the

geneticssociety

®

Check for

Heredity (2019) 123:337-348
https://doi.org/10.1038/541437-019-0203-5

ARTICLE

Baseline and stress-induced corticosterone levels are heritable and
genetically correlated in a barn owl population

1

Paul Béziers®'? - Luis M. San-Jose' - Bettina Almasi? - Lukas Jenni? - Alexandre Roulin’

Received: 26 November 2018 / Revised: 25 January 2019 / Accepted: 8 February 2019 / Published online: 5 March 2019
© The Genetics Society 2019

Abstract

The hypothalamic—pituitary—adrenal (HPA) axis is responsible for the regulation of corticosterone, a hormone that is
essential in the mediation of energy allocation and physiological stress. As a continuous source of challenge and stress for
organisms, the environment has promoted the evolution of physiological adaptations and led to a great variation in
corticosterone profiles within or among individuals, populations and species. In order to evolve via natural selection,
corticosterone levels do not only depend on the strength of selection exerted on them, but also on the extent to which the
regulation of corticosterone is heritable. Nevertheless, the heritability of corticosterone profiles in wild populations is still
poorly understood. In this study, we estimated the heritability of baseline and stress-induced corticosterone levels in barn
owl (Tyto alba) nestlings from 8 years of data, using a multivariate animal model based on a behavioural pedigree. We found
that baseline and stress-induced corticosterone levels are strongly genetically correlated (r=0.68-0.80) and that the
heritability of stress-induced corticosterone levels (h* = 0.24-0.33) was moderate and similar to the heritability of baseline
corticosterone levels (h*=0.19-0.30). These findings suggest that the regulation of stress-induced corticosterone and
baseline levels evolves at a similar pace when selection acts with the same intensity on both traits and that contrary to
previous studies, the evolution of baseline and stress-induced level is interdependent in barn owls, as they may be strongly
genetically correlated.

Introduction Romero 2004; Wingfield et al. 1998). Moreover, hormones

typically affect the expression of multiple traits, which may

There is a lack of knowledge about the potential of the
endocrine system to respond to selection, compared with
morphological or life-history traits (Charmantier and Garant
2005; Kempenaers et al. 2008; Pavitt et al. 2014; Zera et al.
2007). Yet, hormones such as glucocorticoids play an
important role in regulating and coordinating physiological
and behavioural functions in order to adaptively respond to
internal demands and external challenges (Breuner et al. 2008;
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induce constraints and trade-offs in the evolution of life-
history traits (Flatt et al. 2005; Zera et al. 2007). Despite the
acknowledged importance of hormones in selective processes,
little is known about the contribution of genetics to variation
in glucocorticoid levels, and consequently, about the potential
of the hypothalamic—pituitary—adrenal (HPA) axis in reg-
ulating them to respond to selection in natural conditions.
Determining the heritable variation underlying the secretion
of glucocorticoids is therefore required to predict better how
populations might adaptively respond to perturbations in their
habitat, including global change, urbanisation or other types
of human disturbance.

The HPA axis regulates the secretion of glucocorticoids
(corticosterone in avian and non-avian reptiles and cortisol
in most mammals and fish) in the bloodstream from where
they are distributed into the tissues and organs in order to
regulate physiological processes. At baseline levels, glu-
cocorticoids play an important role in daily life processes,
including energy intake (Dallman et al. 1993; King 1988),
water/salt balance (Bramanti et al. 1997) and glucose supply
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in cells (Kuo et al. 2015). They also support the allocation
of metabolic demands between life-history traits and
between life-history stages (Crespi et al. 2013; Landys et al.
2006; Sapolsky et al. 2000). Thus, glucocorticoid baseline
levels are strongly influenced by environmental factors
(Romero and Wingfield 2016), maternal effects and early
life experiences, which can all have long-term effects on the
secretion of corticosterone by the HPA axis (Haussmann
et al. 2012; Henriksen et al. 2011). Further increase in
glucocorticoid levels can be triggered by unpredictable
stressful events leading to the so-called “stress-induced
glucocorticoid response”, which allows animals to adjust
their physiology and behaviour to, for instance, inclement
weather conditions, predator attacks or food shortage
(Landys et al. 2006; Rodrigues et al. 2009; Sapolsky et al.
2000). Both baseline and stress-induced glucocorticoid
levels have been shown to be associated with reproductive
success and survival in different taxa, indicating that the
HPA axis might often be under selection (Bonier et al.
2009a; Breuner et al. 2008, but see Bonier and Martin 2016
for discussion). In some scenarios, such as in urban envir-
onments, individuals exhibit shifts in the response to the
HPA axis that generally seem to promote adaptation to
environmental conditions (Abolins-Abols et al. 2016;
Atwell et al. 2012; Fokidis et al. 2009; Miiller et al. 2007).
This suggests that glucocorticoid levels respond to selec-
tion, but the limited understanding of heritable variation in
corticosterone levels in wild populations impedes to dis-
criminate if those differences are due to either plastic
responses (Bonier and Martin 2016), or to evolved geneti-
cally based differences.

Determining to what extent the HPA axis regulation of
glucocorticoids is genetically determined is necessary for a
better understanding of the proximate mechanisms under-
lying variation in glucocorticoid levels, the evolutionary
consequences of such variation and the direct and indirect
responses of the HPA axis to processes promoting its
adaptive evolution (Bonier and Martin 2016; Cox et al.
2016; Hau and Goymann 2015). There is evidence from
studies made in captivity that glucocorticoid levels respond
to artificial selection, and hence that the HPA axis can
potentially evolve under selection. These studies showed
that the heritability, hz, varies between 0.23 and 0.70 for
baseline (Fairbanks et al. 2011; Fevolden et al. 1999;
Kadarmideen and Janss 2007) and 0.04 and 0.60 for stress-
induced glucocorticoid levels (Brown and Nestor 1973; Cox
et al. 2016; Evans et al. 2006; Odeh et al. 2003; Pottinger
and Carrick 1999; Satterlee and Johnson 1988). These
values are comparable to heritability for other physiological
traits (Coviello et al. 2010; Mills et al. 2012; Pavitt et al.
2014; Travison et al. 2014) but tend to be lower than her-
itability for morphological traits (Mousseau and Roff 1987).
Unfortunately, little is known about the situation prevailing
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in wild populations where natural selection comes into play.
Moreover, heritability is a measure of the relative con-
tribution of genetic vs. environmental variation to the phe-
notypic variation of a trait for a given population and at a
given time point (i.e., heritability is a population-level
measure that may differ between populations and cannot be
extrapolated to other populations). Thus, estimates obtained
in laboratory environments might not properly reflect the
levels of heritability in wild outbred populations, particu-
larly for glucocorticoids, which are important transducers
between an organism and its environment. In natural con-
ditions, the environment is more variable and population
structure is less homogeneous than in laboratory conditions
where there is a smaller contribution of the environment to
the variation in an individual phenotype, generally resulting
in higher heritability estimates (Charmantier and Garant
2005; Huey and Rosenzweig 2009; Sgro and Hoffmann
2004).

To understand how baseline and stress-induced gluco-
corticoid levels evolve, it is also important to infer if both
traits are genetically correlated and thereby able to evolve
independently. Although the effects of baseline and stress-
induced levels are mediated by different protein receptors
and may function as two complementary hormonal systems
(Landys et al. 2006; Romero 2004), both baseline and
stress-induced glucocorticoid levels depend on certain
shared pathways that allow them to evolve jointly to some
extent. Both are regulated by the secretion of corticotropin-
releasing hormone (CRH), which activates the HPA axis by
stimulating the pituitary secretion of adrenocorticotropic
hormone (ACTH) into the bloodstream, from where it flows
to the adrenal glands and induces the secretion of gluco-
corticoids. The secretion of CRH is influenced by many
factors, such as the circadian rhythm (Buckley and
Schatzberg 2005), physical activity (Chennaoui et al. 2002;
Kawashima et al. 2004), blood glucocorticoid levels and
stressful events (Carsia and Harvey 2000; Harvey and Hall
1990). There is evidence that baseline and stress-induced
levels may evolve indirectly in response to selection on
behavioural traits (Albert et al. 2008; Carere et al. 2003;
Garland et al. 2016; Stowe et al. 2010), suggesting that both
traits are genetically correlated. For instance, Albert et al.
(2008) observed lower levels of both baseline and stress-
induced glucocorticoid levels in rats selected for tameness,
compared with those selected for aggressiveness. However,
selection on personality traits does not always cause a
correlated change in both baseline and stress-induced glu-
cocorticoid levels (Baugh et al. 2012). Similarly, selection
for high and low stress-induced glucocorticoid levels did
not induce a correlated change in baseline glucocorticoid
levels neither in the rainbow trout (Oncorhynchus mykiss)
(Pottinger and Carrick 1999) nor in the Japanese quail
(Coturnix coturnix japonica) (Cockrem et al. 2010).
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Moreover, the two studies that have directly tested for the
existence of a genetic correlation between these traits in
wild populations did not find evidence for genetic covar-
iation in baseline and stress-induced response (Jenkins et al.
2014; Stedman et al. 2017). Altogether, these results sug-
gest that the genetic covariation between baseline and
stress-induced glucocorticoid levels might not be a con-
sistent pattern across all populations and species, eviden-
cing that more data from different taxa are still needed.
Over a period of 8 years, we measured baseline and
stress-induced corticosterone levels in 1,211 nestling barn
owls in order to estimate the heritability of these two com-
ponents of the HPA axis. We performed animal models
using a pedigree established with a data set comprising a 21-
year monitoring period, including a total of 8,596 indivi-
duals. To the best of our knowledge, only two studies
(Jenkins et al. 2014; Stedman et al. 2017) have investigated
the heritability of baseline (American barn swallows, Hir-
undo rustica: h*=0.15; tree swallows, Tachycineta bico-
lour: h* =0.13) and stress-response corticosterone levels in
the wild (American barn swallows: W= 0.34; tree swallows:
h? = 0.18). We also investigated the extent to which baseline
and stress-induced response levels are genetically correlated.

Methods
Data collection

Our study was performed with a population of barn owls
breeding in nest boxes fixed to barns in western Switzerland
(46°49'N, 06°56’E) and that has been monitored since
1992. This nocturnal species lives in open landscapes and
preys mainly upon small mammals. In our study site, 2—12
eggs are laid from mid-February to the beginning of August
(Béziers and Roulin 2016). Eggs hatch asynchronously
because they are laid every 2-3 days and incubation starts
immediately after the first egg is laid. This generates a
pronounced age/size hierarchy among the progeny. The first
flight occurs at ca. 55 days of age. We ringed all nestlings
and most breeding adults.

Over an extended period of time (8 years: 2004-2006,
2009-2012 and 2016), we collected blood samples from
570 male and 641 female nestlings (Table S1) (molecular
sex identification following (Py et al. 2006)) born in 307
different nests (mean of 3.94 nestlings per nest, 1.55 SD).
Some of the nestlings used in this study were part of other
experimental manipulations (Almasi et al. 2009; Almasi
et al. 2012; Miiller et al. 2009; Roulin et al. 2008). To avoid
any biases due to these experimental manipulations, we
only considered samples that were taken before the
manipulations. For some nestlings, pre-experimental sam-
ples were taken at a very young age (<15 days old);

however, samples taken on individuals at older ages could
also be included in this study because they were part of
control or treatment groups previously shown to have no
effect on corticosterone levels.

The mean age of nestlings for which we had baseline
measurements and for which we had stress-induced corti-
costerone measurements (see the Assessment of baseline
and stress-induced corticosterone levels section) was
37.9 days (x11.2SD, range: 6-67) and 38.2 days
(x11.1 SD, range: 6-67), respectively. In some species, the
stress-induced corticosterone response of young individuals
varies strongly with age or hardly exists before fledging. In
our population, nestlings showed the capacity to mount
corticosterone levels in response to a stressor, already at an
early age (6 days, unpublished data). We did find a sig-
nificant relationship between age and corticosterone levels
(Fig. S1, although age accounted for less than 3% and 4%
of the variation in baseline and stress-induced corticoster-
one stress-response levels, respectively). These findings
indicate that variation in age in our sampled population has
little incidence on our results (see also Table S2).

Eggs (occasionally nestlings, 110 over 1,075 eggs) were
cross-fostered between pairs of nests that had similar laying
dates (mean difference in laying date between pairs of
cross-fostered nests ranged between 0 and 17 days with a
mean of 1.7 days + 2.4 SD). When the clutch size between a
pair of nests was of similar size (+1 egg), we swapped all
eggs. When there was a difference of more than one egg or
the laying date between the pair of nests available for cross-
fostering was marked (ca. 17 days), we either cross-fostered
the same number of eggs between pairs of randomly chosen
nests or swapped the oldest nestlings from one nest with the
youngest of the other nest. In the latter case, we made sure
to keep intact the within-brood age hierarchy by swapping
eggs at the same stage of incubation. Of the 1,112 nestlings
for which we have baseline corticosterone levels, 697
(62.7%) were cross-fostered and 730 (66.0%) out of the
1,106 nestlings for which we have stress-induced levels
were cross-fostered. In most cases, individuals were cross-
fostered before hatching (594 [85.2%] for individuals with
baseline measurements, and 642 [87.9%] for individuals
with stress-induced measurements). On average, eggs were
cross-fostered ca. 10 days before they hatched (9.7«
5.9 SD). Individuals that were cross-fostered after hatching
were on average 3.7 days old (2.6 SD).

Assessment of baseline and stress-induced
corticosterone levels

We measured baseline and stress-induced corticosterone
levels in a total of 1,112 (522 males, 590 females from 302
distinct nests) and 1,106 (519 males, 587 females from 282
different nests) nestlings, respectively. For 1,007 nestlings
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(471 males, 536 females), we had both baseline and stress-
induced corticosterone levels. Nestlings were sampled for
blood between 7.33h in the morning and 20.42h in the
evening. Baseline samples were taken within 3’ (158"
39" average sampling time and SD) after opening the nest
box (Romero and Reed 2005). Although within 3 min the
effect of sampling time was significant (¢ ;0= 6.67, P<
0.0001), it only explained a small portion of the variance in
baseline corticosterone levels (R?=0.04). Once the first
blood sample was taken, the individuals were weighed to
the nearest g and their wing and tarsus measured to the
nearest mm. Nestlings were then individually kept in cloth
bags until a second blood sample was taken within 19’ to
32'45" (mean: 24'18”"+£2'42"” SD) to measure stress-
induced corticosterone levels.

The blood samples were collected with heparinised capil-
lary tubes, immediately centrifuged and the plasma was stored
in liquid nitrogen separately from the red blood cells. Within
less than 24 h, the samples were stored at —20 °C until further
analysis. Plasma corticosterone levels were determined using
an enzyme immunoassay (see for details Miiller et al. 2006).
Briefly, 10 uL of plasma was added to 190 L of water, and
from this solution, we extracted corticosterone with 4 mL of
dichloromethane, which was re-dissolved in phosphate buffer
and measured in triplicate in the enzyme immunoassay. The
dilution of the corticosterone antibody (Chemicon; cross-
reactivity: 11-dehydrocorticosterone 0.35%, progesterone
0.004%, 18-OH-DOC 0.01% cortisol 0.12%, 28-OH-B
0.02% and aldosterone 0.06%) was 1:8,000. We used HRP
(1:400, 000) linked to corticosterone as the enzyme label and
ABTS as a substrate. The concentration of corticosterone in
plasma samples was calculated by using a standard curve run
in duplicate on each plate. If the corticosterone concentration
was below the detection threshold of 1 ngmL ™, the analysis
was repeated with 15 or 20 uL of plasma. If the concentration
was still below the detection limit, we assigned to the sample
the lowest detectable concentration value (1ng mL ™.
Plasma pools from chicken with a low and high corticosterone
concentration were included as internal controls on each plate.
Intra-assay variation ranges from 3 to 20% and inter-assay
variation from 7 to 25%, depending on the concentration of
the internal control and the year of analysis. Baseline corti-
costerone levels ranged between 0.49 and 58.3ngmL ™!
(mean+SD: 7.3 +7.1) and stress-induced corticosterone
levels between 5.1 and 147.6 (60.1 x24.6). Stress-induced
corticosterone levels were significantly correlated with base-
line corticosterone (Pearson’s correlation »=0.36, 95% CI:
0.31-0.42, t; oo5 = 12.41, P <0.001, Fig. S2).

Statistics

We used an “animal model” approach to estimate the her-
itability of baseline and stress-induced corticosterone levels
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in nestling barn owls (Wilson et al. 2010). The animal
model is a linear mixed model that estimates the additive
genetic variance of a trait of interest from a population’s
pedigree. The pedigree is used to control for relatedness
when estimating the breeding value of an individual (i.e.,
the additive genetic effect on a phenotype).

Pedigree

We used a wild social pedigree (Pemberton 2008): a pedi-
gree built using paternities assessed from field behavioural
observations of male and female parental care (i.e., the
adults observed incubating and/or feeding the nestlings were
assigned as parents; see also San-Jose et al. 2017). Because
the rate of extra-pair paternity is very low in our population
(~1%, Ducret et al. 2016; Henry et al. 2013), mis-assigned
paternity links based on behavioural observations are
expected to be negligible and have a small incidence on the
models’ estimates (Charmantier and Reale 2005). The full
pedigree consisted of 8,815 individuals captured as breeders
or nestlings between 1994 and 2016. Excluding the pedigree
“founders” (1,202 adults of an unknown nest of origin), only
2.89% of the individuals in the pedigree have an unknown
mother and 10.35% of the individuals, an unknown father
(1.2% belong to the same brood with both parents
unknown). A unique “dummy” mother and/or father was
assigned to each one of these broods. The pedigree pruned
for individuals, for which baseline corticosterone levels were
measured, was composed of 1,601 individuals (including
375 founders) with 1,226 maternity and paternity links,
2,819 full sibs (4,382 maternal sibs, 4,899 paternal sibs),
1,563 maternal half-sibs, 2,080 paternal half-sibs, 295
maternal grandmothers and grandfathers and 479 paternal
grandmothers and grandfathers. The pedigree pruned for
individuals with known stress-induced levels was composed
of 1,576 individuals (including 364 founders) with 1,212
maternity and paternity links, 3,043 full sibs (4,615 maternal
sibs, 5,056 paternal sibs), 1,572 maternal half-sibs, 2,013
paternal half-sibs, 315 maternal grandmothers and grand-
fathers and 459 paternal grandmothers and grandfathers.
Both pedigrees had a maximum pedigree depth of six gen-
erations, which according to Balloux et al. (2004) is
expected to yield accurate estimates of relatedness among
the individuals in the pedigree. The pedigree depth and
sample size are larger than that in previous studies testing for
genetic (co)variation in baseline and stress-induced corti-
costerone levels in wild animal populations (Jenkins et al.
2014; Stedman et al. 2017).

Animal models

The animal models were fitted using the MCMCglmm
function implemented in the MCMCglmm R package
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(Hadfield 2010). Baseline and stress-induced corticosterone
levels were considered together in the same multivariate
analyses, which allowed us to estimate the heritability of
each trait as well as their genetic correlation. In an initial
full model, the inverse matrix of relatedness among indi-
viduals, as estimated from the pedigree, was included
together with the year and brood identity as random effects,
while no fixed effects were included. The variance esti-
mated from the pedigree represents the additive genetic
variance (V,), the variance associated with brood identity
represents the rearing environmental variance (Vg) and the
variance associated with year represents the yearly variance
(Vy). From these variance components and the residual
variance (VR), we calculated narrow-sense heritability (hz)
as VA/Vp (Vp =total phenotypic variance). Within the same
model, we modelled the variance terms of the random
effects separately for baseline and stress-induced corticos-
terone levels (option idh in MCMCglmm; Hadfield 2010),
except for the genetic additive variance, which was mod-
elled separately for baseline and stress-induced corticos-
terone levels but also taking into consideration their
covariation (i.e., genetic covariance, option us in
MCMCglmm).

To test whether modelling additive genetic variance and
covariance in corticosterone levels improved model fit, we
compared the full model described above with a second
model, considering additive genetic variance terms per trait
and zero genetic covariance between the traits, and a third
model considering no additive genetic variance for any of
the traits. Models were compared, based on their DIC
(deviance information criterion) values. All models were
run in duplicate to estimate the variation in DIC values
owing to model mixing. The differences between duplicates
were all small (ADIC < 1.1).

We repeated all the models presented above, including
the fixed effects of different covariates that may affect
corticosterone levels in the barn owl (Almasi et al. 2015;
Almasi et al. 2010; Romero and Reed 2005; Roulin et al.
2010). Including fixed effects into animal models must be
carefully considered, as it may yield downward estimates of
residual variance and thereby inflated estimates of herit-
ability (see Wilson 2008 for a detailed discussion on the
topic). Nonetheless, modelling fixed effects allows us to
assess to what extent our heritability estimates could be
biased by nonbiological sources of variance that were
inherent to the sampling procedure (e.g., sampling time) or
to the encountered sampling population (e.g., age of the
individuals). We included the following covariates: sam-
pling time (i.e., duration between the moment when nest-
lings were first disturbed and blood sampling), sampling
date (i.e., Julian date), sampling time of the day (i.e., hour of
capture), sex, nestling age, rank in the brood, brood size and
condition (i.e., residuals from the relation between mass and

wing length of nestlings). Covariates were considered in
interaction with trair (a categorical variable reflecting
whether a corticosterone measurement in the model corre-
sponded to baseline or stress-induced levels). This is
required given that: i. the same covariate (e.g., age) may
associate with baseline differently than with stress-induced
levels, or ii. the value of the covariate changes with trait:
i.e., from baseline to stress-induced measurements (e.g.,
sampling time). To further test the robustness of estimates
of the animal models, we ran the animal models considering
only those individuals that were cross-fostered or con-
sidering a smaller range of ages. These models gave qua-
litatively similar results than those presented in the Results
section (see Table S3 and Fig. S3).

All models were fitted with inverse Wishart priors, as
described by Hadfield (2010), and ran for 10,300,000
iterations with a burning phase of 300,000 iterations and a
sampling interval of 2,000 iterations. The mean effective
sample size for all model parameters was 4,730 and the
lowest effective sample size was 3,769. To assess the
models, we visually inspected the convergence of the chains
and checked the congruence of the posterior distributions of
the different parameters between runs. Baseline levels were
log-transformed and a power of 0.7 transformation to stress-
induced levels was used to improve the normality of the
data.

Results

The model considering a genetic additive variance term for
baseline and stress-induced corticosterone levels and their
genetic covariation was found to fit the data better than the
models considering no genetic covariation (the second best
model) or no additive genetic variance for both traits (the
third best model, Table 1). The heritability estimate (h?) of
the best model for baseline corticosterone levels (h2 =0.303,
95% Bayesian credible interval, BCrl: 0.163-0.396, N =
1,112) was similar to the heritability estimate for stress-
induced levels (h* =0.326, 95% BCrl: 0.194-0.471, N =
1,106; Fig. 1, Table 2). The genetic correlation between
baseline and stress-induced corticosterone levels was high (r
=0.803, 95% BCrl: 0.685-0.895). The rearing environment
(brood ID) explained a small part of the variance (10%) in
baseline corticosterone levels (Fig. 1, Table 2), whereas the
part of variance explained by year was higher (23%) albeit
with a larger 95% BCirl. In stress-induced response levels,
both the year and the rearing environment explained a small
part of the variance (<11%) (Fig. 1, Table 2). A large part of
the variance for baseline (33%) and stress-induced levels
(42%) remained unexplained (Fig. 1, Table 2).

When including the covariates (date, hour, sampling
time, age and sex of nestlings) into the models, the model
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considering a genetic additive variance term for baseline
and stress-induced corticosterone levels and their genetic
covariation was also found to fit the data better than the
other models tested (Table 1, Table S2). This model showed

Table 1 Comparison of animal models including different additive
genetic variation and covariation terms for baseline and stress-induced
corticosterone levels in nestling barn owls

Genetic DIC ADIC
Variance Covariance
Models without covariates
Model 1 Yes Yes 8,407.4 0
Model 2 Yes No 8,661.8 254.4
Model 3 No No 8,743.0 335.6
Models including covariates
Model 1 Yes Yes 8,144.5 0
Model 2 Yes No 8,272.4 127.9
Model 3 No No 8,367.7 2232

Note: In model 1, we estimated the additive genetic variances for
baseline and stress-induced corticosterone levels and their genetic
covariation. In model 2, we estimated the additive genetic variances
for baseline and stress-induced corticosterone levels but considered
that genetic covariance equals zero. Finally, in model 3, we considered
no additive genetic (co)variance for corticosterone levels. In each
model, we added the identity of the brood and year as random factors.
Shown are the DIC (deviation information criteria) values for each
model and the differences of each model to the model with the lowest
DIC (A DIC) for models without or with covariates included

0.70

0.60

0.50

0.40

0.30

Proportion of explained variance

0.20
0.10
0.00

somewhat similar estimates as the model without covariates
(Table 2, Fig. 1), although the estimates of additive genetic
variance for baseline (h2 0.189, 95% BCrlI: 0.104-0.306)
and stress-induced response levels (h* = 0.241, 95% BCrl:
0.116-0.395), as well as, their level of genetic correlation
were lower (r = 0.683, 95% BCrl: 0.051-0.820) than in the
model without covariates.

Discussion

The evolutionary response of a trait to natural selection
relies upon two genetic parameters. The heritability (h?) of
the trait: i.e., the amount of phenotypic variation that can be
attributed to genetic factors, and its genetic correlation with
other fitness-related aspects of the phenotype: the degree to
which the trait shares genetic variation with other characters
under selection (Queller 2017). In this study, we used 8
years of corticosterone data from a wild population of barn
owl nestlings to estimate the heritability of baseline and
stress-induced corticosterone concentration, as well as the
genetic correlation between these two traits, in order to shed
light on the evolutionary potential of corticosterone levels.
We show that baseline levels and stress-induced corticos-
terone response are both moderately heritable in our
population of barn owl nestlings, within the range of what
was observed in two previous studies in wild bird popula-
tions (Jenkins et al. 2014; Stedman et al. 2017). In contrast

V, -Log baseline V, - Stress-induced V- Log baseline V- Stress mduced Vy- Log baseline V| - Stress-induced V, - Log baseline V,, - Stress-induced
COR CORT OR

ORT

Fig. 1 Partition of total phenotypic variance in baseline and stress-
induced corticosterone levels into additive genetic (V,), common
rearing environmental (Vg), year (Vy) and residual variance (Vy), as
estimated from a model without or with covariates. The additive
genetic variance for corticosterone (CORT) was estimated from data
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ORT CORT CORT

on nestlings sampled between 6 and 67 days old using animal models
without (black bars) or with covariates (white bars) influencing CORT
levels (e.g., date and hour of sampling, sex and mass of nestlings, see
Table S2). The error bars represent the 95% Bayesian credible
intervals
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Table 2 Posterior estimation
(with 95% Bayesian credible
interval, BCrl) of variance

Baseline corticosterone
(95% BCrl)

Stress-induced corticosterone
(95% BCrl)

components for baseline and
stress-induced corticosterone
levels based on best models (see
Table 1) without or with (Va)
covariates Year (Vy)

Rearing environment (V)

Model 1 without covariates

Additive genetic variance

Residual variance (VR)
Total variance (Vp)

Model 1 including covariates
Additive genetic variance
(Va)

Year (Vy)

Rearing environment (V)
Residual variance (VR)

Total variance (Vp)

0.23 (0.16-0.31)

0.19 (0.06-0.60)
0.08 (0.06-0.13)
0.27 (0.22-0.32)
0.81 (0.64-1.21)

0.15 (0.10-0.22)

0.18 (0.07-0.65)
0.09 (0.06-0.13)
0.26 (0.21-0.30)
0.68 (0.57-1.17)

9.26 (5.84-13.73)

2.54 (0.69-13.54)
2.67 (0.79-4.34)
12.47 (9.88-14.74)
28.12 (23.69-38.37)

6.89 (3.93-10.65)

6.08 (2.00-24.57)
1.03 (0.14-2.49)
10.47 (8.62-12.75)
26.01 (20.09-43.19)

Note: Baseline and stress-induced corticosterone estimates are based on a logarithmic and a power of 0.7
transformation of corticosterone levels, respectively

to previous studies that found no genetic correlation, we
provide the first evidence for a strong positive genetic
correlation between baseline and stress-induced response
levels, indicating that, at least in our population, basal and
stress-induced corticosterone levels might not evolve inde-
pendently from each other.

Accounting for the effect of covariates known to be
associated with corticosterone levels in the animal model
(Supplementary Table S2), yielded qualitatively similar
results, although some remarkable differences existed
(Fig. 1). Regardless of whether covariates were added to the
animal models or not, the models, including additive
genetic (co)variance terms, were the most supported. Thus,
evidence for an additive genetic (co)variance greater than
zero in corticosterone levels is unlikely to be artefactual due
to variation introduced to sampling nestlings from the same
broods for instance. Although consistently smaller, the
estimates obtained from the model with covariates were still
within the same range of magnitude, like those obtained
from the model without covariates (Fig. 1). Given this
observation, the conclusions that can be derived from the
models with or without covariates are the same: baseline
levels and stress-induced corticosterone response show
moderate heritability and are strongly genetically correlated
in this data set.

To include fixed terms in animal models often leads to
higher estimates of heritability, given that this normally
reduces the magnitude of variance left unexplained by the
model (Vg; Wilson 2008). However, in some circumstances,
the inclusion of fixed effects can have the opposite effect: a
decrease in heritability estimates, as observed in our study.
Such a decrease in heritability estimates suggests that one or
several covariates are somehow associated with the degree

of relatedness among individuals (Wilson 2008). This can
be due to nonbiological (e.g., sampling of related indivi-
duals under similar conditions), as well as biological factors
(e.g., a genetic correlation between the trait and the cov-
ariate/s), rendering it difficult to decide whether the inclu-
sion of fixed factors results in more or less accurate
quantitative genetic estimates (Wilson 2008). In our case,
we can expect both nonbiological and biological factors to
account for the smaller estimates obtained when including
covariates. On the one hand, there may exist genetic cor-
relations between corticosterone levels and some of the
included covariates (e.g., body condition: Kitaysky et al.
2001; Sockman and Schwabl 2001; Tilgar et al. 2017, see
Table S2). On the other hand, we measured related full
broods under similar conditions (same time of the day, date
and current brood size), and this may have partly affected
the animal model estimates, given that the type of family
links that were more often represented in our pedigree were
those among full siblings (see the Methods section, Pedi-
gree: Kruuk and Hadfield 2007). Thus, the estimates from
the models with or without fixed effects should be con-
sidered together (in addition to their credible intervals) as
the range of heritability and genetic correlation of baseline
and stress-induced corticosterone levels in our population.

Overall, the moderate heritability estimate for baseline
and stress-induced corticosterone response suggests that an
appreciable part of the variance in hormonal levels is
genetically determined. This considerable amount of genetic
variance may enable selective processes to mould the
activity of the HPA axis and promote adaptation to specific
environments (Abolins-Abols et al. 2016; Atwell et al.
2012; Fokidis et al. 2009; Miiller et al. 2007; Partecke et al.
2006). Our analyses showed heritability estimates within
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the same range as those from other studies in wild bird
populations. In our study, the animal model that included
the fixed effect of different covariates produced similar
heritability estimates for baseline (W*=0.19 [0.10-0.31])
and stress-induced  corticosterone levels (h*=0.24
[0.12-0.40]) to those in a previous cross-fostering experi-
ment made in barn swallows (baseline: W =0.15
[0.06-0.46], stress-induced: h> = 0.34 [0.13-0.6], Jenkins
et al. 2014) and in a previous study conducted in tree
swallows (baseline: K =0.13 [0.05-0.33], stress-induced:
W =0.18 [0.08-0.42], Stedman et al. 2017). Our estimates
were also within the range of heritability in corticosterone
stress response observed in artificial selection experiments
and in captivity (range of h* is 0.04-0.60; Brown and
Nestor 1973; Cox et al. 2016; Evans et al. 2006; Odeh et al.
2003; Pottinger and Carrick 1999; Satterlee and Johnson
1988). Thus, the heritability of corticosterone estimates
seems to be within the range of what has been estimated for
other hormones (Coviello et al. 2010; Iserbyt et al. 2015;
Pavitt et al. 2014; Travison et al. 2014). However, we
believe that in order to generalise that baseline and stress-
induced levels of corticosterone may often be moderately
heritable, more studies are still required, particularly in wild
populations.

Glucocorticoid hormones, such as corticosterone, are
crucial in the mediation of physiological and behavioural
processes and the ability of an organism to cope with
environmental changes. Therefore, glucocorticoids are
suggested to play an important role in the regulation of
fitness traits, such as reproduction and survival of organ-
isms. This is supported by the relationships found within
different species between glucocorticoid levels and different
fitness components (Angelier et al. 2009; Blas et al. 2007;
Bonier et al. 2009b; Breuner et al. 2008; Goutte et al. 2010),
including survival in adult barn owls (Béziers et al. 2019).
In general, traits that are tightly associated with fitness, such
as the HPA axis, are thought to have lower additive genetic
variance, as alleles conferring a higher fitness are expected
to be rapidly fixed by natural selection (Charmantier and
Garant 2005; Kruuk et al. 2000; Roff 1997). Although this
is the case for some fitness-related traits, a diversity of
mechanisms, including fluctuating and disruptive selec-
tion, but also frequency-dependent selection and migra-
tion, are capable of maintaining genetic variance for traits,
despite being closely associated with fitness (Bell 2010;
Mousseau and Roff 1987). That the secretion of gluco-
corticoids can greatly vary across contexts and environ-
ments (Romero and Wingfield 2016), environmental
fluctuations between years within our population could
influence the fitness of different glucocorticoid pheno-
types and maintain genetic variation. Interannual variation
could limit the strength of selection if the optimal level of
baseline corticosterone changes from one year to the next
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(Vitousek et al. 2018). Further studies investigating the
year-effect factors (e.g., food availability, weather con-
ditions) on the regulation of corticosterone will be needed
to understand better than the year-effect variation that we
observed in our study, and how genetic variation in cor-
ticosterone levels is maintained.

The rearing environment explained less than 11% of the
variance in baseline and stress-induced corticosterone levels
(Fig. 1), which was less than the variance explained by the
year effect. These estimates were lower than what was
found in barn swallows (Vg >39%; Jenkins et al. 2014) and
tree swallows (Vg >55%; Stedman et al. 2017). This indi-
cates that environmental conditions experienced in a given
year in different barn owl nests are more similar than
environmental conditions experienced in different years.
For instance, outbreaks of pathogens may occur in some
specific years and affect all nests, and fluctuations in food
supply may be more pronounced between years than
between territories of barn owls. However, in barn swallows
and tree swallows, the environmental conditions experi-
enced between different colonies may have been more
important and had major effects on corticosterone levels,
contributing to the differences in corticosterone levels
between colonies. These effects could be associated with
the size of colonies (Mgller 1987), promiscuity between
nests (e.g., pathogens) or characteristics associated with the
breeding site (e.g., food and predator abundance). In addi-
tion, we found that residual variance was much higher than
the rearing environment, in particular for stress-induced
corticosterone levels, suggesting that variation in corticos-
terone levels between siblings is influenced by additional
factors, other than genetics or the environment of the nest.
This might result from the experienced environment being
very different between siblings because of the asynchroni-
city in the onset of incubation and hatching in barn owls.
For instance, there can be a difference of more than 20 days
between the first and the last hatchling. This is sufficient for
the environmental and social conditions that each nestling
experiences to change, and therefore for the HPA axis to be
affected differently between siblings. Other factors,
including maternal (Almasi et al. 2010; DuRant et al. 2010;
Harris and Seckl 2011; Haussmann et al. 2012; Hayward
and Wingfield 2004; Henriksen et al. 2011; Kapoor et al.
2006; Muneoka et al. 1997; Thayer et al. 2018; Uno et al.
1994; Weaver et al. 2004) and epigenetic effects during
early development (Franklin et al. 2010; Lee et al. 2010;
Nestler 2016), as well as parasite load or hatching asyn-
chrony that can lead to competitive and developmental
hierarchies (Evans 1996; Nilsson and Svensson 1996), can
also alter the development or functioning of the endocrine
system (Love et al. 2003; Schwabl 1999) and thus might
potentially contribute to variation in corticosterone secretion
between siblings, broods and years.
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A major difference in relation to previous studies in wild
populations is that our study provides evidence for a posi-
tive genetic correlation between baseline and stress-induced
corticosterone levels. From a proximate causation point of
view, this strong correlation (r = 0.80) may be explained by
the common synthetic pathway between baseline and stress-
induced corticosterone, even if the baseline and stress-
response corticosterone actions are mediated by different
receptors (Romero 2004). From an ultimate causation point
of view, baseline corticosterone levels have been suggested
to play a permissive action, permitting and priming the
mechanisms by which an organism will respond to stress
(Exton et al. 1972; Ingle 1952; Sapolsky et al. 2000;
Seleznev Iu and Martynov 1982), which may result in
selection for a genetic correlation between baseline and
stress-induced levels. The existence of positive genetic
correlations between baseline and stress-induced corticos-
terone levels is consistent with a previous study in great tits
(Parus major), showing the interdependence between HPA
axis measurements (i.e., baseline, stress-induced corticos-
terone levels and feedback capacities) and their correlation
with personality (Baugh et al. 2017). However, the rela-
tionship between corticosterone levels and personality is not
always clear, as in different populations, personality traits
are found to correlate with change in stress-induced levels
but not in baseline corticosterone levels (Baugh et al. 2012),
whereas the contrary is found in other populations (Moyers
et al. 2018). Moreover, studies selecting for high and low
stress-induced corticosterone levels failed to find any cor-
related change in baseline corticosterone levels, further
supporting the absence of a genetic correlation (Baugh et al.
2012; Cockrem et al. 2010; Pottinger and Carrick 1999;
Satterlee and Johnson 1988). These studies, together with
the studies of Jenkins et al. (2014) and Stedman et al. (2017)
(although note that the smaller sample size of these two
studies might have resulted in a lower power to detect a
significant genetic correlation; Roff 1996; Wilson et al.
2010) suggest that the covariation between baseline
and stress-induced corticosterone levels is probably not
common to all species and populations. Further studies
investigating the genetic covariation between baseline and
stress-induced corticosterone levels in other species and
populations are necessary to understand better why baseline
and stress-induced corticosterone are genetically correlated
in some species or populations but not in others. For
instance, in some populations or species, a positive genetic
correlation between baseline and stress-induced levels
might have been selected against, owing to antagonistic
selection on both traits. Genetic correlation can result from
pleiotropy, where one or several loci regulate both traits, or
by linkage disequilibrium, where alleles are tightly linked
by nonrandom association. Disentangling the genetic
mechanisms behind the secretion of corticosterone may also

be necessary to understand the nature of the genetic cov-
ariation of baseline and stress-induced corticosterone levels
within different species and populations.

In conclusion, this study sheds some light on the quan-
titative genetics of corticosterone levels, a rather under-
studied topic despite its relevance to understanding the
evolution of stress response in vertebrates. It also empha-
sises the need to conduct similar studies on other species, in
order to explain the general evolution of the glucocorticoid
stress response and the HPA axis. However, future studies
should also consider that the evolution of the HPA axis may
be more complex, as the action of corticosterone not only
depends on plasma corticosterone levels (Breuner et al.
2013), but also on the tissue-dependent density of receptors
to which corticosterone binds (Seckl and Meaney 2004), the
type of receptors (Landys et al. 2006; Romero 2004), the
properties and concentration of binding proteins and
enzymes involved in the secretion, transportation or
degradation of corticosterone. Furthermore, like other
endocrine traits, the HPA axis is a highly plastic trait that
adjusts corticosterone levels according to environmental
conditions and life-history stages. Therefore, the plasti-
city of the HPA axis is most likely to be the largest target
of selection. Thus, determining the genetic basis of the
plasticity of corticosterone levels will be an important
step forward in comprehending the evolution of the HPA
axis (Bonier and Martin 2016). Despite the fact that our
study argues that baseline and stress-induced levels of
corticosterone are strongly genetically linked in our
population, selection may still be able to act indepen-
dently on the signalling pathway of baseline activity and
stress-induced response through all the factors depicted
above. Additional studies may, therefore, investigate the
dynamics between baseline and stress-induced corticos-
terone levels in more detail, and may also consider the
level of genetic variation of other components involved in
baseline and stress-response action in order to acknowl-
edge better how phenotypic variation of the HPA axis
may respond to the selection processes. Finally, due to
the ubiquitous presence and pleiotropic effects of corti-
costerone, the HPA axis and corticosterone can poten-
tially influence (and be influenced by) the evolution of
many traits simultaneously. Therefore, determining the
structure of the genetic covariance between hormone
phenotypes, such as corticosterone, and the traits that
they mediate, will provide a better comprehension of the
evolutionary consequences of selection on the many
hormone-mediated traits.

Data archiving
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