shorten an organism’s lifespan. For
example, in wild yellow baboons, females with the highest HPA axis
activation across their adult lives died more than 5 years earlier than
females with the lowest activation (11). While such wildlife exam-
ples externally validate our understanding that sustained activation
of the HPA axis is associated with reduced lifespans, they are unable
to help us understand how the stress response adaptively buffers or-
ganisms from life-threatening challenges. Accomplishing this latter
task has proven elusive—particularly for primates in natural popu-
lations (12). To date, no study has demonstrated the adaptive nature
of the stress response in wild primates (12, 13).

Because most research on wild primate populations is based on
opportunistic hormone sampling with weekly to monthly gaps be-
tween samples, primate studies are typically restricted to a between-
subjects approach. This approach compares glucocorticoid profiles
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of individuals experiencing different levels of stressors and then cor-
relates them with fitness outcomes (14). Because individuals experi-
encing many stressors simultaneously have higher glucocorticoids and
poorer fitness outcomes, this can produce a spurious relationship
between high glucocorticoids and lower fitness. This correlational
relationship, known as the Cort-Fitness Hypothesis, can be mis-
leading [as recognized by others (8)] when the assumption is that
the increase in cortisol (or glucocorticoids) causes the reduction in
fitness. To remedy this, many have advocated for an individual-level,
norm-of-reaction approach that identifies whether one individual’s
response to a stressor is associated with a more favorable outcome
than another’s response to the same stressor (15). That is, what is
each individual’s glucocorticoid change in response to the same
stressor, and do some responses predict survival more than others?

These are not easy data to collect in wild primates. First, indi-
vidual primates rarely experience identical stressors—either in their
magnitude or in their frequency. For example, different primate
populations may have variation in the threat posed by predators. For
primate populations with higher predation pressure, it then becomes
difficult to decipher whether lower fitness results directly from the
dangers that accompany those predators or indirectly from the
chronic stress caused by constant vigilance. The problem, therefore,
is finding a situation in wild primates where a stressor of the same
(or similar) magnitude impacts all individuals evenly.

Second, it is difficult to quantify the benefits of a “successful”
stress response (i.e., one that allows an individual to survive the
challenge). To measure the benefits of variable stress responses in a
natural system, we must ask a counterfactual question: How would
the same (or similar) individual’s fitness have differed if it had shown a
different response to the same (or similar) stressor? To even approach
an answer to this question, we need to identify a singular severe stress-
or in a population, measure each individual’s stress response to this
stressor, and track individual fitness outcomes across the event—
each outcome being a probabilistic reduction in risk of death (or an
increase in reproduction, depending on which fitness component is
the focus).

Measuring the impact of a probabilistic outcome is not an easy
dataset to generate. Where experimentation is possible and ethical,

researchers can induce a stressor in a population with already-
known endocrine profiles and observe the outcomes in natural
settings (13, 16). However, such experiments generally do not
impose challenges severe enough to kill their study subjects, and
most of these studies are conducted on small, short-lived species
that are phylogenetically more distant from humans than pri-
mates (13). Because experimentation is not generally an option
for stress research in wild primates [but see (17)], the only way
to ethically apply this experimental approach is to take advan-
tage of a natural disaster that universally strikes all individuals in
a population.

We take advantage of one such natural experiment, when an
El Nino-related drought resulted in extremely low rainfall across
Central America over a 2-year period (May 2014 to May 2016), with
particularly devastating effects on the tropical dry forests of Costa
Rica (18). This El Nifio drought was one of the top three most-severe
El Nifo droughts in recorded history (18) and coincided with un-
precedented levels of female mortality in a wild population of white-
faced capuchin monkeys (Cebus imitator, formerly Cebus capucinus)
from the Reserva Bioldgica Lomas Barbudal of Costa Rica (Fig. 1).
This catastrophe provided us with a unique natural experiment
for investigating the fitness consequences of HPA axis activation in
wild primates.

To measure HPA activity, we used fecal glucocorticoid metabo-
lite concentrations (hereafter, “glucocorticoids”) collected repeatedly
from individuals in the 6 years before the El Niflo drought (2008 to
2013). Because fecal hormones are noninvasive and provide an inte-
grated hormone measurement over several hours (19, 20), this is the
preferred method for quantifying HPA axis activity in wild popula-
tions. In addition, rather than using static glucocorticoid metrics for
subjects, we incorporated changes in glucocorticoids across challenges,
allowing us to identify endocrine flexibility in response to unpredict-
able, drought conditions.

To avoid bias, the subjects included in our analyses were selected
before glucocorticoid concentrations were measured. Nineteen adult
females died during the El Nifio drought. Of these 19 deaths, we
included as study subjects the 14 females with sufficient hormone
samples collected in the years leading up to the drought (“fatalities”)
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Fig. 1. Adult female mortality spikes during severe El Nifio events. Female deaths across years for the wild population of white-faced capuchins at Lomas, which ex-
perienced 3.3 times higher rates of adult female mortality during the 2014-2016 EI Nifio drought compared to non-El Nifio years (z = 4.19, P < 0.001). Points denote the
number of deaths in each year (gray circle, normal years; black circle, El Nifio years; yellow diamond, severe El Nifio years). Exposure (i.e., approximate number of adult
females available to die) in each year is in gray italics just above the x axis. The gray dashed line indicates the expected number of deaths for each year on the basis of the
exposure and the (low) average rate of death across all years (0.049). The yellow line shows the binomial model predictions for female deaths in each year.
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for the analysis of glucocorticoids (21). Then, to achieve a balanced
dataset, we matched each fatality with a surviving female from the
same group (“survivors”; see Materials and Methods for details) for
a total dataset of 28 females. Hormone sample exclusion criteria for
these subjects are detailed in Materials and Methods.

The EI Nifo drought was our natural experiment. We were un-
fortunately unable to sample hormones from the fatalities across
El Nifio itself. Therefore, we used HPA activity for these females across
previous, less-severe droughts, for which we had hormone samples.
Our approach was to examine whether an individual’s HPA re-
sponse to previous less-severe droughts (during 2008 to 2013) pre-
dicted whether they survived the severe El Nifio drought (during
2014 to 2016). Specifically, we estimated each individual’s change in
glucocorticoids (i.e., their reaction norm) from “nondrought” to
“drought” periods, and we then used this change to predict survival.
Although capuchins live in a highly seasonal environment with long
dry seasons characterized by months of no rain, these predictable
dry seasons were not considered droughts since little to no rain is
expected as per the annual seasonal pattern (22). We therefore
broadly defined “drought” as deficits in rainfall beyond the typical
seasonal patterns of a tropical dry forest. We predicted that individuals
who mounted a stronger HPA response (i.e., a steep and positive
slope) to previous droughts would be more likely to survive the
more-severe El Nifio drought than those with a weaker response
(i.e., a flatter slope). Unlike starvation circumstances (23), mounting
a robust stress response during challenges where energy is scarce (but
still available) should be adaptive (16) by increasing foraging intensity
(24, 25) or mobilizing energy reserves (6, 26).

To calculate our drought index, we first used 18 years (1996 to
2013) of daily precipitation data from the Organization for Tropical
Studies Palo Verde field station to generate a precipitation index,
calculated as the number of standard deviations above/below the
mean for each day on the basis of the 30-day cumulative precipita-
tion mean. This precipitation index effectively captures the severity
of the El Nifio drought [see the extra-low values during the El Nifio
period in Fig. 2 (A and B)]. We then reverse coded our precipitation
index so that positive values were associated with lower-than-
expected rainfall and negative values were associated with higher-
than-expected rainfall (hereafter, our “drought index”).

While a dry season can have higher rainfall than is typical for
that season, it rarely has lower rainfall than is typical, given the
already-low seasonal expectations for the dry season [to which we
expect local species to be well-adapted (27, 28)]. Therefore, droughts
have more disruptive potential in the wet season than in the dry season.
For example, during the severe El Nifio drought, the lowest points on
the precipitation index were observed during what should have been
the start of each wet season (Fig. 2C and fig. S1). Rather than use
arbitrary dates to distinguish between the wet and dry seasons in
our analyses, we calculated z-scores for rainfall across the year to
create a continuous “expected rainfall” variable; this allowed us to
specifically examine the effects of drought when rainfall was expected
to be high. When rainfall adheres to seasonal patterns (e.g., wet dur-
ing the wet season and not wet during the dry season), we refer to
this as “seasonally appropriate rainfall”

We expected our subjects’ HPA response during previous less-
severe droughts to reflect how they responded during the El Nifno
drought. We maintain that rain deficits during even less-severe
droughts (the lowest points during sample collection period; Fig.
2B) present a moderate (to high) ecological stressor for capuchins

Carreraetal., Sci. Adv. 11, eadq5020 (2025) 22 January 2025

for two reasons. First, the dry season months at Lomas (as well as
another capuchin population, Santa Rosa) are generally charac-
terized by higher cortisol in capuchins, suggesting that lower pri-
mary productivity presents a metabolic challenge (21). Second,
the dry season months just before the start of the wet season indi-
cate the lowest levels of capuchins’ feeding rates on their primary
foods of fruits and insects (29), suggesting that the expected sea-
sonal shift to more abundant food resources in the wet season is
critical for recovering from dry season deficits each year. In other
words, the most severe effects of any drought should hit when dry
periods extend beyond the typical dry season. As further evi-
dence, although mortality is generally not linked to season in the
Lomas population (30), during the severe El Nifio drought of
2014 to 2016, a majority of fatalities occurred during what should
have been the wet seasons (see orange vertical marks on the x
axis; Fig. 2C).

RESULTS

Mortality was higher during El Niio years

Our model predicting female mortality on the basis of the occurrence
of El Nifio droughts was better than the null model (dAICc = 11.3),
which contained no predictor variables. Mortality rate during most
El Nifio years did not differ from rates during normal years (when
no El Nifo occurred), but the mortality rate during severe El Nifio
droughts (1997, 2014, and 2015) was predicted to be 3.3 times higher
than the rate in normal years (z = 4.19, P < 0.001; Fig. 1).

Higher HPA responsiveness during previous droughts
predicted survival during El Niiio

We built a Bayesian generalized linear mixed-effects model (GLMM;
family, Bernoulli) to predict the probability of surviving the El Nifio
event on the basis of individual-level reaction norms (reaction
norms were extracted from a Bayesian LMM that examined glu-
cocorticoids as a function of expected rainfall, drought index, and
their interaction; table S1; see Materials and Methods). In this sur-
vival model (“glucocorticoids-predicting-survival model”), we in-
cluded individual-level reaction norms [scaled best linear unbiased
predictors (BLUPs)] as continuous predictors while controlling for
the potential confounds of age and dominance rank (assigned at
the start of the El Nifio drought). Remember that we were specifi-
cally interested in the individual reaction norms during periods of
high expected rainfall, since this allowed us to examine individual
differences in reactivity to drought during what should have been
wet seasons. In addition, we controlled for collection time and re-
productive state (because these are known to affect glucocorticoids
in this dataset) (table S2), added individual ID and group ID as
random effects, and included a random slope by individual ID for
the drought risk index, expected rainfall, the interaction between
drought risk and expected rainfall, collection time, and reproduc-
tive state.

Positive values for reaction norms (positive slopes) in response
to increasing drought risk in the wet season predicted a greater prob-
ability of surviving the El Nifio drought {$ = 0.73, 89% confidence
interval (CI) = [0.17, 1.28]} (Fig. 3 and Table 1). In other words,
capuchins whose reaction norm was 1 SD above the population
mean had a survival probability of 0.66 and were two times more
likely to survive the El Nifio drought compared to capuchins with
reaction norms of 1 SD below the population mean (probability of

30f12



SCIENCE ADVANCES | RESEARCH ARTICLE

A
Sample collection El Nifio
n o1
— >0
F3°
Lo
53
©
S92
E o
: ) B
E o
O £ S
o
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
B
—
41 Sample collection El Nifio
x
[0}
2
£ 5]
Ke]
IS
=2
S ol fSeri L R g MG 31 4t IR SRR S '
a
_2.
2008 2009 2010 2011 2012 2014 2015 2016 2017
Date
C
—_— S
5 4 Wet season Wet season
Q 1 .
2 : X
g A :
O 24 . %
5 F i
s g 1
[8]
@ 0-—-'\‘ ——w,;\*r--————————————r——n ———————
o .vw".‘:
[a - ° (g
WK ‘\v\ 2 U SRR
5 *
[ [ [ [ [
™ 3 &) &) ©
X N X N XN
& & & & &
3 Q A\ Q A\

Fig. 2. Rainfall and precipitation index across sample collection and the drought surrounding El Niiio. (A) Cumulative 30-day rainfall from the Palo Verde research
station across the sample collection period (2008-2013) and the subsequent El Nifio drought (May 2014 to May 2016). (B) Values for our precipitation index for the same
time period. Negative values indicate when rainfall was lower than expected, and positive values indicate when rainfall was higher than expected. Horizontal gray dotted
line at 0 represents when rainfall was exactly as expected on the basis of the reference years (1996-2013). Warm (orange) and cool (blue) colors have been added to
highlight lower and higher rainfall than expected. (C) The inset zooms in on El Nifio years only to indicate when capuchin deaths occurred (orange tick marks on the x axis).
Note that most deaths (10 of 14) occurred during what should have been the wet season (May 1-Nov 30).

0.33). [These results are replicated in the Supplementary Materials
using alternative methods (fig. S2 and table S3).] Thus, the capuchins
with a more robust HPA response to droughts during what should
have been wetter months—as indicated by an increase in glucocor-
ticoids relative to the mean increase for the population—were more
likely to survive the severe El Niflo drought.

Carreraetal., Sci. Adv. 11, eadq5020 (2025) 22 January 2025

Survivors had higher HPA responsiveness during

previous droughts

The use of BLUPs is known to be anticonservative because they are
point estimates (31); BLUPs are predictions from a model and not
true individual phenotypic data. Therefore, to confirm our results,
we used an alternative modeling approach with the same dataset.
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Fig. 3. Capuchins with an increase in glucocorticoids during wet-season droughts were more likely to survive El Nifio. The main figure is a spaghetti plot of linear
predictions using the conditional_effects() function from “brms,” with the number of trials set to 1. Thin gray lines represent 100 random draws from the posterior distribu-
tion, and the thick black line represents the estimated population mean. The probability of survival increased as the slope of the reaction norm (BLUP of slope) increased,
or in other words, individuals were more likely to survive if they were predicted to have higher glucocorticoids (GCs) when drought risk was higher. Reaction norms for
each survivor are indicated by the top rug (i.e., tick marks at the top of the figure in green) and those for each fatality indicated by the bottom rug (i.e., tick marks at the
bottom of the figure in orange). Figure insets in circles depict individual reaction norms for fatalities (lower left) and survivors (upper right). As the drought risk index in-
creased (recall that the precipitation index has been inverted and positive values indicate higher drought risk), individuals that secreted more glucocorticoids (in response
to increasing drought risk) were more likely to survive the severe El Nifio drought than those that secreted less glucocorticoids. The inset box plot to the right compares
the reaction norms (i.e., BLUPs for slope) between fatalities and survivors. Note that only 4 survivors (of 14) had negative reaction norms, and only 2 fatalities (of 14) had
positive reaction norms.

Table 1. Glucocorticoids-predicting-survival model summary and diagnostics for the Bayesian GLMM (Bernoulli) predicting survival from individual
capuchins’ reaction norm BLUPs (intercept and slope). Predictor variables were scaled to a mean of 0 and a standard deviation of 1. Model output is on the

logit scale.

Parameter Estimate Est. error 89% ClI Bulk ESS Tail ESS R
Reaction norm slope 0.73 0.35 [0.17,1.28] 4672 3135 1.00
Reaction norm 0.09 0.34 [-0.44,0.62] 4741 2677 1.00
intercept

Age —0.44 0.34 [-0.98,0.10] 4619 3035 1.00
Rank 0.27 0.34 [-0.26, 0.80] 4364 3095 1.00

For this analysis, we flipped the direction of our question, asking random effects of individual ID and group ID. Because droughts
instead: Does individual survival during the El Nifio drought pre-  during the wet season were the most challenging, we added a three-
dict variation in glucocorticoids across previous droughts? This way interaction between drought risk index, expected rainfall, and
analysis (“survival-predicting-glucocorticoids model”) allowed us survival (in addition to the lower-level interactions). As before, we
to make use of all individual hormone samples rather than just one included a random slope by individual ID for the drought risk in-
reaction norm estimate from each individual derived from these dex, expected rainfall, the interaction between drought risk and ex-
hormone samples. pected rainfall, collection time, and reproductive state.

Using another Bayesian LMM, we included the same fixed effects As expected, capuchins that survived the EI Nifo drought had
of collection time and reproductive state, as well as the same greater glucocorticoid responses to previous droughts compared with

Carreraetal., Sci. Adv. 11, eadq5020 (2025) 22 January 2025 50f12
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fatalities {f = 0.23, 89% CI = [0.09, 0.36]}, and the relationship
between drought risk and survival depended on expected rainfall
{three-way interaction: p = 0.24, 89% CI = [0.06, 0.43]; Fig. 4 and
table S4}. For example, the model predicted that survivors would
have 16% higher log glucocorticoids compared to fatalities if the
drought risk index was high (4+1 SD) during times of high expected
rainfall (standardized rainfall = +1 SD). These results are replicated
in the Supplementary Materials using alternative methods (fig. S3
and table S5).

There was no evidence for HPA dysregulation in fatalities
Results from our models revealed no evidence of HPA dysregula-
tion for fatalities (table S4). During times with seasonally appro-
priate rainfall, capuchin survivors and fatalities exhibited similar
glucocorticoid levels, as survival status had no main effect on glu-
cocorticoids {f = —0.03, 89% CI = [—0.19, 0.16]}. In other words,
when drought risk was held constant at 0 (seasonally appropriate
rainfall), there was no difference in predicted glucocorticoid values
for survivors and fatalities regardless of the season in which they
were compared (Fig. 5). Moreover, survivors and fatalities both ex-
hibited the expected seasonal increase in glucocorticoids during
the dry season, as there was no strong evidence for an interaction
between survival status and expected rainfall {§ = 0.10, 89%
CI = [-0.02, 0.22]; table S4}. It was in their response to drought
risk during the wet season where they differed; as drought risk
increased, survivors exhibited a larger increase in glucocorticoids
compared to fatalities (Fig. 4).

—— Survivors —— Fatalities

2 \

N
|

Log GCs ng/g
(standardized)
o
]

l I Illlllﬂlll_l_|

-3 -2 -1 0 1

Drought risk

Fig. 4. Survivors of El Nifio had increasing glucocorticoids in response to in-
creasing drought risk during the wet season. During the wet season (when
droughts can have a catastrophic effect on food supply for capuchins), individuals
that later survived the El Nifio drought (green) exhibited increasing glucocorticoids
as drought risk increased. By contrast, those that did not survive El Nifio (orange)
showed the opposite pattern. Green and orange lines represent 100 draws from the
posterior distribution. To aid visual interpretation, drought risk on the x axis is an
inversion of the precipitation index, such that positive values indicate higher
drought risk (i.e., lower rainfall than is typical). Although expected rainfall was a
continuous measure in all models, here, we show the effect of drought risk on glu-
cocorticoids (log GCs, nanograms per gram) only during times with high expected
rainfall (i.e., standardized rainfall values of +1 SD, which corresponds to the wet
season). The rug plot (vertical tick marks along the x axes) indicates at what drought
risk value each individual fecal sample was collected [top rug (green) for survivors
and bottom rug (orange) for fatalities].
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DISCUSSION

These results from wild capuchins provide, to our knowledge, the
first evidence from primates that a more robust stress response is
associated with an increase in survival (12). We took an individu-
al reaction norm approach using universal but unpredictable
stressors (i.e., droughts) to examine fitness outcomes for individ-
uals across an El Nifio catastrophe. The field of behavioral ecology
is in need of formal evolutionary models for predicting how the
stress response of subjects varies plastically with individual char-
acteristics, such as developmental history, age, sex, season, cur-
rent health, or experience (32). Such models need to additionally
account for the unpredictability of the stressor (moving beyond
predictable seasonal comparisons). Also, such models need to be
developed using subjects in settings that select for appropriate
stress responsivity. We still have a long way to go, but the first step
is for more research programs to use an individual, reaction norm
approach to stress research (15). It would be useful to see this ap-
proach replicated with other populations of capuchins and other
types of stressors (e.g., social stressors, extreme floods, or extreme
La Nifia events) to know whether the patterns observed in this
study are generalizable.

Why do some capuchins appear to have a “better” response
than others?

An adaptive HPA axis is characterized by low baseline glucocorti-
coids, a quick rise in response to a challenge, and a rapid return to
baseline (8). It has been argued that primates—with their sophisti-
cated cognitive abilities—may experience chronic psychosocial stress
(33), which in humans can result in a desensitized or “dysregulated”
HPA axis (34) that can present as chronically high baseline gluco-
corticoids, weak negative feedback mechanisms, and/or a weak gluco-
corticoid increase in response to challenges (6). Because the capuchins
that died during El Nifio (fatalities) did not show signs of a dysregu-
lated HPA axis before their deaths (i.e., they had similar glucocorticoid
levels to that of survivors when rainfall was seasonally appropriate,
also exhibiting a positive response to annual decreases in rainfall as
did survivors), why did they have a less-responsive HPA axis during
times when it (presumably) was needed most? Much theory has fo-
cused on context-dependent evolutionary selection, where the same
trait can have diametrically opposite fitness consequences in different
settings (33). Natural selection may maintain individuals that differ
in hormonal responses to challenges—each adaptive under specific
circumstances, selecting for reaction norms with the highest relative
fitness across all environments, the most common environments, or
the most harsh environments (35).

Because of the direction of the natural experiment—an El Nifo
that produced unprecedented drought during the rainy season—
our specific prediction was that survivors would show a more ro-
bust HPA response to drought during the wet season. For fatalities,
we expected a lack of a response (a flat norm of reaction). Howev-
er, this was not what we found. Fatalities appeared to demonstrate
a negative slope, with increasing glucocorticoids in response to
higher-than-expected rainfall. It is possible that this reversal re-
flects a biologically relevant pattern in which there are two physi-
ological phenotypes: one that responds to higher-than-expected
rainfall with an increase in cortisol and one that responds to lower-
than-expected rainfall with an increase in cortisol. A catastrophi-
cally rainy few months at Barro Colorado Island, Panama, resulted
in high mortality of white-faced capuchins (36). As periods of
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Fig. 5. During times with seasonally appropriate rainfall, there were no differences detected between the glucocorticoids of survivors and fatalities. Posterior
predictions (A) and the difference in posterior predictions (B) were generated from the survival-predicting-glucocorticoids model with values of expected rainfall set to 2
(wet season), 1 (wet season), 0 (wet season), and —1 (dry season) while holding the variable “drought risk” constant at 0 (i.e., seasonally appropriate rainfall). Half-eye
density plots include posterior means (black circles), 89% probability density intervals (thick black lines), and 95% probability density intervals (thin black lines).

extended extreme rainfall are rare at Lomas Barbudal, we lack the
natural experiment (e.g., a severe and prolonged La Nifia event) to
test this possibility. However, if these are two distinct phenotypes,
it is possible that the individuals that survived the severe El Nifio
drought would not have survived a severe La Nifa flood. A post
hoc examination of capuchin foraging patterns in this population
(fig. S4) shows a complex relationship between seasonal change
and drought risk. Namely, higher drought risk was associated with
reduced foraging for fruits in the early wet season months, but
lower drought risk was associated with reduced foraging for fruits
at the end of the wet season. Therefore, although “drought” and
“flood” may both be associated with a reduction in food re-
sources, these catastrophic events may select for different HPA
axis phenotypes.

In addition, hormones can have pleiotropic effects, where hor-
mone secretion may elevate the expression of one trait while de-
creasing the expression of another (37). Pleiotropic effects may
make it impossible to achieve perfectly adapted HPA responsiveness
when faced with a highly variable environment, filled with non-life-
threatening, but nevertheless challenging, social stressors. Particu-
larly when considering the “wear-and-tear” aspects of the HPA axis,
frequent robust responses may carry different evolutionary conse-
quences, such as a shorter lifespan (11).

Last, developmental experiences can alter lifelong stress responsivity
in adaptive or nonadaptive ways (38, 39). Developmental constraints
have been shown to have lifelong consequences in primates (40).
Prolonged exposure to stress early in life is associated with alterations
in the HPA axis [via changes in density of corticotropin-releasing hor-
mone binding sites and glucocorticoid receptors (41, 42)], resulting in
diminished negative feedback within the stress response system that
persists into adulthood (43). Individuals that experienced greater ear-
lylife adversity may be more likely to exhibit higher baseline- and
response- glucocorticoids as adults because of an inability to turn off
this physiological response.

Carreraetal., Sci. Adv. 11, eadq5020 (2025) 22 January 2025

El Nifio as a natural experiment

El Nifio droughts can be catastrophic to natural populations. How-
ever, because we can anticipate these droughts with some accuracy,
these events can provide rare natural experiments to help us under-
stand some aspects of the adaptive HPA axis response to challenges.
We should take advantage of these opportunities. One limitation to
our study was that we had insufficient hormone samples during the
El Nifo event itself and therefore had to rely on previous stressors
to gauge HPA responsivity for each individual. Because most of our
most informative datasets on the relationship between the HPA axis
and fitness can derive from natural disasters such as El Nifio (44—
47), we advocate that long-term field biology research continually
seeks out early signals for natural disasters (like droughts or floods),
remain “at the ready” for pivoting data collection when disasters
strike, and monitors health and fitness across the event. Climate
model predictions anticipate that global warming will exacerbate
the frequency of natural disasters worldwide (48, 49). While we cannot
buffer our study populations from these events, we can use them to learn
which aspects of the HPA axis help individuals to “weather the storm?”

MATERIALS AND METHODS

Study site and subjects

Data for these analyses come from the Lomas Barbudal Monkey
Project, which was founded by S.E.P. in 1990 (50). The capuchins pri-
marily range in the Reserva Bioldgica Lomas Barbudal (a government-
protected nature reserve) and Hacienda Pelén de la Bajura (a private
farm/ranch). This is a tropical dry forest habitat (51), consisting pri-
marily of secondary deciduous forest, with some patches of older
growth. There are also some patches of oak forest and savanna and
many forest fragments in the northwestern and eastern edges of the
study area because of farming and cattle grazing. The area is quite
vulnerable to anthropogenic fire, one of the primary conservation
challenges in the region (52).
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All study subjects were from a habituated population of white-
faced capuchins studied by Perry and colleagues since 1990 (50),
with life histories from known individuals across 13 groups, 8 of
which provided subjects for these analyses. In total, 19 adult female
capuchins (using a conservative criterion of being 7 years old by the
time of their death) died during the El Nifio drought (15 May 2014
to 14 May 2016). All female disappearances were recorded as deaths
because, with a few exceptions, female white-faced capuchins remain
in their natal groups throughout their lives (53, 54). The observed
increase in female mortality during the El Nifio drought (Fig. 1), as
well as the difficulty in determining male deaths because of possible
emigration in this female-philopatric species (54), led us to focus on
females for this study.

Subject exclusion criteria

Although the project has amassed thousands of fecal samples from
individuals in this population, at the time we selected samples to
include in our analyses, none of the samples in this study had been
analyzed previously for glucocorticoids (2I). Rather than assaying
all samples indiscriminately (and to reduce financial costs), we se-
lected all females that died across El Nifio (“fatalities”) and matched
them with other females from the same social group that lived (“sur-
vivors”). Of the 19 fatalities, we excluded 5 females that did not have
hormone samples from both wet and dry seasons or had fewer than
10 samples in total. Once subjects had been selected and lab work
began, we found that some of the samples selected had insufficient
mass to measure glucocorticoids; this brought the total number of
fecal samples below 10 for three subjects (one fatality and two survi-
vors), but we did not eliminate more subjects at this point. Thus, our
sample size for this analysis was 28 females (14 fatalities and 14 sur-
vivors). Because capuchin groups are small, there were only two to
six adult (>6 years old) females in each group for whom we had fe-
cal samples. Of those, we aimed to select the female nearest in age
and dominance rank who also had an adequate number of samples
across both wet and dry seasons. The best match for rank was not
always the best match for age. Sometimes, the same survivor fe-
male was the best match for more than one fatality, so we had to
select the second best female for one of them. The rank at the
time of the start of the drought averaged 0.47 (SD = 0.15) for fa-
talities and 0.52 (SD = 0.23) for survivors (1.0 being the highest
ranking). The average age at the start of the drought was 16.1 years
(SD = 7.9) for fatalities and 12.3 years (SD = 4.8) for survivors.
We control for the confounding of age and rank in our models
predicting survival.

Female mortality

We determined mortality rate by using the number of female deaths
and the total number of females available (“exposure”) in the study
population each year. Across the 2-year El Nifio drought, the aver-
age mortality rate was 17% compared to an average of 4% across all
other years (Fig. 1). Although the Multivariate El Nifio Southern
Oscillation (ENSO) Index (MEI2) values do not strictly indicate
that 2014 was an El Nifio year, most of 2014 is classified with the
2015-2016 El Niflo because it is characterized by severe drought
(18). We ran a generalized linear model with a binomial distribution
in R [version 4.3.0 (55)] to predict female mortality rates in each
year since the long-term Lomas project began in 1990. We predicted
rates on the basis of whether or not an El Nifio drought occurred in
that year, and we further distinguished the two most severe El Nifio
droughts since the Lomas study began (1997 and 2014 to 2016) (18).

Carreraetal., Sci. Adv. 11, eadq5020 (2025) 22 January 2025

For this analysis, the year begins on May 15 and ends on May 14. The
exposure (approximate number of adult females available) changes
during the year, as females mature to adulthood or die during the
year; in Fig. 1, this number is rounded to the nearest integer. Even
when a drought extended to multiple years, each year was treated as
a separate data point.

Precipitation data

Daily rainfall has been recorded at the Lomas Barbudal site since
June 2013 via a Hobo (R) rain gauge data logger (Onset, Cape Cod,
MA), which is maintained by the Organization for Tropical Studies.
Unfortunately, to match up with the hormone samples used in this
study, we needed rainfall data from 2008 to 2013. Therefore, we used
rainfall data from Palo Verde National Park, a tropical dry forest
located 18.26 km south of Lomas, where daily precipitation has been
recorded since September 1996. We calculated a 30-day rolling sum
of rainfall at each site, and during years when data were available for
both sites (July 2013 to June 2018), values were strongly correlated
(p=10.92, fig. S5).

Palo Verde dataset

The Palo Verde dataset had reference data available for September
1996 to December 2023. Specifically, we used 18 years of daily
rainfall (1996 to 2013) from this dataset to calculate a precipita-
tion index. The Palo Verde dataset was missing daily rainfall re-
cords for only 3% of days during the reference period, but no data
were missing from the study period (2008 to 2013) or during the
El Niflo drought. We filled in missing data with the average daily
rainfall for the 30 days surrounding the missing date, as long as
at least half of the surrounding dates were not also missing
rainfall data.

Precipitation and drought risk index

Our objective in computing a precipitation index was to quantify
(for any given day) how dry the past month was, in comparison to
what would be expected on the basis of a reference sample from
other years. We used a metric (56) that consisted of the number of
standard deviations from the mean, which we refer to as the pre-
cipitation index. We compared the 30-day total (or, equivalently, the
30-day mean) rainfall on a given day to corresponding data for the
same month and day of the month in the reference years. In line with
other research from tropical dry forests, we expected this 30-day
window to correspond to important food resources for capuchins,
including insect abundance (57) and plant phenology—particularly
when the dry season switches to the wet season, a point when droughts
have the most devastating effects (18). To evaluate typical rainfall for
that time of year, we used the Palo Verde dataset described above as
our reference dataset.

Drought is both challenging to define and monitor; as a result,
using multiple indicators and indices for determining drought con-
ditions has become a more common practice (58). We therefore use
an alternative indicator (precipitation estimate source) and drought
index to replicate our findings. This approach ensures that our re-
sults are replicable with a wider range of methodological approaches.
Please see the Supplementary Materials and Methods for further
descriptions of the alternate indicator and index.

Converting to a drought risk index

To make our models and all subsequent visualization more intui-
tive, we inverted our precipitation index so that positive values
(which previously indicated higher-than-expected rainfall) indicated
a higher risk of drought or “drought risk index”
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Expected rainfall

Our drought risk indices indicated when drier-than-expected con-
ditions were present. However, we were primarily interested in the
effect of drought during times of the year when there was a high
expectation of rainfall (i.e., during the wet season). We therefore
used our 30-day rolling mean rainfall estimates and standardized
their values (i.e., created z-scores for rainfall). We used the mean z-
score for each day to create a standardized rainfall estimate across
the year, which captured seasonality in rainfall (fig. S6). We created
this measure using only years with complete information before the
start of the severe El Nifio drought (i.e., 1997 to 2013). Values of 0
reflect average rainfall across the year, while values close to —1 capture
the prolonged dry season, and values close to +1 capture times of the
year with an expectation of heavy rainfall (i.e., the wet season).

Demographic data

Female ages

Female ages were known or estimated. Most females (n = 18) had
accurate birth dates because they were first seen as infants, and we
could estimate their ages to the month (n = 14) or at least within
the year (n = 4). Larger errors were assumed for females first seen
as young juveniles (+1 to 2 years, n = 4). The remaining females
(n = 6) were already parous when they were first observed, and their
age estimates therefore have more uncertainty (+2 to 6 years). Age
estimates for these females were based on physical appearances and
ages of known offspring.

Group size and age at mortality

Groups were censused at least once per month whenever possible.
In the few cases where the daily census was less reliable (i.e., group
size greater than two individuals below max group size for that month
and census takers spending <6 h conducting census because of poor
viewing conditions), we used the median value of group size for that
calendar month in that group. If a female disappeared, it was as-
sumed that she died, because females are philopatric in this species.
Only one case of female transfer to a different group has been ob-
served, and this was an unusual circumstance (all her female kin
had died, and she followed her dispersing son to a neighboring
group). When females disappeared during an observation gap (i.e.,
between censuses), we assigned her death to the midpoint of the
gap. We excluded one female whose window of possible death dates
included some time before the El Nifio drought started.
Reproductive state

We determined the reproductive state post hoc for each subject. Using
the average gestation length of white-faced capuchins [~158 days (59)],
females were categorized into “early pregnancy” (i.e., first half) or “late
pregnancy” (i.e., second half) on the basis of estimated parturition date.
Females were coded as nursing for 1 year past the birth of an infant un-
less the infant died during its first year of life, in which case they were
coded as nursing for the period between birth and death of the infant.
The average age at first birth is 6 years in Lomas capuchins (60), so fe-
males were coded as “pre-reproductive” if they were (i) younger than
5 years at sample collection and (ii) not coded as pregnant or nursing.
All other situations were scored as “nonpregnant/non-nursing.”

Hormone analysis and sample inclusion criteria

Hormone sample collection

Sample collection was opportunistic and required a positive identi-
fication of the individual at the moment of defecation. We collected
fecal matter in latex gloves immediately following defecation between
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5:00 and 18:00. Samples were not collected if they were contami-
nated with urine, fell into the river, or could not be differentiated
from nearby defecations. Samples were kept on ice in thermoses
until the return to camp (by 19:00). Samples were then frozen at
—18°C until processing. Samples were dried in an oven at 95°C and
then ground with a mortar and pestle, and undigested items and
debris were removed using tweezers and/or a mesh tea strainer. Pro-
cessed samples were stored out of direct sunlight in Whirl-Pak bags
at ambient temperature (~27°C) for at most 8 months in Costa Rica
before shipment. Following arrival at the University of Michigan,
samples were stored at —20°C until extraction and analysis.
Hormone sample analysis

We assayed available samples from each female (n = 28 total females)
on the basis of the following criteria. Samples were excluded if they (i)
were collected outside of the study period (January 2008 to December
2013) or (ii) had <0.1 g of dry fecal matter available to extract. To
avoid seasonal sampling bias, we did not use more than four samples
from a female collected in the same month. If more than four samples
were available for any month, we selected the four samples that were
the most spread out according to collection date, and we never used
multiple samples from the same day. For the days where more than
one sample was available for a particular female, we selected the sam-
ple collected at the earliest time for consistency. Last, we did not select
samples from the same individual collected on sequential days (e.g., if
we had samples from 3 days in a row, we would select the first and last
ones to assay). Of the 763 total samples, we removed 5 outliers [4 be-
cause glucocorticoid concentrations were more than 10 SD above the
mean and may have been contaminated with urine and 1 because du-
plicate runs did not produce a coefficient of variation (CV) under
20%], leaving a final sample size of 758 samples (99.3%) from our 28
female subjects that contributed to analyses (mean of 27 & 16 samples
per female; range: 5 to 61 samples per female).

Before extraction, samples were brought to room temperature.
From each sample, 0.15 g (minimum of 0.10 g) of dry fecal powder
was added to a labeled tube (15-ml Falcon polypropylene tube) and
then extracted with 2 ml of 80% EtOH. Further details of the extrac-
tion procedure can be found in (21). The supernatant at the end of
the extraction was transferred to a labeled microcentrifuge tube
with an O-ring cap and stored at —20°C until analysis.

All fecal samples were assayed for glucocorticoids using the
DetectX Cortisol immunoassay kit from Arbor Assays (Arbor Assays,
K003), which has been validated for use in the Lomas capuchin
population (21). Briefly, samples were diluted with assay buffer
(range: 1:5 to 1:180) and then added to the plate in duplicate (50 pl
per well). After following the protocol from the manufacturer, plates
were read using the Synergy HTX microtiter plate reader (BioTek,
Santa Clara, CA) at a wavelength of 450 nm. Final concentrations
were calculated as nanograms per gram using MyAssays software
and accounting for sample dilution and dry fecal weight. High con-
centration and low concentration pools were run in all plates (n =
75 plates), and interassay CV's were 11.9 and 19.4%, respectively. Last,
average intra-assay CVs were 8.4% (high pool) and 16.0% (low pool),
indicating the absence of drift.

Data analyses

We conducted four primary analyses. The first one was a preliminary
analysis to identify which factors affected glucocorticoid levels (factors
that would then need to be controlled for in our subsequent analyses).
We constructed a Bayesian LMM with glucocorticoid metabolites
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(log-transformed) as the outcome variable. As predictor variables, we
focused on general factors known to affect glucocorticoids in wild pri-
mates: collection time (in minutes, continuous), age (continuous),
rank (continuous), group size (continuous), and reproductive state
(categorical). Continuous control variables were scaled to a mean of
zero and a standard deviation of one. We also included expected
rainfall (continuous) for a given date. Individual ID and group ID
were included as random effects. As expected, model results indicat-
ed that glucocorticoids were higher in samples collected during (a)
drier periods (when expected rainfall was low), (b) progressive
stages of pregnancy, and (c) earlier times of the day (table S2).
As found in another wild capuchin population (59), glucocorticoid
concentrations did not differ between pre-reproductive, nursing,
and nonpregnant/non-nursing females (table S2). We therefore
grouped these categories together as “not pregnant” to compare
against the “early pregnancy” and “late pregnancy” for our pri-
mary analyses.

Second, to examine how reaction norms predicted survival, we
needed to obtain reaction norms for each subject (reaction-norm-
extraction model). To do this, we constructed a Bayesian LMM, with
glucocorticoids (log-transformed) as our outcome variable, examining
the effects of expected rainfall (continuous), drought risk index (reverse-
coded precipitation index, continuous), and their interaction. Because
sample collection time and reproductive state were found to predict glu-
cocorticoids in the preliminary model above (table S2), we controlled
for these two variables. We also included individual ID and group ID as
random effects. Furthermore, we included random slopes by individual
ID for all fixed effects (including the interaction between the drought
risk index and the expected rainfall), allowing us to examine individual
plasticity in stress responsivity to drought (15). We extracted BLUPs for
each individuals intercepts and slopes against our drought indices (i.e.,
individual-level reaction norms to drought risk). Specifically, we ex-
tracted values for intercept and slope at expected rainfall of 1, which
corresponded to the wet season (fig. S6).

Our subsequent third and fourth analyses comprised testing whether
glucocorticoid reaction norms predicted survival (glucocorticoids-
predicting-survival model; see main text for details) and testing whether
survival predicted glucocorticoids (survival-predicting-glucocorticoids
model; see main text for details).

All statistical models were fit under a Bayesian framework using
the “brms” package [version 2.19.0 in R (61)]. We used four Markov
chains with 4000 iterations each, including a warmup of 1000 itera-
tions and a thinning of 1. For Gaussian models, we used default
(flat) priors for fixed effects and default weakly informative half-
Student-f priors for the random effects. We assessed chain conver-
gence with R values of 1.01 or less, effective sample size of at least
600, and visual inspection of trace plots for each model’s parameters
(tables S1 and S3 to S5 and figs. S7 to S9). We assessed model fit
graphically with posterior predictive checks via the pp_check()
function in “brms”

Ethics statement

This research protocol was approved by University of Michigan
TIACUC (protocol no. 3081), University of California, Los Angeles’s
Animal Research Committee (ARC nos. 1996-122 and 2005-084
and various renewals) and University of California, Los Angeles’s
Institutional Biosafety Committee (211.10.0-r and various renew-
als) and was performed in accordance with the laws of Costa Rica
and the ethical principles of the American Society of Primatology.

Carreraetal., Sci. Adv. 11, eadq5020 (2025) 22 January 2025

Supplementary Materials
This PDF file includes:

Supplementary Materials and Methods
Figs.S1to S9

Tables S1to S5

References

REFERENCES AND NOTES

1. H.Selye, A syndrome produced by diverse nocuous agents. Nature 138, 32 (1936).

2. B.N.Harris, Stress hypothesis overload: 131 hypotheses exploring the role of stress in
tradeoffs, transitions, and health. Gen. Comp. Endocrinol. 288, 113355 (2020).

3. J.Maniam, C. Antoniadis, M. J. Morris, Early-life stress, HPA axis adaptation, and
mechanisms contributing to later health outcomes. Front. Endocrinol. 5,73 (2014).

4. T.E.Seeman, B. H. Singer, J. W. Rowe, R. |. Horwitz, B. McEwen, Price of adaptation—
allostatic load and its health consequences. Arch. Intern. Med. 157, 2259-2268
(1997).

5. A.Danese, B. S. McEwen, Adverse childhood experiences, allostasis, allostatic load, and
age-related disease. Physiol. Behav. 106, 29-39 (2012).

6. R. M. Sapolsky, L. M. Romero, A. U. Munck, How do glucocorticoids influence stress
responses? Integrating permissive, suppressive, stimulatory, and preparative actions.
Endocr. Rev. 21, 55-89 (2000).

7. M.Kivimaki, A. Bartolomucci, I. Kawachi, The multiple roles of life stress in metabolic
disorders. Nat. Rev. Endocrinol. 19, 10-27 (2023).

8. C.W.Breuner, S. H. Patterson, T. P. Hahn, In search of relationships between the acute
adrenocortical response and fitness. Gen. Comp. Endocrinol. 157, 288-295 (2008).

9. L.M.Romero, M. J. Dickens, N. E. Cyr, The reactive scope model - A new model
integrating homeostasis, allostasis, and stress. Horm. Behav. 55, 375-389 (2009).

10. A.Wang, H. H. Luan, R. Medzhitov, An evolutionary perspective on immunometabolism.
Science 363, eaar3932 (2019).

11. F.A.Campos, E. A. Archie, L. R. Gesquiere, J. Tung, J. Altmann, S. C. Alberts, Glucocorticoid
exposure predicts survival in female baboons. Sci. Adv. 7, eabf6759 (2021).

12. J.C.Beehner, T.J. Bergman, The next step for stress research in primates: To identify
relationships between glucocorticoid secretion and fitness. Horm. Behav. 91, 68-83
(2017).

13. L.A.Schoenle, C. Zimmer, E. T. Miller, M. N. Vitousek, Does variation in glucocorticoid
concentrations predict fitness? A phylogenetic meta-analysis. Gen. Comp. Endocrinol.
300, 113611 (2021).

14. R. Ethan Pride, High faecal glucocorticoid levels predict mortality in ring-tailed lemurs
(Lemur catta). Biol. Lett. 1, 60-63 (2005).

15. K. Malkog, L. Mentesana, S. Casagrande, M. Hau, Quantifying glucocorticoid plasticity
using reaction norm approaches: There still is so much to discover! Integr. Comp. Biol. 62,
58-70 (2022).

16. L.A.Schoenle, C. Zimmer, M. N. Vitousek, Understanding context dependence in
glucocorticoid-fitness relationships: The role of the nature of the challenge, the intensity
and frequency of stressors, and life history. Integr. Comp. Biol. 58, 777-789 (2018).

17. B.C.Wheeler, B.Tiddi, M. Heistermann, Competition-induced stress does not explain
deceptive alarm calling in tufted capuchin monkeys. Anim. Behav. 93, 49-58 (2014).

18. S.M. Castro, G. A. Sanchez-Azofeifa, H. Sato, Effect of drought on productivity in a Costa
Rican tropical dry forest. Environ. Res. Lett. 13,045001 (2018).

19. L.M.Romero, U. K. Beattie, Common myths of glucocorticoid function in ecology and
conservation. J. Exp. Zool. A Ecol. Integr. Physiol. 337, 7-14 (2022).

20. E.Mostl, R. Palme, Hormones as indicators of stress. Domest. Anim. Endocrinol. 23, 67-74
(2002).

21. J.C.Beehner, J. Alfaro, C. Allen, M. E. Benitez, T. J. Bergman, M. S. Buehler, S. C. Carrera,

E. M. Chester, T. Deschner, A. Fuentes, C. M. Gault, I. Godoy, K. M. Jack, J. D. Kim, L. Kolinski,
N. K. Kulick, T. Losch, J. C. Ordofiez, S. E. Perry, F. Pinto, O.T. Reilly, E. T. Johnson,

M. D. Wasserman, Using an on-site laboratory for fecal steroid analysis in wild white-faced
capuchins. Gen. Comp. Endocrinol. 329, 114109 (2022).

22. E.Tinsley Johnson, M. E. Benitez, A. Fuentes, C. R. McLean, A. B. Norford, J. C. Ordofiez,

J. C. Beehner, T. J. Bergman, High density of white-faced capuchins (Cebus capucinus) and
habitat quality in the Taboga Forest of Costa Rica. Am. J. Primatol. 82, €23096 (2020).

23. L. M.Romero, M. Wikelski, Stress physiology as a predictor of survival in Galapagos
marine iguanas. Proc. Biol. Sci. 277,3157-3162 (2010).

24. M. Lohmus, L. F. Sundstrom, F. R. Moore, Non-invasive corticosterone treatment changes
foraging intensity in red-eyed vireos Vireo olivaceus. J. Avian Biol. 37, 523-526 (2006).

25. M. Cottin, A. J. J. MacIntosh, A. Kato, A. Takahashi, M. Debin, T. Raclot, Y. Ropert-Coudert,
Corticosterone administration leads to a transient alteration of foraging behaviour and
complexity in a diving seabird. Mar. Ecol. Prog. Ser. 496, 249-262 (2014).

26. E.Challet,Y.le Maho, J. P.Robin, A. Malan, Y. Cherel, Involvement of corticosterone in the
fasting-induced rise in protein utilization and locomotor activity. Pharmacol. Biochem.
Behav. 50, 405-412 (1995).

100f 12



SCIENCE ADVANCES | RESEARCH ARTICLE

27. L.Michael Romero, J. C. Wingfield, Tempests, Poxes, Predators, and People: Stress in Wild
Animals and How They Cope (Oxford Univ. Press, 2015).

28. J.D. Orkin, M. J. Montague, D. Tejada-Martinez, M. de Manuel, J. Del Campo,

S. Cheves Hernandez, A. Di Fiore, C. Fontsere, J. A. Hodgson, M. C. Janiak, L. F. K. Kuderna,
E. Lizano, M. P. Martin, Y. Niimura, G. H. Perry, C. S. Valverde, J. Tang, W. C. Warren,

J. P.de Magalhaes, S. Kawamura, T. Marqués-Bonet, R. Krawetz, A. D. Melin, The genomics
of ecological flexibility, large brains, and long lives in capuchin monkeys revealed with
fecalFACS. Proc. Natl. Acad. Sci. U.S.A. 118, 2010632118 (2021).

29. J.D.Orkin, F. A. Campos, M. S. Myers, S. E. Cheves Hernandez, A. Guadamuz, A. D. Melin,
Seasonality of the gut microbiota of free-ranging white-faced capuchins in a tropical dry
forest. ISME J. 13, 183-196 (2019).

30. J.F.Gogarten, L. M. Brown, C. A. Chapman, M. Cords, D. Doran-Sheehy, L. M. Fedigan,

F.E. Grine, S. Perry, A. E. Pusey, E. H. M. Sterck, S. A. Wich, P. C. Wright, Seasonal mortality
patterns in non-human primates: Implications for variation in selection pressures across
environments. Evolution 66, 3252-3266 (2012).

31. J.D. Hadfield, A.J. Wilson, D. Garant, B. C. Sheldon, L. E. B. Kruuk, The misuse of BLUP in
ecology and evolution. Am. Nat. 175, 116-125 (2010).

32. B.Taborsky, S. English, T. W. Fawcett, B. Kuijper, O. Leimar, J. M. McNamara, S. Ruuskanen,

C. Sandi, Towards an evolutionary theory of stress responses. Trends Ecol. Evol. 36, 39-48 (2021).

33. R. M. Sapolsky, Glucocorticoids, the evolution of the stress-response, and the primate
predicament. Neurobiol. Stress 14, 100320 (2021).

34. G.G.Thomas, C. Le, Stress and the HPA axis: Clinical assessment and therapeutic
considerations. Standard 9, 1-12 (2010).

35. F.Bonier, P. R. Martin, How can we estimate natural selection on endocrine traits? Lessons
from evolutionary biology. Proc. Biol. Sci. 283, 20161887 (2016).

36. K. Milton, J. Giacalone, Differential effects of unusual climatic stress on capuchin (Cebus
capucinus) and howler monkey (Alouatta palliata) populations on Barro Colorado Island,
Panama. Am. J. Primatol. 76, 249-261 (2014).

37. B.Dantzer, E. M. Swanson, Does hormonal pleiotropy shape the evolution of
performance and life history traits? Integr. Comp. Biol. 57, 372-384 (2017).

38. D.Nettle, M. Bateson, Adaptive developmental plasticity: What is it, how can we
recognize it and when can it evolve? Proc. Biol. Sci. 282, 20151005 (2015).

39. M. Hau, S. Casagrande, J. Q. Ouyang, A.T. Baugh, Glucocorticoid-mediated phenotypes in
vertebrates: Multilevel variation and evolution. Adv. Stud. Behav. 48, 41-115 (2016).

40. A.J.Lea, J. Altmann, S. C. Alberts, J. Tung, Developmental constraints in a wild primate.
Am. Nat. 185, 809-821 (2015).

41. D. Arabadzisz, R. Diaz-Heijtz, |. Knuesel, E. Weber, S. Pilloud, A. C. Dettling, J. Feldon,

A.J. Law, P. J. Harrison, C. R. Pryce, Primate early life stress leads to long-term mild
hippocampal decreases in corticosteroid receptor expression. Biol. Psychiatry 67,
1106-1109 (2010).

42. S.J.Lupien, B.S. McEwen, M. R. Gunnar, C. Heim, Effects of stress throughout the lifespan
on the brain, behaviour and cognition. Nat. Rev. Neurosci. 10, 434-445 (2009).

43. M.M. Sanchez, C. O. Ladd, P. M. Plotsky, Early adverse experience as a developmental risk
factor for later psychopathology: Evidence from rodent and primate models. Dev.
Psychopathol. 13, 419-449 (2001).

44. L.M.Romero, M. Wikelski, Corticosterone levels predict survival probabilities of
Galapagos marine iguanas during El Nifio events. Proc. Natl. Acad. Sci. U.S.A. 98,
7366-7370 (2001).

45. ). C.Wingfield, M. Hau, P. D. Boersma, L. M. Romero, N. Hillgarth, M. Ramenofsky, P. Wrege,
R. Scheibling, J. P. Kelley, B. Walker, M. Wikelski, Effects of El Nifio and La Nifa Southern
Oscillation events on the adrenocortical responses to stress in birds of the Galapagos
Islands. Gen. Comp. Endocrinol. 259, 20-33 (2018).

46. J.St-Pierre, D. P. Laplante, G. Elgbeili, P. A. Dawson, S. Kildea, S. King, C. Vaillancourt,
Natural disaster-related prenatal maternal stress is associated with alterations in
placental glucocorticoid system: The QF2011 Queensland flood study.
Psychoneuroendocrinology 94, 38-48 (2018).

47. F.A.Campos, K. M. Jack, L. M. Fedigan, Climate oscillations and conservation measures
regulate white-faced capuchin population growth and demography in a regenerating
tropical dry forest in Costa Rica. Biol. Conserv. 186, 204-213 (2015).

48. K.Shan,Y.Lin, P-S. Chu, X. Yu, F. Song, Seasonal advance of intense tropical cyclones in a
warming climate. Nature 623, 83-89 (2023).

49. T.Geng, F. Jia, W. Cai, L. Wu, B. Gan, Z. Jing, S. Li, M. J. McPhaden, Increased
occurrences of consecutive La Nifa events under global warming. Nature 619,
774-781 (2023).

50. S.Perry, J. H. Manson, Manipulative Monkeys: The Capuchins of Lomas Barbudal (Harvard
Univ. Press, 2008).

51. G.W.Frankie, S. B.Vinson, L. E. Newstrom, J. F. Barthell, Nest site and habitat preferences
of Centris bees in the Costa Rican dry forest. Biotropica 20, 301-310 (1988).

52. G.W.Frankie, A. Mata, S. Bradleigh Vinson, Biodiversity Conservation in Costa Rica: Learning
the Lessons in a Seasonal Dry Forest (University of California Press, 2004).

53. K. M.Jack, L. M. Fedigan, Female dispersal in a female-philopatric species, Cebus
capucinus. Behaviour 146, 471-497 (2009).

Carreraetal., Sci. Adv. 11, eadq5020 (2025) 22 January 2025

54. S.Perry,“Chapter 4 - The behavior of wild white-faced capuchins: Demography, life
history, social relationships, and communication” in Advances in the Study of Behavior,
H.J. Brockmann, T. J. Roper, M. Naguib, J. C. Mitani, L. W. Simmons, Eds. (Academic Press,
2012), vol. 44, pp. 135-181.

55. R Core Team, R: A Language and Environment for Statistical Computing. (R Foundation
for Statistical Computing, Vienna, Austria, 2023); https://www.R-project.org/.

56. T.B.McKee, N. J. Doesken, J. Kleist, “The relationship of drought frequency and duration
to time scales” in Proceedings of the 8th Conference on Applied Climatology (Boston, 1993),
vol. 17, pp. 179-183.

57. L.K.Tanaka, S. K. Tanaka, Rainfall and seasonal changes in arthropod abundance on a
tropical oceanic island. Biotropica 14, 114-123 (1982).

58. National Integrated Drought Information System, “Monitoring drought”. https://www.
drought.gov/what-is-drought/monitoring-drought.

59. S.D.Carnegie, L. M. Fedigan, T. E. Ziegler, Social and environmental factors affecting fecal
glucocorticoids in wild, female white-faced capuchins (Cebus capucinus). Am. J. Primatol.
73,861-869 (2011).

60. 1. Godoy, L. Vigilant, S. E. Perry, Inbreeding risk, avoidance and costs in a group-living
primate, Cebus capucinus. Behav. Ecol. Sociobiol. 70, 1601-1611 (2016).

61. P-C.Burkner, Advanced Bayesian multilevel modeling with the R package brms. RJ. 10,
395-411(2018).

62. L.Zou,S. Cao, A. Sanchez-Azofeifa, Evaluating the utility of various drought indices to
monitor meteorological drought in tropical dry forests. Int. J. Biometeorol. 64,701-711
(2020).

63. D.N.Karger, O.Conrad, J. Bohner, T. Kawohl, H. Kreft, R. W. Soria-Auza, N. E. Zimmermann,
H. P. Linder, M. Kessler, Climatologies at high resolution for the earth’s land surface areas.
Sci. Data 4,170122 (2017).

64. D.N.Karger, S. Lange, C. Hari, C. P. O. Reyer, N. E. Zimmermann, CHELSA-W5E5 v1.1: W5E5
v1.0 downscaled with CHELSA v2.0 (ISIMIP Repository, 2023); https://doi.org/10.48364/
ISIMIP.836809.1.

65. W.Maetens, standaRdized: R package for the calculation of standardized index values
(SPI, SPEI, SSI,...) on a daily basis (Github); https://github.com/WillemMaetens/
standaRdized.

66. H.Wu, M. D. Svoboda, M. J. Hayes, D. A. Wilhite, F. Wen, Appropriate application of the
standardized precipitation index in arid locations and dry seasons. Int. J. Climatol. 27,
65-79 (2007).

Acknowledgments: We are grateful to the following for their contributions: Organization for
Tropical Studies for access to their weather station data; SINAC (Area de Conservacion
Arenal-Tempisque) and CONAGEBIO [branches of the Costa Rican Ministerio de Ambiente y
Energia (MINAE)] for permission to conduct research in Lomas Barbudal Biological Reserve and
surrounding areas; private landowners from Finca El Pelon de la Bajura, Hacienda Brin d’Amor,
and the community of San Ramon de Bagaces for permission to collect data when the
capuchins ranged onto the property; D. Cohen for database maintenance, statistical
consulting, and the writing of code; K. Kajokaite for comments on the statistical approach;

W. Lammers for long-term field site management from 2006 to 2013 and laboratory processing
of a third of the fecal samples; long-term project members W. Lammers, H. Gilkenson, J. Ordofez J.,
J. Gros-Louis, and A. Fuentes for maintaining the accuracy of the demographic database;

A. Fuentes for aiding in construction of the field site laboratories; project field assistants for
contributions to data collection and processing (* collected fecal samples, ** collected and
processed fecal samples, and all others contributed at least 1 year of core data collection):

C. Angyal, A. Autor, B. Barrett*, L. Beaudrot, M. Bergstrom, R. Berl**, L. Blankenship*, T. Borcuch*,
J. Broesch, A. Bjorkman, D. Bush, J. Butler, F. Campos, C. Carlson, S. Caro*, M. Corrales**, G. Davis**,
C. de Rango*, C. Dillis**, N. Donati, G. Dower, R. Dower*#, A. Duchesneau, K. Feilen, R. Fox*,

A. Fuentes J.*, M. Fuentes J,, J. Fenton*, S. Fiello, K. Fisher**, J. Gogarten**, |. Gottlieb*, J. Griciute*,
J. Gros-Louis, L. Guevara, L. Hack*, S. Herbert, K. Heyward**, C. Hirsch*, M. Hoffman, A. Hofner**,
C. Holman*, J. Hubbard*, S. Hyde, M. Jackson*, O. Jacobson, E. Johnson*, M. Kay, K. Kajokaite*,
D. Kerhoas-Essens, S. Koot*, W. Krimmel*, J. Kulp*, L. Johnson, E. Kennedy, S. Kessler,

W. Lammers**, S. Lee*, S. Leinwand**, S. Lopez, T. Lord, S. MacCarter*, J. Mackenzie, J. Manson,
F. McKibben, W. Meno*, C. Mitchell, Y. Namba**, D. Negru*, A. Neyer*, C. O'Connell**,

J. C. Ordonez*, N. Parker, R. Popa**, K. Potter, K. Ratliff, K. Reinhardt*, N. Roberts Buceta,

J. Rottman#, E. Rothwell*, H. Ruffler, S. Sanford**, C. M. Saul*, . Schamberg, N. Schleissman,

C. Schmitt, A. Scott*, I. Schamberg*, S. Schulze**, J. Shih, S. Sita*, J. Stampfl*, K. Stewart*,

B. Sturgeon**, W. Tucker*, K. van Atta, J. Verge, L. von Zuidam, V. Vonau*, J. Wagman*#*,

A. Walker-Bolton**, E. Wikberg, E. Williams*, L. Wolf, and D. Wood; University of Michigan
faculty members B. Dantzer and A. Marshall for contributions on an earlier version of this
manuscript; undergraduates C. Allen and J. D. Kim for help running assays; and T. Losch for
processing and assaying samples. The quality of the manuscript was improved by thorough
comments from anonymous reviewers and the editor. Funding: This work was supported by
the following: National Science Foundation Graduate Research Fellowship Program (to S.C.C.,
1.G., CM.G,, and S.E.P); National Science Foundation BCS-848360 (to S.E.P.), SES-9633991 (to
S.E.P), SES-9870429 (to S.E.P), BCS-0613226 (to S.E.P), BCS-1232371(to .G. and S.E.P),
BCS-1638428 (to S.E.P. and J.C.B.), and BCS-1945701 (to S.C.C. and J.C.B.); Leakey Foundation

110f12


https://www.R-project.org/
https://www.drought.gov/what-is-drought/monitoring-drought
https://www.drought.gov/what-is-drought/monitoring-drought
https://doi.org/10.48364/ISIMIP.836809.1
https://doi.org/10.48364/ISIMIP.836809.1
https://github.com/WillemMaetens/standaRdized
https://github.com/WillemMaetens/standaRdized

SCIENCE ADVANCES | RESEARCH ARTICLE

grants [20182633, 20152777, 20112644, 20082262, and 200605928 and three unnumbered
grants to S.E.P, 20120195 (to I.G. and S.E.P), one grant (to C.M.G.), and Spring201910054 (to
S.C.C.)]; National Geographic Society [8671-09, 9058-12, 9795-15, NGS-45176R-18, 7968-06 and
one unnumbered grant (to S.E.P)]; Max Planck Institute for Evolutionary Anthropology (to
S.E.P, CM.G,, and I.G.); Wenner-Gren Foundation [one grant (to S.E.P) and grant 8409 (to |.G.
and S.E.P)]; Templeton World Charity Foundation Inc. grant no. 0208 (to S.E.P); University of
Michigan (to S.E.P, J.C.B.,, and S.C.C.); University of California, Los Angeles (to S.E.P, |.G., and
A.M.); and Wild Capuchin Foundation. Author contributions: S.C.C. performed hormone
extraction, hormone analysis, statistical analysis, (short-term) data curation, data visualization,
funding acquisition, writing of the original draft, and reviewing and editing. |.G. performed
data collection, hormone processing, statistical analysis, (long-term) data curation, data
visualization, funding acquisition, writing of the original draft, and reviewing and editing.
C.M.G. performed data collection, hormone processing, data curation, funding acquisition, and
reviewing and editing. A.M. performed data collection, hormone processing, and reviewing
and editing. J.D. performed data collection, hormone processing, and reviewing and editing.
S.E.P. was involved in conceptualization and performed data collection, (long- and short-term)

Carreraetal., Sci. Adv. 11, eadq5020 (2025) 22 January 2025

data curation and database querying, funding acquisition, project administration, writing of
the original draft, and reviewing and editing. J.C.B. was involved in conceptualization, funding
acquisition, writing of the original draft, and reviewing and editing. Competing

interests: S.E.P. is a board member of the Wild Capuchin Foundation. The other authors
declare that they have no competing interests. Data and materials availability: All data
needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. All data and code used in the analysis are available at doi.
org/10.5068/D1M100. Requests to use fecal samples for biomedical research should be
directed to S.E.P. as they are subject to restrictions imposed by the CONAGEBIO permit and
material transfer agreement. Requests for materials should be sent to S.E.P.

Submitted 31 May 2024
Accepted 17 December 2024
Published 22 January 2025
10.1126/sciadv.adq5020

120f 12


http://dx.doi.org/10.5068/D1M100
http://dx.doi.org/10.5068/D1M100

	Stress responsiveness in a wild primate predicts survival across an extreme El Niño drought
	INTRODUCTION
	RESULTS
	Mortality was higher during El Niño years
	Higher HPA responsiveness during previous droughts predicted survival during El Niño
	Survivors had higher HPA responsiveness during previous droughts
	There was no evidence for HPA dysregulation in fatalities

	DISCUSSION
	Why do some capuchins appear to have a “better” response than others?
	El Niño as a natural experiment

	MATERIALS AND METHODS
	Study site and subjects
	Subject exclusion criteria

	Female mortality
	Precipitation data
	Palo Verde dataset
	Precipitation and drought risk index
	Converting to a drought risk index
	Expected rainfall

	Demographic data
	Female ages
	Group size and age at mortality
	Reproductive state

	Hormone analysis and sample inclusion criteria
	Hormone sample collection
	Hormone sample analysis

	Data analyses
	Ethics statement

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments




