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DURING THEIR LIFE CYCLE, SEVERAL animal species alternate periods of fasting and feeding. For instance, long fasting periods
are common in seabird species, especially penguins, since they
feed exclusively at sea, while they have to spend time ashore to
breed and molt (36). This natural situation of spontaneous
prolonged fasting can lead to energy reserve exhaustion and,
consequently, to the abandonment of current reproduction.
Three distinct metabolic phases have been described during
prolonged fasting in birds as well as in rodents, based on
patterns of daily body mass loss and substrates used to support
cellular metabolism (3, 11, 12, 16, 29). Phase I (PI) is a brief
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period of adaptation in which catabolism of fat stores increases, while phase II (PII) is a long period of economy
characterized by a constant rate of body mass loss and by
protein sparing. The latter is indicated by low levels of uric
acid, the production of which is the result of protein catabolism
(12, 29). At this stage of fasting, plasma levels of ␤-hydroxybutyrate (␤OHB) are elevated, indicating that lipids are the
main energy substrate (12, 29). If a minimum body reserve
threshold is reached, animals enter phase III (PIII). At this
stage, hormonal and metabolic shifts occur, which are characteristic for a switch from lipid to protein utilization. In addition
to these physiological adjustments, marked behavioral changes
have been reported for birds entering PIII. For example, incubating king penguins Aptenodytes patagonicus (17) and Adélie
penguins (31) were observed to abandon their egg(s), while
nonbreeding fasting emperor penguins Aptenodytes forsteri
increased locomotor activity (29). These behavioral changes,
which are the visible manifestations of endogenous metabolic
and endocrine shifts, have been interpreted to reflect an increase in the drive to refeed (17, 19, 24).
There are different ideas about how such increased drive for
refeeding is mechanistically triggered. At the central levels, the
expression of several hypothalamic neuropeptides that are
involved in the control of feeding behavior has been reported
for rodents during periods of prolonged fasting (5). It was
found that the hypothalamic response to long-term fasting (in
PIII) is mediated by the orexigenic system, rather than by the
anorexigenic system. The regulation of neuropeptide Y (NPY)
and agouti-related peptide (AGRP) expression seems to be
primarily involved in the response to prolonged fasting and
could mediate the late enhanced drive for refeeding. Indeed, it
has been shown that the hypothalamic mRNA expression of
both NPY and AGRP sharply increased in rats in PIII compared with PII (5). This supports the view that the central
effects of long-term fasting are mediated mainly by neuropeptides synthesized in the arcuate nucleus of the hypothalamus
(5). Nevertheless, the nature and exact mechanisms of this
enhanced drive for refeeding, which is associated with the late
fasting stage, remain partly unknown at the peripheral level.
Hormones are known to play an important role in the control of
feeding behavior, and, in penguins, they might act as mediators
between metabolic shifts and behavioral changes (19). It can,
therefore, be validly proposed that this enhanced drive for
refeeding is triggered by the hormonal adjustments that characterize the entrance into PIII.
In birds, parental behavior is controlled by two hormones
with opposite effects: 1) prolactin, the major hormone that
stimulates incubation and parental care (8, 39), and 2) cortico-
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Fasting is part of penguin’s breeding constraints. During prolonged
fasting, three metabolic phases occur successively. Below a threshold
in body reserves, birds enter phase III (PIII), which is characterized by
hormonal and metabolic shifts. These changes are concomitant with
egg abandonment in the wild and increased locomotor activity in
captivity. Because corticosterone (CORT) enhances foraging activity,
we investigated the variations of endogenous CORT, and the effects
of exogenous CORT on the behavioral, hormonal, and metabolic
responses of failed breeder Adélie penguins. Untreated and treated
captive male birds were regularly weighed and sampled for blood
while fasting, and locomotor activity was recorded daily. Treated
birds were implanted with various doses of CORT during phase II.
Untreated penguins entering PIII had increased CORT (3.5-fold) and
uric acid (4-fold; reflecting protein catabolism) levels, concomitantly
with a rise in locomotor activity (2-fold), while prolactin (involved in
parental care in birds) levels declined by 33%. In CORT-treated birds,
an inverted-U relationship was obtained between CORT levels and
locomotor activity. The greatest increase in locomotor activity was
observed in birds implanted with a high dose of CORT (C100),
locomotor activity showing a 2.5-fold increase, 4 days after implantation to a level similar to that of birds in PIII. Moreover, uric acid
levels increased three-fold in C100-birds, while prolactin levels declined by 30%. The experimentally induced rise in CORT levels
mimicked metabolic, hormonal, and behavioral changes, characterizing late fasting, thus supporting a role for this hormone in the
enhanced drive for refeeding occurring in long-term fasting birds.
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MATERIALS AND METHODS

Institute Paul Emile Victor, and authorizations were given by the
Terres Australes et Antarctiques Françaises.
Study 1: correlative approach. During the austral summer of
2004 –2005, a total of 12 male and 5 female Adélie penguins were
captured over the course of the breeding season. They were kept in a
pen (5.2 m ⫻ 2.4 m), where they fasted until their body mass fell
below the minimum body mass threshold that marks the entrance into
PIII in male Adélie penguins, i.e., ⬃ 3.5 kg (14). The number of birds
present at any time in the pen never exceeded eight individuals. After
1 or 2 days of captivity, penguins were equipped with two pedometers
each (Dista F100, Decathlon, France) to record their locomotor
activity. Pedometers were coated with mastic to waterproof them and
attached to the feathers at hip level (one to the left and one to the right)
using cyanoacrylate glue (Loctite). Preliminary analysis showed that
the two pedometers deployed with each bird gave comparable readings. This enabled us to use recordings from one instrument only, if
the other was lost. Locomotor activity was measured daily. Birds were
weighed every other day using an electronic balance (Ohaus; ⫾ 2 g), and
blood samples were taken frequently during the fasting period (between
3 and 10 times, depending on the initial body mass and daily body mass
loss of individuals). Blood samples (⬃3 ml) were collected from the alar
vein within 5 min of capture, a time recommended by Vleck et al. (34),
to assess baseline CORT levels in Adélie penguins. No more than 2 or 3
birds were sampled per day to avoid biases in CORT levels. Samples
were transferred in tubes pretreated with heparin or EDTA and centrifuged (5,000 rpm for 10 min at 4°C). Plasma was then collected and kept
frozen in aliquots at ⫺20°C until analyzed.
Study 2: experimental approach. During the austral summers of
2006 –2007 and 2007–2008, a total of 28 males was captured and kept
in a pen as described above. After a few days in captivity, they were
implanted with CORT pellets of either 10 (n ⫽ 5; C10), 50 (n ⫽ 4;
C50), 100 (n ⫽ 8; C100), or 200 mg (n ⫽ 4; C200). Birds were
quickly anesthetized with isoflurane in pure O2 administered via a
hood placed over the head. Then, birds were implanted with CORT
pellets of different doses. CORT pellets (21-day release, G-111) were
obtained from Innovative Research of America (Sarasota, FL) and
implanted in the nape of the neck. For this, a small patch of skin was
disinfected with alcohol and betadine (iodine solution), and a small
incision, equal to the size of the pellet, was made. The implant was
inserted subcutaneously, and the incision was closed with one or two
stitches, cleaned with betadine, and, finally, sprayed with aluminum
powder. Control penguins (n ⫽ 7) underwent the same protocol, but
either no pellet was inserted or a placebo pellet was used. The overall
procedure took less than 5 min. CORT-implanted birds with different
doses were held together with the total number of birds never
exceeding eight individuals. All birds were weighed every other day,
and their locomotor activity was recorded daily as described above.
Blood samples (⬃3 ml) were taken as follows: treated penguins were
sampled at the time of implantation (day 0; before implantation), 3
days after implantation (day 3), and on the last day that they spent
inside the pen (days 7–11, depending on the initial body mass and
daily body mass loss of individuals). Control penguins were sampled
at day 0 and when they entered PIII.
All penguins from studies 1 and 2 were released on the edge of the
breeding colony (and thus close to the sea, which is free of sea ice at
this period of the year) at the end of the experiments.

Study Area and Birds

Plasma Analysis: Metabolites and Hormones

The study was conducted in Dumont d’Urville Station (66°40’S,
140°01=E), Adélie Land, Antarctica, during three austral summers
(2004 –2005, 2006 –2007, and 2007–2008). The captive birds in the
current study were failed breeders, i.e., they started a reproductive
cycle but discontinued incubation prematurely. This was unrelated to
parental body condition but explained by extrinsic factors, such as bad
weather and flooding. The protocol performed on Adélie penguins
received the approval of the Ethics Committee of the French Polar

Concentrations of uric acid, ␤OHB, nonesterified fatty acid
(NEFA), and glucose were measured by the enzymatic colorimetric
method using commercial kits (uric acid: Sigma Diagnostics, St.
Louis, MO; ␤OHB, NEFA, glucose: Randox Laboratories, Crumlin,
UK). The determination was performed on undiluted plasma (uric
acid: 25 l; ␤OHB: 20 l; NEFA: 12.5 l; glucose: 10 l).
CORT concentrations were determined by a quantitative competitive sandwich enzyme immunoassay technique, according to guide-
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sterone (CORT), the main avian glucocorticoid, which plays a
role in a wide variety of physiological and behavioral processes (25). A rise in plasma levels of CORT was linked to
the entrance into PIII in king and emperor penguins (13, 29)
and occurs concomitantly with an increase in locomotor
activity (29).
Foraging activity was shown to increase in response to
CORT treatment in several species of mammals (9) and birds
(2, 7, 23). Experimental studies suggest that CORT is involved
in the initiation of food intake during short fasting periods. For
example, CORT was shown to stimulate locomotor activity
and food searching in white-crowned sparrows, Zonotrichia
leucophrys (2), while it enhances foraging in breeding blacklegged kittiwakes, Rissa tridactyla, at the mid-chick-rearing
stage (23). Hence, it is tempting to propose that CORT initiates
foraging behavior during late fasting, once critical reserve
exhaustion is reached. It would thereby redirect bird behavior
from a costly activity (e.g., reproduction) to a behavior promoting survival (e.g., departure to refeed) (38). However,
implantation of exogenous CORT in female common eiders,
Somateria mollissima, did not lead to nest abandonment (15).
This absence of behavioral changes could be due to 1) a short
treatment duration, since CORT concentrations returned to
basal levels within 4 days of implantation and/or 2) a too high
dose of CORT, which was possibly not biologically relevant.
In the present study, we investigated the role of CORT in the
induction of locomotor activity reflecting an increase in the
drive to refeed and the associated metabolic and hormonal
changes that occur during late fasting in Adélie penguins. We
mainly focused on male penguins because they undertake the
longest fasting period during courtship/incubation [up to 50
days (35)] and, thus, might be prone to reserve exhaustion that
can lead to nest desertion. First, we validated the fasting phases
of captive birds, by examining the relationship between uric
acid levels and body mass of untreated birds and by defining
the body mass threshold, below which they enter PIII. Plasma
levels of metabolites are known to be reliable indicators of the
nutritional state and fasting phases in birds (13, 20, 29). We
used a correlative approach to examine the natural time-course
changes of hormones (plasma levels of CORT and prolactin),
metabolites (plasma levels of uric acid, ␤OHB, nonesterified
fatty acid and glucose), and behavior (locomotor activity) in
fasting captive birds. Second, we investigated whether exogenous CORT might induce 1) a switch in the substrate used to
support cellular metabolism (as revealed by plasma metabolites), 2) a decrease in prolactin levels, and 3) an increase in
locomotor activity. Since the effect of CORT on locomotor
activity depends on its concentration (7), we used various
doses of CORT.
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lines provided by the manufacturer (AssayMax corticosterone ELISA
kit, EC3001-1; AssayPro, St. Charles, MO). Plasma concentrations of
prolactin were determined by a heterologous radioimmunoassay at the
Centre d’Etude Biologiques de Chizé (Villiers en Bois, France).
Pooled plasma samples of Adélie penguins produced a dose-response
curve that paralleled chicken prolactin standard curves (bAFP
4444BQ, source: Dr. Parlow, National Hormone and Peptide Program
Harbor-UCLA Medical Center, Torrance, CA). Intra-assay and interassay coefficients of variation for CORT were 5% and 7%, respectively. The corresponding values for prolactin were 6% and 9%,
respectively.
Determination of Fasting Phases and Statistical Analysis
Plasma levels of uric acid are a reliable indicator of fasting phases
in birds (13, 20, 29). The entrance into late fasting (PIII) results from
reaching a threshold of low body reserves and is not controlled by
fasting duration (29). In the current study, we used one dynamic
segmented regression analysis [segmented package from R; (27)] for
all untreated male birds to identify breakpoints in the relationship
between uric acid levels and body mass (study 1). This analysis is a
regression model in which the relationships between body mass and
uric acid levels are piecewise linear, namely represented by straight
lines connected at values called breakpoints. Using this method, we
were able to distinguish three stages during the fasting period (PII;
PII-PIII, which corresponds to a transition from PII to PIII; and PIII)
and also to identify the corresponding body mass (Fig. 1). These three
stages were taken as reference points for the subsequent analysis.
Because captive penguins are failed breeders, they were already in a
fasting state when they were captured and kept in the pen. This is the
reason why the phase I of fasting cannot be described in these birds.
We also performed a dynamic regression analysis for untreated female
birds (study 1). However, because of the small sample size, we were
able to identify only two fasting stages (PII and PIII).
Overall, our data were analyzed by the construction of general
linear mixed models [GLMM; (21)], allowing for the control of
pseudoreplication by the inclusion of a random factor (i.e., individuals
identity). Comparisons of body mass and plasma parameters in relation to fasting stages in untreated males and females (study 1) were

RESULTS

Study 1: Correlative Approach
Validation of fasting phases in untreated male Adélie penguins: body mass, body mass loss, plasma parameters, and
locomotor activity. Twelve untreated male Adélie penguins,
weighing 4.65 ⫾ 0.16 kg, were captured and kept in a pen.
They entered into PII-PIII and PIII at a mean body mass of
3.90 ⫾ 0.16 kg and 3.47 ⫾ 0.15 kg, respectively (dynamic
regression of analysis). During the various fasting stages, their
mean body mass was as follows: 4.16 ⫾ 0.12 kg in PII, 3.77 ⫾
0.11 kg during the PII-PIII transition, and 3.39 ⫾ 0.11 kg in PIII.
Penguins spent on average 10.75 ⫾ 2.25 days in PII, 4.25 ⫾ 0.30
days in PII-PIII, and 2.92 ⫾ 0.26 days in PIII. It is important
to note that the duration of phase II reported here represents
only one part of the whole PII period, knowing that penguins
were already in this stage of fasting when they were captured
(see above). The daily body mass loss depended on the nutritional
state (Wald 2 ⫽ 57.1, df ⫽ 2, P ⬍ 0.001; Table 1), with
penguins in PII-PIII and PIII losing 25% and 71% more body
Table 1. Profile of untreated captive male Adélie penguins
according to fasting stage
Nutritional state

PII

PII–PIII

PIII

Body mass loss,
g 䡠 kg⫺1 䡠 day⫺1
bOHB, mmol/l
NEFA, mmol/l
Glucose, mmol/l

17.45 ⫾ 0.52a

21.88 ⫾ 0.77b

29.88 ⫾ 1.56c

1.29 ⫾ 0.14a
0.84 ⫾ 0.09a
12.24 ⫾ 0.61a

1.10 ⫾ 0.13a,b
0.82 ⫾ 0.08a
12.53 ⫾ 0.55a

0.85 ⫾ 0.12b
0.75 ⫾ 0.06a
13.10 ⫾ 0.45a

Results are expressed as means ⫾ SE (n ⫽ 10 –12). PII, phase II of fasting;
PII-PIII, transition from phase II to phase III of fasting; PIII, phase III of
fasting; ␤OHB, ␤-hydroxybutyrate; NEFA, nonesterified fatty acids. Within
each line, values that do not share the same superscript letter are significantly
different (P ⬍ 0.05).
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Fig. 1. Plasma levels of uric acid in relation to body mass changes in captive
male Adélie penguins (untreated birds; n ⫽ 12). The lines within the figure
were determined using one dynamic segmented regression analysis for all
untreated male birds. Two breakpoints were detected. This allowed us to
distinguish three stages during the fasting period and also to identify the
corresponding body mass.

analyzed with a GLMM. We included the sampling stage (birds were
sampled for blood between 3 and 10 times, depending on individuals)
as repeated factor, and fasting stages (PII, PII-PIII, PIII for males and
PII, PIII for females) as a fixed factor. Normality of residuals was
assessed using a Shapiro-Wilk test. When normality was not met and
the distribution of data was skewed to the right, a generalized
estimating equation (GEE) with a gamma distribution was used. The
relationships between locomotor activity and plasma levels of CORT
and prolactin were tested using Spearman’s rank correlation.
In treated birds (study 2), the effects of CORT implants on body
mass, plasma metabolites, and locomotor activity were analyzed using
GLMM or GEE, when normality was not met. We included “treatment,” “sampling stage,” and their interaction as a fixed factor, with
“sampling stage” being a repeated measure. The year during which the
experiment was conducted was also added as a fixed factor. The
percentage decrease in prolactin levels in response to prolonged
fasting in control birds (between PII and PIII) and in CORT-implanted
birds (between the time of implantation and days 7–11) was compared
using a one-way ANOVA. In C100 penguins, the effect of CORT
implants on prolactin levels was analyzed using a GLMM with
“treatment,” “day relative to implantation” (repeated measure), and
their interaction as a fixed factor. The relationship between locomotor
activity and prolactin in C100 birds was tested using Spearman’s rank
correlation.
For multiple comparisons, we used Bonferroni post hoc tests.
Analyses were performed using SPSS 16.02 (SPSS , Chicago, IL).
Results are expressed as means ⫾ SE, and differences were considered as statistically significant when P ⬍ 0.05.

R1244

CORTICOSTERONE AND REFEEDING SIGNAL IN ADÉLIE PENGUINS

mass per kilogram per day, respectively, than penguins in PII
(P ⬍ 0.001 for both). Moreover, nutritional state influenced
plasma levels of ␤OHB (F2,24 ⫽ 6.60, P ⫽ 0.005; Table 1).
Concentrations of ␤OHB were 34% lower during PIII, when
compared with PII (P ⫽ 0.01). In contrast, plasma levels of
NEFA (F2,28 ⫽ 4.26, P ⫽ 0.27; Table 1) and glucose (F2,28 ⫽
0.50, P ⫽ 0.61; Table 1) did not differ significantly between
the different nutritional states of male penguins.
In untreated males, the nutritional state affected CORT
levels (F2,15 ⫽ 8.63, P ⫽ 0.003; Fig. 2A), prolactin concentrations (Wald 2 ⫽ 8.63, df ⫽ 2, P ⫽ 0.01; Fig. 2B), and
locomotor activity (Wald 2 ⫽ 36.4, df ⫽ 2, P ⬍ 0.001; Fig.
2C). CORT concentrations and locomotor activity in PIII were
253% and 91% higher, respectively, than in PII (P ⬍ 0.01 for
both). In contrast, prolactin concentrations were 33% lower in
PIII, when compared with PII (P ⫽ 0.03). Locomotor activity
was positively correlated with plasma CORT levels (rs ⫽ 0.69,

P ⬍ 0.001; Fig. 2D) and negatively correlated with prolactin
concentrations (rs ⫽ ⫺0.48, P ⫽ 0.01; Fig. 2E).
Validation of fasting phases in untreated female Adélie
penguins: body mass, plasma parameters, and locomotor
activity. Untreated female Adélie penguins entered into PIII
at a mean body mass of 3.24 ⫾ 0.07 kg (dynamic regression
of analysis). Their mean body mass was 3.80 ⫾ 0.03 kg in
PII and 3.11 ⫾ 0.03 kg in PIII. The nutritional state of
females affected plasma levels of CORT (F1,3 ⫽ 19.7, P ⫽
0.02), ␤OHB (F1,5 ⫽ 8.00, P ⫽ 0.03), and prolactin (Wald
2 ⫽ 66.3, df ⫽ 1, P ⬍ 0.001; Table 2). CORT levels were
130% higher in PIII than in PII, while plasma levels of
␤OHB and prolactin were 23% and 53% lower, respectively,
in PIII when compared with PII. NEFA (F1,6 ⫽ 2.39, P ⫽
0.17; Table 2) and glucose levels (F1,8 ⫽ 0.004, P ⫽ 0.95;
Table 2) were not influenced by the nutritional state of birds.
Locomotor activity was also affected by the fasting stage of
Downloaded from ajpregu.physiology.org on June 6, 2011

Fig. 2. Plasma levels of corticosterone
(CORT; A; n ⫽ 12), prolactin (B; n ⫽ 8), and
locomotor activity (C; n ⫽ 12) in relation to
fasting stage in captive male Adélie penguins
(untreated birds). Values are expressed as
means ⫾ SE. Bars not sharing the same superscript letter are significantly different (P ⬍
0.05). Relationship between plasma levels of
CORT and locomotor activity (D; n ⫽ 12) and
between prolactin levels and locomotor activity (E; n ⫽ 8) in male captive Adélie penguins
(untreated birds).
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Table 2. Profile of untreated captive female Adélie penguins
according to fasting stage
Nutritional state

PII

PIII

␤OHB, mmol/l
NEFA, mmol/l
Glucose, mmol/l
CORT, ng/ml
Prolactin, ng/ml
Locomotor activity, AU

1.11 ⫾ 0.20
0.92 ⫾ 0.08a
12.36 ⫾ 0.43a
11.74 ⫾ 3.17a
56.49 ⫾ 0.99a
1.21 ⫾ 0.03a
a

0.86 ⫾ 0.17b
0.81 ⫾ 0.09a
12.75 ⫾ 0.48a
27.01 ⫾ 3.33b
26.53 ⫾ 1.55b
2.14 ⫾ 0.14b

Results are expressed as means ⫾ SE (n ⫽ 4 –5). CORT, corticosterone;
AU, arbitrary units. Within each line, values that do not share the same
superscript letter are significantly different (P ⬍ 0.05).

females (Wald 2 ⫽ 21.0, df ⫽ 1, P ⬍ 0.001; Table 2) and
was 77% higher during PIII than during PII.
Study 2: Experimental Approach

C10, C50, C100, and C200 penguins were similar to control
birds in PII (all P ⬎ 0.05). In all CORT-implanted penguins,
with the exception of C10 penguins (P ⫽ 0.78), plasma levels
of CORT increased significantly between day 0 and day 3 (Fig.
3A). This increase was 2.9-fold for C50 penguins, 3.3-fold for
C100 penguins, and 5.4-fold for C200 penguins (all P ⬍
0.001). On day 3, CORT levels of C50 and C100 penguins
were not different from those of control birds in PIII (P⫽1.00
and P⫽0.07, respectively). However, CORT levels of C200
birds on day 3 were significantly higher than those of control
penguins in PIII (P ⬍ 0.001). At the third sampling stage (days
7–11, depending on individuals), CORT levels in C50 and
C100 penguins were not different from those on day 3 (P ⬎
0.99) and were similar to those of control birds in PIII (P ⬎
0.99; Fig. 3A).
Locomotor activity was selectively affected by CORT treatment (Wald 2 ⫽ 21.0, df ⫽ 4, P ⬍ 0.001; Fig. 3B=). In C10,
C50, and C200 penguins, locomotor activity was similar to
that of control birds in PII (P ⬎ 0.99 for all). In C100 birds,
however, locomotor activity was significantly higher than
that of control birds in PII (P ⫽ 0.002) and, in fact, similar
to that of control birds in PIII (P ⬎ 0.99). Moreover, we
found that locomotor activity was affected by the interaction

Fig. 3. A: plasma levels of CORT in control
captive male Adélie penguins in phase II (PII)
and phase III (PIII) of fasting (open bars, n ⫽ 7)
and in CORT-implanted birds (solid bars, n ⫽
4 – 8), in relation to sampling stage. CORT concentrations of CORT-implanted birds at day 0
were compared with those of control birds in PII
(see superscript letter “a”), while CORT levels at
day 3 and days 7–11 were compared with those of
control birds in PIII (see superscript letters
“A,B,C”). nd, not determined. Inset A=: characteristic profile of CORT levels in one C100treated bird weighing 5.8 kg and kept 17 days in
the pen. B: changes in locomotor activity relative
to fasting phase in control captive male Adélie
penguins (n ⫽ 7) and relative to implantation day
in CORT-treated penguins (n ⫽ 4 – 8). *P ⬍ 0.05
in C100 vs. control. Inset B=: effects of treatment
on locomotor activity (mean value of locomotor
activity over the entire treatment duration). Penguins were implanted with 10 (C10), 50 (C50),
100 (C100), and 200 (C200) mg of CORT. Values are expressed as means ⫾ SE. Bars not
sharing the same superscript letter are significantly different (P ⬍ 0.05).
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Effects of CORT implants on CORT levels and locomotor
activity. As expected, plasma levels of CORT were selectively
affected by the CORT treatment (Wald 2 ⫽ 62.2, df ⫽ 4, P ⬍
0.001) and by the interaction treatment ⫻ day relative to
implantation (Wald 2 ⫽ 137.2, df ⫽ 7, P ⬍ 0.001; Fig. 3A).
At the time of implantation (day 0), CORT concentrations in

R1245

R1246

CORTICOSTERONE AND REFEEDING SIGNAL IN ADÉLIE PENGUINS

trations were higher in C100 and C200 penguins, when compared with control and C50 birds. However, NEFA and glucose
levels were not affected by the sampling stage (F1,41 ⫽ 3.11, P
⫽ 0.08 and F1,20 ⫽ 0.67, P ⫽ 0.42 for NEFA and glucose,
respectively) and by the interaction between treatment ⫻
sampling stage (F4,20 ⫽ 0.35, P ⫽ 0.84 and F4,41 ⫽ 1.42, P ⫽
0.24 for NEFA and glucose, respectively; Table 3).
Effects of CORT implants on prolactin levels. Prolactin
levels in C100 penguins were significantly affected by sampling stage (F2,16 ⫽ 15.18, P ⬍ 0.001; Fig. 4A). After 8 –11
days of treatment, prolactin concentrations in these birds were
significantly lower than on day 0 (P ⬍ 0.001). However, while
prolactin levels declined in all birds (between PII and PIII in
control birds and between the time of implantation and days
7–11 in CORT-implanted birds), the overall decline (expressed
in percentage) was not significant (F4,22 ⫽ 1.81, P ⫽ 0.16; Fig.
4B). We found a significant negative relationship between
prolactin levels and locomotor activity in C100 penguins (rs ⫽
⫺0.52, P ⫽ 0.03; Fig. 4C), but this was not the case for C10,
C50, and C200 birds (not shown).
DISCUSSION

The present study shows that an experimentally induced rise
in CORT levels of Adélie penguins, which resulted in high but
physiologically relevant circulating levels of CORT, mimicked
metabolic, hormonal, and behavioral changes characteristic for
the phase of late fasting.
Untreated Male and Female Birds: “Validation” of the
Adélie Penguin Model
Minimum body mass threshold. We found that untreated
male Adélie penguins in Dumont d’Urville entered PIII of
fasting at a body mass of ⬃ 3.5 kg (Fig. 1). This value was
obtained from males with different initial body masses (indicating that fasting duration differed) in studies conducted
during several consecutive years between 2002 and 2009 (not
shown). This indicates that such a minimum threshold might be
relatively fixed for a given species, while differences between
the sexes have to be accounted. Our results lend support to the
critical body mass value reported by Cockrem et al. (14) for
male Adélie penguins on Ross Island. Given our results, this
critical body mass value in male Adélie penguins is consistent

Table 3. Body mass and plasma levels of metabolites in control and CORT-implanted captive male Adélie penguins in
relation to treatment and sampling stage (day relative to implantation in treated birds and fasting phase in control birds)

Body mass, kg
Uric acid, mmol/l
␤OHB, mmol/l
NEFA, mmol/l
Glucose, mmol/l

Day Relative to
Implantation

C10 (n ⫽ 5)

C50 (n ⫽ 4)

C100 (n ⫽ 8)

C200 (n ⫽ 4)

Fasting Phase
(Control Birds)

Control (n ⫽ 7)

0
3
0
3
0
3
0
3
0
3

4.31 ⫾ 0.22a,b
4.10 ⫾ 0.29a
0.19 ⫾ 0.03a
0.26 ⫾ 0.01a
1.83 ⫾ 0.42
1.44 ⫾ 0.41
1.42 ⫾ 0.27
1.41 ⫾ 0.39
14.34 ⫾ 0.37
14.84 ⫾ 1.38

4.37 ⫾ 0.23a,b
4.07 ⫾ 0.20a
0.17 ⫾ 0.01a
0.36 ⫾ 0.06a,b
1.74 ⫾ 0.31
0.98 ⫾ 0.13
0.88 ⫾ 0.11
0.68 ⫾ 0.11
13.27 ⫾ 1.89
10.75 ⫾ 0.29

4.89 ⫾ 0.16a
4.51 ⫾ 0.17a
0.25 ⫾ 0.03a
0.70 ⫾ 0.06c
1.07 ⫾ 0.12
0.72 ⫾ 0.12
0.68 ⫾ 0.08
0.60 ⫾ 0.07
14.98 ⫾ 0.27
15.23 ⫾ 0.23

4.46 ⫾ 0.09a,b
4.11 ⫾ 0.12a
0.19 ⫾ 0.03a
0.46 ⫾ 0.05b
1.44 ⫾ 0.08
0.87 ⫾ 0.15
0.99 ⫾ 0.06
0.99 ⫾ 0.13
18.22 ⫾ 0.72
14.32 ⫾ 1.81

PII
PIII
PII
PIII
PII
PIII
PII
PIII
PII
PIII

4.13 ⫾ 0.03b
3.39 ⫾ 0.05b
0.17 ⫾ 0.01a
0.88 ⫾ 0.21b,c
1.79 ⫾ 0.27
0.88 ⫾ 0.21
0.84 ⫾ 0.14
0.71 ⫾ 0.12
13.05 ⫾ 0.78
12.63 ⫾ 0.54

Results are expressed as means ⫾ SE. Penguins were implanted with 10 (C10), 50 (C50), 100 (C100), and 200 (C200) mg of CORT, respectively. Superscript
letters were not added when the interaction between the treatment and the sampling stage was not significant. Within each line, values that do not share the same
superscript letter are significantly different (P ⬍ 0.05). See the RESULTS section for further details.
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treatment ⫻ day relative to implantation (Wald 2 ⫽
6.836⫻1012, df ⫽ 24, P ⬍ 0.001; Fig. 3B). In C100
penguins, locomotor activity reached a plateau at day 4, after
which it remained stable. During this time, it was ⬃2.5 times
higher than that of control penguins in PII (P ⬍ 0.005 for each
given day) and was similar to that of control birds in PIII (P ⬎
0.05).
Effects of CORT implants on body mass and plasma
metabolites. Body mass was affected by the treatment (Wald
2 ⫽ 69.7, df ⫽ 4, P ⬍ 0.001), the sampling stage (day 0 and
day 3 for CORT-implanted birds, PII and PIII for control birds;
Wald 2 ⫽ 201, df ⫽ 1, P ⬍ 0.001), and their interaction
(Wald 2 ⫽ 51.4, df ⫽ 4, P ⬍ 0.001; Table 3). At the time of
implantation, the body mass of control birds in PII was similar
to that of C10 (P ⬎ 0.99), C50 (P ⬎ 0.99), and C200-birds
(P ⫽ 0.32). However, body mass of C100 penguins was
significantly higher at this point (P ⬍ 0.001). At the subsequent
sampling stage, all CORT-implanted birds had a significantly
higher body mass than control birds in PIII (P ⬍ 0.001 for each
comparison). Similarly, uric acid levels were affected by the
treatment (Wald 2 ⫽ 54.4, df ⫽ 4, P ⬍ 0.001), the sampling
stage (Wald 2 ⫽ 70.3, df ⫽ 1, P ⬍ 0.001) and their interaction
(Wald 2 ⫽ 61.0, df ⫽ 4, P ⬍ 0.001; Table 3). At the time of
implantation, uric acid levels of all CORT-implanted birds
(C10, C50, C100, and C200 penguins) were similar to those of
control birds in PII (P ⬍ 0.05 for each comparison). Three days
after implantation, plasma uric acid levels remained unchanged
in C10 penguins (P ⬎ 0.99). However, in all other CORTimplanted penguins, uric acid concentrations were significantly
increased at this point, when compared with day 0 (C50:
2.2-fold, P ⫽ 0.01; C100: 2.8-fold, P ⬍ 0.001; C200: 2.4-fold,
P ⬍ 0.001). At the subsequent sampling stage (i.e., day 3), only
C100 birds had uric acid levels similar to those of control birds
in PIII (P ⬎ 0.99). Furthermore, the treatment (F4,41 ⫽ 2.79,
P ⫽ 0.04) and the sampling stage (F1,41 ⫽ 16.0, P ⬍ 0.001)
also affected ␤OHB levels, but their interaction was not significant (F4,41 ⫽ 0.64, P ⫽ 0.63; Table 3). ␤OHB concentrations between C10 and C100 penguins differed significantly
(P ⫽ 0.04). Plasma levels of NEFA were affected by the
treatment (F4,21⫽ 6.03, P ⫽ 0.002), so that C10 penguins had
higher NEFA concentrations than control, C50, and C100
penguins. In addition, glucose levels were also affected by the
treatment (F4,41 ⫽ 6.32, P ⬍ 0.001), so that glucose concen-
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CORT-Implanted Penguins: Experimental Study
Fig. 4. A: effect of C100-CORT implants on prolactin levels in captive male
Adélie penguins (n ⫽ 8). Values are expressed as means ⫾ SE. Bars not
sharing the same superscript letter are significantly different (P ⬍ 0.05).
B: decrease in prolactin levels (%) in response to prolonged fasting in control
birds (between PII and PIII) and in CORT-implanted birds (between the time
of implantation and days 7–11). Penguins were implanted with 10 (C10), 50
(C50), 100 (C100), and 200 (C200) mg of CORT. C: relationship between
plasma levels of prolactin and locomotor activity in C100-implanted penguins.

Effects of CORT implants on CORT levels and locomotor
activity. As expected, CORT levels increased with the implanted dosage (Fig. 3A), attesting that our experimental approach was operative. We found that exogenous CORT did not
exert a proportional dose-response effect on locomotor activity, but the response rather had the shape of an inverted-U
curve (mean value of locomotor activity over the entire treatment duration; Fig. 3B). While high levels of CORT (C100)
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across studies and the same for both study sites. When below
a body mass threshold of ⬃ 3.2 kg, female Adélie penguins
entered PIII and displayed metabolic, hormonal, and behavioral changes, similar to that of males (Table 2). Hence,
females also have the capacity to trigger the enhanced drive for
refeeding, promoting their survival in case of critical reserve
exhaustion. Mean body mass of male and female Adélie
penguins when arriving in the colony was closed to 5.3– 6.0 kg
and 4.7–5.2 kg, respectively (32). With critical body masses ⬃
3.5 kg and ⬃3.2 kg for males and females, respectively, these
birds should be able to support comparable exhaustion of
energy reserves (⬃34 – 42% and ⬃32–38% of body mass loss
for males and females, respectively).
CORT, prolactin, and locomotor activity. As expected, untreated Adélie penguins in PIII had high levels of CORT (Fig.
2A). This is in agreement with studies conducted in king
penguins (13) and emperor penguins (29). Moreover, the fact
that PIII is reached when CORT secretion is strongly stimulated supports the idea that this hormone reflects food stress in
birds (22). CORT has numerous biological effects, notably by
regulating carbohydrate, lipid, and protein metabolism and is
thus expected to play a major role during periods of nutritional
limitation (30). Prolactin has the opposite effect of CORT in
the control of parental behavior, stimulating incubation in birds
(8). In the present study, captive birds were failed breeders;
i.e., they started a reproductive cycle but prematurely discontinued incubation, regardless of parental body condition. In
previous studies, prolactin levels remained nearly unchanged
after nest failure in Adélie penguins (33) and in emperor
penguins (26). However, in our study, prolactin levels at the
point of capture were low in some birds, indicating that they
might have lost their eggs several days ago (33). As was
previously reported for emaciated king penguins (10, 18), we
also found that prolactin concentration sharply decreased in
PIII (Fig. 2B), suggesting that this hormone can be modulated
by marked energy constraints and/or stressful situations. Entrance into PIII of fasting is also associated with behavioral
changes and Adélie penguins in our study showed an increased
locomotor activity at this stage (Fig. 2C). In untreated penguins, locomotor activity was positively related with CORT
levels (Fig. 2D), while there was a negative relationship between locomotor activity and prolactin concentrations (Fig.
2E). These results support the idea of a potential involvement
of both CORT and prolactin in the induction of the increased
drive for refeeding that occurs in birds during late fasting.
Altogether, our results from untreated birds illustrate that
Adélie penguins entering into PIII show metabolic, hormonal,
and behavioral changes that are similar to those of other
penguin species (13, 29). This emphasizes the usefulness of the
Adélie penguin model for further investigation.
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(15) found that protein catabolism after CORT implantation of
incubating female common eider ducks was not as high as that
of control females in PIII (0.21 mmol/l vs. 0.75 mmol/l).
Because none of the treated females abandoned their nest, the
authors suggested that an increase in proteolysis could be an
important factor in triggering refeeding behavior. In this context, it was recently shown that proteolytic systems in the
skeletal muscles of rodents are only slightly and selectively
induced during PII of fasting, while they are strongly upregulated, in a coordinated fashion, during late fasting (4). Hence,
one could hypothesize that the effect of CORT on the escape
behavior may depend on a synergistic action, with its catabolic
peripheral action taking place in the muscle.
Effects of C100 implants on prolactin levels. Some studies
have emphasized that the secretion of CORT and prolactin
might be mechanistically linked (1, 15). In our study, the C100
pellet was clearly the appropriate dose that mimicked metabolic and behavioral changes, characteristic of PIII in Adélie
penguins. Therefore, in our analysis, we focused on C100
penguins to examine how exogenous CORT affected prolactin
levels. We found a strong decrease in prolactin concentration
8 –11 days after treatment, at which point it was 30% lower
than on day 0 (Fig. 4B). This decline in prolactin levels could
be indirect and due to the arrival at a minimum body mass (10,
18). However, 8 –11 days after treatment, the average body
mass of C100 penguins was 3.74 ⫾ 0.13 kg, and, therefore,
above the critical body mass. This suggests that CORT levels
affect circulating prolactin concentrations before birds reach
the critical body mass threshold. We found a negative relationship between prolactin levels and locomotor activity in C100
penguins (Fig. 4C). Hence, it could be that the effect of CORT
implants on behavioral changes of penguins may be reinforced
through an effect on prolactin levels. Support for this idea
comes from a study in black-legged kittiwakes, where a shortterm increase in CORT levels was accompanied by a 30%
decrease in prolactin and a subsequent reduction in nest attendance (1).
Perspectives and Significance
Overall, our study emphasizes the role of CORT in the rise
in locomotor activity and the associated metabolic and hormonal changes occurring in phase III. This supports the view
that this hormone plays a key role in the enhanced drive for
refeeding that occurs in fasting birds below its body mass
threshold; such a role remains to be validated in free-living
penguins.
Interestingly, we observed that the time course of the response following CORT treatment in our study on Adélie
penguins (2– 4 days) is markedly different from that observed
in Gambel’s white-crowned sparrows (15 min) by Breuner and
Wingfield (7). This could be related to the life-history strategy
of penguins at the breeding stage. In contrast to white-crowned
sparrows, penguins spontaneously fast for a long period during
incubation, and they are prepared to cope with this nutritional
constraint (13, 29, 35). This energy-demanding period would
thus be predictable and, therefore, not considered as stressful
(37). This also led us to suggest that in penguins, CORT could
exert its action through indirect effects on specific targets,
which remain to be identified. One behavioral consequence of
PIII is nest abandonment in free-ranging birds. To examine the
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increased locomotor activity of birds, low (C10), intermediate
(C50), and very high (C200) CORT levels had little (C50) or
no effect (C10 and C200; Fig. 3B). An inverted-U relationship
between CORT levels and locomotor activity was also reported
for Gambel’s white-crowned sparrows (Zonotrichia leucophrys
gambelii). In these birds, only intermediate levels of CORT
activated behavior, while high levels (but still within the range
of CORT levels measured in free-living sparrows in response
to capture and handling) had no effect (7). In the present study,
circulating levels of CORT measured in C100 birds (63 ng/ml
at day 3; 52 ng/ml at days 8 –11) fell within the range of CORT
levels obtained from untreated male Adélie penguins in PIII
(from 23 to 67 ng/ml) and were, therefore, physiologically
relevant.
Lack of a behavioral shift in penguins treated with the
highest CORT dosage. Circulating CORT levels measured in
C200 birds reached 94 ng/ml at day 3 of treatment and
decreased slightly thereafter (Fig. 3A). Such extremely high
CORT concentrations have been measured in Adélie penguins
before. Cockrem et al. (14) reported CORT levels for Adélie
penguins that left the colony to refeed at sea that ranged
between 10.7 and 110.4 ng/ml, after birds had been captured
and handled for ⬃30 min. However, it is possible that the
highest CORT dose used in our study (C200) was outside the
range of physiological relevance for birds at this fasting stage.
Accordingly, this dosage might have been unable to mimic the
transition between PII and PIII, leading to the lack of a
behavioral response. Furthermore, it should be beneficial to an
animal to initiate behavioral responses in a way that is appropriate for the severity of the stressor. Hence, very high circulating levels of CORT could reflect severe environmental
perturbations that may be incompatible with increased activity
and food-searching behavior, as suggested by Breuner and
Wingfield (7). On the other hand, there are many factors
downstream of CORT secretion that can affect the behavioral
and physiological outcome of a CORT increase. For instance,
the binding of CORT to corticosteroid binding globulin (CBG)
may regulate its action by altering the amount of CORT
reaching target tissues (6). It is possible that the lack of a
response in C200 penguins was related to a strong buffering
action induced by an increase in CBG capacity. However, in
raptor nestlings, the implantation of CORT pellets induced an
increase in CBG capacity that resulted only in an attenuated
increase of free CORT levels, attesting that total CORT levels
were buffered only to a small degree (28). Future studies
examining the time course of CBG capacity and free CORT
levels in response to a stressor of different severity (or to
several doses of CORT), should provide further insight into the
mechanisms that regulate CORT actions in fasting seabirds.
Effects of CORT implants on plasma metabolites. In C100
penguins, we observed a shift from lipid to protein utilization,
as reflected by the increase in uric acid levels and the decrease
in ␤OHB concentrations (Table 3). This observation is in
agreement with the role of CORT in the fasting-induced rise in
protein utilization that was reported in rats (9). Interestingly,
the highest dose of CORT in our study (C200), which did not
affect locomotor activity, also provoked a less pronounced
effect on uric acid levels, when compared with C100 penguins
(Table 3). Similar to the dose-dependent effect of CORT on
locomotor activity, it seems that the action of CORT on protein
breakdown also depends on its concentration. Criscuolo et al.
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role of hormones in the orchestration of nest abandonment, it
would be of great interest to investigate the respective role of
CORT and prolactin in nest desertion in breeding birds using
experimental approaches.
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