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The alternation of short/coastal and long/pelagic foraging trips has been proposed as a strategy for sea-

birds to reconcile self-feeding and parental care. Both types of foraging trips may result in different

foraging efforts and diet qualities, and consequently are likely to modify the oxidative status of seabirds.

We examined the relationship between the oxidative status of Adélie penguins and (i) the duration of

their foraging trips and (ii) their plasma d13C values reflecting their spatial distribution.

The oxidative status did not correlate with the foraging trip duration but with the d13C values: high

values being associated with high levels of oxidative damage.

This relationship is likely to be related to the prey properties of penguins as both parameters are largely

determined by the diet. Two non-exclusive hypotheses can be proposed to explain this relationship:

(i) penguins foraging in coastal areas feed on a diet enriched in 13C and depleted in antioxidant

compounds; (ii) birds with low antioxidant capacity are constrained to forage in coastal areas.

Our study is the first to show that the adoption of different foraging strategies is associated with differ-

ent levels of oxidative stress. However, further studies are needed to investigate the underlying

mechanisms of this intriguing relationship.
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1. INTRODUCTION
One strategy adopted by seabirds to reconcile self-feeding

and parental care consists in performing foraging trips of

different durations. Short foraging trips result in

increased provisioning rate to offspring while long fora-

ging trips result in decreased provisioning rate but allow

parents to restore their body reserves (Chaurand &

Weimerskirch 1994; Weimerskirch 1995). The most

plausible reason for why foraging trips are short or long

is that seabirds adopt different spatial foraging distri-

butions at sea: short trips are more coastal while long

trips are more oceanic (Weimerskirch et al. 1997, 1998;

Catard et al. 2000; Hamer et al. 2001).

This alternation in spatial foraging distribution

may be associated with a change in the diet of seabirds

(Weimerskirch et al. 1998; Cherel et al. 2005a). For

instance, white-chinned petrels Procellaria aequinoctialis

feed mainly on fish during short/coastal trips while they

feed on krill and fish during long/pelagic trips (Catard

et al. 2000). The biochemical composition of these prey

items may differ and thereby influence the biochemistry

and the physiology of the consumer. For example, two

of the most common prey in the Austral Ocean, Antarctic

krill Euphausia superba and fish, exhibit close energy and

protein contents but differ both quantitatively and quali-

tatively in their fat and antioxidant contents. Krill

contains less fat than fish (Yanagimoto et al. 1979;

Friedrich & Hagen 1994) but more polyunsaturated
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fatty acids (Tierney et al. 2008) and antioxidants (Tou

et al. 2007). As the antioxidant capacity of birds reflects

the antioxidant content of their diet (as shown by the

positive relationship between dietary antioxidants and

blood antioxidant capacity in birds; Cohen et al. 2009),

it is likely that seabirds feeding predominantly on krill

exhibit higher antioxidant capacity than those feeding

on fish. The selection of krill during long/pelagic trips,

as observed in white-chinned petrels (Catard et al.

2000), may consequently be associated with a low oxi-

dative stress, i.e. a high antioxidant capacity relative to

the production of reactive oxygen species (ROS) (Finkel &

Holbrook 2000). In contrast, because polyunsaturated

fatty acids are more susceptible to peroxidation than

monounsaturated fatty acids (Hulbert 2008), a diet with

a high content of polyunsaturated fatty acids such as

krill may be associated with higher oxidative stress

( Jenkinson et al. 1999). Therefore, by selecting prey with

different compositions during short/coastal and long/

pelagic trips, seabirds may modulate their oxidative

status, depending on the antioxidant content of their

prey relative to the pro-oxidant effect of this prey (for

instance, through its content in polyunsaturated fatty

acids).

Moreover, the cost associated with the different fora-

ging trips may also impact the oxidative status of

seabirds. Indeed, short trips, energetically more costly

than long trips (Weimerskirch et al. 2003), are likely to

be related to higher oxygen consumption and

consequently to greater ROS production (Loft et al.

1994).
This journal is q 2009 The Royal Society
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In the present study, we examined whether the

oxidative status of Adélie penguins Pygoscelis adeliae

was related to (i) the duration of their foraging trips and

(ii) their plasma ratio 13C/12C (further referred to as

d13C) giving an index of the spatial distribution of

birds (Kelly 2000; Inger & Bearhop 2008).
2. MATERIAL AND METHODS
We first examined the relationship between oxidative status

and foraging strategies in penguins subject to the same

environmental conditions but performing foraging trips of

different durations. We took into consideration potential con-

founding factors susceptible to modulate foraging efforts

such as the brood size, the sex of the parent and the sex of

the chicks (Beaulieu et al. 2009). Then, we examined the

relationship between oxidative status and foraging strategies

for 2 years by considering when the same individuals chan-

ged the duration of their foraging trips as well as their

spatial distribution because of different environmental

conditions (Beaulieu et al. in press).

(a) Study species

The Adélie penguin is a long-lived species (maximum

lifespan: 20 years; Ainley 2002) where breeding cycle com-

prises four phases: (i) the courtship from mid-October to

early November; (ii) the incubation of one or two eggs for

30–36 days; (iii) the guard stage (from mid-December to

mid-January) when both parents alternate foraging at sea

and chick attendance at nest; and (iv) the crèche stage (from

mid-January to mid-February) when both parents can forage

at the same time leaving the chick(s) alone in the colony.

(b) Fieldwork

The study took place in Dumont d’Urville (668400S;

1408010E), Adélie Land, Antarctica, in summers of

2006–2007 and 2007–2008. In 2006–2007, penguins

performed short foraging trips and fed in more coastal

areas than in 2007–2008 (Beaulieu et al. in press).

Eleven stable pairs were followed during the two consecu-

tive summers. These pairs were visually identified during the

courtship period and their nests were observed every 2 h to

obtain the duration of their foraging trips throughout the

breeding cycle (Beaulieu et al. in press). Penguins were

weighed during the chick-rearing period, 40–45 days after

egg-laying, when parents alternate periods at sea (duration:

1–2 days) and periods on the nest. At the same time,

approximately 1.5 ml of blood was collected in heparinized

syringes in less than 5 min after capture. Blood samples

were then centrifuged and plasma samples were frozen at

2208C for further analyses.

In 2007–2008, among the 11 pairs, we selected those that

had only one chick during the chick-rearing period. We com-

pleted this group with new pairs also with only one chick to

avoid the potential bias owing to different brood size on fora-

ging effort (Beaulieu et al. 2009). A sample of 18 pairs with

one chick was then constituted and underwent the same

procedure as that described above.

Adults were sexed by cloacal inspection and by obser-

vation of copulations. As foraging effort may be modulated

by the sex of the chick, we also determined the sex of the

chicks of the pairs monitored in 2007–2008, by molecular

sexing from feathers collected at the end of the season

(Beaulieu et al. 2009).
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(c) Laboratory analyses

As previously described in birds (e.g. Costantini 2008;

Costantini et al. 2007), oxidative stress was measured

in plasma samples by using the d-reactive oxygen

metabolites (d-ROM) and the oxy-adsorbent tests (Diacron

International).

The d-ROM test measures plasmatic hydroperoxydes,

a reactive oxygen metabolite (ROM) resulting from the

attack of ROS on organic substrates (carbohydrates, lipids,

amino acids, proteins, nucleotides). The plasma (4 ml) was

first diluted in 200 ml of an acidic buffer solution (pH ¼

4.8) and 2 ml of chromogen (N,N-diethyl-p-phenylenedia-

mine) and then incubated at 378C for 75 min. These acidic

conditions favour the release of iron ions from plasma pro-

teins, which catalyse the breakdown of hydroperoxyde into

alkoxyl and peroxyl radicals. These final products in turn

react with the chromogen and produce a complex where

colour intensity, read with a microplate reader (490 nm, Stat-

fax3200, Awareness Technology Inc.), is proportional to its

concentration. The concentration of hydroperoxyde was

then calculated by comparison with a standard solution

whose oxidative activity on the chromogen is equivalent to

the activity of H2O2 (0.08 mg dl21). Measurements were

therefore expressed as mg dl21 H2O2 equivalents. Intra- and

inter-assay coefficients of variations were 8 per cent and 6

per cent, respectively.

The oxy-adsorbent test measures the total plasma anti-

oxidant capacity. This test evaluates the plasma ability

to oppose the massive oxidative action of a hypochlorous

acid (HClO) solution. The plasma (2 ml) was first diluted

1 : 100 with distilled water; 5 ml of this solution was then

incubated with 200 ml of a titred HClO solution at 378C
for 10 min. Then, 5 ml of chromogen (N,N-diethyl-p-pheny-

lenediamine) was added to measure the excess of HClO in

plasma. The resulting coloured complex, read with a spectro-

photometer (490 nm, Statfax3200, Awareness Technology

Inc.), is inversely related to the antioxidant power. The

plasmatic antioxidant capacity was then calculated by com-

parison with a standard solution. Measurements were

expressed as mmol21 HOCL neutralized. Intra- and

inter-assay coefficients of variations were 7 per cent and

4 per cent, respectively.

As phytoplankton, at the base of marine foodwebs, is

richer in 13C values in coastal than in pelagic areas (France

1995), animals foraging and feeding in coastal areas exhibit

higher d13C values than pelagic foragers (Cherel & Hobson

2007). Moreover, isotopic values mirror the diet throughout

the period of tissue synthesis (Kelly 2000; Inger & Bearhop

2008). Therefore, our 13C measurements on plasma, whose

turnover is about 3 days (Hobson & Clark 1993), reflected

the diet of penguins during the foraging trip preceding

blood sample. Isotopic analyses were carried out at the

Centre de Recherche sur les Ecosystèmes Littoraux Anthro-

pisés (CRELA, France). As recommended by Cherel et al.

(2005b), plasma samples (200 ml) were delipidated, as

lipids, depleted in 13C, decrease plasmatic d13C values

(Cherel et al. 2005a). Then, they were lyophilized (48 h)

and powdered (Hobson et al. 1997). Results are expressed

in the standard d notation (‰) relative to PDB (PeeDee

Belemnite). Intra- and inter-assay coefficients of variation

were 0.88 per cent and 0.42 per cent, respectively. This

technique has already allowed us to highlight different

spatial distributions of Adélie penguins according to sea-ice

conditions: in 2007–2008, when fast ice remains for longer
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Figure 1. Scatter plots showing the relationships between
(a) d13C values and oxidative damage: r ¼ 0.531; p ¼ 0.001.
(b) Oxidative damage and antioxidant capacity: r ¼ 20.463;
p ¼ 0.005.

Table 1. Results of general linear models (GLMs) assessing
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in Adélie Land than in 2006–2007, penguins foraged in

more oceanic areas (Beaulieu et al. in press).

(d) Statistical analyses

First, we assessed in 2007–2008 whether body mass, d13C

values, oxidative status and the duration of the foraging trip

preceding blood sampling differed between males and

females. As the sex of the chick affects foraging trip duration

(Beaulieu et al. 2009), we also considered this parameter and

we used general linear models (GLMs) with the sex of the

adult, the sex of the young and their interaction as fixed fac-

tors. For the duration of foraging trips, data were log-

transformed to obtain normality of residuals. Second, we

conducted Pearson or Spearman correlations (according to

normality of data) to investigate the relationships between

parameters in males and females. When the GLMs indicated

no differences between sexes, we conducted the same corre-

lations including males and females together. Inter-annual

comparison for oxidative status was carried out by using gen-

eral linear mixed models (GLMMs) to avoid the problem of

pseudoreplication as our statistical analyses involved the

same penguins. Individuals were considered as a random

factor while the year, the sex and their interaction were

used as fixed factors. Normality of residuals was assessed

with a Shapiro–Wilk test.

All analyses were conducted using SPSS 16.02 (SPSS

Inc.). Results are expressed as means+ s.e. and significance

level was set at a ¼ 0.05.

the influence of the sex of the adult and the chick on adult
body mass, d13C ratio, oxidative status and the duration of
the foraging trip preceding blood sampling.

adult sex chick sex interaction

F p F p F p

body mass 13.342 0.001 1.527 0.226 1.301 0.263

d13C 0.416 0.524 0.251 0.620 0.010 0.920
ROM 0.122 0.730 1.483 0.232 0.170 0.683
OXY 0.299 0.589 0.873 0.357 0.180 0.674
foraging

trip

duration

11.446 0.002 2.217 0.147 0.287 0.596
3. RESULTS
(a) Intra-annual analyses (2007–2008)

Males were heavier than females when blood was sampled

(5.16+0.11 and 4.46+0.11 kg, respectively) and they

had performed shorter foraging trips than females

(1.10+0.15 and 1.74+0.15 days, respectively) before

blood sampling (table 1). Neither the adult sex nor the

chick sex affected d13C values or the oxidative status of

parents (table 1): d13C values (225.74+0.12 and

225.63+0.12‰, respectively), ROM levels (6.64+
0.52 and 6.90+0.51 mg H2O2 dl21, respectively) and

the antioxidant capacity (185.37+18.56 and 171.13+
18.28 mmol21 HOCL neutralized, respectively) were

similar in males and females.

As d13C and oxidative values were independent of

adult sex, data of male and female were first pooled.

ROM levels were positively correlated with d13C values

and negatively correlated with the antioxidant capacity

of birds (figure 1). These trends were found in males

and females although they were not significant for females

(figure 2). In contrast, body mass and foraging trip dur-

ation before blood sampling were not correlated with

d13C values or the oxidative status (all p . 0.05).

Within pairs, the males’ and females’ body mass were

not related (Pearson correlation: r ¼ 0.034, p ¼ 0.896). In

contrast, there was a significant positive relationship

between males’ and females’ d13C values and between

males’ and females’ oxidative status (figure 2).

(b) Inter-annual analyses (2006–2007

versus 2007–2008)

The sex of penguins had no effect on ROM levels

(GLMM: F1,18 ¼ 1.42, p ¼ 0.25) and on their antioxi-

dant capacity (GLMM: F1,18 ¼ 1.06, p ¼ 0.32).
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However, there was a strong inter-annual effect

(figure 3): in 2006–2007, when penguins foraged in

more coastal areas, ROM levels were higher (GLMM:

F1,18 ¼ 27.00, p , 0.001) and their antioxidant capacity

was lower (GLMM: F1,18 ¼ 27.03, p , 0.001) than in

2007–2008 when sea-ice conditions forced the penguins

to forage in more oceanic areas (Beaulieu et al. in press).
4. DISCUSSION
Foraging trip duration has been found to be related to

energy expenditure with short foraging trips being more

costly than long foraging trips (Weimerskirch et al.

2003). As high energy expenditure is likely to increase

oxidative stress through increased oxygen consumption

(Loft et al. 1994), we expected foraging trip duration

and oxidative status also to be related. However, in our

study, foraging trip duration was not related to the

oxidative status of penguins.

Instead of a relationship between the oxidative status

and the foraging trip duration, we found a relationship
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Figure 3. Oxidative damage (white histograms) and antioxi-
dant capacity (black histograms) in the same group of 11
stable pairs of Adélie penguins in 2006–2007 and
2007–2008.
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between the oxidative status and d13C values of penguins:

penguins with higher plasmatic d13C values also experi-

ence greater oxidative damage. To our knowledge, no

other study has previously described this relationship at

the scale of the organism. As d13C values and the

antioxidant capacity of birds are largely determined by

food intake (Inger & Bearhop 2008; Cohen et al. 2009),

differences in diet quality can be implicated.

Firstly, a direct impact of food 13C content on the like-

lihood to suffer from more oxidative stress can be

suggested. It has been proposed that a diet enriched in
13C might decrease damage caused by ROS on proteins,

nucleic acids or lipids, as biomolecules that incorporate

heavier isotopes such as 13C may be more stable and suc-

cessfully resist to oxidative stress (Shchepinov 2007). In

disagreement with this hypothesis, Adélie penguins, feed-

ing on a diet richer in 13C than terrestrial birds (Inger &

Bearhop 2008), exhibit higher ROM levels than most ter-

restrial bird species (reviewed in Costantini et al. 2007).

Moreover, in our study, penguins with higher d13C

values also had higher oxidative damage. This suggests
Proc. R. Soc. B (2010)
that the potential beneficial direct effect of 13C on

oxidative status is negligible compared with other par-

ameters such as the antioxidant properties of the diet

(Cohen et al. 2009).

In Adélie Land, Adélie penguins rely mainly on Ant-

arctic krill and Antarctic silverfish (Pleuragramma

antarcticum, Ridoux & Offredo 1989). Antioxidant levels

are higher in krill than in fish (Tou et al. 2007) and may

explain the inter-annual differences in the antioxidant

status of penguins observed in our study. Indeed, the con-

tribution of fish, poorer in antioxidants, was slightly more

important in the penguins’ diet in 2006–2007 (Beaulieu

et al. in press) when their antioxidant capacity was

lower. In addition, Antarctic silverfish inhabit more

coastal areas (with higher d13C values) than Antarctic

krill (Cherel 2008). This suggests that the relationship

between the d13C values and the oxidative status of pen-

guins is likely to be due to the different antioxidant

levels of their prey living predominantly either in coastal

(fish) or in oceanic (krill) areas.

Krill also contains higher levels of polyunsaturated

fatty acids than fish (Tierney et al. 2008), a class of

lipids known to have a pro-oxidant impact at the cell

(Mazière et al. 1999) and organism levels (Jenkinson

et al. 1999). In humans, a diet enriched with 15 per

cent of polyunsaturated fatty acids adversely affects lipid

peroxidation levels. However, the coupling of antioxidant

treatments to diets rich in polyunsaturated fatty acids has

been suggested to re-equilibrate the oxidative balance

(Jenkinson et al. 1999). This is likely to be the case in

penguins, as krill, rich in polyunsaturated fatty acids, is

also characterized by high antioxidant contents.

Another hypothesis explaining the relationship

between oxidative status and d13C values of penguins

(and therefore their foraging distribution) could be that

birds with high antioxidant capacity and thus low oxi-

dative damage were able to forage in oceanic waters

while those with low antioxidant capacity and high oxi-

dative damage were constrained to forage in coastal

waters. In birds, age affects the antioxidant capacity

(Bize et al. 2008; Costantini 2008), the foraging effort
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and the spatial foraging range of seabirds (Catry et al.

2006) that, in turn, may also affect oxidative status. As

there is an assortative mating by age in Adélie penguins

(Reid 1988), this may explain the positive correlation

between males’ and females’ oxidative statuses and

between males’ and females’ d13C values. This suggests

that male and female Adélie penguins of similar age and

oxidative status share the same foraging spatial

distribution.

In conclusion, our study revealed that, in contrast to

foraging trip duration, the oxidative status of Adélie pen-

guins was related to d13C ratios and therefore presumably

to the spatial distribution of their prey. To go further into

the understanding of the respective influences of diet and

age on the oxidative status of penguins, an experimental

approach appears necessary. In this context, it would be

worthwhile to measure the oxidative status of penguins

in captivity fed with different controlled diets (e.g. krill

versus fish), in parallel with a longitudinal study examin-

ing the changes in oxidative status of known-age penguins

over their lifetime.
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Ainley, D. G. 2002 The Adélie penguin. Bellwether of climate

change. New York, NY: Columbia University Press.
Beaulieu, M., Thierry, A. M., Raclot, T., Maho, Y.,

Ropert-Coudert, Y., Gachot-Neveu, H. & Ancel, A.

2009 Sex-specific parental strategies according to the
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