7%
university of 59/,
groningen L

i

University Medical Center Groningen

University of Groningen

Post-natal exposure to corticosterone affects standard metabolic rate in the zebra finch
(Taeniopygia guttata)

Spencer, K. A.; Verhulst, Simon

Published in:
General and Comparative Endocrinology

DOI:
10.1016/j.ygcen.2008.09.007

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2008

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Spencer, K. A., & Verhulst, S. (2008). Post-natal exposure to corticosterone affects standard metabolic rate
in the zebra finch (Taeniopygia guttata). General and Comparative Endocrinology, 159(2-3), 250-256. DOI:
10.1016/j.ygcen.2008.09.007

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 19-07-2018


https://doi.org/10.1016/j.ygcen.2008.09.007
https://www.rug.nl/research/portal/en/publications/postnatal-exposure-to-corticosterone-affects-standard-metabolic-rate-in-the-zebra-finch-taeniopygia-guttata(65f35da1-0818-46cf-a53f-e5e9b414c9a0).html

General and Comparative Endocrinology 159 (2008) 250-256

General and Comparative Endocrinology

journal homepage: www.elsevier.com/locate/ygcen

Contents lists available at ScienceDirect

Post-natal exposure to corticosterone affects standard metabolic rate in the zebra
finch (Taeniopygia guttata)

K.A. Spencer #*, S. Verhulst P

4 Division of Environmental and Evolutionary Biology, Graham Kerr Building, University of Glasgow, Glasgow G12 8QQ, UK
b Behavioural Biology, Rijksuniversiteit Groningen, Haren, The Netherlands

ARTICLE INFO

Article history:

Received 15 August 2007

Revised 27 August 2008

Accepted 16 September 2008
Available online 26 September 2008

Keywords:
Metabolism

Sleep

Arousal

Stress hormones
Behavior

Metabolic regulation

ABSTRACT

Post-natal stress has been shown to have important short and long term effects on many adult traits in
birds. During stress, metabolic alterations often result in the mobilization of energy away from energy-
sensitive functions such as growth, which could have significant implications for developing animals.
However, little is known about the implications of stress hormones for energy consumption in growing
individuals. We experimentally increased corticosterone (CORT) levels in nestling zebra finches via oral
administration, between the ages of 7 and 18 days. The standard metabolic rate (SMR) of birds was mea-
sured twice overnight when birds were between 11-13 and 55-65 days of age. Developmental CORT
administration significantly elevated overnight variability in SMR (sd) in nestling birds (during the treat-
ment period), but not at 55-65 days (5-6 weeks after the treatment period). The effect on variability
was seen more prominently in birds from larger brood sizes and in females. We found no effects of our
treatments on mean SMR overnight. However, brood size and sex had interactive effects, with males from
larger brood sizes having higher SMR at 55-65 days of age. These results suggest that stress hormones can
have significant effects on energy metabolism and possibly nocturnal arousal and sleep fragmentation.
However, there were no detectable long term effects of our treatments on SMR, suggesting that these

effects are only short-lived, in order to maintain homeostasis in the short term.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Stressful conditions, such as reduced food availability, pro-
mote the release of adrenal glucocorticoid hormones (Wingfield,
1994, 1998), the main such hormone in birds being corticoste-
rone. Whilst short term increases in corticosterone are adaptive,
persistent high levels resulting from continued stress can have pro-
nounced deleterious effects (Wingfield, 1994, 1998). There is con-
siderable evidence that elevated stress hormone levels can have
significant effects on energy metabolism in adults of a wide range
of animals (Astheimer et al., 1992; De Boeck et al., 2001; Laugero
and Moberg, 2000a,b; Wikelski et al., 1999). During stress, changes
in metabolism help support the biological defences an individual
uses to maintain homeostasis (Chrousos and Gold, 1992; Wingfield
et al., 1998). These metabolic alterations can result in negative
energy balance via a reduction in energy-sensitive functions such
as growth or body mass maintenance (Chrousos and Gold, 1992;
Spencer et al., 2003; Spencer and Verhulst, 2007; Laugero and
Moberg, 2000a,b). Increased stress hormone levels are also often
associated with an elevation in energetically expensive behaviors

" Corresponding author.
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in avian species, such as foraging, a strategy thought to be benefi-
cial in maximizing survival under stressful conditions (Astheimer
etal., 1992; Breuner et al., 1998; Kitaysky et al., 2001). Whilst there
is evidence that daytime metabolism may be increased, studies of
nocturnal energy expenditure have produced differing results. In
birds studies have suggested that experimental administration of
CORT results in reduced nocturnal metabolism (Astheimer et al.,
1992; Buttemer et al., 1991). This phenomenon is not manifest as
a reduction in basal or minimum metabolism, but a reduction in
the variation in metabolic rate experienced overnight, reducing
spontaneous arousal bouts (Astheimer et al., 1992; Buttemer et al.,
1991). It has been suggested that this is an adaptive strategy to
reduce daily energy needs whilst under stress. In contrast, several
mammalian studies have suggested that chronic stress can cause
increased arousal overnight (Gronli et al., 2004; Koehl et al., 2002;
Papale et al., 2005; Tiba et al., 2003).

Studies to date examining the role of stress in mediating met-
abolic rate have been carried out in adult animals and whilst
recent evidence suggests that many species can respond to exter-
nal stressors during post-natal development (Blas et al., 2005;
Bowerman et al., 2002; Kitaysky et al., 1999, 2001; Love et al., 2003;
Pravosudov and Kitaysky, 2006; Saino et al., 2003; Sims and Hol-
berton, 2000; Sockman and Schwabl, 2001) there is a large gap in
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our knowledge of the energetic costs of such responses in growing
individuals. In this study we aim to test the hypothesis that the
metabolic response of growing individuals to elevated stress hor-
mone levels follows the same patterns as those seen in adult birds.
Kitasky et al. (Kitaysky et al., 2001) have shown that experimen-
tally increasing corticosterone by a factor of 1.8 above basal lev-
els in juvenile black-headed gulls resulted in significant increases
in begging rate of between 60% and 180%. This was interpreted as
an adaptive response to food stress by the chicks to gain access to
more resources from the provisioning parents, and indeed chicks
with experimentally amplified begging rates received food at
higher rates, a relationship found in many species (lacovides and
Evans, 1998; Kilner, 1995; Royle et al., 2002; Saino et al., 2000).
Thus growing birds exposed to corticosterone exhibit an elevated
diurnal metabolism as seen in adult counterparts. Therefore if
young birds follow the same energetic patterns over the whole day
as adults and a dampened overnight metabolism compensates for
increased diurnal activity we would predict a reduced metabolic
rate overnight to compensate for this increased expenditure in ani-
mals that experience elevated levels of stress hormones.

However, all individuals may not respond in the same way to
elevated stress hormones. Several studies have suggested signif-
icant sex differences in responses to developmental conditions
(Arnold et al., 2007; de Kogel, 1997; Kudielka and Kirschbaum,
2005; Liu et al., 2006; Martins, 2004; Mueller and Bale, 2007;
Raberg et al., 2005; Verhulst et al., 2006). Females are more sus-
ceptible to the negative effects of developmental stress in several
avian species, including the zebra finch, the species used in this
study (de Kogel, 1997; Martins, 2004; Verhulst et al., 2006), and
there is some evidence for increased metabolic rates following
stressful rearing environments (Verhulst et al., 2006). However, the
mechanism underlying these sex-specific effects are still largely
unknown. In addition the amount of sibling competition within a
nest may restrict resources and have an additive effect under more
stressful conditions. Brood size enlargements in avian species have
been shown to affect growth rates, immunocompetence, body
condition and long term survival (de Kogel, 1997; Deerenberg et
al., 1996; Eraud et al., 2008; Naguib et al., 2004; Soma et al., 2006).
Since both sex and brood size have both been shown to be impor-
tant in shaping individual responses to developmental stress we
would hypothesise that females and birds from large broods would
be more likely to exhibit significant elevations in metabolic rate
under stressful conditions.

Recently the role of early life conditions in shaping adult suc-
cess and fitness has been highlighted across a wide range of spe-
cies, including humans (Bateson et al., 2004; Buchanan et al., 2003;
Gil, 2003; Ketterson et al., 1996; Metcalfe and Monaghan, 2001;
Moussaeu and Fox, 1998; Nowicki et al., 1998; Spencer et al., 2003,
2004). In particular the experimental elevation of corticosterone
during early post-natal development has been shown to influence
several phenotypic traits later in life, such as sexual signals, com-
petitive ability, cognition and fear-related behaviors (de Kloet et
al., 2002; Kitaysky et al., 2003; Spencer et al., 2003; Spencer and
Verhulst, 2007). One recent study has also linked early conditions,
in the form of sibling competition and brood size, to metabolic rate
in adulthood (Verhulst et al., 2006), however, little is known about
the short term effects of sibling competition on metabolism. Thus
it is possible that post-natal exposure to corticosterone could have
long term effects on metabolic rate.

In this study we investigated the immediate and long term
effects of experimental exposure to the stress hormone corticoste-
rone (CORT) during the latter half of the nestling period on stan-
dard metabolic rate (SMR) and the variation in SMR in the altri-
cial bird species the zebra finch (Taeniopygia guttata). The study
utilized genetically related sibling pairs of birds, both male and
female, from two manipulated brood sizes (three or five chicks),

where one received oral administration of small amounts of CORT
between the ages of 7 and 18 days post-hatching and the other
received only the carrier solution (peanut oil) during this period.
This allowed us to determine the effects of sex, brood size and
CORT levels on metabolism and determine any interactive effects.

2. Methods
2.1. Corticosterone manipulation

Birds in this study were also used in a previous study to determine
the long term behavioral effects of stress hormones (for full details
see Spencer and Verhulst, 2007). In brief, adult zebra finches were
randomly paired (n=23 pairs) and housed at the Biological Centre
at the University of Groningenin 80 x 40 x 40 cm cages equipped with
nestboxes and nesting material (hay). The birds were maintained
at a temperature of 20-24°C and a photoperiod of 14L:10D. Breed-
ing pairs were provided with a commercial tropical seed mixture
(Teurlings, Dordrecht, The Netherlands), water, shell grit, and cut-
tlefish bone ad libitum. Pairs were also given egg food three times
per week, until their offspring hatched when they received supple-
mentary egg food daily. Upon hatching first and second hatched nes-
tlings in each nest were individually marked by colored nail polish
to each bird’s toes. Brood sizes were standardized to either three or
five nestlings (population range 2-6 nestlings) by adding or remov-
ing nestlings at 2 days of age (additional nestlings in a nest were aged
within 1 day of foster siblings), ensuring that two siblings (first and
second hatched) remained in each nest that were genetically related
to the parents. This was done to determine any effects of brood size
on SMR parameters. When nestlings reached 7 days of age experi-
mental treatments began. First and second hatched chicks from each
breeding pair were assigned to one of two treatments: corticoste-
rone administration or control, counterbalancing across broods for
chick hatch order to control for any potential differences in basal
corticosterone levels (Schwabl, 1999). As described in Spencer and
Verhulst (2007) birds in the corticosterone group were dosed with
0.0125mg of corticosterone daily, dissolved in peanut oil (concen-
tration 0.25 mg/ml) via two 25l doses (at least 6hours apart) from
the age of 7-18 days of age. This dosing schedule results in a short
term increase in plasma corticosterone levels (Spencer and Verhulst,
2007). To determine this single blood samples were taken a sub-
sample of birds (n=32) at different times following dosing on day
12 post-hatching (details in Spencer and Verhulst, 2007). Follow-
ing dosing CORT levels peaked after 10min and the levels of CORT
experienced by our nestlings fell within the natural range of nestling
zebra finch responses to a standardized capture handling restraint
protocol at 16 days post-hatching (Wada et al., 2008) and we have
recently collected data to suggest that the peak response to a stan-
dardized stressor does not differ between nestlings of 12 and 16 days
of age (Spencer et al., unpublished data). The sampling regime used
to determine the effects of our treatment meant that a sub-sample
of birds (n=16) had been bled the day before our metabolic mea-
surements, however, all siblings were measured on the same day
and these birds are spread equally across sex and brood size. Con-
trol birds were dosed with the same amount of the peanut oil carrier
solution at the same time as their sibling. All manipulations ceased at
the age of 18 days. All birds had their mass recorded at regular inter-
vals, particularly during each metabolic rate measurement at day 12
and 55-65 days. The sex of each bird was determined via the pres-
ence of sexually dimorphic adult plumage, which begins to appear
after 35 days of age. Due to mortality two birds were removed from
the analysis, leaving us with a final sample size of 44 birds (from 23
sibling pairs); a further breakdown of sample sizes can be seen on
the relevant figures. All procedures were carried out following peer
review and approval from the ethical committee for animal experi-
ments of the University of Groningen (under license D4299).
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2.2. Metabolic rate measurements

Metabolic measurements were carried out as described in
Verhulst et al. (2005). Briefly, each bird was removed from its nest
between 18.30 and 19.30h, 1.5-2 h prior to the end of the light period
and placed inside a dark 2-1 Plexiglas box equipped with a perch at a
temperature representative of the prevailing ambient temperature.
At 11-13 days of age this meant maintaining a temperature of 30°C,
the mean temperature within the nest cup. The second trial was
conducted when birds were between 55 and 65 days of age, hence
the temperature was set at 22 °C to mimic their holding cage condi-
tions. Although the age of birds varied in the metabolic trials across
sibling pairs, each pair of birds was measured on the same night to
control for potential age effects. The air flow rate was controlled by
mass-flow controllers (5850S, Brooks, Rijswijk, The Netherlands),
that were calibrated with a bubble flow meter, set to deliver 16 I-h-1.
In- and out-flowing air was dried by passing through a molecular
sieve (3 A, Merck, Darmstadt, Germany). Gas analysis was done using
a paramagnetic O2-analyser (Servomex Xentra 4100, Crowborough,
UK) and CO2-analyser (Servomex 1440). The system was calibrated
before each measurement session using two three-digit precision
gas mixtures of 20.0% 0,/0% CO, and 21.0% 0,/1.0% CO, in N,. CO,
and O, measurements were recorded at 7min intervals (between
81 and 87 recordings were taken over the measurement period) for
approximately 10h, which is the normal length of the dark period
experienced by these birds in this experiment. The rate of oxygen
consumption was calculated from these measurements and con-
verted to the energy equivalent, while correcting for the respira-
tory quotient, according to Brody (Brody, 1945). SMR was taken to
be the minimum value of a 30min running mean for each individ-
ual. In addition the standard deviation of the minimum 30 min run-
ning mean was also calculated to determine variability in nocturnal
energy expenditure (here called standard deviation of SMR), in line
with Buttemer et al. (1991). Body mass was measured before and
after respirometry.

2.3. Statistical analysis

All data were analyzed using Linear Mixed Models (SPSS,
version 13.0), with cage of birth entered as random effect. SMR and
the standard deviation of SMR were used as dependent variables
in each analysis. For all analyses data from the two trials were
combined to perform repeated-measures models with individual
nested within cage of birth entered as an additional random factor.
Fixed variables in each model were: brood size (three or five), sex,
treatment (control or CORT), age (11-13 or 55-65 days) and hatch-
ing order (first or second). In addition mass (mean of values taken
before and after each respirometry measurement) was entered as
a covariate. Stepwise deletion of non-significant non-hierarchical
terms was employed. All residuals were checked for normality.

3. Results
3.1. Nocturnal metabolism

The analysis of SMR showed a significant interaction between
age, sex and brood size (F; 553=6.20, p=0.015), where females from
both brood sizes and males from small brood sizes (containing
three chicks) showed similar small decreases in SMR with age, but
in males from large brood sizes (containing five chicks) SMR was
maintained over time (Fig. 1). There was also a significant main
effect of age (Fy341=4.62, p=0.034), indicating in this case that
the intercepts of the two metabolic trials differ significantly. Birds
from second hatched eggs also exhibited significantly elevated
metabolic rates, independent of mass as the model controlled for
this, showing an increase of 6% over birds from first hatched eggs

a 034 OMale

0.32 4 EFemale
0.30 -
0.28

0.26

SMR (W)

0.24 4

0.22

0.20 T

Brood size

b 034 -
0O Male

0.32 4 @ Female

0.30 -
0.28 -

0.26 -

SMR (W)

0.24

0.22

0.20 T

Brood size

Fig. 1. The effect of manipulated brood size on the standard metabolic rates (W)
of male and female zebra finches measured at (a) 11-13 and (b) 55-65 days post-
hatching: age x brood size x sex interaction: F;553=6.20, p=0.015. Sample sizes are
shown within each bar.

(F1369=4.62, p=0.036). Mean mass was significantly positively
related to SMR (F;333=31.7, p<0.0001). However, there were no
effects of treatment on SMR and no other significant interactions
(p>0.4). There were no differences in the masses of siblings at
either 11-13 or 55-65 days of age (F;40=0.34, p=0.56, F;40=0.03,
p=0.81, respectively), however, birds fed with CORT in this popula-
tion did show reduced mass compared to controls at the end of the
treatment period (18 days of age, F;135=31.91, p<0.001, statistics
from Spencer and Verhulst, 2007).

3.2. Variation in SMR

There was a significant interaction between age and treatment
(F1369=5.27, p=0.03; Fig. 2), as CORT administration had imme-
diate effects on the variability of nocturnal metabolism but no
long term effects, with CORT-fed birds showing a trend towards
elevated standard deviations of SMR during the nestling period
(t21)=14, P=0.08). Brood size also interacted with treatment
and age (F;379=4.82, p=0.03, Fig. 3), suggesting that the interac-
tion between age and treatment was driven by the effects seen in
larger brood sizes, whilst those birds from small brood sizes show
similar responses to the treatment. Again there was a significant
main effect of age (F;369=20.7, p<0.0001), and a non-significant
trend towards an effect of brood size (F;;;9=3.44, p=0.07). There
was also a significant interaction between sex and treatment
(F1387=7.15, p=0.011; Fig. 4), with CORT-fed females showing sig-
nificantly more variability in SMR (t39=2.0, p=0.05), whilst males
showed no metabolic responses to CORT administration (t3g=1.1,
p=0.27). There was also a non-significant trend towards a three-
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Fig. 2. The effects of age and CORT treatment on the standard deviation in SMR (W),
suggesting that stress hormones administered during post-natal development have
only short term effects on metabolism. Treatment x age interaction: Fy39=5.27,
p=0.027. Sample sizes are shown above treatment.

term interaction (age x treatment x sex interaction: F;3g;=3.86,
p=0.056), confirming that these treatment effects are mainly
due to changes in female metabolism during the trial at 12 days
of age. There were no effects of hatching order on SMR variability
(F1'37'4=O.26,p=0.63).

4. Discussion
4.1. Short term effects on metabolism

Our results demonstrate that developmental exposure of avian
nestlings to glucocorticoid hormones can have significant short
term effects on standard metabolism, resulting in increased vari-
ability overnight. Whilst previous work has provided evidence for
metabolic changes in response to stress in adults, to our knowledge
this is the first study to examine this directly in growing individu-
als. This increase in metabolic variability is contrary to our hypoth-
esis that we would find the same relationship found in adult birds,
i.e. that elevated CORT levels decrease nocturnal metabolism by
reducing the amount of arousal events overnight (Astheimer et
al., 1992; Buttemer et al., 1991). It has been suggested that this
regulates daily energy budgets and re-coups reserves for the fol-
lowing day in order to avoid or overcome the stressor (Astheimer
et al,, 1992; Buttemer et al., 1991). Our data suggest that grow-
ing birds may be more sensitive to stress than adults, or may be
less able to regulate their energy expenditure over a 24 h period.
Our results are, however, more consistent with work on mammals,
that suggests chronic stress causes increased nocturnal arousals,
i.e. increased variability in metabolic rate, which have been linked
to increased sleep fragmentation (Gronli et al., 2004; Koehl et al.,
2002; Papale et al., 2005; Tiba et al., 2003). Such sleep disturbances
are known to increase overnight energy expenditure, allostatic
load and energy imbalance (Bonnet et al., 1991; McEwen, 2006).
We did not measure sleep fragmentation in this study and there-
fore can draw no firm conclusions about the effects of our treat-
ments on sleep parameters and further work would be required
to determine this. Although birds from the CORT-fed group in our
study did not show reduced masses at the time of the metabolic
measurements, body mass in these birds was significantly reduced
at the end of the treatment period, at 18 days of age (Spencer and

Q
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Fig. 3. The effect of CORT treatment and brood size (n=3 or 5 nestlings) on the
variation in SMR (W) during two trials at age (a) 11-13 and (b) 55-65 days: treat-
ment x age x brood size interaction: F;379=4.82, p=0.03. Sample sizes are shown
within each bar.
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Fig. 4. The effect of CORT administration on the variability of SMR in male and
female zebra finches. Treatment x sex interaction: F;3g,=7.15, p=0.011. Females
showed a significant increase in variability following CORT treatment (t39=2.0,
p=0.05), whereas males showed no response (t3g=1.1, p=0.27). Sample sizes are
shown within each bar.
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Verhulst, 2007). This suggests that repeated stress for a prolonged
period may have an incremental effect on growth.

Our experimental manipulation mimics a natural increase
in glucocorticoids following a stressor. This repeated increase in
stress hormones would have the increased allostatic load of the
individual, i.e. the cumulative costs of maintaining the internal sta-
bility of the animal (Korte et al., 2005; McEwen, 2006; Wingfield,
2005). The observed responses to the elevation in stress hormones
could then be part of an allostatic response to stressful condi-
tions to reduce overall allostatic load. However, it is difficult to see
how an increase in metabolic variability and potentially overnight
arousal would confer any metabolic advantage on the animal and
restore the animal to its normal state. It is more likely that the
stressor imposed by our manipulations resulted in allostatic over-
load (type 2), which did not trigger transfer to an emergency life
history stage, but instead conferred significant constraints on the
individual, depressing growth rates (Korte et al., 2005; Wingfield,
2005). However, further work is required to identify the possible
adaptive significance of the metabolic changes seen in this study.

Exposure to CORT did not affect all individuals in this study.
We found that CORT-fed individuals from experimentally enlarged
brood sizes had significantly more variability in SMR. Brood size
enlargements in this species have been shown to affect growth
rates (de Kogel, 1997; Deerenberg et al., 1996), and produce long
term effects on survival post-independence (de Kogel, 1997;
Deerenberg et al., 1996). Sibling rivalry would have been more
intense in these broods, along with a possible reduction in food
intake. Thus the results suggest that there are additive effects of
‘stress’ at work here, and are in line with our prediction that brood
size would show an interaction with elevated stress hormones. It is
possible that birds in larger broods had elevated CORT levels, which
might have augmented our experimental procedures, but we have
no data to evaluate this hypothesis. Our results suggest that birds
in large broods would suffer larger metabolic changes during peri-
ods of further food shortages or another external stressor than
birds in small broods.

We also detected sex differences in the metabolic response to
glucocorticoid exposure, as predicted. Although there is no sexual
size dimorphism in zebra finches, previous studies have suggested
that females may be more susceptible to nutritional stress through
either food restriction or brood size manipulation during devel-
opment, resulting in decreased survival or altered metabolism (de
Kogel, 1997; Martins, 2004; Verhulst et al., 2006). Interestingly
Martins (2004) showed that females grew more slowly than males
when under identical experimental food restriction in the absence
of sibling competition. Since our results suggest that females do
not have a damped nocturnal energy strategy to compensate for
any increases in daytime activity, such as begging for food, this may
provide a mechanism by which growing females under chronic
stress show reduced growth rates. The fact that males in this study
did not seem to respond to the experimental treatment, but were
more sensitive to the amount of sibling competition during the
nestling stage (brood size), may suggest sex-specific mechanisms
for coping with stressful environments.

Previous studies in birds that have utilized experimental manip-
ulations of glucocorticoids have mainly used methodologies that
cause elevations in baseline levels of CORT, such as silastic implants
(Astheimer et al., 1992; Buttemer et al., 1991). These techniques
would mean that baseline levels were probably elevated over the
whole 24 h period, including the nocturnal period when metabolic
measurements were taken. In contrast, our feeding regime only
caused short term increases in CORT for less than 2h after dos-
ing (Spencer and Verhulst, 2007). This difference in methodologies
may explain the differences seen in overnight metabolism. How-
ever, we assert our experimental procedure is biologically more
relevant when aiming to mimic repeated acute stressors, such as

predator attacks or disturbance, in particular because strong fluc-
tuations in plasma levels are inherent to glucocorticoid hormones.
However, we still know very little about nestling responses to such
natural stressors and more work is required in this area. One study
in a laboratory population of rats has suggested that acute stress-
ors applied at either the onset or conclusion of the light period
always show their effects on sleep fragmentation within the dark
cycle (Koehl et al., 2002). This confirms that CORT can have delayed
effects on metabolism and sleep and supports our interpretation of
the current results.

4.2. Long term effects on metabolism

We found no long term effects of experimental CORT adminis-
tration on the variability of SMR. However, SMR tended to decrease
over the two respirometry trials in all birds from small brood sizes
and in females from larger broods, despite a decrease in ambi-
ent temperature, which would normally be associated with an
increase in metabolic rate (Gavrilov, 1996). Whilst several studies
have shown that resting metabolism is highly repeatable in avian
species (Bech et al., 1999; Ronning et al., 2005; Vezina and Wil-
liams, 2005), they have not yet compared metabolism during the
nestling stage with later stages of development. In this study SMR
comparisons between the two metabolic trials revealed non-sig-
nificant repeatability in both of our metabolic parameters (SMR:
F4344=0.84,p=0.72; sd: F43 44=1.17, p=0.30). An age-related decline
in standard or resting metabolism has, however, been well docu-
mented in mammalian species, including humans (Hughes et al.,
1998; Neuhauser-Berthold et al., 2000; Speakman et al., 2003; Van
Pelt et al., 1998, 2001) and is thought to relate to changes in body
composition (Hughes et al., 1998). However, these studies tend to
measure age-related changes during adulthood and this negative
relationship is not universal. In one recent avian study has pro-
vided evidence for a positive relationship between age and resting
metabolic rate (Pis and Lusnia, 2005).

In addition we found a significant effect of hatching order on
SMR, regardless of age and independent of mass, with second
hatched chicks exhibiting elevated metabolic rates compared to
their first hatched siblings. Previous work in kestrels has suggested
that hatching order can affect metabolism, with first hatched
chicks showing elevated daily energy expenditures (Massemin et
al.,, 2003) and last hatched chicks showing significantly lower rest-
ing metabolism compared to their older siblings (Massemin et al.,
2002), which are at odds with our results. However, first and sec-
ond hatched chicks have been shown to have differential levels of
both baseline and stress-induced CORT during the nestling period,
invariably with first hatched chicks showing elevated hormone
levels (Schwabl, 1999; Love et al., 2003). Therefore endogenous
levels of CORT may differ across hatching order in our population
and play a role in mediating SMR both during the nestling period
and in later life. However, it is likely that these birds differ in sev-
eral other aspects and further work would be required to elucidate
the mechanisms underlying the effects seen in this study.

There were also persistent effects of brood size on SMR, as males
from nests with a brood size of five failed to show the age-related
decline in metabolic rate seen in other birds in this and other stud-
ies (Hack, 1997; Klausen et al., 1997), resulting in elevated rates
in some males at sexual maturity. A recent study using the zebra
finch has also shown long term effects of brood size on standard
metabolic rate (Verhulst et al., 2006); however, in contrast to our
findings they reported stronger effects on metabolism in female
birds. Very similar methodologies were used to quantify SMR in
these two studies, but in the earlier study birds were measured
when they were over one year old. However, both studies suggest
that sibling competition can have long term effects on metabolism
in later life.
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In summary, our results show that exposure to glucocorticoid
hormones can have significant effects on the variability of
nocturnal metabolism, specifically in broods that had experienced
heightened sibling competition. This could have important conse-
quences for energy balance and growth over the nestling period,
however, the true fitness costs of such changes to metabolic rate
require further investigation. Whilst we found no long term effects
of our experimental treatments, our results also suggest that
increased sibling competition can elevate standard metabolism in
the long term.

Acknowledgments

We thank Henk Visser who provided critical assistance with
license applications. We also thank Martijn Salomons for assistance
with experimental protocols and Arthur Goldsmith for guidance
on assay protocols and laboratory use. This work was carried out
under license D4299 of the ethical committee for animal experi-
ments of the University of Groningen. K.A.S. was supported by a
Royal Society of London Short Visit Grant and S.V. was supported
by an NWO-Vici grant.

References

Arnold, K.E., Blount, ].D., Metcalfe, N.B., Orr, KJ., Adam, A., Houston, D., Monaghan,
P., 2007. Sex-specific differences in compensation for poor neonatal nutrition in
the zebra finch Taeniopygia guttata. Journal of Avian Biology 38, 356-366.

Astheimer, L.B., Buttemer, W.A., Wingfield, ].C., 1992. Interactions of corticosterone
with feeding, activity and metabolism in passerine birds. Ornis Scandinavica
23,355-365.

Bateson, P,, Barker, D., Clutton-Brock, T., Deb, D., D’Udine, B., Foley, R.A., Gluckman,
P, Godfrey, K., Kirkwood, T., Lahr, M.M., McNamara, J., Metcalfe, N.B., Monaghan,
P., Spencer, H.G., Sultan, S.E., 2004. Developmental plasticity and human health.
Nature 430, 419-421.

Bech, C., Langseth, 1., Gabrielsen, G.W., 1999. Repeatability of basal metabolism in
breeding female kittiwakes Rissa tridactyla. Proceedings of the Royal Society of
London Series B—Biological Sciences 266, 2161-2167.

Blas, J., Baos, R., Bortolotti, G.R., Marchant, T., Hiraldo, F., 2005. A multi-tier approach
to identifying environmental stress in altricial nestling birds. Functional Ecol-
ogy 19, 315-322.

Bonnet, M.H., Berry, R.B., Arand, D.L., 1991. Metabolism during normal, fragmented,
and recovery sleep. Journal of Applied Physiology 71, 1112-1118.

Bowerman, W.W., Mehne, CJ., Best, D.A., Refsal, K.R., Lombardini, S., Bridges, W.C.,
2002. Adrenal corticotropin hormone and nestling bald eagle corticosterone
levels. Bulletin of Environmental Contamination and Toxicology 68, 355-360.

Breuner, C.W., Greenberg, A.L, Wingfield, J.C., 1998. Noninvasive corticosterone
treatment rapidly increases activity in Gambel’s white-crowned sparrows
(Zonotrichia leucophrys gambelii). General and Comparative Endocrinology 111,
386-394.

Brody, S., 1945. Bioenrgetocs and Growth. Hafner, New York.

Buchanan, K.L., Spencer, K.A., Goldsmith, A.R., Catchpole, C.K., 2003. Song is an hon-
est signal of past developmental stress in the European starling (Sturnus vulga-
ris). Proceedings of the Royal Society of London Series B—Biological Sciences
270, 1149-1156.

Buttemer, W.A., Astheimer, L.B., Wingfield, J.C., 1991. The effect of corticosterone on
standard metabolic rates of small passerine birds. Journal of Comparative Phys-
iology B-Biochemical Systemic and Environmental Physiology 161, 427-431.

Chrousos, G.P,, Gold, PW., 1992. The concepts of stress and stress system disorders.
Overview of physical and behavioral homeostasis. Journal of the American
Medical Association 267, 1244-1252.

De Boeck, G., Alsop, D., Wood, C., 2001. Cortisol effects on aerobic and anaerobic
metabolism, nitrogen excretion, and whole-body composition in juvenile rain-
bow trout. Physiological and Biochemical Zoology 74, 858-868.

de Kloet, E.R., Grootendorst, ]., Karssen, A.A., Oitzl, M.S., 2002. Gene X environment
interaction and cognitive performance: animal studies on the role of corticoste-
rone. Neurobiology of Learning and Memory 78, 570-577.

de Kogel, C.H., 1997. Long-term effects of brood size manipulations on morpho-
logical development and sex-specific mortality of offspring. Journal of Animal
Ecology 51, 699-708.

Deerenberg, C., deKogel, C.H., Overkamp, G.FJ., 1996. Costs of reproduction in the
Zebra Finch Taeniopygia guttata: manipulation of brood size in the laboratory.
Journal of Avian Biology 27, 321-326.

Eraud, C,, Trouve, C., Dano, S., Chastel, O., Faivre, B., 2008. Competition for resources
modulates cell-mediated immunity and stress hormone level in nestling col-
lared doves (Streptopelia decaocto). General and Comparative Endocrinology
155, 542-551.

Gavrilov, V.M., 1996. Basal metabolic rate in homeothermic animals. 1. Scale of
power and fundamental characteristic of its energetics. Zhurnal Obshchei Bio-
logii 57, 326-345.

Gil, D., 2003. Golden eggs: maternal manipulation of offspring phenotype by egg
androgen in birds. Ardeola 50, 281-294.

Gronli, J., Murison, R., Bjorvatn, B., Sorensen, E., Portas, C.M., Ursin, R., 2004. Chronic
mild stress affects sucrose intake and sleep in rats. Behavioural Brain Research
150, 139-147.

Hack, M., 1997. The effects of mass and age on standard metabolic rate in house
crickets. Physiological Entomology 22, 325-331.

Hughes, V.A., Abad, L., Wood, M., Nelson, M.E., Roberts, S., Kehayias, ].J., Singh,
M.A.E, Ruobenhoff, R., 1998. Does resting metabolic rate (RMR) adjusted for
fat free mass decline with age? Effect of body composition method and gender.
FASEB Journal 12, 1183.

lacovides, S., Evans, R.M., 1998. Begging as graded signals of need for food in young
ring-billed gulls. Animal Behaviour 56, 79-85.

Ketterson, E.D., Nolan, V., Cawthorn, M.].,, Parker, P.G., Ziegenfus, C., 1996. Pheno-
typic engineering: using hormones to explore the mechanistic and functional
bases of phenotypic variation in nature. IBIS 138, 70-86.

Kilner, R., 1995. When do canary parents respond to nestling signals of need? Pro-
ceedings of Royal Society of London Series B 260, 343-348.

Kitaysky, A.S., Kitaiskaia, E., Piatt, J., Wingfield, J.C., 2003. Benefits and costs of
increased levels of corticosterone in seabird chicks. Hormones and Behavior 43,
140-149.

Kitaysky, A.S., Piatt, J.F., Wingfield, ].C., Romano, M., 1999. The adrenocortical stress-
response of black-legged kittiwake chicks in relation to dietary restrictions.
Journal of Comparative Physiology B-Biochemical, Systemic, and Environmen-
tal Physiology 169, 303-310.

Kitaysky, A.S., Wingfield, ].C., Piatt, J.F., 2001. Corticosterone facilitates begging and
affects resource allocation in the black-legged kittiwake. Behavioral Ecology 12,
619-625.

Klausen, B., Toubro, S., Astrup, A., 1997. Age and sex effects on energy expenditure.
American Journal of Clinical Nutrition 65, 895-907.

Koehl, M., Bouyer, ].J., Darnaudery, M., Le Moal, M., Mayo, W., 2002. The effect of
restraint stress on paradoxical sleep is influenced by the circadian cycle. Brain
Research 937, 45-50.

Korte, S.M., Koolhaus, J.M., Wingfield, J.C., McEwen, B.S., 2005. The Darwinian con-
cept of stress: benefits of allostasis and costs of allostatic load and the trade-
offs in health and disease. Neuroscience and Biobehavioral Reviews 29, 3-38.

Kudielka, B.M., Kirschbaum, C., 2005. Sex differences in HPA axis responses to
stress: a review. Biological Psychology 69, 113-132.

Laugero, K.D., Moberg, G.P., 2000a. Energetic response to repeated restraint stress
in rapidly growing mice. American Journal of Physiology-Endocrinology and
Metabolism 279, E33-E43.

Laugero, K.D., Moberg, G.P., 2000b. Summation of behavioral and immunological
stress: metabolic consequences to the growing mouse. American Journal of
Physiology-Endocrinology and Metabolism 279, E44-E49.

Liu, H.H., Payne, H.R., Wang, B., Brady, S.T., 2006. Gender differences in response
of hippocampus to chronic glucocorticoid stress: role of glutamate receptors.
Journal of Neuroscience Research 83, 775-786.

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

Martins, T.L.F., 2004. Sex-specific growth rates in zebra finch nestlings: a possible
mechanism for sex ratio adjustment. Behavioral Ecology 15, 174-180.

Massemin, S., Korpimaki, E., Poyri, V., Zorn, T., 2002. Influence of hatching order on
growth rate and resting metabolism of kestrel nestlings. Journal of Avian Biol-
ogy 33, 235-244.

Massemin, S., Korpimaki, E., Zorn, T., Poyri, V., Speakman, J.R., 2003. Nestling energy
expenditure of Eurasian kestrels Falco tinnunculus in relation to food intake
and hatching order. Avian Science 3, 1-12.

McEwen, B.S., 2006. Sleep deprivation as a neurobiologic and physiologic stressor:
allostasis and allostatic load. Metabolism-Clinical and Experimental 55, S20-523.

Metcalfe, N.B., Monaghan, P., 2001. Compensation for a bad start: grow now, pay
later? Trends in Ecology & Evolution 16, 254-260.

Moussaeu, T.A., Fox, CW., 1998. The adaptive significance of maternal effects.
Trends in Ecology & Evolution 13, 403-407.

Mueller, B.R., Bale, T.L., 2007. Early prenatal stress impact on coping strategies and
learning performance is sex dependent. Physiology & Behavior 91, 55-65.

Naguib, M., Riebel, K., Marzal, A., Gil, D., 2004. Nestling immunocompetence and
testosterone covary with brood size in a songbird. Proceedings of the Royal
Society of London Series B—Biological Sciences 271, 833-838.

Neuhauser-Berthold, M., Herbert, B.M., Luhrmann, P.M., Sultemeier, A.A., Blum,
W.E, Frey, J., Hebebrand, J., 2000. Resting metabolic rate, body composition and
serum leptin concentrations in a free-living elderly population. European Jour-
nal of Endocrinology 142, 486-492.

Nowicki, S., Peters, S., Podos, J., 1998. Song learning, early nutrition and sexual
selection in songbirds. American Zoologist 38, 179-190.

Papale, L.A., Andersen, M.L., Antunes, L.B., Alvarenga, T.A.F, Tufik, S., 2005. Sleep
pattern in rats under different stress modalities. Brain Research 1060, 47-54.

Pis, T., Lusnia, D., 2005. Growth rate and thermoregulation in reared king quails
(Coturnix chinensis). Comparative Biochemistry and Physiology A-Molecular
and Integrative Physiology 140, 101-109.

Pravosudov, V.V., Kitaysky, A.S., 2006. Effects of nutritional restrictions during post-
hatching development on adrenocortical function in western scrub-jays (Aphe-
locoma californica). General and Comparative Endocrinology 145, 25-31.

Raberg, L., Stjernman, M., Nilsson, J.A., 2005. Sex and environmental sensitivity in
blue tit nestlings. Oecologia 145, 496-503.



256 K. Spencer, S. Verhulst / General and Comparative Endocrinology 159 (2008) 250-256

Ronning, B., Moe, B., Bech, C., 2005. Long-term repeatability makes basal metabolic
rate a likely heritable trait in the zebra finch Taeniopygia guttata. Journal of
Experimental Biology 208, 4663-4669.

Royle, N.J., Hartley, L.R., Parker, G.A., 2002. Begging for control: when are offspring
solicitation behaviours honest? Trends in Ecology & Evolution 17, 434-440.
Saino, N., Ninni, P, Incagli, M., Calza, S., Sacchi, R., Moller, A.P.,, 2000. Begging and
parental care in relation to offspring need and condition in the barn swallow

(Hirundo rustica). American Naturalist 156, 637-649.

Saino, N., Suffritti, C., Martinelli, R., Rubolini, D., Moller, A.P., 2003. Immune response
covaries with corticosterone plasma levels under experimentally stressful con-
ditions in nestling barn swallows (Hirundo rustica). Behavioral Ecology 14,
318-325.

Schwabl, H., 1999. Developmental changes and among-sibling variation of cortico-
sterone levels in an altricial avian species. General and Comparative Endocri-
nology 116, 403-408.

Sims, C.G., Holberton, R.L., 2000. Development of the corticosterone stress-response
in young Northern Mockingbirds (Mimus polyglottos). General and Comparative
Endocrinology 119, 193-201.

Sockman, K.W., Schwabl, H., 2001. Plasma corticosterone in nestling American kes-
trels: effects of age, handling stress, yolk androgens, and body condition. Gen-
eral and Comparative Endocrinology 122, 205-212.

Soma, M., Takahasi, M., Ikebuchi, M., Yamada, H., Suzuki, M., Hasegawa, T., Okanoya,
K., 2006. Early rearing conditions affect the development of body size and song
in Bengalese finches. Ethology 112, 1071-1078.

Speakman, J.R., van Acker, A., Harper, E.J., 2003. Age-related changes in the metab-
olism and body composition of three dog breeds and their relationship to life
expectancy. Aging Cell 2, 265-275.

Spencer, K.A., Buchanan, K.L., Goldsmith, A.R., Catchpole, C.K., 2003. Song as an hon-
est indicator of developmental history in the zebra finch (Taeniopygia guttata).
Hormones and Behavior 44, 132-139.

Spencer, K.A., Buchanan, K.L.,, Goldsmith, A.R., Catchpole, C.K., 2004. Developmental
stress, social rank and song complexity in the European starling (Stumus vulga-
ris). Proceedings of the Royal Society of London Series B—Biological Sciences
271, S121-S123.

Spencer, K.A., Verhulst, S., 2007. Delayed behavioural effects of post-natal expo-
sure to corticosterone in the zebra finch. Hormones and Behavior 51, 273-
280.

Tiba, P.A., Palma, B.D., Tufik, S., Suchecki, D., 2003. Effects of early handling on
basal and stress-induced sleep parameters in rats. Brain Research 975, 158-
166.

Van Pelt, R,, Jones, P,, Schiller, B., Monroe, M., Seals, D., 1998. Age-related differences
in resting metabolic rate in healthy sedentary and physically active men. FASEB
Journal 12, A330.

Van Pelt, R.E., Dinneno, F.A.,, Seals, D.R., Jones, P.P., 2001. Age-related decline in
RMR in physically active men: relation to exercise volume and energy intake.
American Journal of Physiology-Endocrinology and Metabolism 281, 633-
639.

Verhulst, S., Holveck, M.-]., Riebel, K., 2006. Long-term effects of manipulated natal
brood size on metabolic rate in zebra finches. Biology letters 2, 472-780.

Verhulst, S., Riedstra, B., Wiersma, P., 2005. Brood size and immunity costs in zebra
finches Taeniopygia guttata. Journal of Avian Biology 36, 22-30.

Vezina, E, Williams, T.D., 2005. The metabolic cost of egg production is repeatable.
Journal of Experimental Biology 208, 2533-2538.

Wada, H., Salvante, K.G., Stables, C., Wagner, E., Williams, T.D., Breuner, C.W., 2008.
Adrenocortical responses in zebra finches (Taeniopygia guttata): individual var-
iation, repeatability, and relationship to phenotypic quality. Hormones and
Behavior 53, 472-480.

Wikelski, M., Lynn, S., Breuner, C., Wingfield, J.C., Kenagy, G.J., 1999. Energy metabo-
lism, testosterone and corticosterone in white-crowned sparrows. Journal of Com-
parative Physiology A-Sensory Neural and Behavioral Physiology 185, 463-470.

Wingfield, J.C., 2005. The concept of allostasis: living with a capricious environ-
ment. Journal of Mammalogy 86, 248-254.

Wingfield, J.C., 1994. Modulation of the adrenocortical response to stress in birds.
In: Davey, K., Peter, R., Tobey, S. (Eds.), Perspectives in Endocrinology. National
Research Council of Canada, Ottawa, pp. 520-528.

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



	Post-natal exposure to corticosterone affects standard metabolic rate in the zebra finch (Taeniopygia guttata)
	 Introduction
	 Methods
	 Corticosterone manipulation
	 Metabolic rate measurements
	 Statistical analysis

	 Results
	 Nocturnal metabolism
	 Variation in SMR

	 Discussion
	 Short term effects on metabolism
	 Long term effects on metabolism

	Acknowledgments
	References


