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Developmental conditions in early life frequently have long-term consequences on the adult phenotype, but the
adult environment canmodulate such long-term effects. Glucocorticoid hormonesmay be instrumental inmedi-
ating developmental effects, but the permanency of such endocrine changes is still debated. Here, wemanipulat-
ed environmental conditions during development (small vs. large brood size, and hence sibling competition) and
in adulthood (easy vs. hard foraging conditions) in a full factorial design in zebra finches, and studied effects on
baseline (Bas-CORT) and stress-induced (SI-CORT) corticosterone in adulthood. Treatments affected Bas-CORT in
females, but not inmales. Females reared in small broods had intermediate Bas-CORT levels as adults, regardless
of foraging conditions in adulthood, while females reared in large broods showed higher Bas-CORT levels in hard
foraging conditions and lower levels in easy foraging conditions. Female Bas-CORT was also more susceptible
than male Bas-CORT to non-biological variables, such as ambient temperature. In line with these results, repeat-
ability of Bas-CORT was higher in males (up to 51%) than in females (25%). SI-CORT was not responsive to the
experimental manipulations in either sex and its repeatability was high in both sexes. We conclude that Bas-
CORT responsiveness to intrinsic and extrinsic conditions is higher in females than inmales, and that the expres-
sion of developmental conditions may depend on the adult environment. The latter finding illustrates the critical
importance of studying of causes and consequences of long-termdevelopmental effects in other environments in
addition to standard laboratory conditions.

© 2017 Published by Elsevier Inc.
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1. Introduction

Developmental conditions can have long-lasting effects on pheno-
types and fitness prospects, and this has been extensively studied in re-
cent years (Lindström, 1999; Metcalfe and Monaghan, 2001; Blount et
al., 2003; Gil et al., 2004; Monaghan, 2008). However, such effects
may be modulated by the environmental conditions experienced in
adulthood (e.g. Reid et al., 2003; Taborsky, 2006; Costantini et al.,
2014; Kriengwatana et al., 2014; Briga, 2016). Long-term effects of de-
velopmental conditions can be mediated by hormones, but interactions
between endocrine signals and environmental conditions experienced
during development and in adulthood are not well known.

Harsh conditions during early life stages are often referred to as ‘de-
velopmental stress’ (Spencer and MacDougall-Shackleton, 2011), and
indeed the vertebrate stress axis, in particular glucocorticoid (GC)
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hormones can be potent mediators of phenotypic changes arising
from early life challenges (Weaver et al., 2004). GCs are metabolic hor-
mones involved in regulating a wide array of behavioral and physiolog-
ical traits in both immature and adult vertebrates (Wingfield et al.,
1998; Breuner and Hahn, 2003; Martins et al., 2007; Romero and
Wingfield, 2015; Hau and Goymann, 2015; Hau et al., 2016). They me-
diate organismal adjustments to environmental conditions in two
ways: first, at baseline concentrations, circulating GCs vary with pre-
dictable changes inmetabolic demands resulting fromdaily and season-
al processes, like activity-rest cycles, work load and reproduction
(Romero, 2004; Bonier et al., 2011; reviewed in Monaghan and
Spencer, 2014). At these low levels, GCs regulate the availability of glu-
cose to fuel daily processes, primarily via actions on the mineralocorti-
coid receptor (Romero, 2004; Romero and Wingfield, 2015; Hau et al.,
2016). Second,whenever an individual is facedwithunpredictable chal-
lenges such as the appearance of a predator, a rival or rapid environ-
mental deterioration, GC concentrations increase rapidly (Sapolsky,
2000; Romero, 2004; Koolhaas et al., 2011; Hau et al., 2016). At such
high stress-induced concentrations, GCs acutely redirect behaviors and
physiology to emergency functions which include increased locomotor
activity and rapid mobilization of energy stores, at the expense of
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Table 1
Sample sizes by sex, treatments (small vs. large brood size, easy vs. hard foraging environ-
ment) and year. Some individualswere sampled in both years, and the total number of in-
dividuals sampled is therefore shown in brackets.

Small broods Large broods

Easy Hard Easy Hard

2014 2015 2014 2015 2014 2015 2014 2015

Males 12 16 13 17 9 14 11 15
Females 12 18 13 13 12 13 9 14
Total 58 (42) 56 (44) 48 (36) 49 (40)
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processes like reproduction and immune function through actions on
the glucocorticoid receptor (Romero, 2004; Romero and Wingfield,
2015; Hau et al., 2016).

In light of the importance of GCs for individual responses to environ-
mental conditions, it is not surprising that GC functioning in adulthood
is shaped by developmental experiences (Lendvai et al., 2009; Rensel et
al., 2010; Banerjee et al., 2012). In bird species, this notion is supported
by studies that have a) created challenging conditions to increase GC se-
cretion during development by, e.g., increasing brood size, food depriva-
tion, reduction of parental care (Honarmand et al., 2010; Rensel et al.,
2010; Banerjee et al., 2012; Schmidt et al., 2012, 2014; Kriengwatana
et al., 2014) or b) directly administrated exogenous GCs to the chicks
(Spencer and Verhulst, 2007; Spencer et al., 2009; Schmidt et al.,
2012, 2014; Crino et al., 2014). However, from the few studies that
have examined phenotypic effects of early life conditions under varying
adult environments, the role of GCs has remained unclear- either be-
cause the role of GCs has not been specifically tested (e.g. Costantini et
al., 2014) or the effects of early life conditions on GCs concentrations
have disappeared in adulthood (Kriengwatana et al., 2014).

In the current study, we therefore tested whether developmental
conditions induced GC changes that lasted into adulthood in a long-
termexperiment on zebra finches (Taenopygia guttata). In a full factorial
experimental design, we exposed birds to a combination of two treat-
ments: a brood-size manipulation treatment that created benign vs.
harsher conditions during development (small vs. large broods, creating
differences in sibling competition and food provisioning), and a foraging
treatment (easy vs. hard foraging conditions) that determined environ-
mental conditions during adulthood. Both of our treatments were de-
signed to be naturalistic: experimental brood sizes remained within
the range observed in nature and the foraging treatment simulated nat-
ural variation in costs of obtaining food (Koetsier and Verhulst, 2011).
Our long-term foraging manipulation is likely to induce effects that dif-
fer from those of short-term food restrictions often applied in studies
testing for environmental effects on endocrine physiology (e.g. Lynn
et al., 2010; Schmidt et al., 2014). All birds were maintained in outdoor
aviaries during adulthood, which allowed for additional naturalistic ef-
fects of variation in climate. To standardize the breeding state of individ-
uals and minimize reproductive activities, all birds were maintained in
single-sex groups. Finally, we included equal numbers of males and fe-
males into the experiment to test for the existence of sex differences in
responses to developmental and adult conditions. Indeed, there is some
evidence for sex differences in the persistence of the effects of develop-
mental conditions (Wilkin and Sheldon, 2009; reviewed in Jones et al.,
2009) or in the nature of traits affected (Schmidt et al., 2012, 2015).
However, whether sex-specific changes in GC concentrations are medi-
ating such differences has yet not been investigated.

Previous results from this long-term experiment have documented
that fitness consequences of developmental conditions depend on the
adult environment: birds reared in large broods had a decreased surviv-
al rate compared to conspecifics raised in small broods, but only when
experiencing the hard foraging environment (Briga et al., 2017). Fur-
thermore, differences between treatments have been found in blood
glucose levels (Montoya et al., in review), metabolic rate (Koetsier and
Verhulst, 2011; Briga, 2016) and social behaviour (our unpublished ob-
servations) of adult birds. Our experiment therefore also addresses
whether GCs may be involved in mediating these broad phenotypic
effects.

We quantified two GC traits, baseline and stress-induced corticoste-
rone (themain GC in birds) in adult birds to test whether (1) the conse-
quences of developmental experiences depend on the quality of the
adult environment; (2) natural climatic variations induce differential
responses among treatment groups; (3) sex differences exist in re-
sponses to treatments and climate; (4) the effects of treatments, climate
or sex differ for baseline and stress-induced corticosterone. For brevity,
from here on we refer to baseline- and stress-induced corticosterone as
Bas-CORT and SI-CORT respectively.
2. Materials and methods

2.1. Animals and treatments

Housing and rearing conditions of the birds are described in Briga et
al. (2017). In brief, birds were randomly mated and pairs were housed
in cages (80 × 40 × 40 cm) with nesting material and drinking water,
sepia and a commercial seed mixture. When the oldest chick was max-
imally 5 days old, chicks were weighed and randomly cross-fostered to
create small (2, sometimes 3 chicks) and large (6, sometimes 5 chicks)
broods. These brood sizes are within the range observed in the wild
(Zann, 1996). From 35 until approximately 100 days old, young birds
were housed in indoor aviaries (153 × 76 × 110 cm) with up to 40
other young of the same sex and two male and female adults (tutors)
to foment sexual imprinting. After reaching 100 days of age, individuals
were assigned randomly to one of eight outdoor aviaries (310 × 210
× 150 cm), evenly distributed between easy and hard foraging environ-
ments. Each aviary contained individuals of one sex, and an approxi-
mately equal number of birds reared in small and large broods. The
manipulation is described in detail in Koetsier and Verhulst (2011). Brief-
ly, in each aviary a food container (120 × 10 × 60 cm) with 5 holes on
each side was suspended from the ceiling. In the easy foraging environ-
ment food-boxes had perches just below the holes, allowing birds to
perchwhile eating (low foraging costs). In the hard foraging environment
the percheswere absent, forcing birds to stay on thewingwhenobtaining
food (high foraging costs). The experiment was started in December
2007, and young birdswere periodically added to the aviaries tomaintain
a density of approximately 20 birds per aviary (see Briga et al., 2017 for
details). Thus each aviary contained birds of different ages, ranging from
0.88 to 8.81 years in the data presented in this paper.

Ambient temperaturewas recorded each hour in the aviaries, and in
our analyseswe used the temperature in the hour before baseline blood
samples were taken. Structural size was measured when the birds were
fully grown (age N 100 days) andwas taken to be the average tarsus and
head + bill length after transformation to a standard normal distribu-
tion. Body mass was measured monthly, and was highly repeatable
(Briga, 2016). To minimize disturbance we did not measure body
mass during blood sampling but instead used the mass measurement
closest in time to the blood sampling date. Residual body mass was cal-
culated as the residuals of the linear regression of body mass on struc-
tural size, to obtain a mass component independent of size.

2.2. Blood sampling protocol

Bloodwas collected inMay2014 andMay 2015.We sampled only one
bird per aviary on each day, to avoid disturbance effects on CORT levels of
conspecifics. Each sampling day, four aviaries were sampled between
10:00–12:00h, and another four between14:00–16:00h. The entire sam-
pling period lasted onemonth each year. Sexes, ages and treatmentswere
balanced for each sampling date and time, and the sequence of aviaries
sampled each daywas randomized. The identity of the bird to be sampled
was pre-determined and target birds weremarkedwith color-rings to fa-
cilitate their individual identificationwhen catching. In total, we obtained
blood samples for Bas-CORT and SI-CORT from 91 birds in 2014 (Table 1;



Fig. 1. Baseline CORT concentrations in relation to ambient temperature in (a) females and (b) males.
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ages: 0.88–8.29 years,mean=3.82) and 120 birds in 2015 (Table 1; ages:
0.93–8.81 years, mean = 3.33). 49 of these birds were sampled in both
years, the second sample being taken on the date as close as possible to
that of the previous year.

Bas-CORT samples were taken within 2 min after opening the door
of the aviary. Blood samples were taken from the brachial vein and col-
lected in heparinizedmicrocapillary tubes stored on ice until centrifuga-
tion. Immediately after collecting the first sample (Bas-CORT) the birds
were placed into an opaque cotton bag (restraint stressor), and a second
blood sample (SI-CORT) was taken after 20 min. In total, no more than
150 μl of blood were taken per individual (this includes 2 further sam-
ples taken later on the same day as part of a complementary study).
After blood sampling, each bird was put into a separate cage with food
and a heat lamp to recover before being released back into the aviary
(usually within 20 min). Plasma was separated from all samples and
stored at−20 °C until analyzed.

2.3. Hormone analysis

We determined plasma CORT concentrations using an enzyme im-
munoassay kit (Cat. No. ADI-900-097, ENZO Life Sciences, Lausen, Swit-
zerland), following previously established protocols (Ouyang et al.,
2015). Samples taken from one individual in each year were placed in
neighboringwells, but in other respects samples were randomly distrib-
uted. Briefly, aliquots of either 10 μl (for Bas-CORT) or 7 μl plasma (SI-
Cort) along with a buffer blank and two positive controls (at 20 ng/ml)
were extracted with diethylether. After evaporation, samples were re-
Fig. 2. Baseline CORT concentrations (±s.e.) in relation tomanipulated brood size (2 vs. 6 chicks
sizes refer to number of individuals whereas number of samples per sex and treatment is higher
either manipulation in males (Table 2b), while in females there was a significant interaction b
dissolved in 280 μl assay buffer. On the next day, two 100 μl duplicates
of each sample were added to an assay plate and taken through the
assay. Buffer blanks were at or below the assay's lower detection limit
(27 pg/ml). In 2014, intra-plate coefficient of variation (CV; mean ±
SE) was 9.63 ± 5.1% and inter-plate CV was 15.23 ± 3.2% (n = 10
plates). In 2015, the intra-plate CV was 11.43 ± 7.05% and inter-plate
CV was 9.99 ± 2.67% (n = 16 plates). Samples with CV's N 20% were
re-assayedwhen there was sufficient plasma. Final CORT concentrations
were corrected for average loss of sample during extraction,which is 15%
in our laboratory (Baugh et al., 2014).
2.4. Statistics

To test our hypotheseswe constructed a general linearmixedmodel,
sequentially including the following sets of variables: 1) non-biological
variables: ambient temperature, date (as a continuous variable inwhich
1 = first sampling day, 27th of April), sampling round (morning/after-
noon), and sampling sequence (1–4, as four birds were sampled per
round and date); 2) individual traits not affected by experimental treat-
ments: sex and age. These steps served to develop a background model
for step 3), which incorporated experimental treatments: brood size
and foraging. In a final step, 4) we tested for effects of structural size
and residual bodymass (see below), as bodymass is affected by our for-
aging treatment (Briga, 2016). In all models the following random ef-
fects were retained regardless of their contribution to the model fit:
individual identity, year and assay plate. Aviary number was not
) and foraging environment (easy vs. hard) in (a) females and (b)males. Note that sample
, due to the 49 individuals sampled in both study years. Baseline CORTwas independent of
etween the two manipulations (Table 2a).



Table 2
Baseline CORT concentrations (log transformed) in relation to non-biological variables, age,
experimental treatments, size and mass in (a) Females (main model, R2 = 0.77), and (b)
Males (main model, R2 = 0.61). Temp = Ambient temperature; BroodTreat(6) = Brood
treatment (large); ForTreat(H) = Foraging treatment(hard). Note that these final models
are also the best fitting ones according to Akaike Information Criterion (Akaike, 1973)
and may not include terms with significant p-values.

a Estimate s.e. d.f. F p

Intercept 1.426 0.351
Temperature −0.037 0.014 83.05 24.961 b0.0001
ForTreat(H) 0.546 0.401 60.86 5.690 0.021
BroodTreat(6) −0.521 0.175 54.68 1.214 0.276
Size −0.139 0.093 56.75 0.054 0.817
Mass −0.294 0.074 88.62 15.697 0.0002
Temp × ForTreat(H) −0.052 0.021 49.21 6.123 0.017
ForTreat(H) × BroodTreat(6) 0.767 0.247 50.65 9.615 0.003
ForTreat(H) × Size 0.320 0.178 65.65 3.211 0.078

Rejected terms
ForTreat(H) × Mass −0.042 0.254 87.69 1.969 0.164
BroodTreat(6) × Mass −0.280 0.169 78.45 0.002 0.967
BroodTreat(6) × Size −0.169 0.201 65.58 0.007 0.934
ForTreat(H) × BroodTreat(6) ×
Mass

0.547 0.340 87.61 2.588 0.111

ForTreat(H) × BroodTreat(6) ×
Size

0.310 0.361 59.27 0.734 0.395

Random factors

Variance

Bird ID 0.131
Year 0.080
Assay plate 0.092
Residual 0.174

b Estimate s.e. d.f. F p

Intercept 0.384 0.077 38.27

Rejected terms
ForTreat(H) 0.208 0.248 61.81 2.194 0.143
BroodTreat(6) 0.251 0.244 61.56 2.956 0.090
Size 0.136 0.179 71.04 2.712 0.104
Mass 0.126 0.127 90.11 3.388 0.069
ForTreat(H) × BroodTreat(6) 0.107 0.353 63.21 0.092 0.762
BroodTreat(6) × Mass 0.272 0.181 91.14 4.592 0.035
ForTreat(H) × Size −0.148 0.291 69.04 2.771 0.100
ForTreat(H) × Mass −0.313 0.231 79.51 0.027 0.869
BroodTreat(6) × Size −0.275 0.265 65.82 1.151 0.287
ForTreat(H) × BroodTreat(6) × Mass 0.693 0.406 81.03 2.918 0.091
ForTreat(H) × BroodTreat(6) × Size 1.005 0.426 71.04 5.573 0.021

Random factors

Variance

Bird ID 0.255
Year 0.000
Assay plate 0.007
Residual 0.218
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included because it explained a negligible part of the variance in all
models.

While building the four models described above, we used backward
elimination of least significant terms, except for the main effects of age,
brood size and foraging treatment which were kept in the following
step regardless of significance. We did this because age effects may di-
verge between treatments and because treatment groups may differ in
structural size and residual body mass, respectively (Briga, 2016). After
model selection, the Akaike Information Criterion (Akaike, 1973) was
also considered to confirm that the final models had the lowest AIC
values. We tested all two- and three-way interactions that included at
least two of the following factors: sex, brood size treatment, foraging
treatment.

When analyzing SI-CORT as the dependent variable, we included
Bas-CORT as a covariate in the models. We did this to separate the ef-
fects of stress-induced from those of Bas-CORT, as the two traits can
be correlated (r = 0.3 in our population, unpublished data). However,
we also ran allmodels on SI-CORTwithout includingBas-CORT as covar-
iate and obtained qualitatively similar results.

All statistical analyses were performed using R version 3.2.1 (R Core
Team, 2015) with the function “lmer” of the R package lme4 (Bates et
al., 2014). In the main models, R2 was obtained with the function
“r.squaredGLMM” of the R package MuMIn (Bartoń, 2013). Logarithmic
transformations were performed to normalize Bas-CORT and SI-CORT.
After model selection all residuals showed a normal distribution.

3. Results

When pooling all data, there was no difference between the sexes in
either average Bas-CORT (F141.76 = 0.25, p = 0.617) or in average SI-
CORT (F148.67 = 0.03, p=0.869) concentrations. However, preliminary
analysis of Bas-CORT revealed multiple three-way interactions includ-
ing sex, andwe therefore analyzed data for the sexes separately to facil-
itate the interpretation of the statistical models. We subsequently
checked whether the findings differed significantly between the sexes
in an analysis of the pooled data.

3.1. Baseline CORT

– Non-biological variables: Female Bas-CORT decreased with increas-
ing ambient temperature (Table s1a, Fig. 1a), whereas male Bas-
CORT was independent of temperature (Table s1b, Fig. 1b). This
sex difference was significant (pooled data: Temperature × Sex:
F157.5 = 9.35, p = 0.0026). In females, the association between
Bas-CORT levels and temperature differed between foraging treat-
ments, independently of developmental conditions (Table s3a, Fig.
s1): the relationship between Bas-CORT and temperature was sig-
nificantly steeper in the hard (−0.10 ± 0.016) compared to the
easy foraging treatment (−0.039±0.017), and both differed signif-
icantly from 0 (hard: t47 =−4.29, p b 0.0001; easy: t53 =−2.20, p
= 0.032). Date, time of the day and processing sequence were not
correlated with Bas-CORT in either sex (Table s1). Thus, of all non-
biological variables tested, Bas-CORT associated negatively only
with temperature in females, and this association was more pro-
nounced in hard environmental conditions.

– Age: Introduction of age into themodel, either as a linear or quadrat-
ic term, did not explain a significant amount of variation in Bas-CORT
in either sex (Table s2). Thus, we found no evidence for age-associ-
ated changes in Bas-CORT.

– Treatments: Bas-CORT concentrations of males were not affected by
either treatment or their interaction (Table s3b, Fig. 2b). In contrast,
Bas-CORT concentrations of females were affected by both experi-
mental treatments, as indicated by a significant interaction between
foraging and brood size treatments (Table s3a, Fig. 2a). Post-hoc
analyses showed that for females from small broods, adult foraging
conditions had little effect on Bas-CORT (F38.9 = 0.24, p = 0.63, Fig.
2a). In contrast, for females from large broods Bas-CORT levels varied
with foraging conditions, with Bas-CORT levels being higher in the
hard compared to the easy foraging treatment (F25.3 = 6.67, p =
0.016, Fig. 2a). Interestingly, the Bas-CORT levels of females from
small broods were intermediate between those of females from
large broods kept under easy (F37.6 = 4.55, p = 0.038, Fig. 2a) and
hard foraging conditions, albeit not significantly for the latter com-
parison (F22.3 = 2.03, p = 0.16, Fig. 2a). The differences between
the sexes were significant (Foraging Treatment × Brood Treatment
× Sex: F137 = 5.41, p = 0.022; Brood Treatment × Sex: F137 =
5.28, p = 0.023; Foraging Treatment × Sex: F134.8 = 2.27, p =
0.13). Thus, Bas-CORT levels in females but not in males were sus-
ceptible to environmental quality during development and in
adulthood (Fig. 4).
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– Size andmass: In females, higher residual bodymass was associat-
ed with lower Bas-CORT concentrations (Table 2a, Fig. 3a). In con-
trast, in males there was no association between residual body
mass and Bas-CORT (Table 2b, Fig. 3b). The difference between
the sexes was highly significant (Pooled data: Body Mass × Sex:
F190.6 = 15.97, p b 0.0001). A trend for larger individuals in hard
foraging conditions having higher Bas-CORT concentrations was
found in both males and females (Table 2), possibly reflecting
higher energy needs of large individuals in particular when forag-
ing is costly.

3.2. Stress-induced CORT

– Non-biological variables: Female SI-CORT concentrations were af-
fected by date (with SI-CORT concentrations being lower later in
the season, Fig. s2) and time of day, being lower in the afternoons
(Table s4a). None of these variables affected SI-CORT levels in
males (Table s4b). With pooled data, the sex difference regarding
the time of day was confirmed (Time of day × Sex: F134.5 = 4.36, p
= 0.038), whereas there was no effect of sampling date (Date
× Sex: F134.5= 0.75, p=0.39). Thus, SI-CORTwas affected by differ-
ent non-biological variables than Bas-CORT, but again only in fe-
males.

– Age, Treatments, Size andMass: Age (Table s5a–b), treatments (Table
s6a–b, Fig.5a–b) or size andmass (Table 3a–b) did not affect SI-CORT
and this was consistent for both sexes. Hence, in contrast to Bas-
CORT, SI-CORT levelswere little affected by environmental variables.

3.3. Repeatability

Repeatability was calculated for the 49 individuals (22 males, 27 fe-
males) that were sampled in both years. The repeatability of Bas-CORT
in males was high (51%, Table 4) and twice that of females (23–26%,
Table 4). In contrast, the repeatability SI-CORT was equally high for
both sexes (approx. 50%, Table 4, Fig. 6). Whether these estimates
were extracted from the null models or from the final models (i.e.
with covariates or additional random effects, Table 4) made little differ-
ence. Thus, the repeatabilities of CORT traits were overall high (~50%),
but halved for Bas-CORT levels in females, whichwere themost affected
by environmental conditions.

4. Discussion

Our study confirmed that the long-termeffects of early developmen-
tal challenges can depend on environmental conditions during adult-
hood, because females reared in large broods modulated Bas-CORT
Fig. 3. Baseline CORT concentrations in relation to residual bodymass in (a) females and (b)mal
between brackets.
concentrations with respect to the quality of their adult environment,
while this phenomenon was not observed in females reared in small
broods or in males. Specifically, females that experienced harsh devel-
opmental conditions had low Bas-CORT concentrations in the easy for-
aging treatment, but increased Bas-CORT in the hard foraging
environment. Thus, our results show that being reared with many sib-
lings leads to long-term changes in the hormonal organization of indi-
viduals, thereby determining the way in which individuals cope with
environmental conditions during adulthood.

Our finding that females from large broods had particularly low Bas-
CORT concentrations in the easy foraging environmentwas unexpected,
because previous studies have associated developmental challenges
with increased, not decreased, CORT levels in later stages of life (e.g.
Spencer et al., 2009; Kriengwatana et al., 2014; Schmidt et al., 2014).
Growing upwith a large number of siblings increases competitionwith-
in the nest, but also reduces per capita food provisioning by the parents
(Briga, 2016). Both food restriction and increased begging have been re-
lated to higher Bas-CORT levels in nestlings in previous studies
(Kitaysky et al., 2001a, 2001b; Honarmand et al., 2010). It is therefore
possible that in our study birds coming from large broods had higher
Bas-CORT as nestlings, even though in adulthood we found no differ-
ences in Bas-CORT concentrations between individuals from different
developmental treatments. This suggests either that early life effects
on Bas-CORT were present, but manifested themselves only during de-
velopment, or that they persisted into adulthood but were then modi-
fied by the adult environment. Further experiments, which include
the collection of blood samples from developing birds would be re-
quired to solve this question. Conversely, the pattern found in females
from large broods living in the hard foraging environment is as expect-
ed, as increased work load is known to increase Bas-CORT concentra-
tions (e.g. Bonier et al., 2011; Landys et al., 2006). To our surprise, Bas-
CORT of females reared in small broods did not respond to the foraging
treatment. We know that individuals from our study population that
grow up in small broods can cope better with their environment be-
cause their lifespan is not affected by the foraging treatment, in contrast
to that of birds reared in large broods (Briga et al., 2017). The fact that
these individuals do not increase Bas-CORT concentrations in a hard
adult environment suggests that they can compensate somehow for
the increasedworkload. Hence, togetherwith the survival data our find-
ings suggest that individuals raised in small broods are less sensitive (or,
more resilient) to the effects of challenging conditions during
adulthood.

We found a striking difference between the sexes in the respon-
siveness of CORT to developmental and adult environmental condi-
tions, with females showing stronger Bas-CORT responses than
males (Fig. 4). Even SI-CORT, which generally showed little environ-
mental responsiveness in our experiment, was related to sampling
es. In the graph formales, two outliers thatwere excluded from the analyses are presented



Table 3
Stress-inducedCORT concentrations (log transformed) in relation to non-biological variables,
age, experimental treatments, size andmass in (a) Females (mainmodel, R2=0.64) and (b)
Males (main model, R2 = 0.55). Temp = Ambient temperature; Time(aft.) = Time of
day(afternoon); BroodTreat(6) = Brood treatment (large); ForTreat(H) = Foraging
treatment(hard). Note that these final models are also the best fitting ones according to
Akaike Information Criterion (Akaike, 1973) and may not include all the terms with signifi-
cant p-values.

a Estimate s.e. d.f. F p

Intercept 2.786 0.153 91.97
BasCORT 0.098 0.035 97.39 7.794 0.006
Date −0.019 0.006 61.07 11.978 0.001
Time (aft.) −0.344 0.110 96.72 9.783 0.002

Rejected terms
ForTreat(H) 0.100 0.192 67.32 1.573 0.214
BroodTreat(6) −0.208 0.195 69.62 0.920 0.341
Mass 0.088 0.110 75.61 0.087 0.769
Size 0.014 0.135 64.68 1.415 0.239
ForTreat(H) × Size −0.212 0.233 69.59 2.745 0.102
ForTreat(H) × Mass −0.371 0.230 85.83 0.905 0.344
BroodTreat(6) × Size 0.052 0.188 68.96 0.013 0.911
BroodTreat(6) × Mass 0.013 0.157 80.94 2.493 0.118
ForTreat(H) × BroodTreat(6) 0.148 0.280 66.71 0.279 0.599
ForTreat(H) × BroodTreat(6) × Mass 0.453 0.309 86.14 2.144 0.147
ForTreat(H) × BroodTreat(6) × Size −0.142 0.336 62.95 0.178 0.675

Random factors

Variance

Bird ID 0.153
Year 0.000
Assay plate 0.000
Residual 0.154

b Estimate s.e. d.f. F p

Intercept 2.284 0.122 76.89
BasCORT 0.160 0.044 97.57 13.283 0.0004

Rejected terms
ForTreat(H) −0.174 0.201 67.56 0.076 0.783
BroodTreat (6) −0.258 0.201 66.07 0.077 0.782
Mass −0.073 0.105 82.47 1.705 0.195
Size −0.283 0.147 74.57 0.124 0.726
ForTreat(H): Mass 0.231 0.190 77.89 2.975 0.089
ForTreat(H): Size 0.281 0.239 73.71 1.604 0.209
BroodTreat(6): Mass 0.093 0.195 86.84 0.679 0.412
BroodTreat(6) × Size 0.401 0.219 71.94 4.008 0.049
ForTreat(H) × BroodTreat(6) 0.432 0.294 68.64 2.152 0.147
ForTreat(H) × BroodTreat(6) × Size −0.105 0.362 77.78 0.085 0.772
ForTreat(H) × BroodTreat(6) × Mass 0.119 0.341 78.33 0.120 0.730

Random factors

Variance

Bird ID 0.148
Year 0.000
Assay plate 0.014
Residual 0.161
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date and time of day in females, but not in males. The sex difference
in environmental responsiveness was confirmed by the sex differ-
ence in Bas-CORT repeatability, which was lower in females (repeat-
ability = 23%) compared to males (repeatability = 51%). Thus the
sex-difference in environmental responsiveness was not due to un-
identified or stochastic environmental effects on Bas-CORT in
males, but can instead be attributed to an intrinsic difference be-
tween the sexes.

Some of the observed environmental effects on CORT in females
were expected, because they affect energy expenditure. For example,
female Bas-CORT decreased with increasing ambient temperature
and residual body mass. Periods with warmer weather, which likely
induced a slower metabolic rate, were shown previously to be
related to lower Bas-CORT levels (Jenni-Eiermann et al., 2008;
Lendvai et al., 2009; de Bruijn and Romero, 2011). The negative
correlation found in females between Bas-CORT and residual body
mass is also in agreement with previous studies (Kitaysky et al.,
1999; Jenni-Eiermann et al., 2008; Jaatinen et al., 2013; Hau et al.,
2016), and may reflect heavier individuals having a lower mass-spe-
cific metabolic rate. The apparent environmental insensitivity in
male CORT traits is therefore surprising, because findings in our
study population indicate male and female metabolism to be equally
sensitive to ambient temperature, residual body mass and
environmental quality (Briga, 2016). Likewise, the experimental
effects on lifespan and survival trajectories were indistinguishable
between the sexes (Briga et al., 2017). Further experiments are
needed to test whether the association between metabolic rate and
Bas-CORT is sex-dependent, and whether this explains the sex
difference in environmental responsiveness of Bas-CORT. One way
in which such a difference could arise is when individual variation
in level of the Bas-CORT/metabolic rate association is larger in
males, leading to a weaker association on the between-individual
level, which would be consistent with the higher repeatability
found for male Bas-CORT.

Since the developmental manipulation affected CORT traits in fe-
males but not in males, it is possible that the observed sex differences
in CORT in adulthood arose from males and females responding differ-
ently to the number of siblings they were reared with. This pattern is
consistent with other studies on our study species showing interactions
between sex and endocrine traits during early development (Griffith
and Buchanan, 2010) and that females were more susceptible to
early-life stressors than males (De Kogel, 1997; Verhulst et al., 2006;
Schmidt et al., 2012). Sex differences in resource allocation to different
physiological systemsmay lie at the base of sex-specific effects of devel-
opmental conditions (Wilkin and Sheldon, 2009; Schmidt et al., 2015).
Mechanistically, such sex differences could result from the interactions
between the HPA axis and the reproductive (hypothalamus-pituitary-
gonadal, HPG) axis that secretes sex steroids (Schmidt et al., 2014;
reviewed in Hau et al., 2016). Previous work in mammals and humans
found that the actions of sex steroids on the HPA axis indeed differ be-
tween the sexes (Toufexis et al., 2014; Deak et al., 2015; reviewed in
Handa andWeiser, 2014 and Panagiotakopoulos and Neigh, 2014). Fur-
ther research is needed to determinewhether in avian species these in-
teractions underlie the divergent responses to developmental
conditions in males and females.

Several studies have reported variable repeatability values for
Bas-CORT and SI-CORT, and overall find repeatabilities for SI-CORT
to be higher compared to Bas-CORT (Grace and Anderson, 2014;
Romero and Reed, 2008; Wada et al., 2008; Ouyang et al., 2011;
Small and Schoech, 2015; Vitousek et al., 2014). Repeatability
estimates reflect a combination of the repeatability of properties of
individual animals, including their behaviour at the time of sam-
pling, and the repeatability of the environment in which they are
sampled (which also affects their behaviour at the time of sampling).
That the repeatability of SI-CORT is generally higher than the repeat-
ability of Bas-CORT is not surprising therefore, because the setting in
which an animal finds itself during the measurements (standardized
restraint protocol), including its behaviour, is likely to be more
repeatable for SI-CORT than for Bas-CORT. The context dependence
of the repeatability estimates makes it difficult to evaluate more
generally to what extent baseline or SI-CORT are repeatable traits.
In the present study, the moderate-high repeatabilities found for
CORT traits suggest that individuals from our population, especially
males, can be characterized by their baseline and SI-CORT levels.
This will in part reflect that the conditions in which they were
measured were well controlled, and repeatabilities, in particular of
Bas-CORT are likely to be consistently lower in more natural
conditions, because these will be more variable.

We found Bas-CORT and SI-CORT to be affected by entirely
different factors. In females, Bas-CORT varied with ambient temper-
ature, developmental and adult treatments and residual body mass.



Table 4
Repeatabilities and variance components of random effects in both sexes for (a) baseline CORT and (b) stress induced CORT concentrations (both log transformed). Shown are variances
and individual repeatabilities as extracted from the nullmodel, containing two random factors only (Bird Identity and Plate), and variances and individual repeatabilities as extracted from
the final models as presented in Tables 2 and 3.

a

Bas-CORT Null model
98 samples of 49 individuals

Main model
98 samples of 49 individuals

Females (N = 27) Males (N = 22) Females (N = 27) Males (N = 22)

Variance Repeat. Variance Repeat. Variance Repeat. Variance Repeat.

Bird ID 0.13 23.21% 0.20 51.03% 0.12 25.70% 0.20 51.03%
Plate 0.17 – 0.00 – 0.12 – 0.00 –
Year – – – – 0.11 – 0.00 –
Residual 0.26 – 0.19 – 0.11 – 0.19 –

b

SI-CORT Null model
98 samples of 49 individuals

Main model
98 samples of 49 individuals

Females (N = 27) Males (N = 22) Females (N = 27) Males (N = 22)

Variance Repeat. Variance Repeat. Variance Repeat. Variance Repeat.

Bird ID 0.18 44.86% 0.17 50.59% 0.16 50.75% 0.18 50.30%
Plate 0.05 – 0.00 – 0.00 – 0.00 –
Year – – – – 0.00 – 0.01 –
Residual 0.17 – 0.17 – 0.16 – 0.17 –
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In contrast, none of these variables were related to SI-CORT concen-
trations. Instead, date and sampling time of day affected SI-CORT,
and again only in females. Since SI-CORT concentrations shift an
individual into an emergency life-history state, such responses are
perhaps less dependent on direct effects on metabolic rate and
more by other individual characteristics not addressed in this
study, such as the genetic makeup. Indeed, SI-CORT has been
shown to be more heritable compared to Bas-CORT (Jenkins et al.,
Fig. 4. Effect sizes (calculated as Cohen's D, Cohen, 1988) of the main variables affecting base
independent variables were transformed to standard normal distributions and all effect sizes a
2a). Data are split by foraging treatment for a better interpretation of the significant interact
infer significance as derived from the models of the pooled data.
2014). A strong genetic basis can be expected for individual traits
with direct effects on fitness, and hence SI-CORT may potentially be
more susceptible to evolutionary change in response to selection
compared with Bas-CORT.

In the context of conservation physiology, the possibility has been
considered that Bas-CORT of a population inhabiting a particular site
or habitat may be indicative of the quality of that site or habitat as
experienced by that population (reviewed in Dantzer et al., 2014,
line CORT concentrations. To make effect size comparable across traits and sexes, all the
re based on the same model for the two sexes separately (main model for females, Table
ions. As data are split by sex and treatments error bars of effect sizes cannot be used to



Fig. 5. Stress-induced CORT concentrations (±s.e.) in relation to manipulated brood size (2 vs. 6 chicks) and foraging environment (easy vs. hard) in (a) females and (b) males. Sample
sizes refer to number of individuals whereas number of samples per sex and treatment is higher, due to the 49 individuals sampled in both years. Grey dashed lines in the bars indicate
category specific average baseline CORT levels.

Fig. 6. Repeatabilities for (a) baseline CORT and (b) stress-induced CORT concentrations. Filled circles (and continuous line) represent females (N = 27). Open circles (and dotted line)
represent males (N = 22). Grey lines represent y = x.
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Madliger and Love, 2015). Testing for such a relationship conclusively in
a natural setting is difficult, if only because individuals are not randomly
distributed over low and higher quality habitats (e.g. Van De Pol et al.,
2006). Our manipulation of a key aspect of habitat quality, namely the
net intake rate of food, is therefore also of interest from the perspective
of conservation physiology. In our study, foraging environment did not
affect Bas-CORT inmales, or in femaleswhen pooled across birds reared
in small and large broods. This implies that large differences in habitat
quality can exist that superficially do not affect Bas-CORT - unless
phenotypic quality can be assessed independently, which will usually
be difficult.
5. Conclusions

Males and females differed in their responsiveness to environmental
variation regarding CORT traits. Females were more responsive than
males, and their Bas-CORT was far more affected by environmental var-
iation, while there was no sex-difference in average CORT concentra-
tions. It would be of interest to unravel the extent to which this can be
attributed to a difference in Bas-CORT function between males and fe-
males. Our results also illustrate that adult environments of different
quality are needed to comprehensively investigate the long-term effects
of developmental conditions.
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