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To survive, animals must respond appropriately to stress. Stress
responses are costly, so early-life experiences with potential
stressors could adaptively tailor adult stress responses to local
conditions. However, how multiple stressors influence the
development of the stress response remains unclear, as is the
role of sex. Trinidadian guppies (Poecilia reticulata) are small fish
with extensive life-history differences between the sexes and
population variation in predation pressure and social density.
We investigated how sex and early-life experience influence
hormonal stress responses by manipulating conspecific density
and perceived predation risk during development. In adults,
we sampled cortisol twice to measure initial release and
change over time in response to a recurring stressor. The sexes
differed considerably in their physiological stress response.
Males released more cortisol for their body mass than
females and did not reduce cortisol release over time. By
contrast, all females, except those reared at high density
together with predation cues, reduced cortisol release over
time. Cortisol responses of males were thus less dynamic in
response to current circumstances and early-life experiences
than females, consistent with life-history differences between
the sexes. Our study underscores the importance of early-life
experiences, interacting ecological factors and sex differences
in the organization of the stress response.

2018 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.
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1. Introduction
Individuals experience a variety of stressors, and appropriate, proportionate responses to these stressors
are important for individual fitness. Stress responses carry numerous costs, such as energy mobilization
or lost opportunities to forage or mate, and therefore are expected to be finely tuned to ambient
environmental risk levels to avoid both unnecessary stress responses and failure to respond to a
legitimate threat [1–5]. However, temporal and spatial variation in risk complicates such fine-tuning.
When the environment experienced in early-life reliably predicts risk later in life, developmentally plastic
organisms can effectively use early-life cues to ‘adaptively programme’ adult stress responses, thus
matching their responses to the local environment [6–9]. For example, the experience of predation or
stressful early-life conditions adaptively programmes individuals to function in a similar environment
[10,11]. Alternatively, exposure to stressors during early life may have long-term detrimental effects,
either because of a mismatch in ambient risk between early and later life, or because of pathological
or collateral effects of early stress [12,13]. As responses to stressors are mediated by shared endocrine
mechanisms, early-life exposure to particular stressors probably impacts responses to multiple stressors
later in life [3,14].

While many studies have examined developmental effects on stress responses, these have typically
manipulated only one environmental factor at a time [15], even though the effects of simultaneous
stressors on a developing animal may be additive, multiplicative, synergistic or antagonistic [16].
Predation and social environment are two stressors that are relevant to the ecology of many animals,
and that probably have interacting effects. When taken in isolation, exposure to predators or repeated
adult aggression tends to increase the ability to deal with future stressors, potentially for multiple
generations [7,17]. Physiologically, this may be mediated by a high potential range of hormonal reaction
(‘reactive scope’, [2]) in stressful environments, allowing fine-tuned energy mobilization. Similarly, taken
in isolation, conspecific density can also be instrumental in shaping the stress response [14,15,18]. High
social density can be stressful especially when resources are limited (e.g. [19]), such that high conspecific
density can increase the recovery time required following a stressful event (e.g. [20]). Low conspecific
density or social isolation can also be a stressor in group-living species [21]. Given the role of social
grouping in antipredator responses in many prey species [22], interaction between predation pressure
and the social environment during early life may generate particularly large effects on stress–response
phenotypes.

Sexes often differ considerably in their susceptibility to stressors. For example, males and females in
the same predation environment may nonetheless be under different predation risk as a consequence
of sexual size dimorphism or sex differences in ornamentation, colour or behaviour [23]. Furthermore,
males and females of the same species may have different life histories and energetic demands, altering
their risk-taking strategies and thus their stress responses [6]. Hormonal and behavioural systems are
expected to coevolve with differences in life histories, potentially due to physiological constraints,
adaptation or genetic correlations among traits [24,25]. As a result, we expect sex differences in the stress
response.

We investigated the role of developmental experience and sex on the hormonal stress response
of adult Trinidadian guppies, Poecilia reticulata, by repeatedly measuring water-borne cortisol in
fish experimentally reared under different early-life conditions and then placed in identical housing
conditions. Specifically, we investigated three interrelated hypotheses: that early-life conditions would
shape the hormonal stress response; that different conditions would interact in this process; and that
the two sexes would respond differently. Trinidadian guppies are a small tropical live-bearing fish
found in habitats of varying predator pressure and social density, with considerable sex differences
in morphology, parental investment and life history [23,26]. We predicted, according to the reactive
scope model [2], that experience of predation cues early in life would alter the stress response, and
specifically that predator-experienced fish would show a strong initial response to a stressor, but also
rapid habituation to this stressor. We also predicted that the social environment would modify the effect
of experiencing predation cues, with high rearing densities amplifying the effect of predation cues. Male
guppies are typically smaller, more colourful, bolder and faster maturing than females [23,27], leading to
our prediction that males would respond initially less intensely, and habituate more rapidly to stressors
than females [24,28]. To study stress responses, we employed a widely used method of inducing mild
stress by capturing and confining individuals in a small container [29], which also allowed us to collect
water-borne cortisol. Cortisol was used as a measure of the physiological mechanisms that govern the
stress response. To investigate the speed of habituation to this stressor, individuals were exposed to
a second confinement immediately following the first one. Furthermore, given that guppies typically
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live in groups, we investigated whether social isolation affected cortisol release by manipulating visual
exposure to conspecifics during the second confinement period.

2. Material and methods
2.1. Animal subjects and rearing procedures
Fish were laboratory-reared descendants of a mixed lineage of wild-caught guppies from high-predation
populations in the Aripo and the Quare Rivers in Trinidad (for housing and feeding procedures; see
the electronic supplementary material). We placed pregnant females together in female-only tanks and
collected newborn fry each day. To ensure siblings were mixed across replicates, we pooled fry from
all breeding tanks before we randomly assigned each fry to one of four developmental conditions
and placed them in their designated rearing aquaria. We repeated this until we had three replicate
rearing aquaria per developmental condition (12 in total). We reared juvenile fish under either a
simulated predation condition or a no-predation condition combined with either a high (approx. 30
fish per aquarium) or standard (approx. 10 fish per aquarium) housing density, creating four distinct
developmental conditions in a factorial design.

During weekdays of the first 45 days of rearing, at a random time between 10.00 h and 17.00 h, we
exposed fish in the predator condition to visual and olfactory cues of a wild-caught guppy predator,
a pike cichlid (Crenicichla sp.), until they had received 31 exposures to those cues. To create temporal
variation in cue exposure, we paired exposure to the predator with alarm substance (i.e. the odour of
injured conspecifics) on 4 of those 5 days until they had received 25 exposures to those cues (see the
electronic supplementary material for details on the preparation of cues). Most fish species, including
guppies, produce typical antipredator behaviours such as freezing or fleeing when exposed to the odour
of injured conspecifics [30,31]. Using the same schedule, we exposed fish in the no-predation condition
using the visual and olfactory cues of a non-predatory sucker-mouth catfish (Pterygoplichthys sp.) and
paired with distilled water rather than the odour of injured conspecifics. To present the visual cues, we
removed an opaque partition between the guppies’ rearing aquaria and the stimulus fish in an adjacent
aquarium for 5 min.

After 50 days, all fish were transferred into common garden conditions of approximately 10 fish per
18 l aquaria (standard housing density in our laboratory) without any further exposure to heterospecific
cues until they were approximately 200 days old, at which point we conducted the cortisol collection.
From the total pool of fish, we randomly selected 101 fish for testing, 25 exposed to no-predation cues
and high density, 26 to no-predation cues and standard density, 26 to predation cues and high density,
and 24 to predation cues and standard density. Aquaria and water samples were coded to ensure that the
experimenters conducting collection and extraction of cortisol were blind to the treatments. On the day of
the cortisol collection, all fish were fed at 09.00 h to avoid variation in hunger levels and any anticipatory
effects of feeding on cortisol release.

2.2. Hormone collection procedures
We gently captured fish using a dip net and placed them individually in 400 ml glass beakers containing
200 ml of aged and oxygenated municipal tap water heated to 27 ± 1°C. To avoid contamination, we
cleaned the beakers with ethanol and rinsed them with distilled water, experimenters wore clean
examination gloves for each manipulation and water was aged in a covered tank. We collected the
holding water after two consecutive hour-long collection periods, held at the same time each day for our
different replicates to account for diurnal variation in cortisol release. Holding the fish in small beakers
and collecting the water afterwards provide a tractable way to repeatedly assess relative cortisol levels in
fish too small for repeated blood sampling. The hormones diffusing in the water from the gills provide a
reliable estimation of circulating levels [32–34], but the most conservative way to interpret the hormone
concentrations is as a relative value among individuals and conditions.

For collection 1 (at 11.00 h), we placed the beakers containing the fish in a water bath of the same
temperature and arranged the beakers in clusters of at least three of mixed sex, so that each fish could
see at least two familiar conspecifics (i.e. fish from the same tank; [35]). After 1 h, we collected and
immediately froze the water, and fish were placed into a new clean beaker with a fresh 200 ml of water for
cortisol collection 2. During collection 2 (beginning at 12.00 h), half of the fish were randomly assigned
to the ‘social isolation’ treatment in which plastic barriers were inserted between the adjacent beakers,
so that each fish in the social isolation treatment was visually isolated from all conspecifics. Grouping
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is a typical response to stressful situations in guppies (e.g. [36]), and thus, visual contact with familiar
conspecifics may have an anxiolytic effect [37]. We predicted that social isolation would increase stress
and would produce different levels of cortisol depending on the developmental conditions the fish
experienced early in life [33,38]. The other half of the subjects were exposed to the same social treatment
as in collection 1 (i.e. at least two familiar mixed-sex social conspecifics were visible in adjacent beakers).
After an hour, we collected and immediately froze the water from collection 2. We then anaesthetized
the fish using 60 ppm Eugenol, weighed them to the nearest mg using an analytical laboratory balance
(Mettler Toledo ME104E) and measured their standard length. All fish were returned to their housing
aquaria after they recovered from anaesthesia.

2.3. Hormone extraction
Frozen water samples were shipped overnight to the University of Alabama, where cortisol was
extracted using reversed-phase chromatography and assayed with enzyme immunoassay (EIA).
Hormone was extracted from the water samples by gently drawing the samples through Waters Sep-
Pak C18 columns using a vacuum. We then eluted the free fraction of the hormone (i.e. the fraction not
conjugated to glucuronides or sulfates) by passing ethyl acetate through the columns. After evaporating
the ethyl acetate under nitrogen, the hormone was resuspended in EIA buffer. The dilution at which to
assay the resuspended hormones was determined for each sex to ensure that the sample concentrations
would fall on the linear phase of the standard curve. We determined, after conducting serial dilutions of
a pooled sample for each sex, that a 1 : 8 dilution was optimal for males, and a 1 : 16 dilution was optimal
for females.

All samples were run in duplicate on six 96-well plates. The 1 : 8 diluted male pool was included in
duplicate at the beginning and end of each plate to determine the intra- and inter-assay coefficients of
variation (CVs). Intra-assay CVs were 2.87%, 3.98%, 1.93%, 4.80%, 2.70% and 3.89% for the six plates.
The inter-assay CV was 7.58%. Cayman Chemicals, Inc. protocols were followed strictly for all assays.
Additional procedural details are given in the electronic supplementary material.

2.4. Statistical analyses
We calculated the cortisol release rate in ng h−1. We used the cortisol measure (in ng h−1) from collection 2
divided by the cortisol measure from collection 1 for each fish as our measure of the speed of habituation
to the collection procedure. This ratio represents the change in cortisol release across the collections,
with the division eliminating body mass and partially accounting for individual differences in baseline
cortisol released.

To analyse the influence of the experimental manipulations on cortisol release and the speed of
habituation, we ran generalized linear mixed-effects models (GLMMs) fitted by maximum likelihood
with a gamma error distribution. We used the gamma family with an ‘inverse’ link because the response
variables were continuous but bounded by zero (GLMM, glmer function from lme4 package in R v.3.2.2).
We ran two models, the first one looking at cortisol release (ng h−1) during collection 1 including body
mass as a covariate and the second looking at the ratio of cortisol release across the two collections. We
also ran a model looking at sex differences in the ratio of cortisol release, including only sex as a predictor.
Some of the sample containers cracked during shipping. We therefore reanalysed the data eliminating
any sample that had lost more than 25% in volume (10 samples for collection 1 and 12 for collection 2),
and the results were qualitatively unchanged. We thus present results for the entire dataset, in which we
adjusted the extracted hormone in any samples with lost volume to a standard 200 ml volume.

The final models tested for the main effects of predation, density, sex and the two- and three-way
interactions. Housing aquarium was included as a random factor to account for any between-aquarium
variance. For the model examining cortisol ratio across the collections, we also included the treatment of
collection 2 (social or isolation) as a main effect, as well as its two- and three-way interactions, but not
the four-way interaction.

3. Results
During the first collection, males from all rearing treatments released 1.6 times as much cortisol for their
body mass than females (GLMM ‘sex’ p = 0.0026; table 1, figure 1) but rearing treatment had no significant
effect on cortisol release in either sex (GLMM ‘predation’ p = 0.59, ‘predation : sex’ p = 0.22, ‘density’
p = 0.55, ‘density : sex’ p = 0.57; table 1, figure 1). As body mass may be confounded with pregnancy
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Figure 1. Cortisol released during collection period 1. For ease of exposition, data are plotted per gram of body mass (in ng g−1 h−1).
The x-axis shows the developmental manipulation of predation cues (predation versus no-predation) and housing density (high versus
standard), and bar shading sex (black: females; grey: males). Means± 95% confidence interval (CI). The asterisk indicates a significant
difference of p< 0.05 (electronic supplementary material table S2 provides analyses of cortisol release as ng g−1 h−1; the main text
analyses include body mass as a covariate in the statistical model).

Table 1. Estimates and standard error of fixed parameters and their interactions for the GLMMwith response variable cortisol release per
hour (ng h−1) during collection 1. (Estimates are given on the scale of the ‘inverse’ link (1/x), and negative estimate values thus represent
an increase in cortisol release. Themodel estimates represent the difference between the level of a factor (identified in parenthesis) with
the reference levels. As our factors each contain two levels, the estimates represent the difference between the two groups. The reference
levels were no-predator cues for predation, high density and females. Housing group was included as random effect in the model, and
body mass as a covariate. Significant p-values (p< 0.05) are shown in italics.)

parameter estimate s.e. t-value p-value

intercept 0.088 0.016 5.43 <0.0001
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation (predation) −0.008 0.016 0.54 0.59
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

density (standard) −0.009 0.016 0.60 0.55
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sex (males) 0.14 0.045 3.01 0.0026
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

mass (g) −0.052 0.029 1.79 0.073
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation× density 0.025 0.023 1.09 0.28
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation× sex −0.062 0.05 1.22 0.22
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

density× sex −0.033 0.057 0.57 0.57
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation× density× sex 0.098 0.080 1.23 0.22
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

stage in females, we ran the same model correcting cortisol with standard length instead of mass, and
the results were qualitatively unchanged. A common practice in the quantification of fish hormones is
to use a body mass-corrected measure by dividing release rate by body mass to obtain a rate of release
in ng g−1 h−1 [33], rather than including body mass as a covariate. We obtained similar results when
accounting for body mass in this alternative manner (electronic supplementary material table S2).

Over the two collections, females decreased their cortisol release significantly more than males
(GLMM ‘sex’ p < 0.001; electronic supplementary material table S1). While males showed little change
in cortisol release (mean ratio ± s.e.m. = 1.02 ± 0.092), females showed a significant decrease in cortisol
release (mean ratio ± s.e.m. = 0.63 ± 0.097). In the full model, all two- and three-way interactions between
sex, density and predation were significant (GLMM ‘predation:sex’ p = 0.03, ‘density : sex’ p = 0.042,
‘predation : density : sex’ p = 0.017; table 2), providing evidence that the developmental conditions
affected males and females differently (figure 2). Further separating the analysis on the basis of sex
(table 3) revealed that developmental conditions significantly affected female guppies. For females reared
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Figure 2. Ratio of cortisol between the 2 h long collection periods (cortisol in collection 2 divided by cortisol in collection 1). Values
less than 1 (dotted line) indicate a decrease in cortisol release, values around 1 indicate no change and above 1 indicate an increase in
cortisol release in the second collection period. The x-axis shows the developmental manipulation of predation cues (predation versus
no-predation) and housing density (high versus standard), and bar shading sex (black: females; grey: males). Means± 95% CI. The
asterisks indicate significant differences of p< 0.05.

Table 2. Estimates and standard error of fixed parameters and their interactions for the GLMM with response variable cortisol ratio
between the hour-long collection periods (cortisol release during collection 2 divided by cortisol release during collection 1). (Estimates
are given on the scale of the ‘inverse’ link (1/x), and negative estimate values represent an increase in cortisol concentration. The model
estimates represent the difference between the level of a factor (identified in parenthesis) with the reference levels. As our factors
each contain two levels, the estimates represent the difference between the two groups. The reference levels were no-predator cues for
predation, high density, females and ‘social’ for social treatment. Housing group was included as random effect in the model. Significant
p values (p< 0.05) are shown in italics.)

parameter estimate s.e. t-value p-value

intercept 2.93 0.65 4.54 <0.001
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation (predation) −1.64 0.72 2.26 0.02
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

density (standard) −1.18 0.72 1.62 0.10
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sex (males) −1.75 0.61 2.85 0.004
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

social treatment (isolation) −0.40 0.61 0.14 0.54
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation× density 2.15 0.85 2.52 0.01
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation× sex 1.61 0.73 2.36 0.03
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

density× sex 1.36 0.76 2.03 0.04
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation× social treatment 0.12 0.68 0.18 0.86
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

density× social treatment 0.54 0.69 0.78 0.44
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sex× social treatment 0.17 0.69 0.25 0.80
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation× density× sex −1.68 0.70 2.40 0.02
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation× density× social treatment −0.37 0.73 0.58 0.53
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation× sex× social treatment 0.02 0.69 0.02 0.98
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

density× sex× social treatment −0.55 0.67 0.83 0.41
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 3. Estimates and standard error of fixed parameters and their interactions for the GLMM with response variable cortisol ratio
between the hour-long collection periods (cortisol release during collection 2 divided by cortisol release during collection 1) separated
by sex. (Estimates are given on the scale of the ‘inverse’ link (1/x), and negative estimate values represent an increase in cortisol
concentration. The model estimates represent the difference between the level of a factor (identified in parenthesis) with the reference
levels. As our factors each contain two levels, theestimates represent thedifferencebetween the twogroups. The reference levelswereno-
predator cues for predation and high density. Housing groupwas included as random effect in themodel. p-values below or approaching
0.05 are shown in italics.)

parameter estimate s.e. t-value p-value

females
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

intercept 2.70 0.58 4.64 <0.001
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation (predation) −1.55 0.74 2.08 0.03
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

density (standard) −0.84 0.75 1.10 0.27
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation× density 1.95 1.02 1.90 0.057
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

males
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

intercept 1.04 0.26 3.95 <0.001
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation (predation) −0.003 0.37 0.009 0.99
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

density (standard) 0.16 0.38 0.41 0.68
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predation× density −0.002 0.55 0.004 0.99
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

in high social density (the reference level in the model), exposure to predation cues during development
dampened the decrease in cortisol between collections (GLMM ‘predation’ p = 0.03; figure 2, table 3),
and this effect tended to disappear when females were reared in standard social density (GLMM
‘predation : density’ p = 0.057; figure 2, table 3). Developmental conditions had no significant effect on
the change in cortisol release in males (table 3). Cortisol release during collection 1 and collection 2
were strongly correlated (r = 0.69) within fish, supporting the reliability of our procedures and generally,
repeatability of the fish.

Female fish had a mean mass of 0.65 g (s.d. = 0.20) and a mean standard length of 28.8 mm
(s.d. = 2.88), and were significantly heavier (linear model (LM)mass ‘sex’ p < 0.001) and longer (LMlength
‘sex’ p < 0.001) than males, which had a mean mass of 0.10 g (s.d. = 0.02 g) and a mean standard
length of 16.2 mm (s.d. = 0.74). Standard density females were 0.13 g (20%) lighter and 2.1 mm (7%)
shorter than high-density females, but these differences were not significant (LMmass ‘density’ p = 0.076,
‘density : predation’ p = 0.19; LMlength ‘density’ p = 0.06, ‘density : predation’ p = 0.37). Developmental
condition had no effect on male body mass (LMmass p > 0.14), but within the no-predation treatments,
standard density males were 0.8 mm (5%) shorter than high-density males (LMlength ‘density’ p = 0.014,
‘density : predation’ p = 0.038).

The main effect of ‘social isolation’ during the second collection and its interactions with all other
factors were not significant (GLMM p > 0.4; table 2), and therefore had no detectable effect on the speed
of habituation to the stress of the collection procedure.

4. Discussion
Our study demonstrates the importance of sex and early-life experiences on adult cortisol release, which
mediates the stress response in guppies. Males exhibited high cortisol release rates (for their body
mass), and maintained these rates over the two collection periods of the experiment. In comparison,
females exhibited lower initial cortisol release rates, and these rates decreased over the two experimental
collections, suggesting they habituated to the procedure. Moreover, the speed of habituation was affected
by rearing conditions in females but not males. Adult females reared at high density and with predator
cues showed no evidence for habituation, whereas females reared in all other conditions showed a
dramatic decrease in cortisol release over the two collection periods. Combined, our results suggest that
the physiological stress responses of males and females are under different selection pressures, possibly
due to different life histories, and thus exhibit different sensitivity to local conditions.

Contrary to our predictions and to other research on animals, particularly rodents [39], males released
more cortisol for their body mass than females. Research in closely related fish (Brachyrhaphis episcopi)
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found male and female cortisol release rates were similar [33]. We propose two hypotheses for the
observed sex differences in cortisol response. First, under the ‘reactive-males hypothesis’, males are
more sensitive to the stressor (i.e. the capture and confinement involved in the experimental procedure)
than females, and thus show higher initial cortisol release and slower habituation to the procedure than
females. Males are more susceptible to predation owing in part to their greater conspicuousness [23],
and as a result may be more reactive to stress than females, leading to their relatively high and continued
levels of cortisol release. Second, under the ‘unresponsive males’ hypothesis, males may exhibit a higher
baseline circulating level of cortisol than females, resulting in a small scope for responsiveness and thus
little change in cortisol levels in response to a stressor. We argue that our results are consistent with the
unresponsive males hypothesis, because stress-induced high levels of cortisol typically correlate with
behavioural responses such as freezing and reduced activity, which is inconsistent with the behavioural
patterns typically observed in male guppies [40].

If male guppies are unresponsive to stressors, it implies that males carry a high baseline level of
cortisol. Baseline cortisol supports essential processes such as locomotion, homeostasis, immune
responses and investment in reproduction [14,41,42]. Compared to females, male guppies tend to be
bolder, take more risks and display a ‘fast’ life history with quick maturity and early death [23,43]. Owing
to physiological constraints or correlated selection, individuals with a fast life history, like male guppies,
are predicted to also display a low reactivity to stressors [44]. In Swedish warblers (Phylloscopus trochilus),
northern populations are constrained by a reduced reproductive period and display a faster life history
and lower reactivity to stressors than southern populations [45], paralleling our observations of male and
female guppies. Chronically elevated cortisol supports high energy investment in these activities, but
also results in a small range of reaction before reaching detrimental levels. In other words, individuals
with high baseline levels will quickly exceed the hormonal limit if they are also highly reactive [2].
Consequently, a high baseline cortisol level should be combined with low reactivity, consistent with our
results showing little change in male cortisol across collections. In contrast to males for whom mating
is the only reproductive investment, female guppies have high obligate parental investment in the form
of live-bearing [23]. This could potentially explain why females maintain a high reactive scope, allowing
quick response to stressors and potentially maximizing fitness for slow life strategies. Thus females are
potentially under greater selective pressure than males to exhibit plasticity in their stress response [46],
an idea supported by our finding that only females’ stress response was affected by our developmental
conditions.

Whereas females from most groups showed a decline in cortisol release between the two collection
periods, an indicator of habituation to the procedure, females raised in the combination of predation
cues and high social density showed little decline in cortisol levels, suggesting that social conditions
and predation threat interact to shape stress response phenotypes. Previous research investigating the
effect of predation cues on stress responses found that individuals with experience of high predation
tended to show reduced stress responses [34,47]. One possible explanation for this difference is that the
relationship between predation cues and stress response is nonlinear, and an interaction with a high
social density modulates the effect of predation cues. Perhaps, high social density made the predation
cues more salient during development, because more fish are likely to spot and react to the predator
(i.e. ‘many-eyes effect’; [48]). Stress responses may be ‘contagious’ among members of a social group
in that they propagate and are amplified among group members, causing groups of animals to react
more strongly to stressors than the same individuals when tested alone [49]. Social contagion of stress
may have been more dramatic under the high-density housing conditions during development, causing
the stress of the predator to have a greater effect on females in this treatment group. Chronic physical
challenges such as competition for food or restricted food intake can also trigger stress responses
(although fish were fed ad libitum in our study), and foraging is often impaired under the presence of
predators [40], which could exacerbate this effect. Therefore, high social density could amplify the effect
of predation cues or vice versa, and create higher levels of stress than in any of the other developmental
conditions.

Contrary to predictions, social isolation during collection 2 did not have detectable effects on cortisol
release. Perhaps visual exposure to conspecifics in our set-up was insufficient to evoke a social response,
although adjacent fish in the social treatment were observed to interact. The stress of the confinement
procedure may have masked any effect of social isolation. In our experiment, we measured water-
borne cortisol levels twice but only an hour apart, thus our second measure does not represent a fully
habituated baseline level of cortisol release. Instead, the change between the two collections provides a
measure of the speed of habituation, and thus it is possible that this habituation process is masking the
effect of the social treatment on collection 2.
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................................................
While our study demonstrates that the physiological stress response varies between sexes, and is

shaped by developmental conditions, whether the observed phenotypes are adaptive, or a maladaptive
result of physiological constraint produced by repeated stress remains to be determined. Habituation to
stress might be a poor response in certain environments and hence our females might be demonstrating
a phenotype suited to the conditions they experienced early in life. Alternatively, as a larger group
could dilute the chances of being depredated [50], a prolonged stress response might be a suboptimal
phenotype produced by developmental constraints created by recurring high levels of stress during
early life [51]. Future experiments manipulating social stress will be required to disentangle the possible
functional consequences of the differences in stress habituation we observed in females from different
developmental conditions. Sex differences in guppies offer a salient example of dissimilar life strategies,
however, we expect the same predictions to hold when looking at continuous variation of life histories
among individuals. Our results emphasize that looking at both sexes is imperative, and combining
multiple developmental treatments to look for interactions between factors is required to understand
the implications of developmental plasticity.

Ethics. The study was approved by McGill University and the Canadian Council on Animal Care under protocol 2012-
7133/2015-7708, and conformed to ABS/ASAB ethical guidelines. We did not carry out any fieldwork. All subjects
recovered quickly from the procedures and were returned to housing aquaria after the experiment. We sacrificed 16
guppies to feed the cichlids during the collection of predator odour cues (cichlids were otherwise fed bloodworms)
and 61 guppies to produce the damage induced alarm substance. Prior to being fed to the cichlids or dissected for
alarm cue preparation, the guppies were euthanized by immersion in ice water [52]. They were then consumed within
seconds by cichlids or swiftly decapitated for alarm cue preparation.
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