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� Je tiens tout d’abord à remercier mes parents et ma sœur, car sans 

leur aide, leur soutien quotidien et leur compréhension, il aurait été difficile 

d’envisager la poursuite des belles et longues études ayant menées in fine à 

ce travail de thèse. 

 Définir un ordre dans les remerciements est une mission aussi 

impossible que de réaliser un travail de thèse sans aide, et donc je vous prie 

d’excuser l’ordre qui risque d’être un peu brouillon. 

 Tout d’abord, un immense merci et une reconnaissance éternelle sont 

attribués à un descendant direct de Napoléon, le Dr. François Bonaparte-

Criscuolo. Merci pour l’excellent encadrement de cette thèse, merci pour le 

soutien scientifique et personnel sans failles, merci pour les idées 

lumineuses, merci pour la variété des opportunités scientifiques offertes 

lors de ce travail de thèse, merci d’avoir su me donner l’envie au cours de 

ces 3 années de toujours et encore vouloir faire de la recherche, merci de 

représenter avec brio les (rares ?) chercheurs ayant un ego justement 

proportionné et des qualités humaines développées, merci pour tant de 

choses qu’il serait difficile de toutes les nommer. 

 Tous mes remerciements et ma gratitude au Dr. Massemin-petite-

maison-dans-la-montagne pour son encadrement, son soutien scientifique et 

moral, son aide et les bons moments passés sur le terrain. Merci également 

de m’avoir suivi de ma première année à l’université (L1 : MTU) à ma dernière 

année de thèse : 2005-2013 ça fait quelques années au final, et merci d’avoir 

su me donner l’opportunité et l’envie d’enseigner! 
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 Malgré mon amour pour la France, ce travail de thèse n’aurait été que 

l’ombre de lui-même sans l’aide précieuse et sans faille du plus fameux Dr. 

Suisse : Pierre Bize, alias le transformateur-fou-de-manuscrits. Merci 

d’avoir mis tant de couleurs, mais également de bonnes idées dans un bon 

nombre des articles composant cette thèse. Merci pour ta sympathie, ta 

réactivité et ton soutien sans failles au cours de ces 3 années, et je n’ai 

qu’une chose à dire : pourvu que cela continue! 

 Je souhaite adresser mes plus grands remerciements aux membres 

ayant accepté de faire partie de mon jury de thèse : le Professeur François 

Gauer (Université de Strasbourg), le Professeur Yann Voituron (Université 

de Lyon), Professor Neil Metcalfe (University of Glasgow) & le Dr. Pierre 

Bize (University of Aberdeen). Un grand merci à tous les quatre, car sans 

critiques et évaluations, le travail scientifique ne représenterait pas grand 

chose. 

 Le travail scientifique ne saurait également exister sans 

collaborations, et de ce fait je souhaite remercier du fond du cœur toutes 

les personnes qui ont contribué scientifiquement aux travaux présentés 

dans cette thèse. Un grand merci à Anne Delestrade et son équipe du CREA 

de Chamonix pour l’accueil, pour l’opportunité de donner un côté un peu 

plus ‘éco’ à ma thèse, pour la découverte de Vallorcine et ses environs, et 

pour sa sympathie et sa bonne humeur quotidienne. Un grand merci à Damien 

Roussel mais également à Caroline Romestaing & Karine Salin pour m’avoir 

fait découvrir le monde si particulier de la mitochondrie (l’isolée, la vraie !), 

merci pour les km de papier ruban  à analyser, les journées mitochondries 

au doux son de la radio et des grenouilles qui chantent ! Mes plus grands 

remerciements à Joffrey Zoll et son équipe pour leur aide et leur 



1���������	
����
�������������1�������������������

compétence sur le fonctionnement mitochondrial, merci infiniment de m’avoir 

ouvert les ‘portes de la mitochondrie’. Un grand merci aux amis du grand 

sud ‘119iens’ (JP et les autres) de m’avoir permis de mettre un pied dans le 

monde merveilleux du manchot royal, mais également de me permettre de 

mettre le second à Crozet cet automne. Je tiens à adresser des 

remerciements particuliers à Vincent Viblanc pour son aide scientifique et 

son soutien, aussi bien lors de ce travail de thèse qu’auparavant (et après 

j’espère !). Un grand merci à Sandrine Zahn de m’avoir aussi bien formé aux 

pratiques de laboratoires, et d’avoir mis à profit sa maitrise de la qPCR 

pour ce travail de thèse. Un grand merci à Frédéric Gros pour m’avoir initié 

à la cytométrie en flux et avoir toujours été présent et enthousiaste pour 

des mesures sur des drôles d’animaux! Un grand merci à Caroline Habold 

pour son aide avec les souris tandis que Bonaparte était parti à la conquête 

de Crozet! Je tiens également à remercier les étudiants de master que j’ai 

pu aider/encadrer lors de ces 3 ans de thèse : Julie, Olivier, Aude, Quentin 

et Mathilde. Un remerciement particulier à Quentin pour le travail accompli 

sur les diamants mandarins, pour ses bonnes idées et son amitié, mais 

également à Mathilde pour sa bonne humeur, sa gentillesse et les relectures 

de certaines parties de ce manuscrit. Je vous souhaite à tous les deux un 

bel avenir scientifique et personnel! Je souhaite également remercier Joanna 

Lignot (Munro Language Services) pour la correction ‘anglophonique’ de la 

prose présentée dans les chapitres 1 et 5, mais également dans l’article 4.  

 Pour innover un peu, je remercie du fond du cœur tous les étudiants 

à qui j’ai pu enseigner pendant ces trois années, de la première année de 

Licence à la dernière année de Master. Merci pour votre patience et votre 
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compréhension, mais également merci pour le divertissement et certaines 

phrases cultes dans vos copies (‘le mouton mange la souris’).  

 Je souhaite adresser des remerciements particuliers à Stéphane Blanc, 

pour m’avoir accueilli pour ma première expérience de recherche au sein du 

DEPE. Un grand merci, car il est évident que sans la qualité de son 

encadrement et son soutien ma route aurait sans doute quitté le monde de 

la recherche. Je souhaite également remercier chaleureusement Odile Petit, 

directrice du département, pour son accueil, sa confiance, sa bonne humeur 

et son soutien sans faille aux étudiants du DEPE. 

 Remercier chaque membre du DEPE qui le mérite serait une tâche 

impossible tant il y a de personnes rentrant dans cette catégorie ! Je vous 

adresse donc un ggrand merci à tous, mais je souhaite quand même 

remercier quelques artistes en particulier, notamment Yan le roi de la bonne 

humeur, de la bonne bouffe et des bons conseils, Thierry le roi du poisson 

et autres mets avariés pour son humour et son maillot rose de cycliste 

qu’on attend toujours, JP pour son côté plus que déjanté mais toujours 

prêt à aider, et Cédric pour sa bonne humeur naturelle et son soutien. 

 Un grand merci à la folle jeunesse du DEPE, spécifiquement à tous 

les doctorants ayant été impliqués dans l’organisation de la 9ème édition du 

colloque « Ecology & Behaviour » ce printemps. Un grand merci pour votre 

soutien, pour votre amitié et pour les moments inoubliables vécus avec 

vous! Des remerciements spéciaux à ceux qui sont bien plus que des 

collègues : à minimoy de ne jamais avoir dépassé 1,20m et d’avoir inventé le 

bracelet de cheville, à Anne-mat pour son calme légendaire et pour avoir été 

une fausse Suisse pour les arbitrages intra-bureau (toujours en ma 

défaveur ; oui oui, la bonne foi m’habite toujours), à Laure pour son esprit 
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« bien placé » et ses gouts musicaux déjantés (pan, pan, pan…). Une 

mention très spéciale pour Sophie, pour avoir supporté mes humeurs, ma 

bonne foi, mon vocabulaire limité à 500 mots, mon sens de la contradiction, 

mes petites blaques, ma sobriété en conférence, et tant d’autres choses!   

 Je souhaite remercier les fantastiques amis ‘extra-labo’ qui ont su 

être présents au cours de ces 3 années, avec une attention particulière pour 

mon ami de toujours Max, pour la folle équipe des horse-balleurs 

d’Eckbolsheim, pour tous les amis de l’écurie au sens large, mais également 

pour Virginie, Céline, Alex, Emma, Fred, Matichou, Rémy, Carole, Julien H (dit 

le chauve) et bien entendu ma petite Maman / Marion. 

 Il faudrait trois pages pour témoigner à Flo tous les remerciements 

qu’elle mérite pour m’avoir supporté et soutenu tout au long de ces trois 

années. Un grand merci même si c’est un mot bien faible pour faire part de 

la gratitude que j’ai envers toi. 

 Je finirai par remercier celle avec qui j’ai découvert le monde de la 

recherche, qui a été plus que présente au cours des 5 dernières années, et 

à qui toute mon amitié va naturellement. Milles merci Céline pour tous les 

bons (et les moins bons) moments passés ensembles, ta présence a été 

d’une aide inestimable tout au long de ces années. 

�
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‘Biologists must constantly keep in mind that what they 

see was not designed, but rather evolved. ’ 

 

Francis Crick, 1990 
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Catching-up but telomere loss: half-opening the black
box of growth and ageing trade-off in wild king penguin
chicks
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Abstract

One of the reasons for animals not to grow as fast as they potentially could is that fast

growth has been shown to be associated with reduced lifespan. However, we are still

lacking a clear description of the reality of growth-dependent modulation of ageing

mechanisms in wild animals. Using the particular growth trajectory of small king

penguin chicks naturally exhibiting higher-than-normal growth rate to compensate for

the winter break, we tested whether oxidative stress and telomere shortening are related

to growth trajectories. Plasma antioxidant defences, oxidative damage levels and

telomere length were measured at the beginning and at the end of the post-winter

growth period in three groups of chicks (small chicks, which either passed away or

survived the growth period, and large chicks). Small chicks that died early during the

growth period had the highest level of oxidative damage and the shortest telomere

lengths prior to death. Here, we show that small chicks that grew faster did it at the

detriment of body maintenance mechanisms as shown by (i) higher oxidative damage

and (ii) accelerated telomere loss. Our study provides the first evidence for a mechanistic

link between growth and ageing rates under natural conditions.

Keywords: ageing, bird, growth compensation, oxidative stress, telomere
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Introduction

The incredible size variability among organisms has

attracted much attention of many studies in the context

of life history theory (Arendt 1997). Of particular inter-

est to ecological studies is the display of intra-specific

size variability and its fitness consequences (Altmann &

Alberts 2005; Gagliano & McCormick 2007). The way

that size impacts upon fitness is not simply a question

of ‘eating when big or getting eaten when small’ but

also depends on how optimal size is reached for a

given life stage. Intuitively, one would expect large size

to be achieved quickly through fast growth, and thus

organisms would always grow as fast as possible. How-

ever, it is now well-known that growth rates are slower

than the maximum potential, one of the reasons (other

than insufficient food availability or physiological con-

straints, such as changes in developmental maturity of

tissues, Ricklefs 1969) being that high growth rates

carry fitness costs: in addition to the higher risk of pre-

dation associated to increased foraging activities, physi-

ological costs of rapid growth have been largely

documented (see Munch & Conover 2003). Therefore,

whether it became evident that a trade-off with growth

must exist, understanding the mechanisms through

which rapid growth may induce a suboptimal adult

phenotype (for a given genotype), remains a central

focus in evolutionary ecology and medicine (Lindstrom

1999; Metcalfe & Monaghan 2001; Gluckman & Hanson

2004); for example, given the strong relationship

between size and fitness (Richner 1989), growth com-

pensation is expected once feeding conditions turn ade-

quate again for individuals that have had to face a bad
Correspondence: Francois Criscuolo, Fax: +33 (0)3 88 10 69 06;

E-mail: francois.criscuolo@iphc.cnrs.fr
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nutritional period. Growth compensation can be

reached either through delaying age at maturity and

extending the growth period (De Block et al. 2008) or

by displaying accelerated growth rates over the normal

period of time growth usually occurs (Metcalfe &

Monaghan 2001). Despite its short-term benefit (i.e.

reaching an adequate size at fledgling), catch-up growth

carries several physiologically associated costs

(Criscuolo et al. 2008; Auer et al. 2010), among which

one important long-term drawback is an associated

reduction of longevity (Ozanne & Hales 2004). How-

ever, this suggestion is mainly based on experiments

conducted under controlled environmental conditions,

and, despite the fact that compensatory growth is

known to occur in wild conditions (Bjorndal et al. 2003;

Johnsson & Bohlin 2005; Bize et al. 2006), only scarce

evidence of reduced longevity as a cost of accelerated

growth has been described in free-living species (Johns-

son & Bohlin 2010).

The proximal mechanisms underlying the growth–

ageing relationship remain to be defined (Metcalfe &

Monaghan 2003). Among the potential candidates, oxi-

dative stress has been suggested to play an important

role (Alonzo-Alvarez et al. 2007; De Block & Stoks

2008). Oxidative stress is one of the main factors impli-

cated in ageing theories (Beckman & Ames 1998) and

may trigger quicker ageing notably via accelerated telo-

mere erosion (von Zglinicki 2002; Tarry-Adkins et al.

2009). Indeed, telomeres form the termini of chromo-

somes and their reduction with age is one of the main

mechanisms explaining cell senescence (Monaghan &

Haussmann 2006). Until now, however, there has been

no data examining whether oxidative stress and telo-

mere erosion may be observed in young individuals

that had to catch-up from a bad start in wild condi-

tions.

The king penguin (Aptenodytes patagonicus) is the only

seabird species in which the chick has to face the sub-

antarctic winter period alone, while its parents are for-

aging at sea. During this time, roughly half of the

chicks are never fed by their parents and then suffer

from a high mortality (Weimerskirch et al. 1992). There-

fore, complete growth spreads out over 11 months (one

of the longest growing period in birds), mainly because

parental feeding and consequently growth is inter-

rupted during winter. Interestingly, if chicks differ in

body mass and size at the beginning of the last phase

of growth (when the winter fast ends), they, neverthe-

less, all seem to reach similar values at fledging

(3 months later, Verrier 2003), suggesting that different

growth rates may be exhibited by chicks during the

post-winter growth phase. It is likely that these chicks

must reach a threshold in either size or body condition

(body lipid and protein content) before moulting and

departure at sea. These natural variability and evolu-

tionary constraints acting on king penguin growth tra-

jectories are unique opportunities to test the hypothesis

that compensatory growth actually occurs in that spe-

cies and induces an oxidative stress, which ultimately

results in higher telomere shortening rates over the

growth period.

Methods

Our study was conducted in the colony of ‘La Grande

Manchotière’ (approximately 24 000 breeding pairs),

Possession island, Crozet archipelago (Terres Australes

Antarctiques Françaises) located 46�25¢S; 51�52¢E. The

study began at the end of the austral winter and ended

the next summer when chicks started moulting (end of

the main second growth period).

The growth period in king penguin

Briefly, the growth period of king penguin chicks can

be divided into three phases (Fig. 1). Following hatch-

ing, a first rapid growth phase (roughly 2.5 months)

occurs, which is interrupted by the arrival of the winter

period (i.e. a winter break phase of approximately

4.5 months). Indeed, following a sharp drop in marine

resources in the sub-Antarctic area in early May, par-

ents are required to rejoin the marginal sea ice (some

1800 km south off their colonies) to forage at sea (Bost

et al. 2004). Winter is then the most sensitive period for

king penguin chicks that are left fasting in the colony
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Fig. 1 Representation of body mass dynamics of king penguin

chicks followed over their three successive phases of growth.

Both early hatched chicks (January–early February) and late-

hatched chicks (late February to early March) are represented.

The whole period of development lasts around 11 months. In

the present study, we focused on the last part of development

(black bar) preceding the moult (M) and departure at sea (D).

Adapted from Stonehouse 1960 and Verrier 2003.
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over prolonged periods of time (Cherel et al. 1987; Des-

camps et al. 2002). A second growth period occurs in

the subsequent austral summer, leading to complete

maturation of the chicks (roughly 3 months, Stonehouse

1960; Descamps et al. 2002).

Bird sampling

To obtain a broad range of post-winter growth trajecto-

ries, we visually chose large chicks (n = 14; BM between

6.1 and 10.35 kg) in September, while small chicks

(n = 44; BM between 2.6 and 5.4 kg) were banded until

October 2008 to compensate for the high mortality rate

of this group. Indeed, while no large chicks actually

died from September until fledging, 30 chicks of the

small group were victims of predation and starvation.

We have no data concerning the hatching date of these

birds, but small chicks were expected to grow faster, as

offspring have a comparable size when leaving the col-

ony for their first trip to sea, independently of their

hatching date (Verrier 2003). Chicks were identified

with a plastic band on the flipper. We ended the study

with 28 birds at fledging, of which 14 were initially

small chicks. After the beginning of November, no

death was recorded. Whereas only values from the sur-

viving small chicks were taken into account for analysis

of changes in oxidative stress and telomere length in

relation to growth rate, we, nonetheless, checked

whether the small birds that died early in the study

presented differences in initial values of these variables

(only on 16 small chicks that died for logistic prob-

lems).

Growth measurements

Chicks were captured using a hooked pole (2 m long)

and were immediately immobilized by hand. Upon cap-

ture, chicks were hooded to reduce handling stress. They

were carried to a facility close to the colony where a

blood sample was taken and where body size and mass

were measured. No manipulation exceeded 20 min in

total, and the chicks were released at the place of capture.

From the beginning of September, the chicks were

weighed (±4 g) every 15 days using a platform balance

(Kern IT60K2LIP) and morphometric measurements

were taken: the fully extended flipper length was taken

from the ventral side of the humeral head to the tip of the

flipper. Initial and final body conditions of chicks were

calculated using the residuals of the linear regression

between body mass and flipper length. Plastic flipper

bands were removed after the beginning of the moult.

All chicks departed to sea on average 15 days (range 7–

30 days) after the last manipulation. To evaluate the

post-winter growth rate in body mass and flipper length,

we used the slope of the linear regression fitting for body

mass or flipper length in relation to time for each individ-

ual. A linear relationship was the best-fitting model for

our growth data, given that we were only working on a

part of the growth period (mass growth, mean r value =

0.896 ± 0.023; flipper growth, mean r value = 0.942 ±

0.011, n = 28).

Oxidative stress and telomere measurements

Blood samples from the flipper vein were taken both at

the end of the winter (August–September), i.e. during

the first morphometric measurement, and when the

plastic flipper band was removed (during moult, last

capture, November–January). Samples were centrifuged,

plasma and red blood cells separated and frozen at

)80 �C until analysis was carried out at the laboratory

(Department of Ecology, Physiology and Ethology,

Strasbourg, France). Plasma concentrations of reactive

oxygen metabolites (d-ROMs) and of the antioxidant

capacity (OXY-ADSORBENT) were measured using

Diacron tests (Diacron International, Italy) as previously

described in penguins (Beaulieu et al. 2010; Costantini

et al. 2006 for a detailed description of the methodol-

ogy). Mean coefficient of intra-individual variation was

of 6.91 ± 1.95% and 3.94 ± 1.33%, while mean inter-

plate variation was of 9.73 ± 1.31% and of

10.29 ± 2.06%, for OXY-ADSORBENT and d-ROMs

tests, respectively.

Telomere length was determined using DNA

extracted from red blood cells following the quantita-

tive real-time amplification (qPCR) protocol adapted for

birds and described by Criscuolo et al. 2009;. Primer

sequences for telomere amplification were similar to

previous studies (Bize et al. 2009; Criscuolo et al. 2009),

and as a single control gene, we used the Aptenodytes

patagonicus zinc finger protein (NCBI accession number

AF490194), with primer sequences defined by Primer 3

software as: (Royal1: 5¢-TACATGTGCCATGGTTTTGC-

3¢; Royal2: 5¢-AAGTGCTGCTCCCAAAGAAG-3¢). Pri-

mer concentrations in the final mix were 200 mM for

telomere length (T) determination and 300 mM for the

control gene (S). Final telomere values are expressed as

the ratio between telomere and the single control gene

number of amplification cycles (T ⁄ S ratio, Criscuolo

et al. 2009). Telomere and control gene PCR conditions

were 10 min at 95 �C followed by 30 cycles of 30 s at

56 �C, 30 s at 72 �C and 60 s at 95 �C. Standard electro-

phoresis on a 1.5% agarose gel run in standard TBE

buffer (90 V for 10 min and 130 V thereafter for 30 min,

ethidium bromide staining) was used to determine

qPCR amplicon sizes of the control gene (170 bp) and

of the telomere amplification product (darker band

1502 S . GEIGER ET AL.
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between 50 and 100 bp). All samples were measured on

one plate for telomere amplification and another plate

for the control gene amplification. Amplification effi-

ciencies of the qPCR run were 104% and 100% (telo-

mere and ZENK, respectively). Mean intra-individual

variation was 1.56 ± 0.20% for the telomere assay and

1.47 ± 0.17% for ZENK assay. Because of either lack of

volume of plasma or of poor DNA quality, only 16

birds were used in the analysis of oxidative status (d-

ROMs and OXY-ADSORBENT) and telomere dynamics,

respectively. Sex determination was performed on DNA

extracted from red blood cells following a method

adapted from Griffiths et al. 1998.

Data analyses

Differences in initial values of growth, oxidative stress

and telomere length (recorded at the beginning of the

post-winter growth) among small chicks that resumed

growth, small chicks that died early in the study and

big chicks were tested using a linear model with group

as a fixed factor. Post hoc comparisons were carried out

using Tukey’s tests. Linear mixed models (SPSS V. 18)

were used to examine the dynamics of changes in body

mass, wing length, d-ROM and OXY-ADSOBENT, and

telomere length experienced by the chicks over the

study period. To analyse our data set, random effect of

individual identity (both intercept and slope) was

accounted for to control for nonindependence of

repeated measurements on the same individual. Group

and sex were used as fixed factors, and the duration of

the post-winter growth period was included as a covari-

ate to control for the fact that large birds took a shorter

time to resume their post-winter growth (on average

50 days) than did small chicks (100 days). Normality

was tested afterwards, using the residuals of the model

(Kolmogorov–Smirnov test, all P > 0.05). A regression

analysis was finally used to explicitly test the links

between oxidative damage levels, growth rate, body

condition and telomere loss. All tests were two-tailed,

and P < 0.05 was considered significant. Values are

given as means ± SE.

Results

Initial characteristics of small chicks that died early
in the study

Table 1 describes the initial state of the chicks followed

during the study (small chicks that died and survived

until fledging and big chicks). Chicks differed not only

in body mass, as a result of our experimental design,

but also in body size: small chicks (of both subgroups)

were lighter and smaller than big ones. Interestingly,

those small chicks that did not survive the growth per-

iod exhibited lower plasma antioxidant capacities,

higher plasma levels of oxidative damages and lower

initial telomere lengths than other surviving small

chicks and big chicks. However, telomere length and

oxidative damage were comparable among the two sur-

viving groups of big and small chicks at the beginning

of the experiment. Males and females presented similar

initial body masses (6.1 ± 0.5 vs. 5.9 ± 0.3 kg,

F1,27 = 0.11, P = 0.746), structural sizes (284.8 ± 4.9 vs.

283.5 ± 2.7 mm, F1,27 = 0.11, P = 0.826), antioxidant

capacities (262.6 ± 13.8 vs. 295.9 ± 18.6 lmol HCLO

neutralized ⁄mL, F1,15 = 1.71, P = 0.208) and oxidative

damage levels (62.2 ± 26.5 vs. 73.6 ± 19.6 mg H2O2 ⁄dL,
F1,15 = 0.10, P = 0.756). Body condition was significantly

different between small chicks that naturally died and

big chicks, but did not differ between sexes (0.05 ± 0.52

vs. )0.18 ± 0.29, F1,27 = 0.01, P = 0.908).

Table 1 Mean (±SD) body mass, flipper length, body condition, oxidative balance indices and telomere length of king penguin

chicks at the beginning of the post-winter growth. Values are indicated for the three experimental groups of birds, large chicks

(n = 14), small chicks that died before (n = 16) or survived until fledging (n = 14). Duration of this post-winter growth period is also

indicated for both groups of birds

Large chicks

Small chicks

that died

Small chicks

that survived F P

Variable

Body mass (103 g) 8.1 ± 1.1a 3.2 ± 0.4b 3.9 ± 0.8b 133.4 <0.001

Wing length (mm) 307.9 ± 5.9a 259.8 ± 4.0b 260.4 ± 4.0b 48.3 <0.001

Body condition (residuals mass ⁄ size) 0.3 ± 0.4a )0.6 ± 0.3b )0.3 ± 0.4b 4.7 0.015

Antioxidant capacity (lmol HCLO

neutralized ⁄mL)

309.5 ± 14.8a 167.1 ± 8.8b 257.1 ± 13.4c 52.0 <0.001

Oxidative damage (mg H2O2 ⁄dL) 36.5 ± 15.8a 132.6 ± 16.2b 81.1 ± 13.5a 4.0 0.029

Telomere length (T ⁄ S ratio) 1.31 ± 0.2a 0.54 ± 0.1b 1.48 ± 0.2a 23.6 <0.001

Recorded post-winter growth period (days) 57.3 ± 23.4a 10.5 ± 4.0b 100.1 ± 15.5c 129.2 <0.001

Differences among groups were tested using a linear model. Normality was verified in all cases using Kolmogorov–Smirnov tests (all

P > 0.16). Columns with different letters indicate a significant difference among chick groups (using Tukey’s test).
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Post-winter growth rates

The growth period was longer in small than in large

birds (Table 1), pointing out that those small birds took

longer to resume their growth and to reach the ade-

quate body condition or size for their departure at sea.

There was an overall significant effect of chick group

(i.e. initial body size) on body mass growth, small

chicks accumulating body mass at a higher rate than

large chicks (slope values, small chicks: 0.078 ± 0.004,

mean coefficient of variation 6.7%; large chicks:

0.049 ± 0.007 g ⁄day, mean coefficient of variation

24.2%, Fig. 2, Table 2a). The same effect was found

in flipper length growth (small chicks: 0.504 ±

0.036 mm ⁄day, mean coefficient of variation 8.0%; large

chicks: 0.212 ± 0.040 mm ⁄day, mean coefficient of varia-

tion 29.9%, Table 2b), thereby indicating growth rate

differences reflected both changes in body reserves and

body size. The higher growth rate exhibited by small

chicks resulted in a body mass comparable with large

chick when all birds left the colony (10.51 ± 0.32 (small)

vs. 11.38 ± 0.33 kg (large chicks), F1,27 = 3.607,

P = 0.164), although small chicks still had smaller flip-

pers (303.4 ± 1.8 vs. 320.9 ± 1.8 mm, F1,27 = 47.7,

P < 0.001). Therefore, small chicks were initially smaller

in mass and size, but grew more rapidly after the win-

ter and did compensate totally in body mass and par-

tially in size for their initial bad start. There was no

effect of sex on final mass (males, 11.74 ± 0.47 vs.

females, 10.68 ± 0.26 kg, F1,27 = 3.66, P = 0.067) or body

size (males, 313.8 ± 2.7 vs. females, 311.6 ± 1.5 mm,

F1,27 = 0.45, P = 0.509).

Post-winter oxidative stress

The dynamic in change of plasma antioxidant capacity

was also different among the two groups (small,

+1.5 ± 18.7 vs. large, )36.5 ± 21.6 lmol HCLO neutral-

ized ⁄mL, Fig. 3, Table 2c), small chicks starting with

lower antioxidant levels but ending with comparable
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Fig. 2 Body mass growth trajectories of two groups of small

(open circles) and large (filled circles) king penguin chicks

measured during the post-winter growth period (between Sep-

tember and December). Linear regression values: small chicks,

r2 = 0.69, F1,108 = 241.0, P < 0.001; large chicks, r2 = 0.21,

F1,67 = 17.9, P < 0.001. Inset: mean linear growth coefficients

differ significantly between the two groups, small chicks grow-

ing at a higher rate than large chicks during the post-winter

growth period (P < 0.001, see Table 2 for statistics). Bars repre-

sent mean ± SE.

Table 2 Results of separate linear mixed models analysing the

differences between our two experimental groups (large and

small king penguin chicks at the end of the winter) on changes

over time of: (a) body mass, (b) flipper length, (c) plasma anti-

oxidant capacity, (d) plasma levels of oxidative damages and

(e) telomere loss

Variable and explanatory

factors or covariates D F P

a. Body mass growth

Group 1, 32.1 62.92 <0.001

Post-winter growth period (days) 1, 150.4 303.98 <0.001

Group · Post-winter growth

period (days)

1, 150.4 7.83 0.006

Sex 2, 22.3 0.42 0.66

b. Flipper length growth

Group 1, 28.8 116.39 <0.001

Post-winter growth period (days) 1, 146.6 353.73 <0.001

Group · Post-winter growth

period (days)

1, 146.6 52.40 <0.001

Sex 2, 24.1 0.15 0.86

c. Modification of the antioxidant capacity

Group 1, 31.7 8.97 0.005

Post-winter growth period (days) 1, 20.0 2.70 0.116

Group · Post-winter growth

period (days)

1, 20.1 5.56 0.029

Sex 2, 18.5 0.33 0.57

d. Modification of the oxidative damage level

Group 1, 30 0.78 0.385

Post-winter growth period (days) 1, 30 6.09 0.021

Group · Post-winter growth

period (days)

1, 30 4.88 0.037

Sex 2, 30 0.07 0.80

Body mass growth 1, 30 4.21 0.044

e. Total telomere loss

Group 1, 35.9 1.13 0.30

Post-winter growth period (days) 1, 18.8 4.12 0.057

Group · Post-winter growth

period (days)

1, 18.8 5.41 0.031

Sex 2, 23.2 0.72 0.41

In each case, chick gender was used as a fixed factor and post-

winter growth duration (time) as a covariate to correct for the

difference in the total length of the growth period observed

between the two groups of chicks. Significant terms are

reported in bold, and nonsignificant terms were dropped

sequentially from the model.
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final antioxidant capacities (small, 270.3 ± 10.5 vs. large,

276.1 ± 11.6 lmol HCLO neutralized ⁄mL, Fig. 3,

Table 2c). On average, small chicks presented a lower

mean antioxidant capacity of the plasma over the study

than large chicks (Table 2c). Small chicks also exhibited

a greater increase in their oxidative damage plasma

levels over growth than large birds (+74.7 ± 20.6 vs.

+27.2 ± 23.9 mg H2O2 ⁄mL, Fig. 3, Table 2d). Chicks

that were initially small exhibited overall higher levels

of oxidative damage than large chicks at the end of

growth (163.1 ± 17.8 vs. 83.4 ± 19.7 mg H2O2 ⁄mL,

Fig. 3, Table 2d). There was a positive regression

between the final oxidative damage levels and the rates

of body mass growth (residual oxidative stress,

r2 = 0.41, F1,15 = 7.57, P = 0.019). Again, there was no

sex effect on these parameters (P > 0.05).

Post-winter telomere shortening

At the end of the winter, both small and large chicks

started their growth period with a similar telomere

length (Table 1), with no sex differences (males,

1.4 ± 0.2 vs. females, 1.4 ± 0.1 T ⁄ S, F1,15 = 0.03,

P = 0.875). On average, telomere length was shortened

during the post-winter growth (from 1.4 ± 0.1 to

1.1 ± 0.1 T ⁄ S, Table 2e). Males and females presented a

comparable decrease in their telomere length, and there

was no impact of growth period duration on telomere

loss (Table 2e). However, the total telomere loss was

higher in small than in large chicks ()0.6 ± 0.2 vs.

)0.01 ± 0.2 T ⁄ S ratio, Table 2e, Fig. 3), the duration of

the growth period being nonsignificant (Table 2e).

Small chicks ended with a mean telomere length of

0.8 ± 0.1 T ⁄ S ratio and large birds with 1.2 ± 0.1 T ⁄ S
ratio, telomere length being comparable between sexes

at that stage (males, 1.3 ± 0.2 vs. females, 1.2 ± 0.1 T ⁄ S,
F1,22.9 = 0.65, P = 0.43).

Interestingly, there was a regression between the abso-

lute values of total telomere loss and of plasmatic levels

of final oxidative damage, i.e. the higher the damages, the
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the winter in relation to their size [big chicks (n = 14) and two
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early beginning of the longitudinal following (n = 16) or that

resumed growth successfully (n = 14)]. Letters indicate signifi-

cant differences, see tables for detailed statistics.
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larger the telomere loss throughout the post-winter

growth period (regression, y = )0.006x + 0.402, r2 = 0.56,

F1,15 = 9.13, P = 0.009, Fig. 4, the impact of antioxidant

capacity being non significant, F1,15 = 1.21, P = 0.29).

Additionally, those birds that resumed their growth with

a better body condition were also those having lost more

telomere sequences, independently of their sex

(F1,15 = 4.84, y = )0.238x + 0.007, r2 = 0.27, P = 0.047, sex

effect, F1,15 = 4.18, P = 0.062).

Discussion

To sum up, chicks from the small group were growing

faster and displayed higher final oxidative damages

than chicks from the large group. In addition to their

implications in ageing theories (Nemoto & Finkel 2004;

Monaghan & Haussmann 2006), oxidative stress and

telomere loss have been recently negatively linked to

both reproductive success and survival rates in several

free-ranging bird species (Bize et al. 2008, 2009; Salo-

mons et al. 2009). Therefore, our results highlight that

in natural conditions, oxidative stress and telomere loss

are likely to link growth to ageing. The present work

gives, to our knowledge, one of the first proximal expla-

nations about how growth can modulate ageing rate in

a wild species.

Impact of fast growth on oxidative stress

Fast growth has been previously reported to have

adverse effects on longevity (Ozanne & Hales 2004; but

see Johnsson & Bohlin 2005). Chronic production of

harmful molecules by aerobic metabolism is inevitable

in the form of reactive oxygen species (ROS), and one

simple (but not always obvious) assertion is that fast

growth implies higher metabolic ⁄oxygen consumption

rates and exposition to ROS, leading, if organism

defences are inadequately low, to a premature accumu-

lation of important cell damages (Beckman & Ames

1998; Mangel & Munch 2005). Even if the core of this

hypothesis can be discussed (Criscuolo et al. 2008), two

previous studies have pointed out that decreased anti-

oxidant defences may result from fast growth and sug-

gested, despite presenting no data on oxidative

damages, that oxidative stress may be part of the link

between growth and lifespan (Alonzo-Alvarez et al.

2007; De Block & Stoks 2008).

Impact of fast growth on telomere loss

Long-term impairment of antioxidant functions has

been found 12 months after a growth acceleration in

rats (Tarry-Adkins et al. 2008), and chronic oxidative

stress is known to be at the origin of many age-related

diseases (Valko et al. 2007). In parallel, correlation

between oxidative stress and telomere shortening is

well-known from in vitro studies, because of the

extreme frailty of telomeric DNA to ROS (von Zglinicki

2002). Association between growth rate and oxidative

stress or between growth rate and telomere loss has

previously been described in vivo (see Monaghan &

Haussmann 2006; Monaghan et al. 2009 for review), but

this is the first characterization of a potential relation-

ship between growth rate, oxidative stress and telomere

loss in a wild species. The impact of fast growth in king

penguin chicks on telomere loss is in accordance with

the previous work conducted on laboratory rats (Tarry-

Adkins et al. 2009). Still, other factors may be responsi-

ble for the higher telomere loss encountered by small

chicks. It is well-known, for example, that telomere

dynamics are related to physiological and social stress

(Epel 2004; Kotrschal et al. 2007; Haussmann & Mar-

chetto 2010) that are regulated primarily by endocrine

networks such as the hypothalamic–pituitary–adrenal

axis. Given the particular role of corticosterone in fast-

ing physiology (i.e. increases when body reserves are

low) and its impact on growth rate (delayed growth),

small chicks may have experienced higher chronic corti-

costerone levels. High corticosterone induces a decrease

in antioxidant capacities (Stier et al. 2009), which may

be ultimately responsible for a sharper decrease in telo-

mere length. One direct impact of stress on telomere

length is mediated via the reduction of specific enzyme

activities such as the telomerase (Haussmann et al.

2007; but see Tarry-Adkins et al. 2009), which is also

known to be decreased by cortisol in humans (Choi

et al. 2008). As telomerase activity is maintained

throughout life in long-lived birds (Haussmann et al.

2007), irreversible ability of triggering telomerase

because of bad early life programming could also lead

to accelerated telomere loss after the growth period

ceased, amplifying the early-growth modulation of

ageing.

Fast growth in king penguin chicks

King penguins are set apart from other bird’s life histo-

ries by the exceptionally long chick growth pattern,

which is interrupted by a winter break (Stonehouse

1960; Fig. 1). Parental feeding events are irregular

throughout the winter, leading to a large variety of

body mass dynamics, which ranges from mass stability

to important loss and sometimes even death by starva-

tion (Stonehouse 1960; Cherel et al. 1987; Weimerskirch

et al. 1992; Verrier 2003). Our data confirmed that body

mass and body size can be extremely different among

chicks at the end of the winter phase. But, importantly,

we also show that small chicks are able to grow faster
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than large chicks during the 2 months prior to fledg-

ling, thereby catching-up for their initial delay. The fact

that individuals with the lowest body mass exhibited

the fastest growth rate when good conditions are

restored is consistent with the previous studies in the

field (Johnsson & Bohlin 2005) and the laboratory

(Jobling & Johansen 1994).

Compensatory growth has previously been described

in wild animals (Suttie et al. 1983; Bjorndal et al. 2003;

Johnsson & Bohlin 2010), and our study raised some

intriguing questions: why and how might an altricial

chick actually exhibit compensatory growth? The for-

mer question relates to developmental constraints such

as a body condition threshold or the time schedule nec-

essary to resume growth (Carrier & Auriemma 1992),

which penguin chicks may be subject to. This is likely

to be the case not only before the winter period starts

(to reach a sufficient size and mass to successfully sur-

vive the winter food shortage), but also after the post-

winter growth when chicks have to accumulate enough

energy (i.e. proteins) stores to resume complete feather

development, a prerequisite for departure at sea (Corbel

et al. 2009).

The second question concerns the nature of the mech-

anisms enabling small chicks to show a higher growth

rate than large ones. If compensatory growth is likely to

involve hyperphagia (Nicieza & Metcalfe 1997), we did

not determine how frequently small chicks were fed by

parents. This is likely to be a key point, as parental

feeding of king penguin chicks during the third phase

of growth can be assumed either by both parents or

only by one of them (for 65% of the chicks during the

last month before moult, Corbel 2008). In addition, allo-

parental feeding has been previously observed in this

species, and it may allow small chicks to be fed at a

higher rate once the big chicks have started to quit the

colony. However, alloparental feeding is more frequent

during the winter period (Lecomte et al. 2006), and par-

ents have little to gain by feeding unrelated chicks.

Hyperphagia is not the unique parameter enabling full

growth catch-up, and adaptations of other components

of the energetic balance (e.g. energy expenditure) obvi-

ously appear as important modulators of growth rate.

In the king penguin, an entire year is needed to suc-

cessfully fledge a chick with the consequence that

adults can only attempt to breed on time every second

year (Olsson 1996). Therefore, breeding late in the sea-

son is likely to produce small chicks (both at the

entrance and at the end of the winter). In our study, we

did not determine the hatching date of our chicks, and

we cannot rule out the possibility that large and small

chicks are rather early and late chicks. In that case, their

growth trajectories may differ, because these chicks are

not sampled at the same point of the growth trajectory,

and instead of growth compensation, we are measuring

absolute growth rates, more or less high depending on

growth stages. However, a previous study outlined that

early and late chicks strongly differed in their prewinter

growth rates, suggesting that chicks must reach the

same degree of organism maturation when the winter

fast begin (VanHeezik et al. 1993). We indeed observed

in a recent field work that the first-fledging chick of a

2009 cohort was a late-hatching chick. In this particular

species, with a unique growth pattern, the winter

growth break may also synchronize all chicks before

entering their last maturation phase before fledging.

Oxidative stress and telomere loss as a constraint
on growth

In our bird model, it is likely that the growth fast

induced a higher and unbalanced ROS production, with

the consequence that it is hardly possible for penguin

chicks to sustain both rapid development and adequate

investment in body maintenance. Few data are available

about how ROS production may be modified by growth

rates. Rapid growth of transgenic mice showed

enhanced lipid peroxidation or ROS production (Rollo

et al. 1996). On the other hand, poor early nutritional

conditions are known to impair long-term functioning

of antioxidant network (Blount et al. 2003). We cannot

exclude that our observations result from a bad start

(during the first phase of growth) of the post-winter

small chicks (e.g. dead small chicks suffered higher ini-

tial oxidative stress) rather than catch-up per se. There-

fore, without more detailed data on the ontogeny of

mitochondrial and antioxidant mechanisms during

chick development, we are yet in the expectative con-

cerning the exact nature of the growth ⁄oxidative stress

relationship. We also pointed out that, independently of

the growth trajectory, ending with a good body condi-

tion was also associated with a higher loss of telomere

sequences. This further suggests that fat accumulation

(which can reach more than 20% in premoulting chicks,

Cherel et al. 1993) is balanced against telomere mainte-

nance mechanisms in penguins. Pathological fat accu-

mulation through obesity has been previously found to

be associated with higher levels of oxidative stress

(Keaney et al. 2003; Furukawa et al. 2004) or shorter

telomere length in humans (Valdes et al. 2005; Zannolli

et al. 2008). Knowing that juvenile survival rates are

positively related to body condition at departure in king

penguin chicks (Saraux et al. 2011), the question of the

potential long-term detrimental long-term effects (physi-

ological ⁄fitness) of ample fat accumulation evolved by

penguins merit further consideration.

Small chicks that died early in the experiment were

those presenting the shortest telomere length, highest
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oxidative damage and least antioxidant capacity. This

supports the view that telomere length may be a good

predictor of future survival rate (Haussmann et al.

2005; Bize et al. 2009). Even if it deserves future experi-

mental confirmation and long-term longitudinal studies

to assess the ultimate consequences of increased telo-

mere loss during early life in penguins (e.g. shortened

lifespan), our study supports the view that telomere

loss represents one proximal explanation of the growth-

ageing trade-off (Metcalfe & Monaghan 2003). This con-

tributes to explain why, in general, growth rates are

constrained by selection to a submaximal level.
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