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Summary

1.

 

In many vertebrates, reproductive performance increases with advancing age but
mechanisms involved in such a pattern remain poorly studied. One potential mechanism
may be the hormonal stress response, which shifts energy investment away from repro-
duction and redirects it towards survival. In birds, this stress response is achieved
through a release of corticosterone and is also accompanied by a decrease in circulating
prolactin, a hormone involved widely in regulating parental cares.

 

2.

 

It has been predicted that, when the value of the current reproduction is high relative
to the value of future reproduction and survival, as it is expected to be in older adults,
the stress response should be attenuated to ensure that reproduction is not inhibited.

 

3.

 

We tested this hypothesis by measuring the corticosterone and prolactin responses of
known-age (8–36 years old) incubating snow petrels (

 

Pagadroma nivea

 

) to a standard-
ized capture/handling stress protocol. We also investigated whether an attenuation of
the stress responses will correlate with a lower occurrence of egg neglect, a frequently
observed behaviour in snow petrels.

 

4.

 

The probability of successfully fledging a chick increased from 6 years to 12 years
before stabilizing after 12 years of age. Corticosterone response to stress was unaffected
by age. Prolactin response to stress, however, was influenced clearly by age: in both sexes
older breeders had higher stress-induced prolactin levels than younger ones. This was
due to an increasing attenuation of the prolactin response to stress with advancing age
in females, and in males this was due to a probably higher intrinsic capacity of older
males to secrete prolactin. Moreover, higher stress-induced prolactin levels were
correlated with a lower probability of neglecting the egg.

 

5.

 

In young breeders, the combination of a robust corticosterone increase with a lower
ability to maintain prolactin secretion during acute stress is probably one of  the
functional causes of their lower incubation commitment. We suggest that the ability to
maintain a threshold level of prolactin during a stressful situation may be an important
physiological mechanism involved in the improvement of reproductive performance
with advancing age in long-lived birds.
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Introduction

 

Many long-term studies have described age-specific
reproductive performance and the general pattern is
that reproductive performance increases through the
early years of breeding (Clutton-Brock 1988; Newton
1989; Weimerskirch 1992; Reid 

 

et al

 

. 2003; Mauck,
Huntington & Grubb 2004). Although ultimate factors
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explaining why young breeders reproduce less well than
older individuals have been discussed widely (Curio
1983; Forslund & Pärt 1995), proximate factors
influencing such patterns remain poorly studied
(Angelier 

 

et al

 

. 2006a, 2007a; Heidinger, Nisbet &
Ketterson 2006). In this context physiological mech-
anisms deserve specific attention because they mediate
life-history strategies to environmental stressors and
perceived risks (Wingfield 

 

et al

 

. 1998; Ricklefs &
Wikelski 2002).

One potential mechanism underlying age-specific
reproductive performance may be the endocrine stress
response. In vertebrates, stressors such as food
shortage, predators and inclement weather induce a
rapid elevation of circulating glucocorticoid hormones,
i.e. corticosterone or cortisol (Wingfield 

 

et al

 

. 1998).
This endocrine response promotes the mobilization of
energy resources and the occurrence of behavioural
and physiological forms that enhance the immediate
survival, but also compromises the current reproductive
episode by redirecting resources away from reproduction
(Wingfield & Sapolsky 2003).

Although the majority of research on the stress
response has focused on changes in corticosterone
levels other hormones, such as prolactin, may also play
a significant role (Chastel 

 

et al

 

. 2005). Prolactin is a
pituitary hormone that is involved widely in regulating
parental behaviour and decisions in vertebrates
(Buntin 1996), and has been shown to decrease in
response to stressors in birds (Chastel 

 

et al

 

. 2005).
According to life history theory, when the value of

the current reproduction is high relative to the value of
future reproduction and survival the corticosterone
stress response should be attenuated to ensure that
reproduction is not inhibited (Wingfield & Sapolsky
2003). Accordingly, the corticosterone stress response
has been shown to be attenuated or even suppressed
during the stage of the breeding cycle when adults are
providing the most care for young (referred to as the
‘parental care hypothesis’; Wingfield, O’Reilly &
Astheimer 1995; Lendvai, Giraudeau & Chastel 2007),
in the sex that provides more care for offspring (O’Reilly
& Wingfield 2001) and when breeding opportunities
are limited and the probability of renesting is low
(referred to as the ‘short season hypothesis’; Wingfield

 

et al

 

. 1995; Romero, Ramenofsky & Wingfield 1997;
Silverin & Wingfield 1998). Similarly, the magnitude of
the prolactin decrease has been shown to be modulated
in relation to the level of parental effort (Chastel 

 

et al

 

.
2005). This attenuation of the prolactin response to
stress can be considered as a hormonal tactic permitting
the maintenance of  parental care and maximizing
current reproductive efforts during temporary stressful
conditions (Chastel 

 

et al

 

. 2005).
As organisms age, the value of current reproduction

is predicted to increase relative to the value of future
reproduction and survival because future reproductive
opportunities are expected to decline (Stearns 1992).
Therefore, the evolutionary logic behind a modulation

of the stress response predicts that the magnitude of the
response to stressors (corticosterone and prolactin)
should decrease with age (Wingfield & Sapolsky 2003).
One study focusing on corticosterone supported this
prediction in the common tern, 

 

Sterna hirundo

 

 (Heidinger

 

et al

 

. 2006), but empirical data, especially relating to
prolactin, are still scarce.

In the present study, we tested the hypothesis that
older parents would be better able to resist stress by
attenuating their corticosterone and prolactin stress
responses in a long-lived bird, the snow petrel
(

 

Pagodroma nivea

 

 Foster). First, we checked whether
breeding success improved with age using data from a
long-term survey of  individual breeding success
from 1963 to the present (Chastel, Weimerskirch &
Jouventin 1993).

Secondly, we performed a cross-sectional study
during one field season to test if  older parents are better
able to resist the stress response. We examined the
relationships between age and corticosterone and
prolactin stress responses by using a standardized
capture/restraint stress protocol (Wingfield 

 

et al

 

. 1995).
Specifically, we predicted that (1) the rate of  corti-
costerone increase would decrease with age and that
stress-induced corticosterone levels would be lower in
older birds, and that (2) the rate of prolactin decrease
would decrease with age and stress-induced prolactin
levels would be higher in older birds.

Finally we tested, for the first time at the individual
level, the hypothesis that the strength of the stress
responses can mirror parental decisions, by linking the
probability of egg neglect to stress-induced corticoster-
one and prolactin levels. Despite the large amount of
published studies on the corticosterone response to
acute stress (reviewed in Romero 2002), to our knowledge
there are few available data showing that individual
variation in the sensibility to acute stress predicts the
probability to desert reproduction (Love 

 

et al

 

. 2004).
Snow petrels are excellent subjects for such an investi-
gation because, as many small-sized petrels, they fre-
quently undergo spontaneous egg neglect which delays
hatching and lowers the probability for the chick to
hatch (Chaurand & Weimerskirch 1994; Olson, Vleck
& Vleck 2006). We predicted that (3) elevated stress-
induced corticosterone levels and low stress-induced
prolactin levels would be associated with a higher
probability of egg neglect during the incubation shift
following the stress protocol.

 

Methods

 

   

 

Snow petrels (250–500 g) are long-lived birds with a
low annual fecundity (average adult life expectancy is
30 years and only one egg is laid per season, with no
replacement clutch in case of failure; Chastel 

 

et al

 

.
1993; Barbraud & Weimerskirch 2001). Sexual maturity
is acquired on average at 10 years of age and birds
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breed annually, although a significant proportion of
birds skip breeding each year (Chastel 

 

et al

 

. 1993).
Although males undertake slightly longer incubation
shifts than females, males and females provide roughly
similar amounts of parental care in this species. The
age-specific breeding performances were studied on Ile
des Pétrels, Pointe Géologie Archipelago, Terre Adélie
(66

 

°

 

40

 

′

 

 S, 140

 

°

 

01

 

′

 

 E), Antarctica. The ongoing mark–
recapture programme of this species began in 1963 and
has provided yearly information on breeding success of
every breeding pair in the surveyed colony. Details on
the monitoring methodology are provided in previous
studies (Chastel 

 

et al

 

. 1993; Barbraud & Weimerskirch
2001). All chicks of the monitored colony have been
banded prior to fledging every year since 1963. Because
some of the fledged chicks have returned to the colony
to breed, a substantial proportion of  the individuals
are of known age (from 6 to 39 years of age). Therefore,
with the long-term monitoring data, we were able
to investigate the influence of  age on breeding per-
formance.

 

  ,     


 

The field study was carried out during the austral
summer 2005/2006 (16–30 December 2005). During
the incubation period, 48 known-age adults (8–
36 years old) were captured at their nest in an area
situated outside the long-term study plots to reduce
handling there, so that breeding experience of the birds
was unknown. Only one bird was captured per nest
so that male and female data can be considered
independently. All birds were bled according to the
standardized capture/restraint stress protocol described
by Wingfield (1994). Immediately after capture, an
initial blood sample was collected from the alar vein
with a 1-mL heparinized syringe and a 25-gauge nee-
dle. After collection of the initial blood samples birds
were placed into cloth bags, and subsequent samples
were collected 30 min later. During handling of the
adult birds, their eggs were covered with cotton and
kept warm. All birds were weighed to the nearest 2 g
using a spring balance (Federwaage, Germany) and
their skull length (head + bill) was measured to the
nearest 0·5 mm. In snow petrels, skull length appears to
be a reliable measure of the overall size of a bird
(unpublished data). As male and female snow petrels
differ greatly in size (Barbraud & Jouventin 1998), their
body condition was calculated separately. Because
residuals from an ordinary least-squares linear
regression of body mass against body size can lead to
spurious results (Green 2001), we calculated our
residual indices of condition by using the residuals
from a reduced major axis regression of body mass
against skull length. Petrels were then marked with
spots of dye on the forehead and the breast, to distin-
guish them from their partner, and were released at
their nests. After capture and blood sample, each nest

was monitored every 2 days until the manipulated
petrel was relieved by its mate. We were therefore able
to know whether a bird neglected its egg during the
incubation bout following capture/restraint stress
protocol. Because temporary egg neglect can last
during several days in snow petrels (unpublished data),
checking the nests every 2 days appears to be sufficient
to monitor egg neglect.

 

    

 

Blood samples were centrifuged and plasma was decanted
and stored at –20 

 

°

 

C until they were assayed. After
centrifugation, red cells were also kept frozen for
molecular sexing. The sex was determined by polymerase
chain reaction (PCR) amplification of part of two highly
conserved genes (CHD) genes present on the sex chro-
mosomes (Fridolfsson & Ellegren 1999) at the Centre
d’Etudes Biologiques de Chizé (CEBC), as detailed in
Weimerskirch, Lallemand & Martin (2005). Plasma
concentrations of corticosterone were determined first
by radioimmunoassay at the CEBC, as described pre-
viously (Lormée 

 

et al

 

. 2003). Because blood samples were
collected within 3 min of capture, they were considered
to reflect baseline levels of corticosterone (Romero &
Reed 2005). Plasma concentrations of prolactin were
determined with the remaining plasma by a heterologous
radioimmunoassay at the CEBC as detailed in Cherel

 

et al

 

. (1994). For one petrel, we did not have enough
plasma to assay both baseline and stress-induced
prolactin levels. For another petrel, we did not have
enough plasma to assay baseline prolactin level. Pooled
plasma samples of snow petrels produced a dose–
response curve that paralleled chicken prolactin stand-
ard curves (‘AFP 4444B’, source: Dr Parlow, NHPP
Harbor-UCLA Medical Center, Torrance, CA, USA),
therefore validating our prolactin radioimmunoassay
for snow petrels. All samples were run in one assay for
both hormones (intra-assay variation, corticosterone:
7·2%, prolactin: 8·3%, 

 

n

 

 = 5 duplicates).

 

 

 

All analyses were performed with 

 

 

 

statistical soft-
ware (SAS Institute Inc., version 9·1). We used a
step-down approach (backward elimination) starting
from the most global model. Likelihood ratio statistics
and likelihood ratio tests (LRT) were used to select the
most parsimonious final model (Burnham & Anderson
2002). Models were therefore simplified by eliminating
independent variables with 

 

P

 

 

 

≥

 

 0·15.

 

-  


 

Using data from the long-term study plots, we tested
whether age explained a significant proportion of
variation in breeding performance among birds whose
age was known (

 

n

 

 = 135 birds, 

 

n

 

 = 673 observations).
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Because previous studies on long-lived birds (reviewed
in Forslund & Pärt 1995) suggested that breeding
performance could increase with age (age variable)
before declining in oldest birds, we included the
squared term (age

 

2

 

) in the initial model designed to
explain the probability of successfully fledging a chick
by age.

Mean fledging success of this population varied
among years, so we included a year effect into our
models to minimize confounding effects of year of
observation on breeding performance patterns. As
emphasized by Reid 

 

et al

 

. (2003), the most rigorous
approach would be to model year as a random factor.
However, in some years known-age petrels are likely to
have been a non-representative subset of  the age-
structured population and estimates of random-year
effect based solely on data from known-age individuals
may therefore be biased (Reid 

 

et al

 

. 2003). It would
have been especially true during the first years of the
long-term monitoring programme, when only young
known-age petrels were monitored. The mean fledging
success of the whole monitored population (not only of
the birds of known age) in each year was included as a
covariate in a generalized linear model (GLM; year
variable), as suggested by Reid 

 

et al

 

. (2003). Most of
the snow petrels bred many times during their life, so
our fledging success data were not independent.
Therefore, we used a generalized linear mixed model
(GLMM) by including bird identity as a random factor
in our models.

 

   

 

Because male and female body condition was calcu-
lated separately and is known to differ between sexes
(Barbraud & Chastel 1999), we could not analyse
female and male data together to test an effect of body
condition on hormone levels and hormonal stress
responses. First, we therefore tested whether baseline
hormone levels and hormonal stress responses were
influenced by body condition in males and in females
by using linear regressions. We then used the whole data
set (males and females) to test the influence of sex,
age and date of sampling on (1) baseline corticosterone
and prolactin levels, (2) stress-induced corticosterone
and prolactin levels, (3) the rates of corticosterone
increase during the restraint protocol and (4) the rates
of  prolactin decrease during the restraint protocol.
We used GLM with a normal error distribution and an
identity link function and we started our analyses from
general models including the explanatory variables
‘sex’, ‘age’, ‘date’ and the ‘age 

 

×

 

 sex’ interaction.

 

     


 

First, we tested whether the probability of neglecting
the egg was influenced by body condition in males and
in females by using logistic regressions. As explained in

the previous paragraph, we could not analyse female
and male data together to test an effect of body condi-
tion on the probability of neglecting the egg and we
therefore used one regression per sex. Then, we used
the whole data set (males and females) to test the
influence of age and hormone levels on the probability
of neglecting the egg. Because hormone levels and age
were correlated (see Results section), we had to analyse
separately the influence of age and hormone levels on
this probability to avoid biased results (Graham 2003).
Secondly, we therefore tested whether the probability
of neglecting the egg was influenced by age of individuals.
We used GLM with a binomial error distribution and a
logit link function and we started our analysis from the
general model including the explanatory variables
‘sex’, ‘age’, ‘date’ and the ‘age 

 

×

 

 sex’ interaction. Thirdly,
we tested whether the probability of neglecting the egg
during the incubation bout following the manipulation
was linked to (1) baseline corticosterone levels and (2)
stress-induced corticosterone levels. We started our
analyses from general models including ‘sex’, ‘(baseline
or stress-induced) corticosterone levels’ and ‘date’
variables and the ‘sex 

 

×

 

 (baseline or stress-induced)
corticosterone levels’ interaction. Finally, we tested
whether this probability was linked to (1) baseline pro-
lactin levels and (2) stress-induced prolactin levels.
Because prolactin levels were influenced by the ‘sex’
variable (see Results), we faced multicollinearity
problems in these analyses and we could not include
simultaneously the ‘sex’ and ‘(baseline or stress-induced)
prolactin levels’ variables in a model (Graham 2003).
To solve this problem, we standardized (baseline or
stress-induced) prolactin levels in each sex separately
by subtracting the sexual mean prolactin levels from
each observed value, and dividing by the standard
deviation. This statistical approach permits avoidance
of the potential confounding effects of a factor, i.e. sex,
in our study, on the relationship between two parameters,
i.e. prolactin levels and the probability of neglecting the
egg. Because sex and standardized prolactin levels were
no longer correlated, we started our analyses from
the general model including the ‘sex’, ‘(baseline or stress-
induced) prolactin levels’ and ‘date’ variables and the
‘sex 

 

×

 

 (baseline or stress-induced) prolactin levels
interaction.

 

Results

 

   

 

Fledging success increased with age among the snow
petrels (GLMM, age, 

 

F

 

1,534

 

 = 7·15, 

 

P

 

 = 0·008). The
probability of fledging a chick successfully increased
from 6 years to 12 years before stabilizing after 12 years
of age and was, however, not influenced significantly
by the quadratic term (age

 

2

 

), showing that fledging
success did not decline significantly in the oldest
petrels of our study (Fig. 1, GLMM, age

 

2

 

, 

 

F

 

1,534

 

 = 2·25,

 

P

 

 = 0·134).
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,     
 

 

Baseline corticosterone levels were correlated negatively
with body condition in females (

 

F

 

1,21

 

 = 8·12, 

 

P

 

 = 0·010,

 

r

 

2

 

 = 0·279), but not in males (

 

F

 

1,23

 

 = 0·13, 

 

P

 

 = 0·726).
Baseline prolactin levels were not correlated with body
condition in both sexes (

 

P 

 

> 0·60 for both regressions).
Moreover, body condition did not vary with age and

date in either sex (age: 

 

P 

 

> 0·35; date: 

 

P 

 

> 0·05).
Baseline corticosterone levels were not influenced by
date of sampling, by sex or by the ‘age–sex interaction’
(Table 1). The selected model that explains baseline
corticosterone levels included only the ‘age’ variable
(Table 1). However, the influence of age on baseline
corticosterone levels was not significant (Table 1;
Fig. 2a,b). Baseline prolactin levels were higher in
females than in males and were correlated positively
with date of  sampling (Table 1). Moreover, there was
an effect of ‘age’ and ‘age–sex’ interaction on baseline
prolactin levels (Table 1). Baseline prolactin levels were
correlated positively with age in males, but not in
females (parameter estimates of the selected model;
females: 

 

χ

 

2

 

 = 0·41, 

 

P

 

 = 0·520; males: 

 

χ

 

2

 

 = 5·88, 

 

P

 

 = 0·015;
Fig. 2c,d). Baseline prolactin levels were not related to
baseline corticosterone levels (

 

F

 

1,43

 

 = 2·58, 

 

P

 

 = 0·116).

 

     

 

Males and females responded to the stress of  being
captured and held by a significant increase in corticos-
terone levels and a significant decrease in prolactin
levels (

 

P < 

 

0·001 for all the paired Student’s 

 

t

 

-tests;
Fig. 3a,b). Stress-induced hormonal levels, rates of
corticosterone increase and rates of prolactin decrease
were not influenced by body condition in both sexes
(

 

P 

 

> 0·05 for all the regressions).
Rates of corticosterone increase were not influenced

by sex, date of sampling and age of individuals

Fig. 1. Relationship between age and the probability of
successfully fledging a young (mean ± SE) among incubating
snow petrels. This probability varied significantly with
individual age and slightly with individual age2. Solid lines
represents the relationship described by the best model
selected to explain this probability. Nobs and Nind mean,
respectively, the total number of observations and individuals.

Table 1. Model selection and GLM (normal error distribution, identity link function) to test the influence of age on baseline
corticosterone and prolactin levels, rates of corticosterone increase, rates of prolactin decrease and stress induced corticosterone
and prolactin levels. The best models (in bold type) were selected by using a step-down approach starting from the most global
model (models were simplified by eliminating independent variables with P ≥ 0·15)

Dependent variable Independent variables d.f. F P

Baseline corticosterone levels (ng mL–1) (n = 48) Sex 1,45 0·34 0·565
Age (years) 1,46 2·32 0·134
Age × sex 1,44 1·47 0·232
Date (Julian day) 1,43 1·43 0·238

Baseline prolactin levels (ng mL–1) (n = 46) Sex 1,41 11·10 < 0·001
Age (years) 1,41 2·22 0·144
Age × sex 1,41 6·29 0·016
Date (Julian day) 1,41 4·26 0·045

Rates of corticosterone increase (ng mL–1min–1) (n = 48) Sex 1,46 2·22 0·143
Age (years) 1,45 0·05 0·825
Age × sex 1,44 1·93 0·172
Date (Julian day) 1,43 1·69 0·200

Rates of prolactin decrease (ng mL–1min–1) (n = 46) Sex 1,42 < 0·01 0·944
Age (years) 1,42 1·40 0·244
age × sex 1,42 11·51 0·001
Date (Julian day) 1,41 0·06 0·805

Stress-induced corticosterone levels (ng mL–1) (n = 48) Sex 1,44 1·71 0·198
Age (years) 1,44 0·22 0·641
Age × sex 1,44 2·39 0·130
Date (Julian day) 1,43 2·15 0·150

Stress-induced prolactin levels (ng mL–1) (n = 47) Sex 1,43 18·63 < 0·001
Age (years) 1,43 9·70 0·003
Age × sex 1,42 0·11 0·737
Date (Julian day) 1,43 7·06 0·011
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(Table 1). Stress-induced corticosterone levels were not
influenced by date of sampling (Table 1). The selected
model explaining stress-induced corticosterone levels
included the ‘sex’ and ‘age’ variables and the ‘age–sex’
interaction (Table 1). However, parameter estimates of
this selected model showed that stress-induced

corticosterone levels did not vary between sexes
and did not vary with age either in females or males
(Fig. 4a,b).

Rates of prolactin decrease were not influenced by
sex and by date of sampling (Table 1). However, there
was a highly significant effect of ‘age–sex’ interaction
on rates of  prolactin decrease (Table 1). Rates of
prolactin decrease were correlated negatively with age
in females but not in males (parameter estimates; females:
χ2 = 10·90, P = 0·001; males: χ2 = 2·01, P = 0·157).
Stress-induced prolactin levels were higher in females
than in males and were correlated positively with date
of sampling and age in both sexes (Table 1, Fig. 4c,d).
Stress-induced prolactin levels were not related to stress-
induced corticosterone levels (F1,44 = 0·40, P = 0·531).

     


The probability of  neglecting the egg during the
incubation bout following the stress protocol was not
influenced by sex and by date of sampling (Table 2).
However, young birds seem to be more likely to neglect
their egg than old ones, although the effect of age was
not statistically significant (Table 2). This probability
of neglecting the egg was neither influenced by body
condition (P > 0·35 in both sexes), nor by baseline or
stress-induced corticosterone levels (Table 2). However,
there was a significant influence of  stress-induced
prolactin levels on this probability. Incubating petrels
with low stress-induced prolactin levels were more
likely to neglect their egg than ones with high stress-
induced prolactin levels (Fig. 5a,b; Table 2).

Discussion

In the present study we found, as in many other studies
(reviewed in Forslund & Pärt 1995), that breeding
success improved significantly with advancing age.
Such age-specific improvement in breeding performance
was not paralleled by a concomitant decrease in the
magnitude of  the corticosterone response to stress.
Specifically, corticosterone response to stress and stress-
induced corticosterone levels were not correlated with
age. Prolactin response to stress was, however, influenced
clearly by age: in females there was an attenuation of
the prolactin response to stress with advancing age and
in both sexes older breeders had higher stress-induced
prolactin levels than younger ones. Moreover, elevated
stress-induced prolactin levels were correlated with a
lower probability of egg neglect. To our knowledge, this
is the first study to show that stress-induced prolactin
levels vary with age and can be linked to parental decisions.

      


Because a reduced sensitivity of  the hypothalamo–
pituitary–adrenal (HPA) system is thought to maximize

Fig. 3. Changes in plasma corticosterone and prolactin levels
in response to the standardized stress protocol (corticosterone:
n = 48, prolactin, n = 46). Open symbols denote females and
filled symbols denote males.

Fig. 2. Relationship between age and baseline corticosterone/prolactin levels among
incubating snow petrels. Baseline corticosterone levels were not correlated with
individual age. Baseline prolactin levels were significantly positively correlated with
individual age in males (solid line), but not in females. Open symbols denote females
and filled symbols denote males.
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parental investment by preventing stressors from
triggering an adrenocortical stress response (Wingfield
et al. 1995; O’Reilly & Wingfield 2001; Holberton &
Wingfield 2003; Moore & Jessop 2003), we predicted
that the sensitivity of the HPA system would decrease
with advancing age. Our data show, however, that the
magnitude of the adrenocortical response to capture/
restraint stress was unaffected by age, as incubating
snow petrels showed a robust 14-fold increase in
corticosterone levels independently of their age. Because

age did not affect the magnitude of their corticosterone
response to stress it suggests, at the physiological level,
that young and old snow petrels do not differ in their
perception of risk and show a similar functional
response of their HPA system over a 30-min capture/
restraint protocol. One recent study found that
corticosterone response to stress decreased with age in
the common tern (Heidinger et al. 2006). How to
explain such a difference? One possibility is that snow
petrels often skip breeding opportunities and show a
large variance in their age at first breeding (Chastel
et al. 1993; Chastel 1995), so that two birds of the same
age can differ greatly in their respective breeding ex-
perience and probable reproductive residual value. Two
recent studies on albatrosses (Angelier et al. 2006a,
2007a) have shown that breeding experience was a
much better descriptor of corticosterone levels than
age per se. In our study, we sampled birds of various
ages but their breeding experience was unknown. It is
then possible that the magnitude of the stress response
in snow petrels would be explained better by variations
in breeding experience rather than age, whereas in
shorter-lived common terns age and experience are
probably correlated more highly (Nisbet 2001).

In our study, baseline corticosterone levels and body
condition did not vary with age in incubating snow
petrels. Baseline corticosterone levels are considered to
reflect the energetic status of an individual (Landys,
Ramenofsky & Wingfield 2006) and elevated levels
have been associated with reduced food availability,
low body condition and foraging success (Kitaysky,
Wingfield & Piatt 1999; Adams et al. 2005; Angelier
et al. 2007b). Accordingly, we found that elevated
corticosterone levels were associated with low body

Table 2. Model selection and GLM (binomial error distribution, logit link function) to test the influence of age, baseline and
stress-induced corticosterone, baseline and stress-induced prolactin levels, on the probability of neglecting the egg. The best
models (in bold type) were selected by using a step-down approach starting from the most global model (models were simplified
by eliminating independent variables with P ≥ 0·15)

Dependent variable Independent variables d.f. F P

Probability of neglecting the egg (n = 48) Sex 1,45 0·68 0·415
Age (year) 1,46 3·17 0·082
Age × sex 1,44 0·32 0·573
Date (Julian day) 1,43 0·03 0·872

Probability of neglecting the egg (n = 48) Sex 1·45 1·01 0·321
Baseline corticosterone levels 1,46 2·72 0·106
Baseline corticosterone levels × sex 1,44 1·93 0·307
Date (Julian day) 1,43 0·01 0·918

Probability of neglecting the egg (n = 48) Sex 1,45 1·18 0·284
Stress-induced corticosterone levels 1,46 1·06 0·308
Stress-induced corticosterone levels × sex 1,44 0·36 0·552
Date (Julian day) 1,43 0·07 0·790

Probability of neglecting the egg (n = 46) Sex 1,44 2·12 0·152
Baseline prolactin levels 1,43 1·83 0·184
Baseline prolactin levels × sex 1,42 0·04 0·839
Date (Julian day) 1,41 0·02 0·898

Probability of neglecting the egg (n = 47) Sex 1,44 1·75 0·193
Stress-induced prolactin levels 1,45 5·73 0·021
Stress-induced prolactin levels × sex 1,42 2·05 0·160
Date (Julian day) 1,43 1·22 0·276

Fig. 4. Relationship between age and stress-induced corticosterone/prolactin levels
among incubating snow petrels. Stress-induced corticosterone levels were not
correlated with individual age. Stress-induced prolactin levels were significantly
positively correlated with individual age in females (dashed line) and males (solid lines).
Open symbols denote females and filled symbols denote males.
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condition in females, but not in males. The absence of
relationship between age and either baseline corticos-
terone levels or body condition suggests that young
females were as able as older ones to extract energy
from the environment and to maintain their body
condition during the incubation period. However, it is
also possible that baseline corticosterone levels and
body condition varied with breeding experience rather
than age in this species, as found previously in pro-
cellariiformes species (corticosterone: Angelier et al.
2006a, 2007a; body condition: Weimerskirch 1992;
Chastel, Weimerskirch & Jouventin 1995). The absence
of relationship between baseline corticosterone levels
and body condition in males is difficult to interpret. It
is possible that males, being significantly larger than
females, may be less energetically constrained than
females during incubation (Barbraud & Chastel 1999).

As reported previously in another bird species
(Chastel et al. 2005), we found that prolactin levels
decreased in response to an acute stress in incubating
snow petrels. The data presented here confirm that
birds show a decrease in circulating prolactin when
exposed to acute stress (Sharp et al. 1989; Chastel et al.
2005).

Moreover, according to our prediction, stress-
induced prolactin levels reached after 30 min of
restraint were correlated positively with age. In the

snow petrel, the way age influenced the prolactin
response to stress appears to be sex-dependent. In
males, the magnitude of decrease in prolactin levels was
similar in young and old individuals. However, older
males showed higher baseline prolactin levels than
young ones, as found previously in other species
(Deviche, Wingfield & Sharp 2000; Préault et al. 2005;
Angelier et al. 2006a, 2007a), therefore explaining their
higher stress-induced prolactin levels. Higher stress-
induced prolactin levels found in older males may
originate from their higher intrinsic capacity to secrete
prolactin (Angelier et al. 2006a, 2007a).

In females, baseline prolactin levels were not corre-
lated with age, but the magnitude of  the decline in
prolactin levels was significantly lower in older indi-
viduals, resulting therefore in a positive relationship
between stress-induced prolactin levels and age. This
suggests that older females were better able to maintain
prolactin production during the first minutes of the
stress episode. Therefore, according to our main
prediction, older females seem to actually show a better
hormonal resistance to acute stress than younger ones.
This better hormonal resistance to stress in older
females might result from an acclimation process to
handling and capture with advancing age. However, it
is unlikely because known-age snow petrels were
sampled outside the long-term study plots and these
birds have been handled very seldom prior to our study.

,    


Prolactin is a hormone involved in parental behaviour
(Buntin 1996) and several studies have reported that
prolactin enhances the expression of parental (Wang &
Buntin 1999; Duckworth, Badyaev & Parlow 2003) and
alloparental behaviours (Vleck et al. 1991; Schoech,
Mumme & Wingfield 1996; Angelier et al. 2006b).
Supporting this influence of  prolactin levels on
parental decisions, we found that parents with low
stress-induced prolactin levels were more likely to
neglect their egg.

Rather than a sole effect of  either prolactin or
corticosterone on parental decisions, corticosterone
and prolactin might act jointly to mediate parental
decisions in long-lived birds (Cherel et al. 1988, 1994;
Chastel et al. 2005). The decrease in prolactin levels in
response to an acute stress would probably reduce the
motivation of young parents to continue incubation,
whereas the concomitant increase in corticosterone
levels would trigger escape behaviour (Wingfield et al.
1998), leading to temporary desertion of  the nest
(Silverin 1986). On the contrary, older parents may be
better able to maintain a threshold level of prolactin
during a stress episode, therefore retaining the willing-
ness to incubate the egg and reducing or even suppressing
the negative behavioural consequences of  elevated
corticosterone levels (Chastel et al. 2005; Criscuolo
et al. 2005).

Fig. 5. Relationship between stress-induced prolactin levels
and the probability of neglecting the egg during the incubation
bout following the manipulation among snow petrels. GLMs
with a binomial error distribution and a logit link function
were used. The probability of neglecting the egg was
significantly negatively correlated with stress-induced prolactin
levels in females (dashed line) and males (solid line). Open
symbols denote females and filled symbols denote males.
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In conclusion, in young snow petrels, the combina-
tion of a robust corticosterone increase with a lower
ability to maintain prolactin secretion during acute
stress (such as inclement weather or temporary food
shortage) is probably one of the functional causes of
their lower incubation commitment. We suggest that
the capacity to maintain a threshold level of prolactin
during a stress episode may be an important physio-
logical mechanism involved in the improvement of
reproductive performance with advancing age in
long-lived birds. To understand fully how modulation
of the hormonal stress response governs parental
investment, future studies should therefore examine
simultaneously corticosterone and prolactin responses
to stress in relation to different life-history strategies,
contrasting environmental conditions (low/high food
availability) and contrasting energetic demands
(incubation/brooding).

Can such a mechanism help us to elucidate the main
evolutionary theories addressing the effect of age and
experience on reproductive success (Curio 1983;
Forslund & Pärt 1995)? An attenuation of the stress
response in reproducing vertebrates has been inter-
preted as a mechanism allowing parents to modify
reproductive investment flexibly with age (Wingfield
& Sapolsky 2003; Heidinger et al. 2006). Thus the
observed ability of  older females to attenuate the
prolactin response to stress may favour the ‘restraint
hypothesis’ (Curio 1983), which suggests that breeding
investment increases with age as the residual reproduc-
tive value declines and breeding events become more
valuable (Curio 1983). However, in our study, corti-
costerone response was unaffected by age and hence
the likely perception of the stressor through the central
nervous system and the HPA axis. Does this mean that
corticosterone response to stress would not be involved
as a mechanism permitting reproductive investment to
be increased over age whereas the prolactin would? In
males, lower stress-induced prolactin levels did not
originate from a lower ability to resist stress but rather
from a better ability to secrete prolactin, thus suggest-
ing that young males may be more physiologically
constrained (the ‘constraint hypothesis’ Curio 1983). It
is also possible that the relationship between age and
stress-induced prolactin levels could result from a
selection process (Forslund & Pärt 1995; Mauck et al.
2004). Hence, parents with elevated stress-induced
prolactin levels may be high-quality individuals and
might be more likely to survive during several years and
therefore to be represented in old age classes. This
would imply that the magnitude of the stress response
is fixed early in the reproductive career of  an indi-
vidual. However, it is unlikely, as Lendvai et al. (2007)
showed experimentally in the house sparrow (Passer
domesticus) that, in a given season, the same individual
can modulate its hormonal stress response flexibly
according to the value of  the reproductive event.
Therefore, the decreased prolactin sensitivity with
advancing age may not result solely from a selection

process in snow petrels. Despite the difficulty of
monitoring longitudinal hormonal data in long-lived
birds, future studies should aim to compare hormonal
stress responses of the same individual at different ages
in order to confirm that hormonal sensitivity to stress
decline with advancing age independently of selection
process.
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