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Abstract

Optimal functioning of the hypothalamo–pituitary–adrenal (HPA) axis is paramount to maximizing fitness in vertebrates. Research in laboratory
mammals has suggested that maternally-induced stress can cause significant variation in the responsiveness of an offspring's HPA axis involving both
pre- and post-natal developmental mechanisms. However, very little is known regarding effects of maternal stress on the variability of offspring
adrenocortical functioning in free-living vertebrates. Here we use an experimental approach that independently lowers the quality of both the pre- and
post-natal developmental environment to examine programming and plasticity in the responsiveness of the HPA axis in fledglings of a free-living
passerine, the European starling (Sturnus vulgaris). We found that mimicking a hormonal signal of poor maternal condition via an experimental pre-
natal increase in yolk corticosterone decreased the subsequent responsiveness of the HPA axis in fledglings. Conversely, decreasing the quality of the
post-natal developmental environment (by decreasing maternal provisioning capability via a maternal feather-clipping manipulation) increased
subsequent responsiveness of theHPA axis in fledglings, apparently through direct effects on nestling body condition. The plasticity of these responses
was sex-specific with smaller female offspring showing the largest increase in HPA reactivity. We suggest that pre-natal, corticosterone-induced,
plasticity in the HPA axis may be a ‘predictive adaptive response’ (PAR): a form of adaptive developmental plasticity where the advantage of the
induced phenotype ismanifested in a future life-history stage. Further, we introduce a new term to define the condition-driven post-natal plasticity of the
HPA axis to an unpredictable post-natal environment, namely a ‘reactive adaptive response’ (RAR). This study confirms that the quality of both the pre-
and post-natal developmental environment can be a significant source of variation in the responsiveness of theHPA axis, and provides a frame-work for
examining ecologically-relevant sources of stress-induced programming and plasticity in this endocrine system in a free-living vertebrate, respectively.
© 2008 Elsevier Inc. All rights reserved.
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Introduction

The vertebrate adrenocortical response is highly conserved
across terrestrial taxa and involves the release of glucocorticoids
by the hypothalamo–pituitary–adrenal (HPA) axis designed to
direct energetic and behavioral modifications away from an
environmental stressor (Sapolsky et al., 2000; Wingfield and
Sapolsky, 2003; Wingfield, 2005). However, the functioning of
the HPA axis also shows a large degree of inter-individual
variation within species in both juveniles (Sockman and
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Schwabl, 2001; Love et al., 2003a, 2003b; Kitaysky et al.,
1999a, 2001a, 2005; Wada et al., in press) and adults (Kitaysky
et al., 1999b, Breuner and Hahn, 2003; Love et al., 2003a). This
inter-individual variation is likely maintained through differential
corticosterone-induced costs and benefits across life-history
stages (e.g. Love et al., 2004; Blas et al., 2007) and effects of
HPA axis function on fitness (Dufty et al., 2002; Cavigelli and
McClintock, 2003; Boonstra, 2005; Wingfield, 2005; Hadany et
al., 2006; Blas et al., 2007). Numerous studies have shown how
variation in the responsiveness of the HPA axis plays adaptive
roles in free-living vertebrates (e.g., dampened responses in
severe arctic and alpine breeding birds to reduce reproductive
abandonment: Wingfield and Hunt, 2002; Breuner and Hahn,
2003; reduced responsiveness during successive reproductive
stages to reduce reproductive abandonment: Holberton and
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Wingfield, 2003; Love et al., 2004; variation in stress-induced
plasma corticosterone during development is correlated with
survival and recruitment: Cavigelli and McClintock, 2003; Blas
et al., 2007). However, other than studies of developmental
changes in the HPA axis itself (Sims and Holberton, 2000;
Sockman and Schwabl, 2001; Love et al., 2003a, 2003c; Blas
et al., 2006; Wada et al., 2007), few studies have focused on how
the quality of the pre- and post-natal developmental environment
might contribute to individual variation in the adrenocortical
response in free-living vertebrates (but see Blas et al., 2007; Cyr
and Romero, 2007).

Variation in stress responsiveness has a strong genetic
component (Solberg et al., 2006) and the response is heritable
(Bartels et al., 2003; Federenko et al., 2004; Evans et al., 2006)
and can be selected for under laboratory conditions (Satterlee
and Johnson, 1988; Evans et al., 2006). Significant variation
can also result from developmental plasticity of the HPA axis,
especially since both the embryo/fetus and post-natal offspring
must balance immediate physiological developmental chal-
lenges and prepare for adulthood (Seckl, 2001, 2004; Gluckman
et al., 2005; Fowden et al., 2006). Research in laboratory
mammals and captive birds indicates that exposure to pre-natal
maternal stress (via elevated glucocorticoids, maternal malnu-
trition) can cause both short- and long-term effects on the
responsiveness of the HPA axis (mammals, reviewed in Seckl,
2001, 2004; Roussel et al., 2005; Jarvis et al., 2006; birds,
Hayward and Wingfield, 2004; Hayward et al., 2006). Like-
wise, the quality of the post-natal environment also influences
the responsiveness of the HPA axis in offspring (mammals: e.g.,
Liu et al., 1997; Meaney, 2001; Holmes et al., 2005; Pryce et al.,
2005; Macrì and Würbel, 2006; Parfitt et al., 2007; birds: e.g.,
Kitaysky et al., 1999a, 2001a, 2001b, 2006; Pravosudov and
Kitaysky, 2006; Cyr and Romero, 2007; Hull et al., 2007).
However, studies examining the combined effects of pre- and
post-natal developmental stress have only been undertaken in
laboratory or captive conditions due to the difficulty of dis-
entangling pre- and post-natal maternal and environmental effects
in free-living vertebrates.

Here we use an experimental approach to independently ma-
nipulate the quality of both the pre- and post-natal developmental
environment to examine how this affects programming and
plasticity of the adrenocortical response in a wild passerine, the
European starling (Sturnus vulgaris). To manipulate the quality
of the pre-natal environment we injected corticosterone into
yolks of freshly-laid eggs (i.e., prior to embryonic development)
at levels designed to mimic hormonal-transfer to eggs by poor
condition mothers; that is, we altered a pre-natal embryonic
signal of maternal quality (Love et al., 2005, 2008). At hatching,
we manipulated the quality of the post-natal developmental
environment using feather-clipping of mothers (Winkler and
Allen, 1995; Hill, 2003; Rowland et al., 2007) reducing maternal
chick-provisioning capability. Combining both the pre- and post-
natal treatments resulted in four overall treatment groups: two
groups of corticosterone-exposed offspring and two sham-
exposed groups of offspring, each raised by either a low or
high-quality mother. We hypothesized that being exposed to
elevated yolk corticosterone provides developing offspring with
a predictive signal that their mother or the post-natal environment
is of poor quality. From previous work (see above) we hypoth-
esized that exposure to pre-natal stress would therefore result in a
programmed dampening in the responsiveness of the HPA axis
compared with control offspring, since a maximal response may
not be adaptive in a severe or unpredictable environment
(Wingfield and Hunt, 2002; Breuner and Hahn, 2003; Love
et al., 2004). Secondly, we hypothesized that nestlings faced with
an unpredictable low-quality post-natal environment (being
raised by feather-clipped mothers) would be energetically-
stressed during development (sensu Kitaysky et al., 1999a,
2001a, 2001b, 2006; Pravosudov andKitaysky, 2006) andwould
therefore have the lowest body condition of all treatments. The
result would be a temporarily more responsive HPA axis,
adrenocortical plasticity involving an immediate reactive
response to balance the energetic deficit (Dallman et al., 1993;
Kitaysky et al., 1999a, 2001a, 2001b). Finally, examining the
combined effects of corticosterone exposure and reduced
maternal provisioning allowed us to determine the relative
influences of pre- and post-natal stress on the reactivity of the
HPA axis. Although it is difficult to make predictions on whether
pre- or post-natal stress has larger relative effects on the HPA
axis, one might predict that corticosterone-exposed nestlings
raised by feather-clipped mothers would exhibit an adrenocor-
tical response that was intermediate between that of corticoster-
one-exposed offspring raised by unclipped mothers and sham-
exposed offspring raised by unclipped mothers. Together with
baseline and stress-induced corticosterone levels, we also report
effects of the treatments on offspring body condition and brood
size in an attempt to determine direct versus indirect effects of the
pre- and post-natal treatments on HPA axis responsiveness.

Methods

Field site, hormonal and maternal manipulation

This study was conducted using a wild colony of European starlings
(approximately 250 nest boxes) located at a large dairy farm in Langley, British
Columbia, Canada (49°10′N, 122°50′W) from April to mid-May 2005 (Love
et al., 2005, 2008) under a Simon Fraser University Animal Care permit (657B-
96), following guidelines of the Canadian Council on Animal Care. Starlings at
this site lay 5.9±0.2 (mean±sem) eggs per clutch within the synchronous peak
of laying (covers 7–8 days; Love et al., 2005; Smith, 2004), incubate for 10.3±
0.1 days and fledge nestlings 21±0.6 days following hatching (Love et al.,
2005). Nest boxes were checked daily to determine clutch initiation, laying
sequence, and clutch completion dates. For yolk hormone manipulations, 68
nests were randomly split into either sham (n=34) or corticosterone (n=34)
treatment groups (controlling for laying date) within the synchronous laying
peak. Within 3 h of a new egg being laid, it was removed from the nest (while
females were foraging away from their nests to eliminate possible disturbance
effects on yolk corticosterone levels in subsequent eggs), the injection site was
cleaned with ethyl alcohol and the injection was made into the yolk. The hole
was sealed using cyanoacrylate glue (Loctite® Superglue Control™Gel, Henkel
Inc.), the egg's laying order was marked and the egg was measured and returned
to the nest. Treatment eggs were injected with 10 μl of a 1277 ng/ml
corticosterone (Sigma C2505) dissolved in sterilized sesame oil (Sigma S3547).
The treatment was designed to elevate mean yolk corticosterone concentrations
of the population by 1.5 standard deviations (from 15.4 ng/g to 28.3 ng/g, Love
et al., 2008) based on an average fresh yolk weight for the population of 1.012±
0.008 g (n=163 eggs). Sham injected eggs received the same handling but were
injected with the oil vehicle only.



Fig. 1. Stress responses varied significantly by treatment in both (A) males and
(B) females (means±sem; different letters represent a significant difference
between groups as calculated for pair-wise Bonferroni comparisons; treatments:
sham-clipped (SC), CORT-clipped (BC), sham-non-clipped (SNC) and CORT-
non-clipped (BNC).
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Clutches were removed 0.5 days prior to hatching (once the first egg had
begun pipping) and placed in an incubator for approximately 6–8 h until
nestlings hatched; replacement of artificial eggs maintained maternal incubation
behavior. Nestling body mass and structural size measures were taken at
hatching, a small blood sample was collected for PCR (sex) analysis (placed on a
sterile piece of filter paper) and nestlings were individually-marked (with order-
specific feather-clipping) and returned to their natal nests. Just prior to hatching
(1–1.5 days), all females in both hormone treatment groups were caught and
were again split pair-wise by laying date into one of two maternal treatment
groups (feather-clipped: n=32 females; non-feather-clipped: n=32 females);
feather-clipping was employed to reduce maternal provisioning rates to the
offspring (see Winkler and Allen, 1995; Hill, 2003; Rowland et al., 2007). The
maternal treatment consisted of clipping the ninth, sixth, and third primary
feathers, the sixth and third secondary feathers, and the sixth and third rectrices
(tail feathers) near the base of each feather; control birds were only captured,
handled (see below) and released. Prior to release, all females were measured
(beak length, tarsus length, wing chord, and body mass), banded with metal and
color bands and were released to return to normal activities. Females were re-
caught 7–8 days following hatching during the linear phase of nestling growth to
determine potential changes in body mass. Combining the hormonal and
maternal treatments resulted in four overall treatments: 1) corticosterone-
exposed nestlings raised by feather-clipped mothers (herein referred to as
CORT-clipped or BC), 2) corticosterone-exposed nestlings raised by non-clipped
mothers (CORT-non-clipped or BNC), 3) sham-exposed nestlings raised by
feather-clipped mothers (sham-clipped or SC), and 4) sham-exposed nestlings
raised by non-clipped mothers (sham-non-clipped or SNC).

Growth and adrenocortical response to handling of nestlings

All nestlings were weighed and measured (exposed culmen, tarsus, wing) at
the ages of 5, 10, 15 and 17 days. Nestlings were banded with metal bands at
10 days of age so that we could continue to track individual nestlings. At 15 days
of age, nestlings underwent a standardized stress response protocol (described in
Love et al., 2004) designed to elicit a corticosterone response by the HPA axis in
near-fledging nestlings (see Love et al., 2003a, 2003c; Wada et al., 2007). All
birds were blood sampled (ca. 200 μl) from the wing vein within 2min of the nest
box being opened by the researcher (i.e., the first moment when the nestlings
were aware of human presence). We found no effect of time after capture (within
0–2-min interval) on plasma corticosterone levels in initial blood samples (linear
regression analysis: r2=0.03, p=0.82) indicating that initial blood samples
reflect baseline levels of corticosterone. Birds were then placed in a cloth bag and
one additional blood sample was taken 30 min following capture. Prior work in
our field population has revealed that juvenile and adult starlings showmaximum
responsiveness during a handling-induced stress response series at 30 min
following initial capture (Love, Vézina andWilliams, unpubl. data). As such, we
blood sampled all individuals in the present study only at capture and after 30min
to minimize excessive blood loss in nestlings which may lead to anemia (see
Dawson and Bortolotti, 1997; Williams et al., 2004). Blood was collected in
heparinized capillary tubes and samples were centrifuged within 2 h and plasma
was stored at −20 °C until further analysis. We returned the birds to their nest
boxes immediately following the second sampling. To assess changes inmaternal
quality in relation to the feather-clipping treatment, we measured parental
provisioning rates by performing a 30-min behavioral observation of each nest
box, per day, over three consecutive days using spotting scopes when nestlings
were aged 6–8 days. Provisioning rates were calculated as the number of feeds
per chick, per hour for each parent based on themean brood size of the nest for the
three-day observation period (as in Chin et al., 2005; Rowland et al., 2007).

Plasma corticosterone determination and molecular sexing

The concentration of total corticosterone (see Breuner and Orchinik, 2002;
Love et al., 2004, 2005) in non-extracted plasma was determined using a
corticosterone Enzyme-linked-Immunoabsorbent Assay (EIA — Assay Designs
Inc., Michigan USA, catalog # 901-097) with a 4-parameter logistic fit. Samples
were run in triplicate across six assay plates at a total volume of 100 μl with 1:40
dilution and 1.5% steroid displacement buffer. As per kit instructions, plates were
first incubated at 26 °C under shaking at 5000 rpm for 2 h and then at 26 °C
without shaking for 1 h; the detection limit of the assaywas calculated at 0.018 ng/
well (0.72 ng/ml) with intra- and inter-assay variations of 6.3% and 7.4%,
respectively. The small blood sample collected at hatching for PCR sexing was
stored in a labeled tube and frozen at −20 °C. Nestling sex was determined using
techniques reported in Love et al. (2005) via polymerase chain reaction (PCR)
amplification. Briefly, DNAwas isolated from the blood samples using Insta-gene
matrix (Bio-Rad Laboratories, Hercules, California, Cat. No. 732-6030) following
the manufacturer's protocol. PCR amplification was then carried out in a total
volume of 10 μl and run using the P2 (5′-TCTGCATCGCTAAATCCTTT) and
CW (5′-AGAAATCATTCCAGAAGTTCA) primers followed by digestion with
HAE III Enzyme. PCR products were run on a 1.5% agarose gel containing
ethidium bromide for 1.5 h before examination under ultraviolet light.

Statistical data analysis

We used Analysis of Covariance (ANCOVA) to analyze maternal treatment
effects on maternal characteristics (body mass, brood size, provisioning rates);
maternal treatment was included as a fixed factor and relevant covariates (all
pb0.05 when included in the analysis) were included where necessary (i.e.,
original capture date was included in the analysis of pre-treatment maternal body
mass, clutch size was included in the analysis of brood size and original mass
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was included in the analysis of post-treatment body mass change). We explored
the effects of the pre- and post-natal manipulations on the functioning of the
HPA axis in fledglings as well as traits related to nestling quality. To investigate
the activity of the HPA axis, we examined treatment effects on baseline, absolute
stress-induced corticosterone and the area under each response curve (as a
measure of the total exposure to corticosterone during the 30-min stress
response). Area under the curve is thought to provide an integrated measure of
HPA activity during the entire period of restraint (Breuner et al., 1999). Both
baseline and stress-induced corticosterone were not normally distributed and as
such were square-root transformed before analysis. We used GLMM to analyze
sex-specific effects of the treatments on nestling traits (growth, fledgling body
mass/body condition, baseline and area under the curve corticosterone levels) by
including nestling sex and treatment as fixed factors; maternal identity was
included as a random factor to control for non-independence due to the inclusion
of siblings in the analysis. For the analysis of the adrenocortical response, we
used a similar analysis, except using a repeated-measures approach, to examine
changes in corticosterone levels over the course of the stress response. To
calculate an estimate of body mass corrected for body size (body condition
index), we used the residuals from a regression of body mass against tarsus
length. Post-hoc comparisons for significant interaction terms were carried out
using the adjusted Bonferroni post-hoc procedure, with the p-value corrected for
the number of pair-wise comparisons made depending on the type of analysis
(Rice, 1989). Sex ratio of offspring, as a function of treatment, was analyzed
using GLMM with a binomial error structure (Love et al., 2005). For sex ratio
analysis, maternal identity was included as a random factor. The significance of
the explanatory variables was determined by their Wald statistic using the χ2-
distribution with alpha set to 0.05 in all analyses (Crawley, 1992).
Fig. 2. Total exposure to corticosterone during the 30-min response period
varied significantly by treatment: sham-clipped (SC), CORT-clipped (BC), sham-
non-clipped (SNC) and CORT-non-clipped (BNC). (means±sem, different letters
represent a significant difference between groups within a capture time as
calculated for pair-wise Bonferroni comparisons; total corticosterone exposure
calculated as area under response curve — see Methods for description).
Results

Treatment effects on maternal traits, offspring phenotype and
brood dynamics

There was no significant difference in initial laying date (Chi-
square 3,39=0.06, p=0.99), egg mass (F3,58=0.09, p=0.96),
clutch size (F3,58=0.39, p=0.76), structural size (tarsus:
F3,50=0.25, p=0.86), body mass (F3,58=0.46, p=0.71) or
wing-loading (F3,58=1.49, p=0.23) of the mothers assigned to
the four treatments, indicatingwe successfully obtained a random
sample of birds. There was also no effect of feather-clipping on
whether mothers returned to their clutches following the
treatment (χ3

2=5.61, p=0.13). Both maternal and total parental
provisioning rates (number of feeds/nestling/hour) were sig-
nificantly lower in the sham-clipped group compared with all
other groups (maternal: repeated-measures time× treatment:
F3,38=2.92, pb0.05; post-hoc: all groups compared to SC
pb0.02: SC: 2.51±1.32, BC: 5.66±1.41, SNC: 5.72±1.12, BNC:
5.52± 1.22; parental: repeated-measures time× treatment:
F3,38=2.86, pb0.05; post-hoc: all groups compared to SC
pb0.028: SC: 6.53±1.13, BC: 8.93±1.23, SNC: 9.56±1.01,
BNC: 9.10±0.92). All females regardless of treatment lost body
mass during mid-chick-rearing (repeated-measures ANOVA:
time effect: F1,38=15.84, p=0.0003), although the feather-
clipping manipulation resulted in a larger reduction in maternal
body mass compared with unclipped mothers regardless of the
hormonal treatment of their eggs (repeated-measures ANOVA:
time×treatment: F3,38=2.93, p=0.045; SC: 13.31±1.57 g, BC:
12.51±1.43 g, SNC: 9.24±1.21 g, BNC: 8.06±1.16 g).

Male nestlings hatching from eggs injected with corticoster-
one were significantly lighter than sham-injected counterparts;
female nestlings appeared unaffected by the treatment (sex×
hormone treatment: χ1
2=4.21, p=0.04, post-hoc: male pair-wise

comparison Pb0.015; female pair-wise comparison P=0.42).
By fledging however, female nestlings from the sham-clipped
treatment were both significantly lighter and structurally smaller
than females in all other groups; however, male fledglings
showed no effects of either treatment combination on fledging
body mass or size (repeated-measures ANOVA, time×sex×
treatment−body mass: F12,222=2.53, p=0.004, post-hoc: all
b0.022; tarsus: F12,222=1.89, p=0.04, post-hoc: all b0.025;
wing cord: F12,222=1.78, pb0.05, post-hoc: all b0.025).
Although we found no significant treatment effects on hatching
brood sizes (treatment: F1,67=1.42, p=0.17, control: 5.52±0.38
nestlings, corticosterone: 5.24±0.37 nestlings), brood sizes in
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both clipped treatments were significantly lower at fledging than
the non-clipped groups (repeated-measures ANOVA, time×
treatment: F12,42=2.12, p=0.03, post-hoc: all b0.02; SC: 4.45±
0.23 nestlings, BC: 3.43±0.54 nestlings, SNC: 5.28±0.52
nestlings, BNC: 5.03±0.39 nestlings). Moreover, although sex
ratios were equal among the groups at hatching (hormone
treatment: χ1

2 =1.3, p=0.25), sex ratio became significantly
female-biased by fledging in the CORT-clipped group (treat-
ment× time interaction: χ3

2 =7.89, pb0.05, post-hoc: b0.025;
SC: 0.52, BC: 0.37, SNC: 0.51, BNC: 0.47 — male/female ratio).

Effects of pre- and post-natal treatments and brood size on
fledging stress responses

We found a significant sex× treatment interaction for baseline
corticosterone (baseline: χ3

2 =7.99, pb0.05), the adrenocortical
response (stress-induced: repeated-measures, sex× treatment×
time: F3,119=4.55, p=0.005) and the total amount of corticos-
terone released during the 30-min adrenocortical response (area
under the curve: χ3

2 =10.45, p=0.015). As such, we examined
Fig. 3. Stress-induced corticosterone varied with body condition index in nestlings fr
(C) sham-non-clipped (SNC) and (D) CORT-non-clipped (BNC).
the sexes separately to determine the origin of treatment dif-
ferences. Female nestlings in the sham-clipped treatment had the
highest plasma baseline corticosterone levels of all groups
(treatment: χ3

2 =8.85, p=0.03, post-hoc: all pb0.02; Fig. 1),
whereas male nestlings from all treatments had similar plasma
baseline corticosterone levels (treatment: χ3

2 =3.47, p=0.32;
Fig. 1). Male nestlings in both corticosterone-injected groups
had lower adrenocortical responses than males in the sham-
injected groups (repeated-measures ANOVA, treatment× time:
F3,46=3.26, p=0.03, post-hoc: all pb0.019; Fig. 1). While we
also detected a significant effect of treatment on stress-induced
corticosterone levels in female nestlings, it was female nestlings
in the sham-clipped group showing differences by responding
with the highest adrenocortical responses (repeated-measures
ANOVA, treatment× time: F3,45=4.26, p=0.01, post-hoc: all
pb0.01; Fig. 1). Finally, examining the area under the stress
response curve revealed that males from the CORT-exposed
groups released the lowest amount of corticosterone over the 30-
min adrenocortical response compared with offspring from
sham-injected eggs (treatment: χ3

2 =9.77, p=0.02, post-hoc: all
om three of the four treatments; (A) sham-clipped (SC), (B) CORT-clipped (BC),
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pb0.017; Fig. 2). In female nestlings, not surprisingly those in
the sham-clipped group have the highest corticosterone
exposure over the 30-min period and this total exposure was
twice that of the BC group; again, both corticosterone-injected
groups showed the lowest total exposure of the 30-min response
(treatment: χ3

2 =9.86, pb0.02, post-hoc: all pb0.015; Fig. 2).
In an attempt to identify the mechanism(s) driving these

treatment differences in corticosterone levels, we examined
relationships between 1) body mass and 2) changes in brood size
(from hatching to fledging) and both baseline and stress-induced
corticosterone. Fledglings from CORT-exposed groups had
higher condition indices than those hatching from sham-exposed
eggs (treatment: χ3

2 =7.91, pb0.05, post-hoc: all pb0.025;
CORT-exposed: 0.74±0.59, Sham-exposed: −1.51±0.61;
Fig. 3) and male nestlings were in better condition than female
nestlings (sex: χ3

2 =8.03, pb0.05, all pb0.025); however we
could not detect a treatment×sex interaction for body condition
(p=0.74). Moreover, body condition index was negatively
related to fledgling stress-induced corticosterone in all but
the CORT-clipped group (treatment×body condition index:
χ3
2 =8.16, pb0.05, all pb0.025; Fig. 3) but not to baseline

corticosterone (all pN0.26). Although the change in brood size
could not be included in a multivariate analysis given that
variance in this trait differed greatly across treatments (and as
such would lead to a highly unbalanced analysis), we nonetheless
examined within-sex relationships between corticosterone levels
and the change in brood size for the specific treatment groups. In
males, we found no significant relationships between the change
in brood size and either baseline (linear regression analysis: all
pN0.59), or stress-induced corticosterone (linear regression
analyses: all pN0.31). Likewise, in females we found no rela-
tionship for baseline corticosterone (linear regression analysis: all
pN0.12); however, females in the clipped groups showed
significant negative relationships between the change in brood
size and stress-induced corticosterone (linear regression anal-
ysis: SNC: p=0.56; BNC: p=0.48; SC: p=0.025, r

2 =0.18; BC:
p=0.05, r2=0.13; Fig. 4).
Fig. 4. Stress-induced corticosterone for starling daughters in relation to the
change in brood size (from hatching to fledging) of their natal nest and treatment:
sham-clipped (SC), CORT-clipped (BC), sham-non-clipped (SNC) and CORT-
non-clipped (BNC); individual data points represent mean values per nest.
Discussion

We manipulated the quality of both the pre- and post-natal
developmental environment to examine how this affects
programming and plasticity of the HPA axis in offspring of a
free-living vertebrate, respectively. Overall, we found a large
degree of inter-individual variation (10-fold) in the magnitude of
the fledgling adrenocortical response to a standardized stressor.
We predicted that nestlings exposed to elevated maternally-
derived yolk corticosterone would exhibit decreased respon-
siveness of the HPA axis as has been reported recently in
laboratory mammals and captive birds (see Introduction). This
prediction is based on the hypothesis that pre-natal exposure to
elevated yolk corticosterone would provide embryos with a
prediction of the low-quality of their future post-natal environ-
ment (Love et al., 2005, 2008). This hypothesis was supported in
that offspring exposed to elevated yolk corticosterone, regard-
less of the post-natal environment they were later exposed to,
had lower adrenocortical responses at fledging than offspring
from sham-injected eggs. Our second prediction was based on
the hypothesis that an unpredicted decrease in the quality of the
post-natal developmental environment would result in increased
responsiveness of the HPA axis mediated through decreased
nestling condition (i.e., increased energetic demand). This
hypothesis was also confirmed: nestlings raised in a low-quality
post-natal environment (by feather-clipped mothers) had the
lowest body condition and the highest adrenocortical responses
at fledging. Moreover, daughters from the larger sham-clipped
broods had the highest HPA axis responsiveness and were
exposed to twice as much corticosterone during the response as
CORT-clipped daughters. Our data therefore indicate that both
pre- and post-natal effects of the quality of the developmental
environment lead to modulations of the adrenocortical response
designed to cope with both predictable and unpredictable per-
turbations in the post-natal environment, respectively. It should
be appreciated that although we based sample collection times
on our prior work indicating that starlings showed maximum
responsiveness at 30 min following initial capture, there remains
the possibility of plasticity in the shape of the response and
therefore future studies may wish to include more sampling
times to address this issue.

Effects of pre-natal corticosterone exposure on HPA axis
responsiveness

Our results indicate that pre-natal exposure to elevated
maternally-derived corticosterone results in a dampening of the
adrenocortical response to stress in pre-fledging starlings,
regardless of the offspring's sex. If transfer of elevated levels
of corticosterone to the yolk serves as a cue to embryos of low
maternal or future environmental quality (Love et al., 2005;
Saino et al., 2005; Love et al., 2008), is there an adaptive
function of having a less responsive HPA axis under these
conditions? That is, do these corticosterone-mediated organiza-
tional effects allow nestlings to physiologically respond
optimally as fledglings? In adults, species breeding in severe
(arctic or alpine) habitats appear to have evolved dampened
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adrenocortical responses designed to decrease the chance of
making an inappropriate decision (reproductive abandonment)
in the face of unpredictable, but short-term, bad weather
conditions (Wingfield and Hunt, 2002; Holberton and Wing-
field, 2003; Breuner and Hahn, 2003). Similarly, Kitaysky et al.
(2005) have shown that the adrenocortical responses of seabird
chicks in species with unpredictable food delivery rates do not
increase in response to food restriction, whereas in species that
deliver food at predictable rates the adrenocortical response
increases significantly. Therefore, offspring expecting a poor or
unpredictable post-natal environment (be it seabird chicks
whose parents deliver food unpredictably or starling embryos
programmed by yolk corticosterone to expect the poor provi-
sioning of a low-quality mother) would benefit from having a
dampened adrenocortical response to avoid maladaptive in-
creases in begging behavior and energy mobilization that are
associated with elevated plasma corticosterone (Wingfield et al.,
1998; Kitaysky et al., 2001b; Breuner and Hahn, 2003). This
suggests that if an embryo has access to a predictive cue of the
severity or unpredictability of its post-natal environment, nat-
ural selection will favor a dampened adrenocortical response
thereby reducing an offspring's chance of depleting energetic
stores through maladaptive increases in offspring demand from
a low-quality mother or low-quality environment. This conclu-
sion is supported by work in laboratory mammals (Weinstock
et al., 1992; McCormick et al., 1995; Szuran et al., 2000) and by
the limited amount of work undertaken thus far in domesticated
birds (Hayward et al., 2006; although seeHayward andWingfield,
2004).

Pre-natally-induced reactions to maternal cues have recently
been termed ‘PredictiveAdaptive Responses’ (PARs) (Gluckman
andHanson, 2004; Gluckman et al., 2005). These responses are a
form of developmental plasticity thought to have evolved as an
adaptation to environmental cues acting during the pre-natal
stage of life, but where the advantage of the induced phenotype is
manifested in a future life-history stage. The induced change in
the developmental trajectory of form and function presets the
offspring's physiology in ‘expectation’ of that physiology
matching its future environment; the cue therefore acts as a
predictor of the nature of the neonate's environment (Gluckman
et al., 2005). Unfortunately, almost all of the work on PARs to
date is in clinical and laboratory systems and as such, the true
adaptive function of these predictive responses has not yet been
tested. Although outside of the scope of the current study (since
starlings are not natally philopatric), being able to follow
juveniles across life-history stages and varying habitats would
allow researchers to test whether the potentially adaptive
predictive programming of the HPA axis in embryos provides
delayed benefits or costs to these individuals when they are
adults.

Effects of the quality of the post-natal environment on HPA axis
responsiveness

When faced with an unpredictable decrease in the quality of
the post-natal environment, it appears that smaller daughters can
be out-competed by their larger brothers, something that has
recently been discussed for species with small to moderate
levels of sexual size-dimorphism (Råberg et al., 2005; Rowland
et al., 2007). Our study suggests that decreases in individual
body condition in response to a poor quality post-natal environ-
ment also drive the observed increase in HPA axis responsive-
ness in daughters, supporting work in other avian species under
captive conditions (Kitaysky et al., 1999a, 2001a, 2006;
Pravosudov and Kitaysky, 2006). The fact that we detected a
significant negative relationship between the change in brood
size and HPA axis responsiveness in offspring raised by feather-
clipped mothers reinforces the idea that sibling competition
resulting from poor rearing conditions alters adrenocortical
responsiveness in starling fledglings. Variation in body condi-
tion can be related to both baseline and stress-induced corti-
costerone levels in young and adult birds (Holberton et al., 1996;
Kitaysky et al., 1999a, 1999b, 2001a, 2006; Love et al., 2005). In
our study, body condition of fledgling starlings was negatively
related to their stress-induced corticosterone levels in three out
of the four experimental groups (all except the CORT-clipped
treatments). Nestlings in the sham-clipped treatment had lower
body condition indices than nestlings in both corticosterone-
exposed treatments as well as the highest adrenocortical re-
sponses among all treatments. In particular, sham-clipped
daughters had the highest adrenocortical responses on average
being exposed to twice as much corticosterone during the
response as same-sex counterparts pre-natally exposed to
elevated yolk corticosterone (CORT-clipped). The hyper-
responsiveness of the HPA axes in the sham-clipped daughters
likely stems from being in a negative energetic state (low body
condition) potentially brought about through competition with
an abundance of larger faster-growing brothers. The immediate
effects of poor body condition on the increased responsiveness
of the adrenocortical axis may be caused by increased sibling
competition given that individual adrenocortical responsiveness
decreased when brood size decreased via mortality of competing
brothers (Fig. 4). In contrast, while numerous studies in labo-
ratory mammals have found that increasing stressfulness of the
post-natal environment results in offspring with a more
responsive HPA axis, this is largely thought to be a long-term
programming effect (rev. in Meaney, 2001; Macrì and Würbel,
2006). Research into how developing birds respond to a decrease
in the energetic quality of the post-natal environment indicate
that the response is complex and species-specific: some species
respondwith increases in stress-induced corticosterone secretion
(Nunez-de la Mora, 1996; Kitaysky et al., 1999a, 2001a;
Pravosudov and Kitaysky, 2006), some species decrease
responses (Kitaysky et al., 2005) and some do not appear to
respond at all (Heath and Dufty, 1998; Romero et al., 1998; Sims
and Holberton, 2000). These differences are largely thought to
reflect differences in life-history, phylogenetic and ecological
characteristics between species (Kitaysky et al., 2003). When an
increase in corticosterone secretion in nest-bound chicks does
occur, it is thought that it does so to either 1) increase begging
rates if parents can provide more food or 2) mobilize energy
stores if external food sources are absent in chicks that are in low
energetic state (Kitaysky et al., 1999a, 2001a, 2001b; although
see Kitaysky et al., 2005). We define this condition-driven
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adrenocortical plasticity as a ‘Reactive Adaptive Response’
(RAR), since the offspring are reacting adaptively to an
unpredictable change in the quality of the post-natal develop-
mental environment. It is interesting that CORT-non-clipped
nestlings had lower adrenocortical responses than sham-non-
clipped nestlings despite having similar brood sizes and
maternal provisioning rates (and therefore seemingly similar
levels of sibling competition). These results suggest that the pre-
natal programming cues of corticosterone (discussed above)
may limit the degree of post-natal reactive plasticity in the
responsiveness of the HPA axis. Moreover, although pre-natal
exposure to corticosterone did not have obvious mortality or
growth effects on offspring when they were raised under normal
post-natal conditions (i.e., by non feather-clipped mothers),
previous work has shown that offspring exposed to elevated
glucocorticoids as embryos can show underlying physiological
costs (Love et al., 2005; Rubolini et al., 2005; Saino et al., 2005).
Together with previous work, our results suggest that the quality
of the post-natal developmental environment is a significant
source of post-natal variation in fledgling adrenocortical
responses. Specifically, our results indicate that the quality of
the post-natal environment (amount of parental care and/or
sibling competition) influences individual body condition of
offspring which can thereby influence both baseline and stress-
induced corticosterone secretion.

Potential effects of individual variation on fitness

We have shown here that variation in the quality of both the
pre-natal and post-natal developmental environment can result
in significant variation in the responsiveness of the HPA axis.
Unfortunately, long-term monitoring of individuals in many
free-living passerine populations is not yet a reality and as such
it is difficult to determine how much post-fledging plasticity
there is in the adult HPA axis. Indeed, although work in
laboratory mammals suggests that adult responses are pro-
grammed early in life (Liu et al., 1997; Seckl, 2001, 2004;
Meaney, 2001), recent work in birds suggests that repeatability
of stress responses from fledging to adulthood is low in birds,
even under constant captive conditions (Wada et al., in press).
However, it is known that embryonic or fetal exposure to
maternal glucocorticoids can alter the exploratory, competitive
and coping behavior of the individual in avian and mammalian
species (rev. in Seckl, 2004; Jones et al., 1992, 1997;
Weinstock, 1997; Janczak et al., 2006). Furthermore, pre-natal
exposure to maternal stress may have long-term effects on
learning behavior (Vallee et al., 1999; Weller et al., 1988) and
even predator detection (Freire et al., 2006). Finally, individual
variation in the responsiveness of the adrenocortical response to
stress influences individual ‘personalities’ (exploratory activity,
boldness) and coping styles that in turn affect survival
(Cavigelli and McClintock, 2003). Proactive individuals show
reduced glucocorticoid responses whereas shy individuals show
marked increases in glucocorticoid secretion (see Blas et al.,
2007). Our results would suggest that those individuals exposed
to a maternal signal of environmental stress would be more
proactive in exploring novel environments as independent pre-
adults, which should theoretically increase their survival pros-
pects (see Cavigelli and McClintock, 2003) and their fitness
(Blas et al., 2007). Moreover, pre-natal exposure to maternal
stress therefore has the potential to influence future breeding
habitat choice by dispersing offspring (e.g., Stamps and Davis,
2006). Examining the link between the maternally/environmen-
tally-induced developmental plasticity of the juvenile HPA axis
and fitness is therefore a key to understanding the potential
adaptive role of individual variation in adrenocortical function
(Blas et al., 2007).

Acknowledgments

We are very grateful to the Davis family at Davistead Dairy
Farms, Langley, British Columbia for their generous field support
of our starling research. We would also like to thank E. Rowland
and J. Verspoor for their countless hours and hard work both in
the field and in the laboratory, and L. Sheldon and E. Chin for
much-needed help in the field. Finally, we would like to thank
K. Salvante and C. Semeniuk for help with the experimental
design and T.G.G. Groothuis, C. Kennedy, B. Roitberg, P. Shulte,
members of the Williams lab and two anonymous reviewers for
invaluable comments and contributions that greatly improved this
work. Research was funded by an operating Natural Sciences
and Engineering Research Council of Canada (NSERC) grant
to T.D.W., a PGS-A NSERC award to E. Chin and summer
undergraduate NSERC awards to J. Verspoor and L. Sheldon.

References

Bartels, M., Van den Berg, M., Sluyter, F., Boomsma, D.I., de Geus, E.J.C.,
2003. Heritability of cortisol levels: review and simultaneous analysis of
twin studies. Psychoneuroendocrinology 28, 121.

Blas, J., Bortolotti, G.R., Tella, J.L., Baos, R., Marchant, T.A., 2007. Stress
response during development predicts fitness in a wild, long-lived bird.
Proc. Natl. Acad. Sci. U. S. A. 104, 8880–8884.

Blas, J., Baos, R., Bortolotti, G.R., Marchant, T., Hiraldo, F., 2006. Age-related
variation in the adrenocortical response to stress in nestling white storks
(Ciconia ciconia) supports the developmental hypothesis. Gen. Comp.
Endocrinol. 148, 172–180.

Boonstra, R., 2005. Equipped for life: the adaptive role of the stress axis in male
mammals. J. Mammal. 86, 236–247.

Breuner, C.W., Hahn, T.P., 2003. Integrating stress physiology, environmental
change, and behavior in free-living sparrows. Horm. Behav. 43, 115–123.

Breuner, C.W., Orchinik, M., 2002. Beyond carrier proteins: plasma binding
proteins as mediators of corticosteroid action in vertebrates. J. Endocrinol.
175, 99–112.

Breuner, C.W., Wingfield, J.C., Romero, L.M., 1999. Diel rhythms of basal and
stress-induced corticosterone in a wild, seasonal vertebrate, Gambel's white-
crowned sparrow. J. Exp. Zool. 284, 334–342.

Chin, E.H., Love, O.P., Clark, A.M., Williams, T.D., 2005. Brood size and
environmental conditions sex-specifically affect nestling immune response
in the European starling Sturnus vulgaris. J. Avian. Biol. 36, 549–554.

Cavigelli, S.A., McClintock, M.K., 2003. Fear of novelty in infant rats predicts
adult corticosterone dynamics and an early death. Proc. Natl. Acad. Sci.
U. S. A. 100, 16131–16136.

Crawley, M.J., 1992. GLIM for Ecologists. Blackwell Scientific Publications,
Oxford.

Cyr, N.E., Romero, L.M., 2007. Chronic stress in free-living European starlings
reduces corticosterone concentrations and reproductive success. Gen. Comp.
Endocrinol. 151, 82–89.

Dallman, M.F., Strack, A.M., Akana, S.F., Bradbury, M.J., Hanson, E.S.,
Scribner, K.A., Smith, M., 1993. Feast and famine: critical role of

http://dx.doi.org/doi:10.1016/j.yhbeh.2007.11.018


504 O.P. Love, T.D. Williams / Hormones and Behavior 54 (2008) 496–505
glucocorticoids with insulin in daily energy flow. Front. Neuroendocrinol.
14, 303–347.

Dawson, R.D., Bortolotti, G.R., 1997. Are avian hematocrits indicative of
condition? American kestrels as a model. J. Wildl. Manage. 61, 1297–1306.

Dufty, A.M., Clobert, J., Moller, A.P., 2002. Hormones, developmental
plasticity and adaptation. Trends Ecol. Evol. 17, 190–196.

Evans, M.R., Roberts, M.L., Buchanan, K.L., Goldsmith, A.R., 2006.
Heritability of corticosterone response and changes in life history traits
during selection in the zebra finch. J. Evol. Biology 19, 343–352.

Federenko, I.S., Nagamine, M., Hellhammer, D.H., Wadhwa, P.D., Wust, S., 2004.
The heritability of hypothalamus pituitary adrenal axis responses to psychosocial
stress is context dependent. J. Clin. Endocrinol. Metab. 89, 6244–6250.

Fowden, A.L., Giussani, D.A., Forhead, A.J., 2006. Intrauterine programming
of physiological systems: causes and consequences. Physiology 21, 29–37.

Freire, R., van Dort, S., Rogers, L.J., 2006. Pre- and post-hatching effects of
corticosterone treatment on behavior of the domestic chick. Horm. Behav.
49, 157–165.

Gluckman, P.D., Hanson, M.A., 2004. Living with the past: evolution, Dev.
Patterns Disease. 305, 1733–1736.

Gluckman, P.D., Hanson, M.A., Spencer, H.G., 2005. Predictive adaptive
responses and human evolution. Trends Ecol. Evol. 20, 527–553.

Hadany, L., Beker, T., Eshel, I., Feldman, M., 2006. Why is stress so deadly? An
evolutionary perspective. Proc. Roy. Soc. B 273, 881–885.

Hayward, L.S., Wingfield, J.C., 2004. Maternal corticosterone is transferred to
avian yolk and may alter offspring growth and adult phenotype. Gen. Comp.
Endocrinol. 135, 365–371.

Hayward, L.S., Richardson, J.B., Grogan, M.N., Wingfield, J.C., 2006. Sex
differences in the organizational effects of corticosterone in the egg yolk of
quail. Gen. Comp. Endocrinol. 146, 144–148.

Heath, J.A., Dufty Jr., A.M., 1998. Body condition and the adrenal stress
response in captive American kestrel juveniles. Physiol. Zool. 71, 67–73.

Hill, H., 2003. Adjustments in parental care by the European starling (Sturnus
vulgaris): the effect of female condition. Proceedings of The National
Conference on Undergraduate Research (NCUR). University of Utah, Salt
Lake City, Utah.

Holberton, R.L., Wingfield, J.C., 2003. Modulating the corticosterone stress
response: a mechanism for balancing individual risk and reproductive
success in arctic-breeding sparrows? Auk 120, 1140–1150.

Holberton, R.L., Parrish, J.D., Wingfield, J.C., 1996. Modulation of the
adrenocortical stress response in neotropical migrants during autumn
migration. Auk 113, 558–564.

Holmes, A., le Guisquet, A.M., Vogel, E., Millstein, R.A., Leman, S., Belzung,
C., 2005. Early life genetic, epigenetic and environmental factors shaping
emotionality in rodents. Neurosci. Biobehav. Rev. 29, 1335–1346.

Hull, K.L., Cockrem, J.F., Bridges, J.P., Candy, E.J., Davidson, C.M., 2007.
Effects of corticosterone treatment on growth, development, and the
corticosterone response to handling in young Japanese quail (Coturnix
coturnix japonica). Comp. Biochem. Physiol. A 148, 531–543.

Janczak, A.M., Braastad, B.O., Bakken, M., 2006. Behavioural effects of
embryonic exposure to corticosterone in chickens. Appl. Anim. Behav. Sci.
96, 69–82.

Jarvis, S., Moinard, C., Robson, S.K., Baxter, E., Ormandy, E., Douglas, A.J.,
Seckl, J.R., et al., 2006. Programming the offspring of the pig by prenatal social
stress: neuroendocrine activity and behaviour. Horm. Behav. 49, 68–80.

Jones, R.B., Satterlee, D.G., Marks, H.L., 1997. Fear-related behaviour in
Japanese quail divergently selected for body weight. Appl. Anim. Behav.
Sci. 52, 87–98.

Jones, R.B., Satterlee, D.G., Ryder, F.H., 1992. Fear and distress in Japanese
quail chicks of two lines genetically selected for low or high adrenocortical
response to immobilization stress. Horm. Behav. 26, 385–393.

Kitaysky, A., Kitaiskaia, E., Piatt, J., Wingfield, J., 2006. A mechanistic link
between chick diet and decline in seabirds? Proc. Roy. Soc. B 273, 45–450.

Kitaysky, A.S., Romano, M.D., Piatt, J.F., Wingfield, J.C., Kikuchi, M., 2005.
The adrenocortical response of tufted puffin chicks to nutritional deficits.
Horm. Behav. 47, 06–619.

Kitaysky, A.S., Kitaiskaia, E.V., Piatt, J.F., Wingfield, J.C., 2003. Benefits and
costs of increased levels of increased corticosterone in seabird chicks. Horm.
Behav. 43, 40–149.
Kitaysky, A.S., Kitaiskaia, E.V., Wingfield, J.C., Piatt, J.F., 2001a. Dietary
restriction causes chronic elevation of corticosterone and enhances stress
response in red-legged kittiwake chicks. J. Comp. Physiol. B 171, 701–709.

Kitaysky, A.S., Wingfield, J.C., Piatt, J.F., 2001b. Corticosterone facilitates
begging and affects resource allocation in the black-legged kittiwake. Behav.
Ecol. 12, 619–625.

Kitaysky, A.S., Piatt, J.F., Wingfield, J.C., Romano, M., 1999a. The
adrenocortical stress-response of black-legged kittiwake chicks in relation
to dietary restrictions. J. Comp. Physiol. B 169, 303–310.

Kitaysky, A.S., Wingfield, J.C., Piatt, J.F., 1999b. Dynamics of food availability,
body condition and physiological stress response in breeding black-legged
kittiwakes. Funct. Ecol. 13, 577–584.

Liu, D., Diorio, J., Tannenbaum, B., Caldji, C., Francis, D., Freedman, A.,
Sharma, S., Pearson, D., Plotsky, P.M., Meaney, M.J., 1997. Maternal care,
hippocampal glucocorticoid receptors and hypothalamic–pituitary–adrenal
responses to stress. Science 277, 1659–1662.

Love, O.P., Wynne-Edwards, K.E., Bond, L.E., Williams, T.D., 2008.
Determinants of within- and among-clutch variation of yolk corticosterone
in the European starling. Horm. Behav. 53, 104–111.

Love, O.P., Chin, E.H., Wynne-Edwards, K.E., Williams, T.D., 2005. Stress
hormones: a link between maternal condition and sex-biased reproductive
investment. Am. Nat. 166, 751–766.

Love, O.P., Breuner, C.W., Vézina, F., Williams, T.D., 2004. Mediation of a
corticosterone-induced reproductive conflict. Horm. Behav. 46, 59–65.

Love, O.P., Shutt, L.J., Silfies, J.S., Bird, D.M., 2003a. Repeated restraint and
sampling results in reduced corticosterone levels in developing and adult
captive American kestrels (Falco sparverius). Physiol. Biochem. Zool. 76,
753–761.

Love, O.P., Bird, D.M., Shutt, L.J., 2003b. Plasma corticosterone in American
kestrel siblings: effects of age, hatching order, and hatching asynchrony.
Horm. Behav. 43, 480–488.

Love, O.P., Bird, D.M., Shutt, L.J., 2003c. Corticosterone levels during post-
natal development in captive American kestrels (Falco sparverius). Gen.
Comp. Endocrinol. 130, 135–141.

Macrì, S., Würbel, H., 2006. Developmental plasticity of HPA and fear
responses in rats: a critical review of the maternal mediation hypothesis.
Horm. Behav. 50, 667–680.

McCormick, C.M., Smythe, J.W., Sharma, S., Meaney, M.J., 1995. Sex-specific
effects of prenatal stress on hypothalamic–pituitary–adrenal responses to
stress and brain glucocorticoid receptor density in adult rats. Develop. Brain
Res. 84, 55–61.

Meaney, M.J., 2001. Maternal care, gene expression, and the transmission of
individual differences in stress reactivity across generations. Ann. Rev.
Neurosci. 24, 1161–1192.

Nunez-de la Mora, A., Drummond, H., Wingfield, J.C., 1996. Hormonal
correlates of dominance and starvation-induced aggression in chicks of the
blue-footed booby. Ethology 102, 748–761.

Parfitt, D.B., Walton, J.R., Corriveau, E.A., Helmreich, D.L., 2007. Early life
stress effects on adult stress-induced corticosterone secretion and anxiety-
like behavior in the C57BL/6 mouse are not as robust as initially thought.
Horm. Behav. 52, 417–426.

Pravosudov, V.V., Kitaysky, A.S., 2006. Effects of nutritional restrictions during
post-hatching development on adrenocortical function in western scrub-jays
(Aphelocoma californica). Gen. Comp. Endocrinol. 145, 25–31.

Pryce, C.R., Ruedi-Bettschen, D., Dettling, A.C., Weston, A., Russig, H.,
Ferger, B., Feldon, J., 2005. Long-term effects of early-life environmental
manipulations in rodents and primates: potential animal models in
depression research. Neurosci. Biobehav. Rev. 29, 649–674.

Råberg, L., Stjernman, M., Nilsson, J.A., 2005. Sex and environmental
sensitivity in blue tit nestlings. Behav. Ecol. 145, 496–503.

Rice, W.R., 1989. Analyzing tables of statistical tests. Evolution 43, 223–225.
Romero, L.M., Soma, K.K., Wingfield, J.C., 1998. The hypothalamus and

adrenal regulate modulation of corticosterone release in redpolls (Carduelis
flammea) an Arctic-breeding song bird. Gen. Comp. Endocrinol. 109,
347–355.

Roussel, S., Boissy, A., Montigny, D., Hemsworth, P.H., Duvaux-Ponter, C.,
2005. Gender-specific effects of prenatal stress on emotional reactivity and
stress physiology of goat kids. Horm. Behav. 47, 256–266.



505O.P. Love, T.D. Williams / Hormones and Behavior 54 (2008) 496–505
Rowland, E., Love, O.P., Verspoor, J.J., Sheldon, L., Williams, T.D., 2007.
Manipulating rearing conditions reveals developmental sensitivity in the
smaller sex of a passerine bird. J. Avian. Biol. 38, 612–618.

Rubolini, D., Romano, M., Boncoraglio, G., Ferrari, R.P., Martinelli, R.,
Galeoti, P., Fasola, M., Saino, N., 2005. Effects of elevated egg
corticosterone levels on behavior, growth, and immunity of yellow-legged
gull (Larus michahellisi) chicks. Horm. Behav. 47, 592–605.

Saino, N., Romano, M., Ferrari, R.P., Martinelli, R., Møller, A.P., 2005. Stressed
mothers lay eggs with high corticosterone levels which produce low-quality
offspring. J. Exp. Zool. 303, 998–1006.

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

Satterlee, D.G., Johnson, W.A., 1988. Selection of Japanese quail for contrasting
blood corticosterone response to immobilization. Poultry Sci. 67, 25–32.

Seckl, J.R., 2004. Prenatal glucocorticoids and long-term programming. Eur. J.
Endocrinol. 151, U49–U62.

Seckl, J.R., 2001. Glucocorticoid programming of the fetus; adult phenotypes
and molecular mechanisms. Mol. Cell. Endocrinol. 185, 61–71.

Sims, C.G., Holberton, R.L., 2000. Development of corticosterone stress
response in young northern mockingbirds (Mimus polyglottos). Gen. Comp.
Endocrinol. 119, 193–201.

Smith, H.G., 2004. Selection for synchronous breeding in the European starling.
Oikos 105, 301–311.

Sockman, K.W., Schwabl, H., 2001. Plasma corticosterone in nestling American
kestrels: effects of age, handling stress, yolk androgens, and body condition.
Gen. Comp. Endocrinol. 122, 205–212.

Solberg, L.C., Baum, A.E., Ahmadiyeh, N., Shimomura, K., Li, R., Turek, F.W.,
Takahashi, J.S., et al., 2006. Genetic analysis of the stress-responsive
adrenocortical axis. Physiol. Genomics 27, 362–369.

Stamps, J.A., Davis, J.M., 2006. Adaptive effects of natal experience on habitat
selection by dispersers. Ann. Behav. 72, 1279–1289.

Szuran, T.F., Pliska, V., Pokorny, J., Welzl, H., 2000. Prenatal stress in rats:
effects on plasma corticosterone, hippocampal glucocorticoid receptors, and
maze performance. Physiol. Behav. 71, 353–362.
Vallee, M., Maccari, S., Dellu, F., Simon, H., Le Moal, M., Mayo, W., 1999.
Long-term effects of prenatal stress and postnatal handling on age-related
glucocorticoid secretion and cognitive performance: a longitudinal study in
the rat. Eur. J. Neurosci. 11, 2906–2916.

Wada, H., Hahn, T.P., Breuner, C.W., 2007. Development of stress reactivity in
white-crowned sparrow nestlings: total corticosterone response increases
with age, while free corticosterone response remains low. Gen. Comp.
Endocrinol. 150, 405–413.

Wada, H., Salvante, K.G., Stables, C., Wagner, E., Williams, T.D., Breuner, C.W.,
in press. Adrenocortical responses in zebra finches (Taeniopygia guttata):
individual variation, repeatability, and relationship to phenotypic quality.
Horm. Behav. doi:10.1016/j.yhbeh.2007.11.018.

Weinstock, M., 1997. Does prenatal stress impair coping and regulation of
hypothalamic–pituitary–adrenal axis? Neurosci. Biobehav. Rev. 21, 1–10.

Weinstock, M., Matlina, E., Maor, G.I., Rosen, H., McEwen, B.S., 1992.
Prenatal stress selectively alters the reactivity of the hypothalamic–pituitary
adrenal system in the female rat. Brain Res. 595, 195–200.

Weller, A., Glaubam, H., Yehuda, S., Caspy, T., Benuria, Y., 1988. Acute and
repeated gestational stress affects offspring learning and activity in rats.
Physiol. Behav. 43, 139–143.

Williams, T.D., Challenger, W.O., Christians, J.K., Evanson, M., Love, O.,
Vézina, F., 2004. What causes the decrease in haematocrit during egg
production? Funct. Ecol. 18, 330–336.

Wingfield, J.C., 2005. The concept of allostasis: coping with a capricious
environment. J. Mammal. 86, 248–254.

Wingfield, J.C., Sapolsky, R.M., 2003. Reproduction and resistance to stress:
when and how. J. Neuroendocrinol. 15, 711–724.

Wingfield, J.C., Hunt, K.E., 2002. Arctic spring: hormone-behavior interactions
in a severe environment. Comp. Biochem. Physiol. B 132, 275–286.

Wingfield, J.C., Maney, D.L., Breuner, C.W., Jacobs, J.D., Lynn, S.,
Ramenofsky, M., Richardson, R.D., 1998. Ecological bases of hormone-
behavior interactions: the “emergency life history stage“. Am. Zool. 38,
191–206.

Winkler, D.W., Allen, P.E., 1995. Effects of handicapping on female condition
and reproduction in tree swallows (Tachycineta bicolor). Auk 112, 737–747.

http://dx.doi.org/10.1016/j.yhbeh.2007.11.018

	Plasticity in the adrenocortical response of a free-living vertebrate: The role of pre- and pos.....
	Introduction
	Methods
	Field site, hormonal and maternal manipulation
	Growth and adrenocortical response to handling of nestlings
	Plasma corticosterone determination and molecular sexing
	Statistical data analysis

	Results
	Treatment effects on maternal traits, offspring phenotype and brood dynamics
	Effects of pre- and post-natal treatments and brood size on fledging stress responses

	Discussion
	Effects of pre-natal corticosterone exposure on HPA axis responsiveness
	Effects of the quality of the post-natal environment on HPA axis responsiveness
	Potential effects of individual variation on fitness

	Acknowledgments
	References


