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Offspring of long-lived species should face costs of parental trade-offs that vary with overall energetic
demands encountered by parents during breeding. If sex differences exist in how parents make the
trade-off, sex-specific differences may exist in the contribution of each parent to those costs. Adaptations
of offspring facing such costs are not well understood, but the hormone corticosterone probably plays
a role. We manipulated breeding effort in Cory’s shearwaters (Calonectris diomedea) to increase costs to
offspring and used an integrated measure of corticosterone from chick feathers to investigate how experimental variation in parental investment influences offspring physiology. Average foraging trip duration
and foraging efficiency (FE) of breeding pairs were not related to chick corticosterone, but sex biases
in FE were. Adult male investment was more strongly related to chick corticosterone than was female
investment. Importantly, we show for the first time suppression of adrenocortical activity in nestling
Procellariiform seabirds, and explain how our results indicate an adaptive mechanism invoked by
chicks facing increased costs of parental trade-offs.
Keywords: Cory’s shearwater; feather corticosterone; life history; parental investment;
stress physiology; trade-offs

1. INTRODUCTION
The trade-off between current reproductive effort and
future survival and reproduction has been the subject of
considerable research in life-history evolution [1].
Adults of long-lived species, such as many seabirds, are
expected to favour their own condition over that of their
young when faced with adverse circumstances during
the breeding season [1– 3], and offspring may therefore
face costs of this parental trade-off. Although most
studies on seabirds support this assertion [4– 7], sex
differences may exist in the extent to which males and
females make the trade-off. Such differences are probably
due to aspects of parental investment that differ between
the sexes [8]. Male and female adult seabirds can differ
in foraging strategies [9– 11] ability to recover body
condition [9], sensitivity to chick begging [12] and contributions to nestling diet [9,13 – 17]. Thus, while costs
experienced by chicks are expected to vary with overall
energetic demands encountered by parents, there may
also be sex-specific differences in the contribution of
each parent to those costs. This may be especially true
when one sex is not willing or able to compensate for
the other, such as during times of poor food availability
when parents prioritize their own condition.
Relatively little attention has been paid to the adaptations of offspring facing costs of adverse parental

decisions and how they may contribute to overall lifehistory strategies. One important mechanism for coping
with environmental perturbations in general is activation of the vertebrate hypothalamic – pituitary– adrenal
(HPA) axis in response to unpredictable noxious stimuli
(i.e. ‘stressors’; [18]). The HPA axis helps vertebrates
regulate energy levels through secretion of glucocorticoid
(GC) hormones such as corticosterone (CORT), the
primary avian GC. Nutritional challenges are known
stressors characteristic of intermittent feeding of seabird
chicks [19,20], and the frequency of feeding, and quality
and quantity of food delivered to chicks, can influence the
severity of the challenge [21,22].
Interspecific variation exists in how nestling seabirds
respond with CORT to reductions in caloric intake and
nutritional quality [23]. Some species increase baseline
or acute stress-induced CORT secretion to promote catabolism of fat stores for increased energy availability,
and to facilitate begging that encourages increased parental provisioning [19,23 – 25]. In doing so they risk
reduced growth rate and immune response, depletion of
lipid reserves, protein catabolism and impaired cognition
as a result of prolonged CORT secretion [18,23,24,
26 – 29]. In other species, nestlings respond to nutritional
challenges by modulating activity of the HPA axis to suppress one or more parameters of the CORT response.
This has been observed as a reduction in baseline or
acute stress-induced levels [21], and also as a ‘muting’
of the response, i.e. an increase or stability in baseline
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with no change in stress-induced [30]. It has been proposed that this CORT suppression strategy is related to
a disassociation of the nutritional state of the chick and
its HPA axis [21]. Thus, although this strategy comes at
a cost of a slowed growth rate, it avoids the deleterious
effects of sustained elevated CORT and allows chicks to
maintain protein and fat stores [21]. Why variation in
CORT responses to dietary restrictions exists is not well
understood [23]; however, it is apparent that CORT
physiology plays a crucial role and therefore may underlie
an adaptive mechanism to cope with costs of parental
trade-offs [31].
A previous study of Cory’s shearwaters (Calonectris
diomedea) by Navarro & González-Solı́s [7] found that
when one member of a breeding pair was experimentally
handicapped via increase of flying costs (i.e. breeding
effort) it decreased its parental investment and passed
along the cost partly to its partner, but the cost was most
strongly experienced by the offspring. Handicapped
adults increased the duration and distance of foraging
trips resulting in longer incubation stints for their partners
and less food provisioned to chicks. In turn, chicks raised
by handicapped pairs were smaller, lighter and had a
lower cell-mediated immune response, and the authors
suggested that poor provisioning was responsible for
these effects [7]. Although foraging trip length did not
differ significantly between the sexes, total mass gained
while foraging was greater in males than in females [7].
Here, we suggest that nestling CORT responses to
parental trade-offs can explain the effects seen in chicks
from the 2007 Navarro & González-Solı́s paper [7], and
we use an integrated measure of CORT physiology
[32,33] from chick feathers collected during their experiment to explore this possibility. Feather CORT values
incorporate the amplitude and duration of all CORT
secretion, including response to stressors, during the
period of feather growth [32,33] and thus represent a biologically relevant measure of CORT secretion [18]. We
hypothesize that variation in parental investment was
experienced by nestlings as variation in a nutritional stressor to which the nestling HPA axis should be sensitive.
Furthermore, sex differences in how adults traded off provisioning their young in favour of their own condition
should be evident in the strength of relationships between
offspring CORT and each of its parents’ investment.
We tested the following three predictions. First, nestling CORT should be related to variation in duration of
foraging trips and foraging efficiency (FE) of parents
(i.e. rate of mass gained at sea; see below) because these
are measures of parental effort that vary with increasing
costs to parents [7,34]. In our population, foraging
costs increase with increasing trip length [7] and, at
least in other populations, longer trips result in less
food being delivered per day to shearwater chicks [35].
Individual differences in FE contribute to rules governing
how parents allocate energy between themselves and their
offspring [36] and thus influence the costs experienced by
chicks. Second, nestling CORT should be differentially
sensitive to male and female FE, but not foraging trip
duration (TD), because the sexes differ in total mass
gained at sea but not in duration of foraging trips [7].
Third, nestling CORT should be suppressed relative to
controls when adult foraging costs are increased by handicapping. Suppressed HPA activity is expected to occur
Proc. R. Soc. B (2012)

in nestlings of species with intermittent feeding, a prolonged nestling period to compensate for slow growth
rate, and parents that are relatively insensitive to offspring
demands [21,23], and Cory’s shearwaters exhibit all these
characteristics [7,37,38]. Our study’s methodological
perspective adds to a limited number of investigations
into physiological adaptations of nestlings to parental
reductions in food provisioning.

2. METHODS
(a) Study area and field methods
For more detailed information on field methods, see [7].
Briefly, the study was conducted on Gran Canaria
(158470 1800 N; 278500 4100 E, Canary Islands, Spain), from
April to November 2004 at a breeding colony of about 150
pairs of Cory’s shearwaters. Breeding pairs were randomly
assigned to the control (n ¼ 14) or experimental group
(n ¼ 28) and once the female had laid her egg, one adult
from every pair (50 : 50 male : female) in the experimental
group was handicapped by clipping the tips of every primary
feather to increase flying costs by 5 per cent [7,39]. Thus,
pairs from the experimental group included one handicapped
bird and its unmanipulated partner. Additionally, during
incubation, 19 control and 19 handicapped adults were
each instrumented with a 10-g geolocator (GLS units, British
Antarctic Survey, Cambridge, UK) to measure foraging TD
and foraging locations. GLS units have a photoreceptor that
measures light levels every 60 s, and they record the maximum reading within each 10-min interval with reference to
an internal clock calendar. Sunset and sunrise times were
estimated from thresholds in light curves; latitude was
derived from day duration and longitude from the time of
local midday with respect to Greenwich Mean Time and
day of the year, providing two locations per day (one corresponding to midday and the other to midnight). The
accuracy of the light-level geolocation is relatively low (average error approx. 186 km). However, the aim of our study
was not a detailed description of the foraging trips, but a
comparison of the foraging behaviour between control and
handicapped birds. Any position obtained in a short
period, as in the present study, is under the same accuracy
error, and to avoid potential selection biases of locations we
applied a homogeneous filter based solely on a velocity
index (see [7] for more details). GLS units were one third
the mass found to have an effect on shearwater flight performance [40], so although we cannot rule out a possible
influence in our study, we believe it to be negligible and
the effect balanced across treatment groups.
During incubation, we studied the changes in mass in all
birds by weighing all birds every 3 days until foraging trip
departure, and then again upon subsequent return. Birds
were weighed between the hours of 10.00 and 12.00 using
a large bag and Pesola spring balances. For those birds that
we weighed 2 or 3 days before departure, we estimated the
mass at departure using the last mass recorded and the proportional daily loss of mass for the appropriate sex (mean
daily mass loss: males ¼ 15.38 g d21, females ¼ 14.25 g d21;
calculated from incubating birds that were weighed more
than once).
We sampled 28 80-day-old chicks: 10 reared by control
and 18 by experimentally handicapped pairs. Chicks were
ringed and weighed and their culmen, tarsus and wing were
measured with digital callipers to the nearest +0.1 mm.
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A single back feather was taken from each chick and stored in
a paper envelope for subsequent quantification of CORT
(see below). Based on exact dates of hatching, all chicks
were of a comparable age when feathers were collected. All
feathers were fully grown when collected, began growing
when chicks were approximately 50 days old, and completed
growth around 70 days of age. Aside from changes resulting
from handicapping [7], adult feeding behaviour was normal
throughout the feather growth period. Adults and chicks
were sexed using molecular procedures [7]. Based on observations, all chicks fledged successfully and at approximately
the same time.
(b) Feather CORT analysis
Feather CORT assays followed [32]. Briefly, we extracted
CORT from feathers using a methanol-based technique.
The length of the feather was measured, the calamus was
removed and discarded, and then the sample was cut into
pieces less than 5 mm2 with scissors. We then added
10 ml of methanol (HPLC grade, Fisher Scientific, Fairlawn,
NJ, USA) and placed the samples in a sonicating water
bath at room temperature for 30 min, followed by incubation at 508C overnight in a shaking water bath. The
methanol was then separated from feather material by
vacuum filtration, using a plug of synthetic polyester fibre
in the filtration funnel. The methanol extract was placed in
a 508C water bath and subsequently evaporated in a fume
hood. Extract residues were reconstituted in a small volume
of phosphate-buffered saline (0.05 M, pH 7.6) and frozen
at 2208C until analysed by radioimmunoassay (RIA). We
assessed the efficiency of the methanol extraction by
including feather samples spiked with a small amount
(approximately 5000 CPM) of 3H-corticosterone in the
extraction. Greater than 92 per cent of the radioactivity
was recoverable in the reconstituted samples. For more information about validation, see supplementary appendix S1
in [32].
Feather CORT levels were determined by RIA [41].
Measurements were performed on reconstituted methanol
extracts, and samples were measured in duplicate. Samples
were measured in a single assay with an intra-assay coefficient
of variation of 8.7 per cent. The assay had a detectability
limit (80% bound) of 14.20 pg per assay tube, but all
samples were well above this value. Data values are expressed
as pg CORT per mm of feather, which gives a valid estimate
of CORT per unit time of feather growth [32,33] (and see
[42] for validation). CORT assays were performed at the
University of Saskatchewan, Canada.
(c) Variable definitions and statistical analyses
Total foraging TD and FE were defined according to [7]. TD
is the total number of days between departure from the nest
for foraging and subsequent return. FE is the rate of daily
mass gain while foraging, calculated as total mass gained
during foraging trip divided by TD. TD and FE were calculated separately for 17 males (TDmale, FEmale) and 15
females (TDfemale, FEfemale). In nine control breeding pairs
we recorded both TD and FE for both partners. For these
cases, we assessed the relative parental effort of breeding
pairs by computing average TD and FE values for both partners (i.e. (male þ female)/2; TDpair and FEpair), and assessed
potential sex bias in TD and FE by computing the difference
between the partners (i.e. (male 2 female); TDbias and
FEbias).
Proc. R. Soc. B (2012)
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Because Navarro & González-Solı́s [7] only collected
feathers from a subset of chicks in their 2007 paper, we
wanted to confirm that our subset of TD and FE values
were not affected by a subsampling bias. We therefore used
separate models with TD and FE as the response variable,
adult sex and treatment as fixed factors, and included a
sex  treatment interaction term. We also tested for a chick
sex difference in feather CORT, as well as a possible interaction between sex and treatment, using sex and treatment
as fixed factors and a sex  treatment interaction term.
To determine the influence of within-pair variation in
parental investment on chick CORT, we modelled TDpair,
FEpair, TDbias and FEbias individually as fixed factors in
four separate models. To further confirm which sex’s behaviour had the greater influence on chick CORT, we used the
same pairs but modelled TDmale and TDfemale as separate
terms in the same model, rather than as within-pair averages
or biases, and repeated this approach for FE.
To address the relationships between parental handicapping, TD and FE, and feather CORT, we expanded our
sample size by considering all cases where we had TD and
FE for at least one member of a breeding pair and feather
CORT data for the chick. We used CORT as the response
variable in two separate models and included treatment,
adult sex, behaviour (TD or FE) and a behaviour  sex interaction term as fixed factors. Non-significant interaction
terms were removed from final models. All models used a
normal distribution of errors and an identity link function.
Data were analysed using PROC GENMOD in SAS v. 9.1
(SAS Institute, Cary, NC).

3. RESULTS
As in the 2007 paper by Navarro & González-Solı́s [7],
duration of adult foraging trips did not differ between
the sexes for control breeding pairs (F1,16 ¼ 2.64, p ¼
0.12), but we detected a non-significant trend for TDs
of experimentally handicapped females to be longer
than those of males (F1,13 ¼ 4.17, p . 0.06). We
acknowledge this as a potential subsampling bias because
the original study did not find a difference between sexes
in its larger sample of experimental adults [7], but combined the sexes for all subsequent analyses. A single
CORT value was three standard deviations greater than
the mean, suggesting an analytical error or an individual
out of the norm for our population (e.g. an ill bird); therefore, this value was excluded from analyses. There was no
significant interaction between chick sex and treatment on
CORT (F1,23 ¼ 3.13, p ¼ 0.09), and CORT did not differ
between chick sexes (F1,23 ¼ 1.89, p ¼ 0.18), so they were
combined for subsequent analyses.
We found no significant relationship between CORT
and TDpair (figure 1; F1,7 ¼ 1.34, p ¼ 0.28) or FEpair
(F1,7 ¼ 0.13, p ¼ 0.73). However, when we examined
the relationships between TDbias and FEbias and CORT,
we found a non-significant effect of TDbias (figure 1;
F1,7 ¼ 4.64, p ¼ 0.07) but a significant effect of FEbias
(F1,7 ¼ 8.12, p , 0.03). This implies that within control
breeding pairs as TDmale increased relative to TDfemale
chicks expressed relatively higher CORT levels, albeit
not significantly; and as FEmale increased relative to
FEfemale, chicks expressed relatively lower CORT. This
sex effect was further evident in control pairs when we
included FEmale and FEfemale as separate terms in the
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Figure 1. Relationships between measures of parental investment in Cory’s Shearwater breeding pairs and their nestling’s
feather corticosterone (CORT): (a) total duration of foraging trips (TDpair) and (b) average foraging efficiency (FEpair). The
within-pair difference between males and females in (c) duration of foraging trips (TDbias) and (d) foraging efficiency
(FEbias); values greater than zero indicate male bias and values less than zero indicate female bias. Data presented are for
control pairs only. See text for variable definitions.
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same model, because the former was significantly related
to CORT (F1,6 ¼ 10.65, p , 0.02) whereas the latter was
not (F1,6 ¼ 2.86, p ¼ 0.14). A similar model for TD
showed that neither TDmale nor TDfemale was significantly
related to CORT (TDmale: F1,6 ¼ 4.01, p ¼ 0.09;
TDfemale: F1,6 ¼ 0.58, p ¼ 0.48), but the trends were in
the same direction as the FE models.
When we expanded our sample to include all cases where
TD and FE were measured for at least one pair member,
overall experimental chicks had significantly lower feather
CORT than control chicks (figure 2; experimental ¼
4.45 + 0.20 pg per mm21, control ¼ 5.46 + 0.51 pg per
mm21, F1,23 ¼ 7.08, p ¼ 0.01). Our model of TD and
chick CORT had a significant interaction between TD
and adult sex (F1,27 ¼ 5.12, p ¼ 0.03), so we ran separate
models for each sex (table 1). The final model for adult
males revealed a significant positive relationship between
TDmale and CORT (table 1) and experimental chicks had
significantly lower CORT than controls. The final model
for adult females revealed no significant relationship
between TDfemale and CORT (table 1) and experimental
chicks did not differ significantly from controls.
We found a significant interaction between FE
and adult sex (F1,27 ¼ 5.56, p , 0.03), so we analysed
the sexes separately (table 1). The interaction between

5.50
5.25
5.00
4.75
4.50
4.25
4.00

control

experimental
treatment

Figure 2. Mean (+ s.e.) feather corticosterone (CORT) values
of Cory’s shearwater chicks raised by experimentally handicapped adults (experimental; n ¼ 17) and non-handicapped
control adults (control; n ¼ 10).
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Table 1. Summary of results from GENMOD models testing for the influence of experimental handicapping of parents, sex
differences in parental foraging TD and FE, and their interaction on feather corticosterone (CORT) in Cory’s shearwater
chicks. Significant values are in bold.
model term
males

females

males

females

treatment
TD
TD  treatment
treatment
TD
TD  treatment
treatment
FE
FE  treatment
control
experimental
treatment
FE
FE  treatment

estimate

s.e.

F-statistic (d.f.)

p-value

1.6053
0.1825

0.6070
0.0680

0.8274
20.0958

0.7968
0.0982

7.7083
20.1020

2.8695
0.0906

20.5393
20.1025
0.8673
0.1213

0.1895
0.0809
0.7479
0.0949

6.99 (1,14)
7.21 (1,14)
0 (1,13)
1.08 (1,12)
0.95 (1,12)
0.02 (1,11)
7.22 (1,13)
10.61 (1,13)
4.91 (1,13)
8.10 (1,7)
1.60 (1,6)
1.34 (1,12)
1.64 (1,12)
0.33 (1,11)

0.019
0.018
0.972
0.320
0.349
0.903
0.018
0.006
0.045
0.025
0.252
0.269
0.225
0.580

FEmale and treatment on CORT was significant, so we
modelled each treatment separately for males (table 1).
FEmale was negatively related to CORT in control chicks
(table 1, figure 3), but was not related to CORT in experimental chicks. The interaction between FEfemale and
treatment on CORT was not significant (table 1), and
the final model for adult females revealed that FEfemale
was not significantly related to CORT (table 1, figure 3)
and did not differ between control and experimental
chicks.

4. DISCUSSION
Our study provides two advances in the understanding of
life-history trade-offs. First, we highlight the importance
of sex-biased investment to offspring physiology and
show that adult male shearwaters in particular play an
important role in offspring energy balance. Second, we
provide experimental evidence that free-living Procellariid
chicks can suppress CORT secretion as an adaptive
response to cope with increased costs of parental tradeoffs. This result indicates flexibility in nestling physiology
during growth to better match energetic need to parental
provisioning. Furthermore, we show that CORT from
nestling feathers can provide information about how
chicks are responding physiologically to variation in
parental effort.
Costs are expected to arise in chicks when parents
favour self-maintenance over provisioning their offspring,
and our study suggests that sex differences in how parents
resolve this trade-off differentially affects offspring CORT.
In accordance with previous studies [7,19,21,24,25,30],
it is probable that an overall caloric restriction was the
cost of adult trade-offs to which chick CORT was
responding. Responses were related to within-pair sex
biases in how parents contributed to that cost. Specifically, variation in male effort was more influential than
variation in female effort.
Sex differences in parental investment in our study
may have been due to differences in the extent to which
the sexes were willing to increase provisioning in response
to chick need [43,44]. Cory’s shearwaters exhibit fixed
Proc. R. Soc. B (2012)

investment in reproduction and are predicted to not
increase their effort as chick demands increase [7]. However, some male Procellariiform seabirds may be even less
probable than females to increase effort. For example,
female Manx shearwaters (Puffinus puffinus) responded
to chick begging by adjusting meal size, whereas males
did not [12]. Additionally, during poor food years
female Wilson’s storm petrels (Oceanites oceanicus) make
longer foraging trips than do males, and this may be
due to greater responsiveness to chick need by females
than males [45]. In cases where costs of the trade-off
between self-maintenance and offspring provisioning is
greater in males than in females, variation in male investment could have a greater influence on chick physiology.
Importantly, we provide experimental evidence that
shearwater chicks suppressed CORT secretion when
faced with extended nutritional challenges. Chick
CORT was most strongly related to male FE, which is a
measure of parental effort that incorporates duration of
foraging trips, individual quality and foraging decisions
[36]. Not surprisingly, our results indicate that increased
investment by control males reduced costs in their chicks.
However, when we considered experimentally handicapped males, the CORT of their chicks showed no
relationship with FE. This suggests that increased costs
of trade-offs from handicapped males resulted in a relative
insensitivity of the physiology of their chicks. Moreover,
CORT was overall significantly lower in chicks raised by
experimental parents compared to controls. We interpret
these results as confirmation of our prediction that shearwater chicks suppress CORT secretion when adult
foraging costs are experimentally increased.
Is lower CORT in experimental chicks a result of an
adaptive response, or simply an expression of poor physiological functioning of birds with extended nutritional
deficits? It is possible that the nutritional condition of
experimental chicks was such that they were only able
to mount a poor CORT response following nutritional
challenges, or they were developmentally delayed and
incapable of mounting a better response. However, it is
unlikely that chicks expressing such compromised physiology would be able to survive to fledging without
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by chronically elevated CORT [18 – 20,23,26,29]. Experimental chicks paid for this because they were smaller,
lighter and had reduced immune response [7]. Yet, these
were not life-threatening energy deficits because the prolonged period of shearwater nestling growth would allow
for compensatory growth [7,21,23,37,38] and survival to
fledging did not differ between treatment groups [7].
CORT suppression need not entail a complete alteration
of the functioning of the HPA axis, as evidence from
other species indicates that even the most food-restricted
individuals exhibiting CORT suppression are still able to
respond to stressors [21,30].
Understanding how and why individuals manage their
exposure to CORT during critical periods of post-natal
development is important because CORT can affect nestling phenotype [23,47 – 51] and potentially fitness [52]
(for reviews see [53,54]). Moreover, timing of CORT
exposure during development is important [48]. In our
study, handicapping of adults occurred at the onset of
egg-laying and therefore increased costs were experienced
by nestlings throughout their post-natal development.
Whether shearwater nestlings would suppress CORT in
response to less severe or shorter-term increases in costs
remains to be determined. Future investigations should
focus on identifying the ecological circumstances that promote a CORT suppression strategy and must consider
phylogeny, mode of nestling development [55], and the
type of nutritional challenge facing nestlings (i.e. feeding
frequency, diet quality and/or quantity). Longitudinal
studies will be essential in identifying potential long-term
costs and benefits of CORT suppression.
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Figure 3. Relationships between FE of control (filled circles
and solid lines) and experimentally handicapped (open circles and dash lines) (a) male and (b) female adult Cory’s
shearwaters and the feather corticosterone (CORT) of their
chick.

indicators of lipid or protein reserves, or muscle damage,
being affected [46]. Yet, in their 2007 paper Navarro &
González-Solı́s [7] found that levels of these biochemical
parameters were similar between control and experimental chicks, and all chicks fledged at approximately the
same time. Moreover, there was some overlap in the
range of CORT values for each group. These data suggest
that the physiology of experimental chicks was operating
within normal limits. We therefore lack the evidence to
support a conclusion that experimental chicks were
physiologically impaired.
To the contrary, we reason that experimental chicks
were within their physiological ability to handle periods
of nutritional deficit. CORT suppression was therefore
probably an adaptive response to cope with the increased
costs of parental trade-offs. We argue that cumulative
costs of parental trade-offs in experimental chicks reached
a tipping point and CORT suppression allowed these birds
to minimize the extent of physiological damage caused
Proc. R. Soc. B (2012)
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