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a b s t r a c t
Female birds deposit corticosterone into their eggs. Elevated concentrations of this hormone may interfere with the development of their offspring, and mothers should thus regulate corticosterone levels
deposited into the eggs adaptively. However, if females are unable to regulate deposition, then the corticosterone concentration in eggs should reﬂect that in female plasma and should be inﬂuenced by stressors to the females. We measured corticosterone levels in the albumen of rockhopper penguins, and
assessed their relationship with hatching order, human disturbance and laying date. Rockhopper penguins (Eudyptes chrysocome chrysocome) lay two eggs, of which the second egg (B-egg) is larger and
hatches faster than the ﬁrst egg (A-egg). The chick hatching from the B-egg is also much more likely
to survive than its sibling. Albumen corticosterone concentrations were lower in B-eggs. However, as
B-eggs contained more albumen than A-eggs, the total corticosterone deposited in the albumen was
not signiﬁcantly different between the two eggs. Daily disturbance by human observers during albumen
production did not inﬂuence albumen corticosterone levels. Laying date had an effect on total albumen
corticosterone through a higher albumen mass. However, we observed a high individual component in
the composition of eggs from the same clutch. Thus, more work is required to explore the hypotheses
of passive versus active transfer to eggs and to understand the adaptive value of contrary effects on
the amount and concentration of corticosterone.
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
The interest in studies on the effects of maternal hormones on
embryos has considerably increased during the last decade (see
Groothuis and Schwabl (2008) for a recent review). Fitness consequences of an early exposure of the embryo to different levels of
corticosterone levels have been widely documented in bird species
(Rubolini et al., 2005; Love et al., 2005; Janczak et al., 2006, 2007;
Hayward et al., 2006; Love and Williams, 2008; Martin and
Schwabl, 2008). Elevated egg corticosterone levels can have a negative impact on the development of the embryo, but also on the ﬁtness of the offspring (see Groothuis and Schwabl (2008) for a
review). For example, corticosterone injections in eggs of hens
Gallus gallus domesticus resulted in greater embryonic mortality,
earlier termination of foetal development, reduced developmental
stability and reduced growth (Eriksen et al., 2003). Similarly, eggs
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of barn swallows Hirundo rustica injected with corticosterone had
lower hatchability and produced ﬂedglings with smaller body size
and slower plumage development than did control eggs (Saino
et al., 2005).
Corticosterone seems to be transferred from the female organism
to the egg during the egg’s formation (see Groothuis and Schwabl,
2008). Indeed, an increase in maternal plasma corticosterone can
lead to elevated levels of egg corticosterone in several bird species
(Downing and Bryden, 2002; Hayward and Wingﬁeld, 2004; Hayward et al., 2005; Love et al., 2005). Similarly, stressed females have
generally been found to lay eggs with more corticosterone (Downing
and Bryden, 2002; Saino et al., 2005; Hayward et al., 2005). These results indicate that corticosterone is passively transferred from the
mother to the eggs during egg formation without active female control, and that this transfer is an inevitable cost associated with poor
maternal condition or deleterious environmental conditions at the
time of egg formation (Love et al., 2005; Rubolini et al., 2005; Saino
et al., 2005; Janczak et al., 2006; Love and Williams, 2008). Indeed,
since corticosterone is produced by the adrenal gland which is distant from the egg formation site and requires transport in the female
bloodstream to reach the egg, independent regulation of the cortico-
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sterone levels between maternal circulation and egg seems unlikely
(Groothuis and Schwabl, 2008).
It has also been proposed that maternal corticosterone deposition in eggs could be regulated at a certain level. We could suppose
that different levels of egg hormones may represent a way for
mothers to affect offspring phenotype and hence to inﬂuence the
development of offspring behavioural and life-history traits adaptively (Groothuis et al., 2005; Müller et al., 2007; Carere and Balthazart, 2007). Accordingly, maternal corticosterone inﬂuenced
primary offspring sex ratio in different bird species (Pike and Petrie, 2005; Bonier et al., 2007) and females and males did not respond similarly to the same level of maternal corticosterone
(Love et al., 2005; Hayward et al., 2006; Janczak et al., 2007; Love
and Williams, 2008). The fact that females may communicate environmental conditions to their offspring through hormonal mechanisms that modify offspring traits, and thereby optimise their
reproduction, suggests some positive effects of maternal corticosterone (Love and Williams, 2008). In this context, it is now important to investigate the different factors inﬂuencing maternal
corticosterone deposition in eggs leading to natural variation within and between clutches, in order to understand by which mechanisms maternal corticosterone accumulates in the egg, and what is
the degree of regulation over this process (Groothuis and Schwabl,
2008).
Corticosterone could accumulate in yolk during follicle proliferation and also in albumen during its deposition in the oviduct after
ovulation (see Groothuis and Schwabl, 2008). Until now, studies
exploring maternal corticosterone deposition in eggs were largely
focussed on the yolk egg component rather than in the albumen
egg component (see Groothuis and Schwabl (2008) for a recent review). However, stress is known to have an effect on corticosterone
concentration in the albumen (Downing and Bryden, 2002; Saino
et al., 2005) and albumen corticosterone was also observed to affect offspring quality (Rubolini et al., 2005; Saino et al., 2005). As
albumen deposition in the female oviduct occurs after yolk formation in the female ovary (see Groothuis and Schwabl, 2008), we can
suppose that factors inﬂuencing maternal corticosterone deposition in eggs differ between yolk and albumen. Additionally, maternal corticosterone probably differs in availability and use for the
developing embryo according its location, in the yolk or in the
albumen. The general aim of this study was to examine the inﬂuence of ecological factors on albumen corticosterone levels in a
bird species.
Southern rockhopper penguins Eudyptes chrysocome chrysocome, as all other crested penguins (genus Eudyptes), exhibit brood
reduction: two eggs are laid but only one chick usually ﬂedges
(Warham, 1975). Crested penguins also present, uniquely among
birds, a reversed hatching asynchrony (St. Clair, 1995, 1998): the
larger second-laid egg (B-egg) hatches before the smaller ﬁrst-laid
egg (A-egg). As a result, even though both eggs usually hatch, the
chick hatched from the A-egg generally dies of starvation within
days of hatching (Gwynn, 1953; Lamey, 1990). This species provides a unique model to test whether there is strategic maternal
investment in corticosterone favouring the B-chick, which is most
likely to survive. Moreover, studies on penguins have demonstrated that breeding adults react to human presence at their nest
site with a signiﬁcant increase in plasma corticosterone (Fowler,
1999; Walker et al., 2006).
In the present study, we examined the variability of corticosterone levels (in terms of concentration and total amount) within the
breeding population and within clutches of southern rockhopper
penguins during two consecutive breeding seasons. If corticosterone deposition in albumen is, at least partially, under the control
of females and if elevated albumen corticosterone levels have deleterious effects for the embryo, we would expect females to deposit less albumen corticosterone in the B-egg, which the one most

likely to produce a ﬂedging chick. We moreover tested whether
human disturbance and laying date (as an index of declining
breeding environment quality caused by increasing nest density
and social interactions) affect albumen corticosterone deposition.
If females are unable to avoid or reduce corticosterone deposition
in albumens, we expect that eggs in disturbed areas and from late
nests have more albumen corticosterone than eggs in undisturbed
places and from early nests.

2. Materials and methods
2.1. Study site and birds
The study was carried out at the ‘‘Settlement colony” on New Island, Falkland Islands (51°430 S, 61°170 W) during two consecutive
breeding seasons (from late October to early November in 2006
and 2007). This colony has around 5000 pairs of breeding southern
rockhopper penguins. After the arrival of the ﬁrst males (early
October), we visited study sites daily, initially to mark active nests
and subsequently to monitor laying dates. The laying period was
similar between both breeding seasons, ranging between 27 October and 10 November, with less than 5% of new A-eggs found after
5 November (see Poisbleau et al., 2008). The overall laying period
was 15 days, but almost all the eggs were laid within only 10 days.
2.2. Egg collection and preparation
Eggs were collected under licence from the Falkland Islands
government. When a new A-egg was detected in a study nest, we
recorded its laying date, marked it and weighed it to the nearest
0.1 g using a digital balance. Afterwards, we placed it back in its
nest and checked its presence daily until the laying of its B-egg sibling. We collected eggs as soon as the B-egg was detected in a nest
randomly selected to be part of the study. As incubation in rockhopper penguins typically does not start before clutch completion
(Williams, 1995), neither A- nor B-eggs were incubated for longer
than about 24 h at collection. We therefore assumed that embryo
development had not yet begun and we indeed observed no
growth of the germinal disk when we prepared the eggs for hormone analyses.
In 2007, we additionally collected eggs at two dates (early: 3
November 2007 and late: 8 November 2007) at two distinct undisturbed sites. The breeding environment was similar between sites:
undisturbed sites did not differ from study sites (disturbed) in nest
density, vegetation community and density or distance to the
ocean. Undisturbed sites were never visited by humans prior to
our ﬁrst visit, while at least two researchers visited disturbed sites
for at least 3 h daily from 6 October (prior to females’ arrival) to 30
November. According to previous results conducted on penguin
species (Fowler, 1999; Walker et al., 2006), we are therefore very
conﬁdent that females in disturbed and undisturbed sites were
subject to different stress regimes.
During the ﬁrst visit, we labelled all eggs at the undisturbed
site. The following day, we collected both A- and B-eggs from 10
nests for which the A-egg was labelled whereas the B-egg was
not labelled. We considered that the laying dates were the collection date for B-eggs and 4 days prior to the collection date for
A-eggs (i.e. the average laying interval between A- and B-eggs from
a same clutch, see Poisbleau et al., 2008). To avoid impact on the
breeding success of the colony, we replaced the eggs of these nests
with one or two eggs found outside their own nest and which were
lost for their original parents.
We collected either the A-egg (n = 32), or the B-egg (n = 41)
from 73 different study nests included in a brood reduction study
(see Poisbleau et al. (2008) for more information) and 20 whole
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clutches from two undisturbed sites. We collected a total of 52 Aeggs and 61 B-eggs from 93 different nests.
After collection, we weighed the eggs and froze them whole at
20 °C for at least 4 days. Afterwards, the same method was used
in both years to prepare the frozen eggs for subsequent hormonal
analysis. We ﬁrst removed the shell while the egg was still frozen.
We cut the extremity of its acute pole and collected a small
amount of albumen that we transferred to a 1.5-ml Eppendorf
and stored at 20 °C until hormone analysis. We then separated
the albumen from the yolk by taking advantage of the fact that
albumen thaws more quickly than yolk (Lipar et al., 1999a,b). After
recording the mass of the shell and the yolk (to the nearest 0.1 g
using a digital balance), we calculated the albumen mass (in g)
subtracting shell and yolk masses to egg mass.
2.3. Albumen sampling
In 2007, we additionally collected albumen samples nondestructively at the different sites. At the study site, we sampled
either the A-egg (n = 19), or the B-egg (n = 20) from 39 different
nests. Collections were homogeneously spread out over the laying
period and, as for egg collection, they were done the day the B-egg
was detected in the nest both for A- and B-eggs. We also sampled
albumen in the same two undisturbed sites, during the same two
periods of sampling as egg collection. We sampled both eggs from
10 different nests during the ﬁrst period and from 11 more nests
during the second period.
We used exactly the same protocol for each sampling (Schwabl,
1993; Ferrari et al., 2006). The acute pole was carefully disinfected
with alcohol. A 22-gauge sterile needle connected to a 1-ml sterile
syringe was inserted close to the acute pole of the egg, approximately 6 mm into the albumen and in the direction of the egg’s
centre. We gently removed 0.5 g of the albumen (i.e. less than 1%
of the albumen). Eggshells were patched with a small square of OpSite transparent and breathable wound dressing (Smith & Nephew
Medical Limited, Hull, England).
2.4. Hormone analysis
We added 1 ml of distilled water and eight glass beads to
200 mg of each sample (weighed to the nearest 0.01 mg). We vortexed this mixture repeatedly to homogenise it and took 100 ll of
the resulting emulsion for further corticosterone analysis.
Steroid extraction and corticosterone analyses by radioimmunoassay were carried out at the CEBC laboratory according to Lormée et al. (2003). Brieﬂy, steroids were extracted from the aqueous
phase by adding 3 ml of a diethyl-ether solution, vortexing for
1 min and centrifuging for 5 min (4 °C at 2000 rpm). The diethylether phase containing the steroids was decanted and poured off
after snap freezing the tube in an alcohol bath at 30 °C. This
was done twice for each sample and the resultant was then evaporated under a stream of nitrogen. The recovery rate of this double
extraction was above 95%.
The dried extracts were re-dissolved in 0.01 M phosphate-buffered saline (pH 7.4) containing 0.1% bovine albumin serum (PBSBSA) and incubated overnight at 4 °C with ca. 9000 cpm of the
appropriate 3H-corticosterone (GE Healthcare, F-91898-Orsay)
and a rabbit corticosterone antiserum (Sigma–Aldrich, F-18297St. Quentin-Fallavier). The bound corticosterone fraction was separated by addition of dextran-coated charcoal and counted in a
Packard scintillation spectrometer.
Two assays were performed. Intra-assay coefﬁcients of variation
were 4.25% (n = 3 duplicates) for 2006 and 5.49% (n = 9 duplicates)
for 2007. The inter-assay coefﬁcient of variation between both
years was 5.02% (n = 12 duplicates). The lowest detectable concentration was 1.48 pg/mg while the lowest measurement was
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16.76 pg/mg. Albumen corticosterone concentrations were not signiﬁcantly different between the 2006 and 2007 breeding seasons
for disturbed nests (t-test: t49 = 1.95, P = 0.06 for A-eggs and
t59 = 0.90, P = 0.37 for B-eggs). Therefore, we assumed that mechanisms of albumen corticosterone deposition did not differ between 2006 and 2007 and we combined both breeding seasons
in the following analyses.
2.5. Statistical analysis
Because A- and B-eggs vary in size and mass in this species
(Poisbleau et al., 2008), a higher corticosterone concentration in
A-eggs than in B-eggs does not necessarily mean a higher quantity
of corticosterone in the former. We therefore calculated the total
albumen corticosterone (in ng) by multiplying albumen mass (in
g) and albumen corticosterone concentration (in pg/mg). As laying
was initiated at the same date (27 October) in both breeding seasons, we used dates as the number of days since the ﬁrst of January
of each year (Julian date) in order to standardise dates between the
two breeding seasons.
Albumen corticosterone concentration, albumen mass and total
albumen corticosterone followed normal distributions (Kolmogorov–Smirnov tests: Z = 0.41, P = 1.00, Z = 1.00, P = 0.27 and
Z = 0.85, P = 0.46, respectively). We performed General Linear Models (GLM) based on Type III sum of squares with egg category (A- or
B-eggs) and disturbance level (disturbed or undisturbed nests) as
ﬁxed factors and laying date as a covariate to test for the impact
of these parameters on corticosterone levels and albumen mass.
As we collected both eggs for 20 clutches and additional albumen
samples from both eggs for 21 more clutches, we randomly selected one of them for each of these nests and used only that one
in the GLMs in order to avoid pseudo-replication.
After using Pearson’s correlations to examine whether corticosterone levels and albumen mass of the A-egg were correlated with
those of the B-egg within clutches, we used paired t-tests to test
whether these variables signiﬁcantly differed between A- and Beggs of the same clutch. We additionally examined changes in corticosterone levels and albumen mass with egg category according
to laying date (early nests: clutches collected on 3 November
2007 and late nests: clutches collected on 8 November 2007) with
two-way repeated measures ANCOVAs. Statistical analyses were
performed by using SPSS 15.0.
3. Results
3.1. Variations of corticosterone levels
Albumen corticosterone concentration was different according to
egg category but not to disturbance level or laying date (Table 1):
B-eggs had lower albumen corticosterone concentrations than
A-eggs (Fig. 1a). Albumen mass was different according to egg category and laying date but not according to disturbance level (Table 1).
Speciﬁcally, albumen mass was heavier for B-eggs than for A-eggs
and increased with laying date (Fig. 1b). Finally, total albumen corticosterone was signiﬁcantly different according to laying date only
but not to disturbance level or egg category (Table 1): total albumen
corticosterone increased with laying date (Fig. 1c).
3.2. Within-clutch variation of corticosterone levels
Within clutches, corticosterone levels and albumen mass were
correlated between A- and B-eggs (Pearson’s correlation, r = 0.62,
P < 0.001, Fig. 2a for albumen corticosterone concentration,
r = 0.79, P < 0.001, Fig. 2b for albumen mass and r = 0.51, P = 0.02,
Fig. 2c for total albumen corticosterone). Tests of the within-clutch
differences between A- and B-eggs in 2007 also showed that B-eggs
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Table 1
Differences in albumen corticosterone concentration (pg/mg), albumen mass (g), and total albumen corticosterone (ng). Results of GLMs with egg category (A- or B-eggs) and
disturbance level (undisturbed or disturbed nests) as ﬁxed factors and laying date as a covariate (n = 153 for albumen corticosterone concentration and n = 93 for albumen mass
and amount of albumen corticosterone). None of the three- and two-way interactions were signiﬁcant and they were removed from the model during the backwards-stepwise
procedure. Signiﬁcant P-values are marked bold. As a measure of effect sizes we used partial Eta-Square values (gp2; i.e. the proportion of the effect + error variance that is
attributable to the effect) in case of variables and covariates tested with a GLM.
Parameter

Egg category
Disturbance level
Laying date

Albumen corticosterone concentration

Albumen mass

Total albumen corticosterone

F1,149

P

gp 2

F1,89

P

gp 2

F1,89

P

gp2

10.33
1.80
0.26

<0.01
0.18
0.61

0.07
0.01
<0.01

51.34
1.44
4.40

<0.001
0.23
0.04

0.37
0.02
0.05

<0.01
0.32
6.81

0.96
0.57
0.01

<0.01
<0.01
0.07

generally had a lower albumen corticosterone concentration (Table
2 and Fig. 3a), a higher albumen mass (Table 2 and Fig. 3b) and a
higher total albumen corticosterone than their sibling A-eggs
(Table 2 and Fig. 3c). However, 20% of the clutches (8 of 39) had an
A-egg with lower albumen corticosterone concentration than the
B-egg (Fig. 3a) and for 30% of the clutches (6 of 20), the total albumen
corticosterone was higher in the A-egg than in the B-egg (Fig. 3c).
Eggs of early and later laying dates did not consistently differ in
their albumen corticosterone concentration (t-test: t37 = 1.31,
P = 0.20 for A-eggs and t37 = 2.09, P = 0.04 for B-eggs, Fig. 3a),
albumen mass (t-test: t18 = 0.86, P = 0.40 for A-eggs and
t18 = 1.08, P = 0.29 for B-eggs, Fig. 3b) and total albumen corticosterone (t-test: t18 = 1.22, P = 0.24 for A-eggs and t18 = 1.84, P = 0.08
for B-eggs, Fig. 3c). Additionally, the changes in albumen corticosterone concentration, albumen mass and total albumen corticosterone between A- and B-eggs were not impacted by the laying
period itself (repeated measures GLM between A- and B-eggs,
F1,37 = 0.21, P = 0.65, Fig. 3a for albumen corticosterone concentration, F1,18 = 0.35, P = 0.56, Fig. 3b for albumen mass and F1,18 = 1.45,
P = 0.24, Fig. 3c for total albumen corticosterone).
4. Discussion
4.1. Variations in corticosterone level
Rockhopper penguin females arrive at the colony only 10–15
days before laying the A-egg (Strange (1982) and personal observations) while egg formation lasts around 25 days for A-eggs (a little
less for B-eggs) and albumen deposition occurs during less than the
last 8 days (from Grau (1982) for Fiordland crested penguin
(Eudyptes pachyrhynchus), a species genetically close to rockhopper
penguin (see O’Hara, 1989) and very similar in mass (see Williams,
1995)). Contrary to the yolk which is partially formed at sea for
A- and B-eggs, the entire albumen formation normally occurs at
the colony for both eggs. Therefore, environmental breeding conditions at the colony, such as nest density, social interactions and
disturbance, may have impacted corticosterone deposition in the
albumen.
Previous studies on penguins have demonstrated that breeding adults react to human approaches to their nest site with a
signiﬁcant increase of plasma corticosterone (Fowler, 1999;
Walker et al., 2006). However, these birds also showed some
habituation or decreasing capability of the adrenocortical tissue
to secrete corticosterone after a long history of disturbance
(Fowler, 1999; Walker et al., 2006). In the present study, we disturbed females every day during the 10–15 days from their arrival to egg laying. Because habituation does not seem to occur
within 10 days, we assumed that our presence impacted plasma
levels of corticosterone during the entire period of albumen formation. If the transfer of this hormone from the plasma to the
albumen was mainly passive (see Groothuis and Schwabl,
2008), disturbance should have then inﬂuenced albumen corticosterone levels for both A- and B-eggs. However, we detected no

signiﬁcant effect of disturbance on corticosterone levels both for
A- and B-eggs. The observed lack of impact supports the idea
that females may be able to play an active role in the regulation
of the albumen corticosterone deposition. Nevertheless, a more
powerful approach measuring both female plasma and albumen
corticosterone concentrations in the same study would be necessary to conﬁrm a stress effect on female plasma but not on albumen corticosterone.
We noticed no effect of laying date on albumen corticosterone
concentration. However, laying date inﬂuenced albumen mass
and then subsequently total albumen corticosterone, which both
slightly increased with laying date. Female body condition at laying is known to inﬂuence egg mass for penguins (see, for example,
Yorio et al., 2001). Our results suggest that late-laying females had
a better body condition but that this condition had only a slight
inﬂuence (if any) on their albumen corticosterone deposition.
Investigation of female body masses and conditions before laying
in relation to albumen masses and albumen corticosterone levels
would be necessary to test this hypothesis.
We also observed that corticosterone levels and albumen mass
were highly correlated between A- and B-egg from the same
clutch. Interestingly, this observation shows that there exists a
high individual component during the albumen formation. Females depositing higher albumen corticosterone levels or heavier
albumen in their A-egg also do the same in their B-egg. As suggested by Reid and Boersma (1990) for magellanic penguins
Spheniscus magellanicus, maternal quality may affect egg composition of the entire penguin clutch, and thus the female’s breeding
success. More importantly, this strong correlation indicates that
corticosterone is incorporated into the egg at the same rate as
albumen. This result represents evidence in favour of a passive
deposition mechanism.
4.2. Difference between A- and B-eggs
In the present study, a large part of the variation was explained
by the egg category. The generally higher albumen corticosterone
concentration in A-eggs than in B-eggs was also veriﬁed for 80%
of the complete clutches collected (31 of 39). These results are in
accordance with predictions for an active regulation of the deposition by females but do not support an obligate active regulation
mechanism for all individuals. Females deposited lower concentrations in albumen corticosterone in the egg most likely to survive
and produce a ﬂedging chick. However, B-eggs had consistently
higher albumen masses than A-eggs, and therefore the total albumen corticosterone was also higher in B-eggs than in A-eggs in
most cases (70% of the complete broods collected). To sum up, embryos developing from A-eggs are generally exposed to a higher
albumen corticosterone concentration but to a lower total albumen corticosterone than their B-eggs sibling. As embryos use the
whole albumen before hatching, they are exposed to the entire
amount of albumen corticosterone during the development process. We therefore expect that total albumen corticosterone may
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Fig. 1. Differences in (a) albumen corticosterone concentration (pg/mg), (b)
albumen mass (g) and (c) total albumen corticosterone (ng) according to egg
category (white boxes: A-eggs; grey boxes: B-eggs) and laying date. Boxes show
medians, 25% and 75% quartiles. Whiskers indicate the range between the 10th and
90th percentiles. s: data outside the 10th and 90th percentiles. Sample sizes are
given above the boxes. Signiﬁcant P-values are marked bold.

have a more signiﬁcant role for a developing embryo than albumen
corticosterone concentration.
In all studies that used experimental injections of corticosterone, both the concentrations and the quantities of corticosterone
in the egg were increased (Eriksen et al., 2003; Rubolini et al.,
2005; Janczak et al., 2006, 2007). Moreover, all correlative studies
examined only the effects of corticosterone concentrations in albumen but not the effects of the quantities of this hormone available
for the embryo (Saino et al., 2005; Nordgreen et al., 2006 and see
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Fig. 2. Within-clutch correlation between A- and B-eggs in (a) albumen corticosterone concentration (pg/mg, n = 39 pairs), (b) albumen mass (g, n = 20 pairs) and
(c) total albumen corticosterone (ng, n = 20 pairs).

Love et al. (2008) for a review). With the present state of knowledge, it is therefore difﬁcult to assess and discuss the potential differences in the physiological role of these two parameters. The
present ﬁnding underlines the necessity to integrate total corticosterone levels as well as concentrations when possible into future
studies.
In European starlings, a species with less size dimorphism between eggs and without reversed hatching asynchrony, yolk corticosterone concentrations increased with laying order and thus
with hatching order (Love et al., 2008). For rockhopper penguins,
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Table 2
Mean ± SD values of albumen corticosterone concentration (pg/mg), albumen mass
(g) and total albumen corticosterone (ng) in pairs of A- and B-eggs collected from the
same clutch in 2007. Within-clutch differences between A- and B-eggs were tested
with paired t-tests.
Parameter

A-eggs

B-eggs

t

df

P

Albumen corticosterone
concentration
Albumen mass
Total albumen corticosterone

44.19 ± 9.21

38.92 ± 7.66

4.41

38

<0.001

62.04 ± 7.21
2936 ± 687

81.15 ± 8.85
3322 ± 669

15.61
2.56

19
19

<0.001
0.02

albumen corticosterone concentrations decreased with laying order but also increased with hatching order. Taking account of the
general negative effect of corticosterone on survival and development of embryos and future chicks (Rubolini et al., 2005; Love
et al., 2005; Janczak et al., 2006, 2007; Hayward et al., 2006; Love
and Williams, 2008), a higher concentration for the second eggs to
hatch might be a hormonal mechanism to facilitate brood reduction as proposed by Love et al. (2008).
Acknowledgments
We are grateful to the New Island Conservation Trust for permission to work on the island. We wish to thank Ian, Maria and
Georgina Strange and Dan Birch for their support during the ﬁeld
season. Charles-André Bost, Olivier Chastel, Léopold Denonfoux
and Paulo Catry provided essential advice on methods. Thanks also
to Helen Otley, Falkland Islands Government and British Antarctic
Survey for their logistic help. We also highly appreciate the skilful
assistance in corticosterone assays of Colette Trouvé and Adeline
Berger. The manuscript beneﬁted greatly from critical comments
by David Carslake and two anonymous reviewers. This study was
funded by a grant provided by the Deutsche Forschungsgemeinschaft DFG (Qu 148/1-ff) and conducted under a research licence
granted by the Environmental Planning Department of the Falkland Islands Government.
References

Fig. 3. Within-clutch variation of (a) albumen corticosterone concentration (pg/
mg), (b) albumen mass (g) and (c) total albumen corticosterone (ng) according to
laying date (left side: early nests for clutches collected 3 November 2007; right
sides: late nests for clutches collected 8 November 2007).

Bonier, F., Martin, P.R., Wingﬁeld, J.C., 2007. Maternal corticosteroids inﬂuence
primary offspring sex ratio in a free-ranging passerine bird. Behav. Ecol. 18,
1045–1050.
Carere, C., Balthazart, J., 2007. Sexual versus individual differentiation: the
controversial role of avian maternal hormones. Trends Endocrinol. Metab. 18,
73–80.
Downing, J.A., Bryden, W.L., 2002. A non-invasive test of stress in laying hens. Rural
Industries Research and Development Corporation (RIRDC).
Eriksen, M.S., Haug, A., Torjesen, P.A., Bakken, M., 2003. Prenatal exposure to
corticosterone impairs embryonic development and increases ﬂuctuating
asymmetry in chickens (Gallus gallus domesticus). Br. Poult. Sci. 44, 690–697.
Ferrari, R.P., Martinelli, R., Saino, N., 2006. Differential effects of egg albumen
content on barn swallow nestlings in relation to hatch order. J. Evol. Biol. 19,
981–993.
Fowler, G.S., 1999. Behavioral and hormonal responses of magellanic penguins
(Spheniscus magellanicus) to tourism and nest site visitation. Biol. Conserv. 90,
143–149.
Grau, C.R., 1982. Egg formation in Fiordland crested penguins (Eudyptes
pachyrhynchus). Condor 84, 172–177.
Groothuis, T.G.G., Schwabl, H., 2008. Hormone-mediated maternal effects in birds:
mechanisms matter but what do we know of them? Philos. Trans. R. Soc. Lond.
B 363, 1647–1661.
Groothuis, T.G.G., Müller, W., von Engelhardt, N., Carere, C., Eising, C., 2005.
Maternal hormones as a tool to adjust offspring phenotype in avian species.
Neurosci. Biobehav. Rev. 29, 329–352.
Gwynn, A.M., 1953. The egg-laying and incubation periods of rockhopper, macaroni
and gentoo penguins. ANARE Rep. B 1, 1–29.
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., Satterlee, D.G., Wingﬁeld, J.C., 2005. Japanese quail selected for high
plasma corticosterone response deposit high levels of corticosterone in their
eggs. Physiol. Biochem. Zool. 78, 1026–1031.
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.
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.
Janczak, A.M., Heikkilä, M., Valros, A., Torjesen, P., Andersen, I.L., Bakken, M., 2007.
Effects of embryonic corticosterone exposure and post-hatch handling on tonic
immobility and willingness to compete in chicks. Appl. Anim. Behav. Sci. 107,
275–286.
Lamey, T.C., 1990. Hatch asynchrony and brood reduction in penguins. In: Davis,
L.S., Darby, J.T. (Eds.), Penguin Biology. Academic Press, San Diego, pp. 399–416.
Lipar, J.L., Ketterson, E.D., Nolan Jr., V., 1999a. Intraclutch variation in testosterone
content of red-winged blackbird eggs. Auk 116, 231–235.
Lipar, J.L., Ketterson, E.D., Nolan Jr., V., Casto, J.M., 1999b. Egg yolk layers vary in the
concentration of steroid hormones in two avian species. Gen. Comp. Endocrinol.
115, 220–227.

M. Poisbleau et al. / General and Comparative Endocrinology 162 (2009) 139–145
Lormée, H., Jouventin, P., Trouvé, C., Chastel, O., 2003. Sex-speciﬁc patterns in
baseline corticosterone and body condition changes in breeding red-footed
boobies Sula sula. Ibis 145, 212–219.
Love, O.P., Williams, T.D., 2008. Plasticity in the adrenocortical response of a freeliving vertebrate: the role of pre- and post-natal developmental stress. Horm.
Behav. 54, 496–505.
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., Wynne-Edwards, K.E., Bond, L., Williams, T.D., 2008. Determinants of
within- and among-clutch variation in yolk corticosterone in the European
starling. Horm. Behav. 53, 104–111.
Martin, T.E., Schwabl, H., 2008. Variation in maternal effects and embryonic
development rates among passerine species. Philos. Trans. R. Soc. Lond. B 363,
1663–1674.
Müller, W., Lessells, C.M., Korsten, P., von Engelhardt, N., 2007. Manipulative signals
in family conﬂicts? On the function of maternal yolk hormones in birds. Am.
Nat. 169, E84–E96.
Nordgreen, J., Janczak, A.M., Bakken, M., 2006. Effects of prenatal exposure to
corticosterone on ﬁlial imprinting in the domestic chick, Gallus gallus
domesticus. Anim. Behav. 72, 1217–1228.
O’Hara, R.L., 1989. An estimate of the phylogeny of the living penguins. Am. Zool. 29,
11A.
Pike, T.W., Petrie, M., 2005. Offspring sex ratio is related to paternal train
elaboration and yolk corticosterone in peafowl. Biol. Lett. 1, 204–207.
Poisbleau, M., Demongin, L., Strange, I.J., Otley, H., Quillfeldt, P., 2008. Aspects of the
breeding biology of the southern rockhopper penguin Eudyptes c. chrysocome

145

and new consideration on the intrinsic capacity of the A-egg. Polar Biol. 31,
925–932.
Reid, W.V., Boersma, P.D., 1990. Parental quality and selection on egg size in the
magellanic penguin. Evolution 44, 1780–1786.
Rubolini, D., Romano, M., Boncoraglio, G., Ferrari, R.P., Martinelli, R., Galeotti, P.,
Fasola, M., Saino, N., 2005. Effects of elevated egg corticosterone levels on
behavior, growth, and immunity of yellow-legged gull (Larus michahellis)
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. 303A, 998–1006.
Schwabl, H., 1993. Yolk is a source of maternal testosterone for developing birds.
Proc. Natl. Acad. Sci. USA 90, 11446–11450.
St. Clair, C.C., 1995. Exceptional mechanisms of brood reduction in crested
penguins. Ph.D. Thesis, The University of Oklahoma.
St. Clair, C.C., 1998. What is the function of ﬁrst eggs in crested penguins? Auk 115,
478–482.
Strange, I.J., 1982. Breeding ecology of the rockhopper penguin (Eudyptes crestatus)
in the Falkland Islands. Gerfaut 72, 137–188.
Walker, B.G., Boersma, P.D., Wingﬁeld, J.C., 2006. Habituation of adult magellanic
penguins to human visitation as expressed through behavior and corticosterone
secretion. Conserv. Biol. 20, 146–154.
Warham, J., 1975. The crested penguins. In: Stonehouse, B. (Ed.), The Biology of
Penguins. The Macmillan Press, London, pp. 189–269.
Williams, T.D., 1995. The Penguins. Oxford University Press, Oxford.
Yorio, P., Borboroglu, P.G., Potti, J., Moreno, J., 2001. Breeding biology of magellanic
penguins Spheniscus magellanicus at golfo San Jorge, Patagonia, Argentina. Mar.
Ornithol. 29, 75–79.

