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An experimental analysis of the
heritability of variation in glucocorticoid
concentrations in a wild avian population

Brittany R. Jenkins', Maren N. Vitousek*, Joanna K. Hubbard
and Rebecca J. Safran

Department of Ecology and Evolutionary Biology, University of Colorado at Boulder, Ramaley N122, UCB 334,
Boulder, CO 80309, USA

Glucocorticoid hormones (CORT) are predicted to promote adaptation to vari-
able environments, yet little is known about the potential for CORT secretion
patterns to respond to selection in free-living populations. We assessed the
heritable variation underlying differences in hormonal phenotypes using a
cross-foster experimental design with nestling North American barn swallows
(Hirundo rustica erythrogaster). Using a bivariate animal model, we partitioned
variance in baseline and stress-induced CORT concentrations into their additive
genetic and rearing environment components and estimated their genetic corre-
lation. Both baseline and stress-induced CORT were heritable with heritability of
0.152 and 0.343, respectively. We found that the variation in baseline CORT was
best explained by rearing environment, whereas the variation in stress-induced
CORT was contributed to by a combination of genetic and environmental factors.
Further, we did not detect a genetic correlation between these two hormonal
traits. Although rearing environment appears to play an important role in the
secretion of both types of CORT, our results suggest that stress-induced CORT
levels are underlain by greater additive genetic variance compared with baseline
CORT levels. Accordingly, we infer that the glucocorticoid response to stress has
a greater potential for evolutionary change in response to selection compared
with baseline glucocorticoid secretion patterns.

1. Introduction

Physiological systems enable animals to adaptively respond to the challenges of
life in fluctuating environments. There is often remarkable variation in hormo-
nal responses within and among individuals (e.g. [1]), but in order to assess the
potential for evolutionary change of fitness-related physiological mechanisms,
some of the phenotypic variation in hormone function must be heritable.
Secretion of glucocorticoid hormones—primarily corticosterone (CORT) in
birds—is regulated through the hypothalamic—pituitary—adrenal (HPA) axis
and is released in a circadian rhythm to facilitate metabolic activity and main-
tain energy levels. At heightened plasma concentrations, CORT also functions
as a crucial component of the stress response [2]. Selection on the responsive-
ness of the HPA axis has been widely proposed to promote adaptation to
fluctuating environments, and a rapidly growing literature documents the
links between individual variation in CORT concentration and measures of fit-
ness [3-7]. Yet, while selection requires heritable variation on which to act, the
heritability of variation in HPA axis activity patterns in free-living populations
remains largely unexplored. Even though the ultimate genomic and non-
genomic effects on HPA axis activity are probably influenced by a multitude
of factors (e.g. releasing hormones, receptor density, tissue sensitivity), individ-
ual variation in plasma CORT levels has been shown to predict survival rate
[2-5], reproductive performance [6-8] and behavioural syndromes [9,10].
Therefore, although selection may act on multiple levels involved in the HPA
axis response to life’s challenges, estimating the genetic variation underlying
circulating glucocorticoid levels will provide a deeper understanding of the
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potential for evolutionary processes to shape variation in an
important aspect of the stress response phenotype.

There is a large body of evidence supporting the role of
the environment in glucocorticoid secretion (e.g. [1,2,11]),
and this dynamic relationship between environmental fluctu-
ations and glucocorticoid responses is considered crucial for
modulating life-history strategies to maximize an individual’s
fitness [12-14]. Population-level latitudinal patterns in
glucocorticoid profiles are often related to life-history traits
including the optimization of breeding strategies to match
breeding season length [15-17]. Plasma CORT concentrations
also vary between seasons [18,19] and within a season [6],
which probably supports changes in metabolic demands
during different life-history stages (e.g. territory acquisition,
breeding and nestling provisioning, moult, migration). Incle-
ment weather [2], food availability [20] and the threat of
predation [21] are additional ecological factors shown to
induce changes in circulating CORT that initiate appropriate
physiological and behavioural responses. Although CORT
secretion patterns exhibit some dependence on environ-
mental context, inter-individual variation in these responses
could also be derived from genetic variation.

Standing genetic variation in a population is subject to
evolutionary change that may lead to observable changes in
a trait across generations. The degree to which phenotypic
variation responds to evolutionary change depends, in part,
upon the heritability of a trait. Heritability in the broadest
sense is defined as the proportion of the phenotypic variation
in a trait that is owing to genetic variation and is determined
by the collective contributions of additive, epistatic and
dominant processes of gene expression [22]. Narrow-sense
heritability focuses on the additive genetic variance underlying
observable differences in a trait, and studies that assess the heri-
tability of CORT responses typically estimate narrow-sense
heritability. For example, the heritability of the glucocorticoid
response to stress is supported by selection studies in cap-
tive settings, which confirm that steroid hormone levels are
responsive to selection [23-26], and selection solely targeting
either circulating CORT or hormone-mediated traits can
cause correlated changes in the other trait [27-30]. Further, it
is worth noting that epigenetic modifications that alter gene
expression are another source of heritable variation that can
impact CORT secretion patterns throughout life [31,32]. How-
ever, the epigenetic regulation of glucocorticoid responses is
difficult to measure in wild populations and particularly in
long-term studies, such as ours, where individual fitness and
survivorship outcomes are being measured.

Previous studies that examine the role of selection
in divergent glucocorticoid phenotypes have focused on
stress-induced CORT [23-28], but less is known about the
contribution of genetic variation to among-individual varia-
bility in baseline CORT concentrations. Moreover, to our
knowledge, all studies that have investigated the heritability
of the glucocorticoid response have been conducted in captiv-
ity (e.g. [23-26]), where environmental variation is probably
artificially reduced. Assessing the heritability of both baseline
and stress-induced CORT levels in a free-living population
will lend greater insight into the importance of genetic and
ecological factors in influencing CORT secretion patterns
under natural environmental settings.

We conducted a cross-foster experiment with nestlings in a
wild population of North American barn swallows (Hirundo
rustica erythrogaster). Genotypes were allocated across different

nest environments in order to partition the phenotypic [ 2 |

variance in baseline and stressed-induced plasma CORT con-
centrations into genetic (based on genetic relatedness) and
environmental (nest in which altricial offspring develop) par-
ameters with the aim to discern the relative roles these
factors play in circulating hormone variation. Using a cross-
foster design to create variable levels of genetic relatedness
within and among nests in a wild avian population allowed
us to tease apart the effects of common genes and nest environ-
ment, which are not easily distinguishable in captive studies,
but are necessary to understand the potential for selection to
shape natural variation in glucocorticoid responses.

2. Material and methods
(a) Cross-fostering experiment and sampling

We studied barn swallows that nest mainly in horse barns and
culverts located throughout Boulder, Jefferson and Weld Coun-
ties, CO, during their breeding season from May through to
July 2010. We sampled across 16 sites, ranging in size from 1
to 50 breeding pairs. To allocate genotypes across different nest
environments, we designed a non-reciprocal, cross-fostering
experiment between pairs of nests that had the same hatch
date (determined as the date on which the first egg in a clutch
hatched), and in which at least three nestlings had hatched by
the following day (day 1). Two randomly chosen nestlings
were moved between paired nests on day 1 such that one
brood experienced an increase and the other a decrease in
brood size. Control nests were maintained in which nestlings
were handled at the same frequency as those in manipulated
nests but no nestling swaps occurred. Brood size prior to the
manipulation ranged from three to six nestlings (mean brood
size 4) and after swapping ranged from one seven nestlings
(mean brood size 4) for the nests included in this study. To main-
tain the identity of cross-fostered versus host nestlings, we
applied non-toxic marker to the entire leg of swapped nestlings
every other day until they were big enough to band with
aluminium US Geological Survey (USGS) rings.

We collected blood samples from nestlings on day 12 to
measure plasma CORT concentrations. Full broods were removed
from 38 nests, but owing to sampling time constraints for baseline
samples, we were only able to collect blood samples from a subset
of nestlings for some nests (mean total brood size = 4 + 1.31, mean
collected brood size =2.95 + 1.11). To estimate baseline CORT
concentration, blood samples were taken within 3 min of initial
disturbance of the nest [33]. Stress-induced CORT concentration
was measured following a standardized restraint stress protocol
[1,18] in which we collected a second blood sample 15 min after
the initial disturbance. Nestlings were handled between baseline
and stress-induced blood sample collections during which we
recorded mass and took other morphometric measurements.
Among avian studies that assess stress-induced CORT concen-
trations, sampling time typically takes place between 15 and
60 min; we chose 15 min as a standardized time because capture
for blood sampling in order to capture heightened plasma
CORT levels while minimizing any adverse effects caused by
extended handling stress. We bled and measured nestlings in a
location far enough from other active nests at the site to minimize
disturbance to other nestlings.

Because barn swallows exhibit moderately high rates of extra-
pair fertilization (hereafter, ‘EPF’; approx. 40% of all young are
due to EPFs each breeding season in our study population, R. J.
Safran, B. R. Jenkins, J. K. Hubbard 2008-2011, unpublished
data), some natural nests contain a mix of full and half siblings.
Thus, to accurately assign the genetic relationship among nestlings,
we conducted genetic paternity analyses (see §2c) by collecting
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blood samples from all parents associated with the cross-foster
experiment. Adult barn swallows were captured by mist net or by
hand off the nest and blood samples were taken. We banded
adults with a USGS aluminium ring and used a combination of
coloured plastic leg bands and assorted colours of non-toxic perma-
nent markers on the white spots of tail feathers to identify the social
parents of experimental nests. The sex of adults was assigned by
using both morphological (i.e. ventral plumage coloration, tail strea-
mer length, presence/absence of a brood patch) and behavioural
(parental behaviour such as incubating) observations.

All blood samples were collected from the brachial vein using
heparinized microhematocrit capillary tubes. For nestling plasma
collection, blood was transferred to microcentrifuge tubes and
kept on ice until plasma could be separated from whole blood
by centrifugation. Plasma samples were stored at —70°C until
assayed, and the remaining blood cells were stored in lysis
buffer at room temperature. Adult blood samples were placed
in lysis buffer immediately after collection in the field.

(b) Corticosterone assay

We quantified total CORT concentrations for 102 baseline and
108 stress-induced plasma samples using enzyme immunoassay
kits (catalogue number ADI-901-097, Enzo Life Sciences, Ply-
mouth Meeting, PA, USA). We optimized our assay protocol
for barn swallow plasma as described in [34,35]. A six-standard
curve was used in each of eight assay plates to measure CORT
concentration, and both baseline and stress-induced plasma
samples collected from an individual were assayed on the
same plate. Standards and samples were run in duplicate with
an inter-assay variation of 9.81% and an average intra-assay vari-
ation of 8.69%. Concentrations for baseline CORT ranged from
0.35 to 19.06 ng ml~?! (mean + s.d.: 3.85 + 3.58), and stress-
induced CORT ranged from 9.86 to 56.22 ng ml~ ! (mean + s.d.:
26.81 + 10.17). Most plasma samples were above the detection
threshold (0.38 + 0.09 ngml ' across plates), but in order to
reduce bias we replaced eight baseline plasma samples that fell
below the detection threshold with the plate-specific detection
threshold, rather than rejecting these samples entirely.

(c) Paternity analysis and genetic methods to identify
sex in nestlings

We used paternity analyses to verify relatedness among brood-
mates owing to the high rates of EPFs in our population, but
not all experimental brood pairs are represented in our dataset
as we were unable to verify paternity for some nestlings. Nestlings
were only included in our analyses if we had collected either a
baseline blood sample taken within 3 min of initial disturbance,
a stress-induced blood sample taken between 15 and 18 min, or
both, and we were able to obtain blood samples from both
social parents. DNA was extracted from nestling and adult
blood samples that were stored in lysis buffer using DNeasy
Blood & Tissue Extraction kits (Qiagen, MD, USA). Polymerase
chain reaction (PCR) was used to amplify six microsatellite loci
previously developed for assessing parentage, and PCR reaction
conditions are described in the electronic supplementary material.

Using GENEMAPPER software (v. 4.0, Applied Biosystems), we
assigned genotypes for 111 nestlings and 38 pairs of social
parents at all six loci. Additional adult males were included in
our paternity analysis to increase the probability of assigning
paternity to offspring sired by extra-pair males. Genotypes
from adults and offspring were incorporated into a paternity
analysis using CERVUS software (v. 2.0) to calculate exclusion
probabilities for assessing parentage. With a combined first-
parent exclusion probability of 0.922 for all six loci, we were
able to assign paternity for 68 nestlings that had the same
social and genetic father as well as 20 nestlings that were sired

by an extra-pair male. Paternity exclusion was conducted using
similar parameters described in [36].

To assess any potential differences in CORT profiles between
male and female nestlings, sex was determined using molecular
tools. We conducted a PCR protocol with sex-linked markers as
described by Giriffiths et al. [37] with the exception that 0.25 units
of JumpStart Tag DNA polymerase (Sigma) was used with a modi-
fied amplification protocol: initial denaturation step at 94°C for
60s, followed by 34 cycles of 94°C for 45s, 48°C for 45s and
72°C for 45 s, and 72°C for 3 min for the final extension. PCR pro-
ducts were visualized from a benchtop ultraviolet transilluminator
using Sybr Green (Invitrogen) on a 3% agarose gel.

(d) Statistical analyses for quantitative genetics

The cross-fostering design in conjunction with a high EPF rate
created a mosaic of genetic and rearing environment relation-
ships among nestlings: full and half siblings reared in the same
and different nests, and the genetically unrelated nest-mates of
swapped nestlings. The pedigree consisted of 107 offspring, 38
mothers and 39 fathers (189 identities total). Of these offspring,
65 were within-pair young, and of the 42 extra-pair young we
were able to identify the extra-pair father for 19. Note that
there were four nestlings removed from our statistical models
that were included in the paternity analysis owing to missing
mass or sampling time data. We do not have any information
regarding the relatedness of mothers and fathers in this pedigree;
consequently, all adults were assumed to be unrelated. This
assumption is safe given our long-term study of marked individ-
uals in our population showing that natal site fidelity is quite
low; between the years 2009 and 2012 only 65 banded nestlings
returned to our study area as breeding adults (out of 2360 total
banded nestlings), and among them were only two unrelated
nest-mates and three maternal half siblings.

We estimated the variance components for phenotypic var-
iance of untransformed baseline and stress-induced CORT
concentrations by fitting a bivariate animal model using a Bayesian
Markov Chain Monte Carlo (MCMC) technique implemented in
MCMCglmm [38]. The bivariate model allowed us to partition
total phenotypic variance (Vp) into additive genetic variance (V5),
common environmental variance (V) and residual variance (V).
From these variance components, we calculated narrow-sense her-
itability (h 2) and the effect of common rearing environment (e?) for
both baseline and stress-induced CORT concentrations separately,
as well as estimating the genetic correlation between them. We cal-
culated h? as Va/Vp; e* was calculated as Vi/Vp; the genetic
correlation was calculated as COV a1 42/v/ Va1 X Va2 (Where Al
and A2 refer to additive genetic variance for baseline CORT and
stress-induced CORT, respectively).

In the model, pedigree and rearing environment were
included as random effects. Rearing environment is the station-
ary nest location where nestling development took place and
was represented by one term that included both the geographical
location of the breeding site and the nest location within that site.
The variance estimate from the pedigree term represents the
additive genetic variance, whereas the variance estimate from
the rearing environment term represents the common environ-
mental variance. We specified the priors for V,, Vg and Vy by
splitting the observed phenotypic variance evenly between
these three variance components (e.g. [39]). We varied the
priors by adjusting the proportion of variance specified to each
component. While 1%, ¢* and the genetic correlation estimates
are somewhat sensitive to the specified priors, the overall con-
clusions regarding relative proportions of phenotypic variance
are not (see the electronic supplementary material, table S1).
All models were run for 1000000 iterations, with a burn-in of
50 000 iterations and every 200th iteration was stored (autocorre-
lations were weaker than 0.05 for all variance components). For
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Table 1. Posterior modes (and 95% Bayesian credible interval (BCI)) of variance components for baseline and stress-induced CORT concentrations for the final n

model with mass and latency time as fixed effects.

baseline CORT stress-induced CORT

1.958 (0.7575.194)
e
1998 (0.922-4.178)
11075 (7.909—17.126)

additive genetic variance (V)
common environmental variance (V)
residual variance (V)

i e Varian('é”(vp.) SO

both random effects, we had effective-samples sizes between
4157 and 4967.

We initially explored including the following fixed effects
into our model: sample latency time, nestling body mass,
brood size, sex and sampling date. The variable ‘sample latency
time’ is the elapsed time from initial disturbance (when removing
nestlings from their nest for sampling was initiated) to baseline
blood sample collection, and it has been previously shown that
there is a significant positive relationship between sample latency
time and baseline CORT concentration but no relationship with
stress-induced CORT concentration [34]. In our sample, we
found an effect of latency time on baseline CORT concentration
such that CORT levels increased as time from initial disturbance
to blood sample collection advanced (Spearman’s p = 0.414, p <
0.01) but did not find a relationship between latency time and
stress-induced CORT concentration (Spearman’s p= —0.036,
p=0.712). There is considerable developmental variation (e.g.
body mass and feather development) within broods, potentially
owing to variable parental feeding rates or ectoparasite exposure.
Baseline CORT concentration is known to fluctuate with mass in
our study population [34], therefore we included mass to control
for within-brood variation, as we are interested in the variation
explained by shared rearing environment. As brood size was
manipulated (increased/decreased) for some nests in this study
as part of a separate experiment, we also ran models that
included brood size as a fixed effect. However, controlling for
brood size probably results in an underestimation of ¢* as this
is an environmental factor that naturally varies among nests
and may contribute to phenotypic variation in CORT measures.
We used R to assess correlations among all potential fixed effects
and found that there was a significant positive correlation
between sample latency time and brood size (Spearman’s p =
0.417, p <0.01; all other Spearman’s p between —0.160 and
—0.036, all p > 0.1). Only nestling body mass and sample latency
time have statistical effects on the model as the posterior distri-
butions for sampling date, brood size and sex terms overlap
zero (see the electronic supplementary material, table S2); conse-
quently, our final model includes only nestling body mass and
sample latency time as fixed effects. Here, we report the results
of both the maximal and final models (table 2; for models includ-
ing various combinations of fixed effects see the electronic
supplementary material, table S3), and although the overall con-
clusions are qualitatively similar, we interpret and discuss results
based on the model without sampling date, brood size and sex.

3. Results

Phenotypic variance was much greater for stress-induced
CORT concentration compared with baseline CORT concen-
tration among nestling barn swallows in our population
(table 1). From the variance component estimates, we calcu-
lated h* (posterior mode +95% Bayesian credible interval
(BCI)) for baseline CORT concentration to be 0.152 (0.062—
0.458) and e* (95% BCI) to be 0.555 (0.309-0.771). For
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Figure 1. Summary of how phenotypic variance is partitioned across additive
genetic variance (black bars), common environmental variance (dark grey
bars) and residual variance (light grey bars) for baseline and stress-induced
(ORT concentrations.

stress-induced CORT concentration with the same 95% BCI
parameters described for baseline CORT, we calculated an h?
estimate of 0.343 (0.128-0.598) and an ¢* estimate of 0.491
(0.251-0.693) (table 2 and figure 1). The final model deviance
information criterion (DIC) with pedigree and rearing environ-
ment as random effects was 1039.088 and revealed a better fit
compared with the same model with one of the random effects
removed (without pedigree DIC: 1159.542; without nest DIC:
1069.69). Thus, using a model comparison approach, we can
conclude that including both pedigree and rearing environ-
ment as variance components is statistically meaningful (see
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(OVa142/+/ Va1 X Vip) between them estimated by: (i) the maximum model with sampling date, mass, sex, brood size and sample latency time as fixed effects, and (ii) the final model with mass and sample latency time as fixed

Table 2. Estimates of heritability (h)) (calculated as Vy/Vp), effect of common rearing environment (¢/) (calculated as Vi/Vp) for baseline and stress-induced CORT concentration and the genetic correlation (calculated as
effects.

the electronic supplementary material, figure S1). These results [ 5 |
suggest that the variation in baseline CORT is best explained by
rearing environment, whereas variation in stress-induced
CORT is best explained by a combination of additive genetic
effects and rearing environment. The genetic correlation for
these two traits was not significantly different from zero as
the 95% BCI overlapped with zero (table 2 and the electronic
supplementary material, figure S2), which parallels the lack
of within-individual phenotypic correlation observed between
these traits (Spearman’s p = 0.114, p > 0.1).

genetic correlation (95% BCl)
—0.252 (—0.709-0.315)
—0.297 (—0.688-0.333)

0.617 (0.311-0.769)
0.555 (0.309-0.771) ) ) ) ) ) X } X )

4. Discussion

In this study, we assessed the potential for evolutionary pro-
cesses to shape the variation in circulating glucocorticoid
levels by estimating the heritability of variation in baseline
and stress-induced plasma CORT concentrations. We used a
cross-foster design with a wild population of nestling North
American barn swallows to tease apart genetic differences
associated with glucocorticoid secretion phenotypes being
expressed under variable rearing environments. We held
developmental stage constant by comparing same-age nest-
lings rather than incorporating parent CORT measurements
into the animal model pedigree or examining parent—offspring
regressions in circulating CORT, which are probably sensitive
to ontogenetic stage and the different ecological contexts
experienced by nestlings and their parents. Our analyses
revealed relatively low heritability and a greater effect of rear-
ing environment on baseline CORT levels compared with
stress-induced CORT levels. For stress-induced plasma
CORT concentrations, we detected considerable phenotypic
variation that was moderately heritable but also largely influ-
enced by rearing environment. It is also worth mentioning that
the error term captured a notable amount of phenotypic vari-
ation for these two traits, which may account for differences
among nest-mates in dominance effects, gene by environment
interactions, exposure to ectoparasites, or variation in feeding
rates. Further, we did not detect a statistical genetic association
between circulating concentrations of baseline and stress-
induced CORT. The lack of a genetic correlation suggests that
the physiological mechanisms underlying the secretion of glu-
cocorticoids during basal activity and stressful events differ
and that selection may shape variation in these phenotypically
distinctive traits independently.

0492 (0.268-0.712)
0.491 (0.251-0.693)
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0.366 (0.125-0.588)
0.343 (0.128-0.598)

baseline CORT
0.183 (0.061-0.462)
0.152 (0.062—0.458)

1037.216
1039.088

(a) Baseline corticosterone

Baseline CORT influences fitness by regulating metabolic
function both during and in transition between different
life-history stages (e.g. [11,18,40]). Physiological traits that
are important for mediating life-history trade-offs and fitness
are often shown to have relatively low heritability [41]. Con-
sistent with this, we observed that only a small proportion of
the variation in baseline CORT concentration among nest-
lings was explained by their genetic relationship. A low
heritability estimate and relatively low phenotypic variation
compared with stress-induced CORT might suggest that
selection has reduced overall genetic variation among nest-
lings in order to cope with metabolic needs in a similar
fashion (stronger stabilizing selection). Alternatively, the
amount of additive genetic variation explaining phenotypic
variation may be reduced if genetically related nestlings
raised in different nests express different baseline CORT

intercept 4+ mass + latency time

intercept + date + mass + sex + BS + latency time



secretion patterns owing to variable environmental par-
ameters (phenotypic plasticity). Other sources of variation
in baseline CORT levels could stem from the plasticity in
physiological processes regulating HPA function such as
adjustments in glucocorticoid receptor densities (reviewed
in [12]) or alterations in the circadian release of the hypothala-
mic neurohormone corticotropic-releasing hormone (e.g.
[42]). Although the additive genetic variance was notably
lower than the rearing environment variance, there was over-
lap in the 95% BCIs for h* and e, suggesting that genetic
differences among nestlings still contribute, to some degree,
to the observable differences in baseline CORT levels.

In natural populations, baseline CORT can vary dramati-
cally within individuals over time [6,40,43] in response to
fluctuating environments and changes in metabolic demands
[11,44]. The longitudinal variation within individuals in base-
line CORT levels among different environmental contexts
[18,19] as well as within-individual variation among different
life-history stages [6] exemplify the flexibility of baseline glu-
cocorticoid response patterns and underscore the importance
of the environmental influences on such patterns. Similar eco-
logical factors experienced by nest-mates, which are probably
represented by the rearing environment variance component
in the animal model, may include weather variability [45],
fluctuations in food availability [46] and possibly the variabil-
ity in parental effort. Although some research suggests that
brood size can influence glucocorticoid levels and related fit-
ness measures [46,47], we did not find an effect of brood size
on CORT concentration similarly to several other studies
[45,48,49]. Moreover, during the year of our study, changes
in brood size did not influence parental provisioning behav-
iour (Vitousek et al. [50]). Nonetheless, there could be indirect
effects of enlarged or reduced brood sizes on nestling CORT
that we were unable to account for. Additionally, changes in
temporal patterns of predation could impact nestling CORT
levels indirectly through changes in parental behaviour
([21], Vitousek et al. [51]). The influence of these seasonal fac-
tors on individual differences in baseline CORT secretion
patterns, including temporal changes in weather, compe-
tition, food availability, predation risk and parental
behaviour linked to the timing of breeding remain largely
unexplored and merit further study.

(b) Stress-induced corticosterone

There was a considerable amount of phenotypic variation
in stress-induced CORT concentration in our population of
nestling barn swallows. Because there was overlap in the
95% BCls for each variance component estimate and the her-
itability estimate fell within the 95% BCI for the rearing
environment, we conclude that both genetic factors and
environmental context are important for understanding
the mechanisms underlying variation in measures of the
physiological stress response we presented here.

That natural variation in nestling stress-induced CORT
concentration is moderately heritable supports the role of
genetic differences in mediating variability in the hormonal
response to stress among individuals. This also suggests
that there is a similarity in genotypic expression underlying
glucocorticoid responses to stress among genetically related
nestlings regardless of the nest environment they were
raised in. The maintenance of standing genetic variation
underlying the glucocorticoid stress response could serve to

promote differential physiological or behavioural coping [ 6 |

strategies under unpredictable environmental conditions
[9,18,19] or to optimize life-history strategies that are most
favourable to current survival or reproductive needs
[13,14,16]. Overall, our results confirm that individual vari-
ation in stress-induced CORT concentration—a trait that
plays an important role in initiating appropriate physiologi-
cal and behavioural responses to challenges [11,12]—is
underlain by an appreciable amount of standing additive
genetic variation that supports the potential for evolutionary
processes to shape the physiological response to stress.

A large proportion of the total phenotypic variance in
stress-induced CORT was also explained by variance owing
to rearing environment. Some ecological factors that have
been shown to influence individual stress responses include
food availability [21,52], weather [53] and both previous
and prolonged exposure to stressors (i.e. repeated handling
or disturbance, populations with high predator prevalence)
[21,31,54]. There is a critical window, typically throughout
early development, during which the HPA axis is especially
susceptible to permanent organizational changes in stress
reactivity that could cause alterations in glucocorticoid
secretion profiles and behavioural coping styles in sub-
sequent years [10,55,56]. Because heritability estimates can
be sensitive to capricious environmental parameters [41], cap-
tive studies provide a meaningful estimate of standing
additive genetic variation underlying phenotypic variation
within a narrow range of environmental contexts. However,
our study may provide a more realistic estimate of environ-
mental influences on CORT secretion patterns given the
backdrop of genetic variation expressed under natural
ecological settings.

(c) The role of parental effects on corticosterone
secretion patterns

The regulation of glucocorticoid responses has been shown to
be particularly vulnerable to environmental conditions
during early development. Because we swapped nestlings
the day after hatching, siblings shared early parental effects
and nest environment during incubation and immediately
after hatching, which could inflate our estimate of heritability
by increasing similarities in CORT profiles among siblings.
Although we were not able to account for maternal effects
prior to laying in our current study, there are many ways in
which mothers influence their offspring’s HPA axis activity.
In mammals, prenatal CORT exposure and postnatal
maternal care (such as grooming and time spent with off-
spring) can induce long-lasting changes in offspring HPA
responsiveness mediated through epigenetic processes
[31,55,56]. In avian species, variation in the amount of
CORT deposited in egg yolks may have similar effects on off-
spring phenotype [57-59]. Nest environment prior to
hatching such as incubation temperature can also alter nest-
ling baseline and stress-induced CORT levels [60].
Epigenetic modifications on the glucocorticoid response in
avian species is not as well documented as in mammals,
but a study comparing wild and domesticated chickens
showed that total epigenetic modifications of gene
expression, although different in modification profiles, is
heritable [61]. Epigenetics may therefore be an important
factor influencing HPA responsiveness to variable environ-
ments in birds, and it is possible that some of the
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phenotypic variation in CORT levels in our population may
be owing to epigenetic modifications or other parental effects.
Nevertheless, we could not account for epigenetic effects as
this typically requires terminal sampling that would be detri-
mental to a population that is the subject of long-term study.
Here, genetically related siblings were raised in different nest
environments at the earliest age possible for tracking identifi-
cation as one way to address potential parental (and overall
environmental) effects on the plasticity of developing
nestling glucocorticoid responses.

(d) Conclusion

This study provides what is to our knowledge the first esti-
mate of the heritability of variation in glucocorticoid
concentrations in a free-living population and yields new
insights into the relative contribution of genetic and environ-
mental factors in influencing individual variation in
hormonal phenotypes. We found that for nestling barn swal-
low baseline CORT, the phenotypic variance was best
explained by rearing environment, whereas a combination
of genetic and environmental factors contributed to the vari-
ation in stress-induced CORT levels. Circulating hormone
levels are known to exhibit high plasticity and phenotypic
flexibility (e.g. during the course of the stress response),
and this flexibility may itself confer an adaptive benefit. But
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