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Summary

1. Conditions during early stages of life may have an important effect on phenotype, by inducing
programmed responses that may remain throughout the lifetime of an animal. One very impor-
tant factor that can promote long-term changes in phenotype is restriction of food intake (die-
tary restriction, DR).

2. Recently, it has been shown that DR may induce an increase in antioxidant and repair mecha-
nisms as a result of hormetic responses. Interestingly, the induction of antioxidant and repair
mechanisms may be triggered by transitory increases in reactive oxygen species. Dietary-derived
antioxidants, such as vitamin E, may be important to determine the compensatory effect of DR.
3. To investigate the effect of DR on attenuation of oxidative damage, we manipulated dietary
intake (by restricting food ingestion) and antioxidant availability (by vitamin E supplementa-
tion) during the first days of life of yellow-legged gull (Larus michahellis) chicks. We then mea-
sured oxidative status and body mass during the early development of chicks.

4. We found that an early short event of food shortage strongly affected the oxidative status of
the chicks and their growth patterns. We observed less oxidative damage to proteins and DNA
in dietary restricted chicks, after the period of food restriction, than in non-restricted chicks.
Unexpectedly, vitamin E supplementation did not suppress the hormetic effect of DR, but
instead increased it.

5. These novel results support the idea that short events of DR during early development induce
a reduction in oxidative damage in wild animals. The results suggest that DR promotes the
induction of an early hormetic response in some antioxidant defence processes and/or repair
mechanisms. These findings have important implications for our understanding of how early
conditions may shape the phenotype of an organism, and also for the study of evolutionary
trade-offs during early growth.

Key-words: caloric restriction, compensatory response, Larus michahellis, oxidative stress,
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Introduction

Phenotypic development is the result of a complex interplay
between the genetic architecture of an organism and envi-
ronment (West-Eberhard 2003). Thus, environmental con-
ditions can exert important effects on phenotype, and the
strength of the effects appears to be particularly important
in early stages of life (Monaghan 2008). The environmental
conditions during early life can determine individual differ-
ences in a number of physiological traits such as metabolism
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and the immune response (Lindstréom 1999; Metcalfe & Mo-
naghan 2001 and references therein). Importantly, they may
also be major determinants of life-history trajectories
(Alonso-Alvarez et al. 2006) and even sexual traits in adult-
hood (Ohlsson et al. 2002). It has recently been suggested
that, during early development, organisms receive physio-
logical cues that induce integrated phenotypic adjustments
(Gluckman, Hanson & Beedle 2007; Mangel 2008). Such
programming may promote survival, with the developing
organism responding to environmental cues by following an
appropriate path of development (‘Thrifty phenotype
hypothesis’, reviewed by Wells 2007).
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Early development can be altered by many factors. Among
these, food availability plays a crucial role because energy
sources and specific nutrients are essential for correct mainte-
nance of all physiological functions, with long-term conse-
quences (Metcalfe & Monaghan 2001). Reduced food
availability during early life may induce long-term changes in
metabolic and endocrine functions, affecting the expression
of enzymatic activities and genes (Burdge ez al. 2007). Indeed,
episodes of poor early nutrition have been linked to negative
performance in adulthood in a number of taxa (Lummaa &
Clutton-Brock 2002). Nevertheless, a short non-fatal food
stress (i.e. dietary restriction, hereafter DR) during develop-
ment may induce a programmed response that continues
throughout the entire lifetime of an organism (Mangel 2008).
DR is in fact the only well-known experimental manipulation
that prolongs life span and delays the incidence of many age-
related diseases in different taxa (Sohal & Weindruch 1996;
Gredilla & Barja 2005).

The effects of DR have been found independently of
whether the restriction applies to the total diet or only specific
components (Merry 1995; Piper, Mair & Partridge 2005),
although the underlying mechanisms are still unclear (Mas-
oro 2005). Although many hypotheses have been proposed to
explain the effects of DR, including growth retardation
(McCay, Cromwell & Maynard 1935), reduction in body fat
(Berg & Simms 1960) and reduction in metabolic rate (Sacher
1977), experimental evidence to support these remains scarce
and controversial (Masoro 2005; Metcalfe & Alonso-Alvarez
2010). In this context, the most popular hypothesis posits that
DR leads to a decrease in the cellular accumulation of oxida-
tive damage (‘oxidative damage attenuation hypothesis’; So-
hal & Weindruch 1996; Finkel & Holbrook 2000; Masoro
2005). Oxidative damage is the result of oxidative stress,
which is characterized by an imbalance between the produc-
tion of reactive oxygen species (ROS) and antioxidant
defences in favour of the former (Halliwell & Gutteridge
2007). Experimental studies in laboratory animals have
shown that DR decreases oxidative damage and delays age-
associated accumulation of such damage (Matsuo et al. 1993;
Sohal et al. 1994; Dubey et al. 1996).

It has recently been hypothesized that the long-term effects
of DR during early development are the consequence of a
hormetic response (Minois 2000; Le Bourg 2003; Masoro
2006). Hormesis is a dose-response phenomenon character-
ized by unfavourable responses when organisms are exposed
to high doses of stressors but favourable biological responses
at low doses (Calabrese & Baldwin 2003). In evolutionary
ecology, hormesis has been defined as an increase in fitness
components as a response to a phase of exposure to mild lev-
els of a stressor (Mangel 2008; Mattson 2008; Costantini,
Metcalfe & Monaghan 2010). Thus, mild levels of stress
imposed by DR would induce the release of physiological sig-
nals, thus inducing integrated responses, which would remain
throughout life.

Evidence for a hormetic effect is provided by data showing
that DR may act as stressor (Han ez al. 1995; Masoro 1998,
Kitaysky ez al. 1999), especially during early life (Honar-

mand, Goymann & Naguib 2010), although it may also
up-regulate some cytosolic antioxidants (Yu 1994; Kaneko
et al. 2011) and promote several cellular repair systems (Van
Remmen et al. 1995; Cabelof et al. 2003; Stuart ez al. 2004).
Interestingly, short events of DR may enhance resistance to
oxidative stress during the lifetime of an organism, an effect
that may even be observed in the next generation (Kaneko
et al. 2011). Moreover, DR may also increase the ability of an
organism to cope with oxidative stressors such as toxins, high
temperatures and inflammatory agents (reviewed in Masoro
1998). Thus, the oxidative damage hypothesis may in fact be
based on a hormetic response. A recent study on the worm
Caenorhabditis elegans has shown that under a DR regimen
(reduction in glucose availability) ROS production increases,
but so do antioxidant defences, thus extending the life span of
the animals (Schulz et al. 2007). Interestingly, the effect was
reversed when worms were supplemented with antioxidants
(Schulz et al. 2007). This suggests that the DR may produce a
hormetic response to oxidative (mild) stress-related cues, such
as a transitory increase in ROS. Nevertheless, it is not known
whether this mechanism is also present in vertebrates.

In the present study, we examined the effects of DR and
antioxidant availability on oxidative stress during early devel-
opment in a wild bird species. We manipulated dietary intake
(by restricting food intake) and antioxidant availability (by
vitamin E supplementation) during post-hatching develop-
ment of first-hatched yellow-legged gull (Larus michaellis)
chicks (Fig. 1). In gulls, the amounts of yolk antioxidants in
the first two eggs to hatch are higher and less variable than in
the third egg and they support less stressful conditions (Royle,
Surai & Hartley 2001). Vitamin E is a fat-soluble antioxidant
that cannot be synthesized de novo by animals (it is derived
from the diet) and is stored in fat tissues (Surai 2002). In birds,
dietary vitamin E is particularly important in preventing oxi-
dative damage (Surai 2002) and also in improving growth (de
Ayala, Martinelli & Saino 2006; Hall ez al. 2009).

We measured the effect of DR and vitamin E supplementa-
tion on growth rates, plasma antioxidant capacity and ROS

Fig. 1. Yellow-legged gull chicks resting in the nest (photograph from
Sin-Yeon Kim).
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levels, as well as on the levels of oxidative damage in the main
macromolecules (lipids, proteins and DNA) throughout early
development of the gull chicks. As far as we know, this is the
first experimental study on a wild species in which all of these
oxidative stress markers have been analysed simultaneously.
If DR induces an integrated response that attenuates oxida-
tive damage (Sohal & Weindruch 1996; Masoro 2005), we
predict that chicks exposed to early, short episodes of DR will
subsequently develop lower levels of oxidative damage than
non-restricted chicks. Moreover, if physiological cues for the
effects of DR are related to a transitory mild increase in oxi-
dative stress, antioxidant (vitamin E) supplementation should
inhibit these compensatory responses.

Materials and methods

FIELD PROCEDURE AND EXPERIMENTAL DESIGN

The study was carried out between May and June 2008 in a large col-
ony of yellow-legged gulls in the Parque Nacional das Illas Atlanticas,
Salvora Island, Galicia, Spain (42°28'N, 09°00'W). Yellow-legged
gulls are monogamous colonial breeders that defend a small breeding
territory. Clutches typically contain three eggs (modal clutch size)
and eggs are laid at intervals of 1-3 days.

In the last week of May, the colony was examined to locate nests
with a clutch of three eggs in which only one of the eggs was pipping
(expected to hatch the next day). To recognize the chick after hatching
(Fig. 1), the tip of the bill in the pipped egg (n = 82) was marked with
a black permanent maker (toluene free). In this species, laying and
hatching order are highly positively correlated (Rubolini ez al. 2005),
hatching is asynchronous, and the first-hatched chick has a strong
competitive advantage (Boncoraglio e al. 2006). Small enclosures
were installed around the nests (an area of 1-5 m? around the nest was
surrounded with semitransparent mesh of height 30 cm) to prevent
the chicks from moving to nearby nests. Before the experiment, we
did not find any adverse effect on parental brooding and chick feeding
in three pilot enclosures. The nests were checked daily, the first-
hatched chicks (recognizable by dark markings remaining on the bill)
were marked with a strip of coloured Velcro, and the tarsus length
was measured (£0-01 mm). The first pipped egg from each nest was
randomly assigned to one of four groups in a 2 x 2 factorial experi-
ment: DR treatment (restricted or not) and vitamin E treatment (sup-
plemented or not).

In the DR group, food intake was restricted only between the day 1
and day 2 of age by fastening a 5S-mm-wide ring of tape around the
chick’s bill, just below the nostril, to prevent food intake. Prior to the
experiment, we performed pilot trials (n = 5) to check the tape effect
on chick behaviour. All chicks survived and showed normal behav-
iour. The tape limited bill opening but did not close the bill completely
or constrain begging. The tape was put in place in the afternoon of
day 1 (1 day after hatching) and was removed in the afternoon of the
following day. Non-diet-restricted chicks were manipulated in the
same way, but the tape was loosened to allow food intake. The dura-
tion of DR (mean £ SE: 22:61 £ 0-07 h) resembled the time that
chicks can remain without being fed by their parents in the same col-
ony under adverse natural conditions (J.C. Noguera, pers. obs).

For vitamin E supplementation, chicks received a daily dose of
7-1 mg of vitamin E (dl-o-tocopherol acetate, Chiesi Espana, Barce-
lona, Spain) during the first 2 days of life, on the day of hatching (day
0) and on the following day (day 1). The same dosage has previously
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been used and reported to increase vitamin E levels significantly within
the natural range in the yellow-legged gull (Pérez, Lores & Velando
2008; Noguera et al. 2010a). The vitamin E was mixed with 0-5 mL of
refined sunflower oil and administered orally. The control group (not
supplemented) was administered with placebo (refined sunflower oil
without vitamin E). Refined sunflower oil contained only traces of
vitamin E (254 pgin the daily dose), probably negligible compared to
dosage in vitamin E-supplemented chicks (approximately 30-fold
lower) and well below the estimated daily vitamin E intake in natural
conditions for this species (Pérez, Lores & Velando 2008).

To examine the effect of experimental treatments on chick’s growth
(body mass), the chicks were weighed (+0-1 g) at hatching and on
days 1, 2, 5 and 8 of age. Body mass growth was calculated as final
body mass minus initial body mass for three ages (1-2, 2-5 and 5-
8 days). Chick survival was recorded until 8 days of age.

MEASURES OF OXIDATIVE STRESS AND OXIDATIVE
DAMAGE

Blood was collected from each chick at hatching and 5 and 8 days of
age for evaluation of oxidative stress. Blood samples were taken from
the brachial vein by use of heparinized capillary tubes. The samples
were kept cool until the plasma was separated from blood cells (within
a few hours of collection) and then stored in liquid nitrogen. The
plasma antioxidant capacity and ROS levels in plasma were analysed
at all three ages, but the level of oxidative damage was only measured
atage 5 and 8 days because of the small volume of each sample avail-
able. Repeatability was calculated in all analysis as described by
Lessells & Boag (1987).

Plasma antioxidant capacity

The plasma antioxidant capacity was measured by the method
described by Erel (2004). Briefly, the method consists of mixing
plasma samples (5 pL) with 2,2-azinobis-(3-ethylbenzothiazoline-6-
sulphonate), which is decolourized by plasma antioxidants according
to their concentration and antioxidant capacity. The change in colour
was measured as the change in absorbance at 415 nm (Microplate
reader 550; Bio-Rad Laboratories, S.A. Barcelona, Spain). Levels of
plasma antioxidant capacity were expressed as millimoles of Trolox
equivalent per litre. Samples were assayed individually, but previous
assays in yellow-legged gull chicks were highly repeatable (r = 0-87,

Fuiza14 = 1460, P < 0-001).

Reactive oxygen species

Reactive oxygen species levels in plasma were estimated in duplicate
by the method described by Brambilla, Fiori & Archetti (2001). Note
that we measured standing ROS levels, i.e. those levels affected by
antioxidant defences and ROS production. Briefly, ROS in plasma
samples (5 pL) are reacted with N,N-diethyl-p-phenylenediamine to
produce a coloured complex that can be measured spectrophotomet-
rically at 505 nm (Microplate reader 550; Bio-Rad Laboratories).
ROS levels were expressed as millimoles of hydrogen peroxide (H,O,)
equivalent per litre (repeatability: r = 078, Fiy 12 = 774,
P < 0001).

Analysis of lipid peroxidation

Lipid peroxidation in plasma (levels of oxidative damage in lipids)
was assessed in triplicate by quantifying malondialdehydes (MDA),
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by high-performance liquid chromatography, according to Karatas,
Karatepe & Baysar (2002), but modifying the volume of sample
(10 pL) and reagents (Noguera et al. 2011). The absorbance of the
eluent was monitored at 254 nm and quantified relative to external
standards (calibration curves, R> = 0999; repeatability: r = 0-90,
Fio4010 = 2893, P < 0-001). Lipid peroxidation was expressed as
microgram of MDA per millilitre of plasma.

Analysis of protein oxidation

Protein oxidation was assessed by the determination of levels of pro-
tein carbonyl groups in plasma (20 pL), which were quantified in
duplicate by reaction with 2,4-dinitrophenylhydrazine (DNPH), as
described by Levine et al. (1990). Briefly, plasmatic proteins were
reacted with 02% DNPH in 2 m hydrochloric acid for 15 min at
25 °C, precipitated with 20% trichloroacetic acid and washed three
times by resuspension in ethanol/ethyl acetate (1 : 1 v/v). Proteins
were solubilized in 6 M guanidine hydrochloride and centrifuged to
remove any trace of insoluble material. Carbonyl groups were mea-
sured spectrophotometrically at 370 nm (Biomate 3; Thermo Fisher
Scientific Inc, Rochester NY, USA; repeatability: r = 068,
Fios105 = 521, P < 0-001). Carbonyl groups in plasma were
expressed as nmol of carbonyl/mg of protein.

Analysis of oxidative DNA damage

DNA from blood red cells was extracted by a chaotropic Nal-based
method (Gedik & Collins 2005), which minimizes artefactual oxida-
tion of DNA and is recommended by the European Standards Com-
mittee on Oxidative DNA Damage. Isolated DNA was quantified
by a high-sensitivity fluorescent assay (Quant-iT™ High-Sensitivity
DNA Assay kit, Invitrogen, LLobregat, Barcelona, Spain), and pro-
tein contamination was determined by the absorbance ratio
Asgo/Asgo (> 185 in all samples). DNA samples were diluted to
100 pg mL™" in TE buffer, and two aliquots of 10 uL (hereafter
‘subsamples’) were stored at —80 °C. Oxidative DNA damage was
assessed by measuring the total level of oxidative damage in red
blood cell DNA, by means of the aldehyde-reactive probe (ARP)
assay for apurinic/apyrimidinic (AP) sites coupled to N-glycosylases
(Kow & Dare 2000). Briefly, one subsample was treated with endo-
nuclease III (Endo III) and 8-oxoguanine N-glycosylase (hOGG1),
which transform oxidative DNA damage in purine (Dizdaroglu, La-
val & Boiteux 1993) and pyrimidine (Girard, Guibourt & Boiteux
1997) DNA bases into AP sites (AP-enzymatic), which can be mea-
sured by the ARP assay. The subsample not treated with enzymes
(AP control) was used to quantify the number of ‘AP site base
lesions’ in the DNA. Thus, oxidative DNA damage was calculated
as the difference between subsamples and expressed as number of
AP site equivalents/100 000 bp of DNA. The number of AP sites
was determined by use of a commercial kit (ARP assay; Oxidative
DNA Damage Quantitation kit-AP sites; Cell Biolabs, Inc. San
Diego, California, USA), in accordance with the manufacturer’s
instructions. AP sites were labelled with ARP solution at 37 °C for
1 h. The ARP-labelled DNA was then precipitated with ethanol and
the DNA pellet suspended in TE buffer. ARP-labelled DNA was
fixed in a DNA high-binding plate and incubated with streptavidin—
enzyme conjugate, which results in a coloured complex that can be
measured spectrophotometrically at 450 nm (Microplate reader 550;
Bio-Rad). Subsamples of DNA were assayed individually, although
this assay showed was significantly repeatable in a previous sample
of yellow-legged gull chicks (r = 072, F3435 = 621, P < 0-001).

STATISTICAL ANALYSES

The effects of DR and vitamin E supplementation on body mass, body
mass growth, ROS, plasma antioxidant capacity and oxidative
damage level (lipids, proteins and DNA) were analysed by repeated
measure models (PROCMIXED in sAs software), with age as the repeated-
measure factor (within chicks), individual birds as the subject term
(REPEATED statement) and treatments as fixed factors. Age was also
included as a between-groups fixed factor. Initial values (hatching
day) of plasma antioxidant capacity or ROS, chick body mass, tarsus
length, egg volume and hatching date were included as covariates.
Two-way interactions between fixed factors and age, and fixed factors
and hatching date were tested. Note that models differ with regard
to age periods because not all variables were measured at all ages.

The effect of DR on oxidative damage may be related to an effect
on growth rates (Metcalfe & Monaghan 2001). A greater increase in
body mass appears to be related to increased susceptibility to oxida-
tive stress (Alonso-Alvarez et al. 2007; Nussey et al. 2009; Kim et al.
2011). Thus, additionally, to test whether the effects of DR on oxida-
tive damage remain after controlling for any possible effect of growth
rates, we re-ran the full models including body mass growth (previous
to sampling age, i.e. between 25 and 5-8 days of age) and the interac-
tions of body mass growth with fixed factors as covariates. We did
not include body mass growth in principal models because it is a
response variable that would increase multicollinearity and hence
type II errors (Quinn & Keough 2002). The effects of DR and treat-
ments on chick survival until 8 days of age were analysed by a gener-
alized linear model with binomial error and logit link.

All models were simplified by removing non-significant terms (in a
backward deletion procedure), starting from two-way interactions;
significance was estimated when terms were dropped from the model.
The models were run by use of sas software (SAS 9.1), with Satt-
erthwaite’s approximation for degrees of freedom, and the best
covariance structure was selected in accordance with the likelihood
ratio test (Littell ez al. 2006). Prior to experimental manipulation,
four pipped eggs were lost before hatching (probably predated) and
three chicks died at hatching. Moreover, the data from five chicks in
the DR group were excluded from the experiment because the bill
tape was lost. Thus, 14 chicks were in the DR/vitamin E-supple-
mented group, 17 were in the DR/non-vitamin E-supplemented
group, 19 were in the no DR/vitamin E-supplemented group and 20
were in the no DR/non-vitamin E-supplemented group. Differences
in sample sizes in some analyses reflect missing values because of
death or loss of chicks and/or insufficient volume of blood sample
(i.e. ROS and oxidative DNA damage level). Data are presented as
means =+ standard error, and the significance level was set at 0-05.

Results

Egg volume, chick body mass, tarsus length at hatching and
hatching date did not differ significantly between experimen-
tal groups (P > 0-17 in all cases). After finishing the vitamin
E supplementation and prior to starting the DR treatment
(day 1 of age), gull chicks did not differ in body mass (DR:
F s = 034, P = 0-55; vitamin E: Fy 57 = 0-193, P = 0-66;
DR x vitamin E: Fj ¢ = 1231, P = 0-27). Chick survival
until 8 days of age was also similar among groups (DR:
y> =131, df. =1 P =025 vitamin E: 3> = 007,
df. =1, P = 079; DR x vitamin E: ¥* = 0-31, d.f. = 1,
P = 057).
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Fig. 2. Body mass (estimated marginal 60 4 ® 60
mean + SE) in (a) dietary restricted (filled
circles) and non-restricted (open circles) 40 4 40 4
chicks and in (b) vitamin E-supplemented 2 5 3 2 5 5

(filled circles) and non-vitamin E-supple-
mented (open circles) chicks.

EXPERIMENTAL EFFECTS ON CHICK GROWTH

Chick body mass increased with age (Fys506 = 11291,
P < 0-001) and was positively related to chick body mass at
hatching (Fj 63 = 42-28, P < 0-001). Overall, the body
mass of chicks in the diet-restricted group was significantly
lower than in non-diet-restricted chicks during post-DR
development (Fj ¢ = 6225, P < 0-001) (Fig. 2a), but the
interaction between DR and age was not significant
(F2477 = 1447, P = 0-23). The interaction between vitamin
E supplementation and age had a significant effect on body
mass (age X vitamin E: F, 50 = 344, P = 0-039). Chick
body mass was similar between groups until day 5, but vita-
min E-supplemented chicks grew more and attained a greater
body mass than non-supplemented chicks at 8 days of age
(Fig. 2b).

Body mass growth was affected by DR treatment and the
effect varied with age (age: F> 513 = 9848, P < 0-001; DR:
Fis16 = 019, P = 0:664; age Xx DR: Fy 5,3 = 12449, P <
0-001). Body mass growth was lower in chicks under the DR
regime than in control chicks during DR treatment (between
1 and 2 days of age). The DR chicks then grew faster than
control chicks (between 2 and 5 days of age), although the
differences disappeared after 5 days of age. Vitamin E supple-
mentation (F) ge9 = 0-81, P = 0-372), its interaction with
DR treatment (F) 55 = 0-14, P = 0-713) or age (Fr502 =
1-44, P = 0:246) did not have a significant effect on body
mass growth.

EXPERIMENTAL EFFECTS ON PLASMA ANTIOXIDANT
CAPACITY AND ROS LEVELS

At hatching, neither plasma antioxidant capacity nor ROS
levels differed between experimental groups (ROS; vitamin E:
Fi33 = 0505, P = 0482; DR: Fy39 = 1:575, P = 0217;
vitamin E X DR F| 37 = 006, P = 0-807; plasma antioxi-
dant capacity; vitamin E: Fy s = 0056, P = 0-814; DR:
Fy s = 0064, P = 0-938; vitamin E x DR F; 43 = 1-821,
P = 0-182). Plasma antioxidant capacity was positively
related to egg size and hatching date (Table 1), but was not
affected by experimental treatments (vitamin E: F} g7 = 0-94,
P = 0:335; DR: Fi99 = 0-51, P = 0-479; vitamin E x DR:
Fyg7 = 051, P = 0477) or chick age (age: Fjo; = 105,
P = 0-40). ROS levels decreased with age of the chicks

Age (days)

Age (days)

(Table 1), but did not differ between experimental treatments
(vitamin E: F| 336 = 043, P = 0-516; DR: Fj 414 = 0-66,
P = 0422;vitamin E x DR: F} 39, = 168, P = 0-205).

EXPERIMENTAL EFFECTS ONTHE LEVEL OF OXIDATIVE
DAMAGE

Lipid peroxidation level was not significantly affected by
experimental treatments (vitamin E: F} o9 = 0-08, P = 0-771;
DR: Fj 99 = I'11, P = 0:295; vitamin E X DR: F| g9 = 1:73,
P = 0-192) but increased with age (Table 1). In the model
including previous body mass growth as a covariate (see
Methods), the relationship between oxidative damage to lip-
ids and body mass growth was significant (Table 2, Fig. 3),
especially at 8 days of age, although the interaction between
age and body mass growth was not significant (£} g9 = 2-12,
P = 0-149).

Protein oxidation level decreased with age (Table 1), and
protein oxidation was lower in DR chicks than in non-diet-
restricted chicks (Table 1, Fig. 4). In contrast, vitamin E sup-
plementation did not have any effect on protein oxidation
(Fr90 = 009, P = 0-765). Protein oxidation level was not
related to the previous growth rate (body mass growth:
Fy g9 = 105, P = 0:30; age x body mass growth: Fjgs =
1-39, P = 0-24).

Oxidative damage was significantly affected by the interac-
tion between DR and vitamin E supplementation (Table 1;
Fig. 5). In the non-diet-restricted group, chicks supplemented
with vitamin E had higher oxidative DNA damage than non-
vitamin E-supplemented chicks (Tukey’s test; P = 0-025),
but no differences were found in the diet-restricted group
(Tukey’s post hoc test; P = 0-243; Fig. 5). Oxidative DNA
damage was lower in diet-restricted chicks than non-diet-
restricted chicks only in the vitamin E group (Tukey’s post
hoc test; vitamin-E group: P < 0-001 non-vitamin E group:
P = 0-948). When previous body mass growth was included
in the model (see Methods), it was positively related to oxida-
tive DNA damage (Table 2). Although this relationship was
particularly pronounced at 8 days of age, the interaction
between age and body mass growth was not significant
(age x body mass growth: Fj 335 = 025, P = 0-62; Fig. 6).
Importantly, the effect of the interaction between DR and
vitamin E on oxidative DNA damage remained significant
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Table 1. Mixed models analyses of the effect of vitamin E supplementation and DR treatments on plasma antioxidant capacity, ROS and
oxidative damage level. Non-significant terms were excluded from the final analysis

Dependent variable Source of variation Estimate F d.f. P
ROST Intercept 29-667

Age* —13-416 36-70 1,488 <0-001
Plasma antioxidant capacity’ Intercept -23-225

Hatching date 0-138 7-59 1,99 0-007

Egg volume 0-000 4-49 1,99 0036
Lipid peroxidation’ Intercept 0-867

Age* 0-233 510 1,103 0-026
Protein oxidation' Intercept 0-531

Age* —-0-120 12:28 1,102 <0001

DR —-0-078 428 1, 102 0-041
Oxidative DNA damage’ Intercept -37-574

Hatching date 0-725 9-28 1,208 0-006

Tarsus length at hatching -2-536 42-8 1,237 <0-001

Age* 2-989 4-84 1,439 0-033

DR —-6-003 16-50 1,211 <0001

Vitamin E —3-284 0-51 1, 191 0-482

DR X Vitamin E 5483 1240 1,189 0-002

*Age: Two-level fixed factor (5, 8 days of age).

+tROS, plasma antioxidant capacity, lipid peroxidation, protein oxidation and oxidative DNA damage measured as mmol H,O, equivalent
per L, mmol TROLOX equivalent per L, pg MDA mL™", nmol carbonyls per mg and AP sites equivalent per 10°bp, respectively.

iFull model: dependent variable = age + vitamin E + DR + plasma antioxidant capacity/ROS (day 0) + body mass (day 0) + egg
volume + tarsus (day 0) + hatching date + hatching date x vitamin E + hatching date x DR + age X vitamin E + age x DR + vita-

min E x DR.
DR, dietary restriction; ROS, reactive oxygen species.

Table 2. Mixed models analyses of the effect of vitamin-E supplementation and DR treatments on oxidative damage level after include body
mass growth and the interaction with fixed effects as covariates. Non-significant terms were excluded from the final analysis

Dependent variable Source of variation Estimate F d.f. P
Lipid peroxidation Intercept 0-716
Age* 0-210 417 1, 101 0-043
Body mass growth’ 0-006 4-85 1,101 0-030
Protein oxidation Intercept 0-531
Age* —-0-120 1228 1,102 <0001
DR —-0-070 428 1, 102 0-041
Oxidative DNA damage Intercept —-19-047
Hatching date 0-589 592 1,256 0-022
Tarsus length at hatching -2:536 41-28 1,292 <0001
Age* 3132 5-86 1,452 0-019
DR -5254 14-60 1,246 0-001
Vitamin E —2:657 0-46 1,229 0-505
Body mass growth’ 0-065 690 1,44 0011
DR x Vitamin E 4267 7-11 1,239 0-013

*Age: Two-level fixed factor (5, 8 days of age).

TBody mass growth corresponds with body mass growth previous to sampling age (i.e. between 2—5 and 5-8 days of age).

DR, dietary restriction.

when previous body mass growth was included in the model
(Table 2).

Discussion

In this study, we found that a short episode of food scarcity
early in life strongly affected the oxidative status of yellow-
legged gull chicks. Oxidative damage in proteins and DNA
was lower in diet-restricted chicks after the period of diet

restriction than in non-diet-restricted chicks. Contrary to our
expectations, vitamin E supplementation did not suppress the
hormetic effect of DR, but instead increased it. In turn, there
was an increase in oxidative DNA damage in non-diet-
restricted chicks supplemented with vitamin E.

The present results are consistent with those of previous
studies in laboratory models (Sohal et al. 1994; Forster, Sohal
& Sohal 2000; Zainal et al. 2000), confirming the ‘oxidative
damage attenuation hypothesis’ (Sohal & Weindruch 1996).

© 2011 The Authors. Functional Ecology © 2011 British Ecological Society, Functional Ecology
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In gull chicks, DR attenuated oxidative damage on proteins
and DNA, but not in lipids. This may indicate that different
oxidation or reparation processes occur among biomolecules.

Body mass growth between
days 2-5 of age (g)

Body mass growth between
days 5-8 of age (@)

Particularly, the maintenance of genetic integrity is needed
for the correct expression of many enzyme-dependent mecha-
nisms and to prevent a number of diseases (Jackson & Bartek
2009). The decrease in oxidative damage observed in chicks
subjected to an early episode of diet restriction may be a direct
result of decreased ROS production (Gredilla et al. 2001;
Lopez-Torres et al. 2002). Nevertheless, standing ROS levels
were similar in DR chicks and non-diet-restricted chicks. The
results therefore appear to support the hypothesis that DR,
as an early mild stressor, promotes a compensatory (i.e. hor-
metic) response, thus promoting mechanisms that attenuate
oxidative damage during subsequent development (Dimova,
Bryant & Chankova 2008). However, note that we did not
measure the effects of DR later than 8 days of age. In terms
of hormetic mechanisms, chicks may have responded to DR
by enhancing antioxidant defences or repair mechanisms,
thereby reducing oxidative damage. Nonetheless, we did not
find any differences in plasma antioxidant capacity between
experimental groups. However, note that we did not measure
other (e.g. enzymatic) antioxidants that may have been acti-
vated (Kaneko et al. 2011). On the other hand, DR may have
affected repair mechanisms. DR has been shown to promote
genomic stability in laboratory mammals, by induction of
DNA base scission repair systems such as uracil (UDG) and
8-oxoguanine (hOGG1) DNA glycosidase, which are
involved in oxidative DNA protection and repair (Cabelof
et al. 2003; Stuart et al. 2004). Moreover, food restriction
induces the expression of several genes related to protein syn-
thesis and turnover rates (Tavernarakis & Driscoll 2002 and
references therein), the up-regulation of cytosolic antioxi-
dants (Yu 1994; Kaneko ez al. 2011) and proteolytic removal
of damaged proteins (Van Remmen et al. 1995). The mecha-
nism underlying the hormetic response leading to the decrease
in oxidative damage remains to be explored in future studies.
In the present study, vitamin E supplementation promoted
an increase in body mass growth. Similar results have been
observed in response to antioxidant supplementation in nes-
tlings of barn swallow (Hirundo rustica) and red-winged
blackbirds (Agelaius phoeniceus) (de Ayala, Martinelli & Sai-
no 2006; Hall ez al. 2009). Because growth rate appears to be
related to an increase in oxidative stress (Alonso-Alvarez
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et al. 2007; Nussey et al. 2009; Kim et al. 2011), the present
results suggest that dietary antioxidants may be used to miti-
gate growth-related oxidative costs, particularly when growth
rates, and therefore ROS production, are high (Rollo 2002;
Kim ez al. 2011). An intriguing finding of the present study
was that vitamin E affected DNA damage (but not lipid and
protein damage), although in the opposite direction to that
predicted, i.e. it increased the hormetic effect of DR and pro-
moted oxidative damage in control birds. This strongly con-
trasts with the findings of a study in the nematode C. elegans,
in which antioxidant supplementation reversed the enhance-
ment of oxidative stress resistance after DR, probably
because the cue leading to the hormetic response (the tran-
sient oxidative mild stress) was eliminated (Schulz et al.
2007). Vitamin E may function as an antioxidant under con-
ditions of low oxidative stress, such as in diet-restricted
chicks, but may, in turn, function as a pro-oxidant, especially
under conditions of high oxidative stress (Rietjens ez al.
2002). Birds may endure high oxidative stress during acceler-
ated growth, as suggested by the correlation between growth
and oxidative damage (Figs 3 and 6), which may explain why
vitamin E supplementation intensified (but did not reverse)
the hormetic response to oxidative stress in DR birds, but
note that this result could differ with other (unmeasured) vita-
min E dosage. This may also explain why in other bird species
a lower level of oxidative damage is observed in marginal off-
spring (which usually have more limited access to parental
feeding) given antioxidant supplements, but that the opposite
pattern is observed in their core broodmates (Hall er al.
2009).

The inclusion of growth rates in the models used to test the
effects on oxidative damage showed that body mass growth
was related to oxidative damage, suggesting that growth
entails oxidative costs. The oxidative cost of growth would be
the result of trade-off allocations (Metcalfe & Monaghan
2001). Thus, greater investment in growth will result in a
lower investment in prevention or repair of molecular damage
(Cichon 1997). Previous studies in birds have revealed a nega-
tive relation between resistance to oxidative stress and body
mass growth (Alonso-Alvarez et al. 2007; Kim et al. 2011).
The results of the present study provide evidence that oxida-
tive damage in lipids and DNA is positively related to body

mass growth (see also Nussey ez a/l. 2009 for evidence in mam-
mals). On the other hand, DR attenuated oxidative damage
of proteins but in turn also affected body mass growth, lead-
ing to a period of rapid growth. These results indicate that
physiological trade-offs among different process or functions
may be especially complex (Zera & Harshman 2001); trade-
offs could differentially affect different macromolecules.
Complex trade-offs may explain why different individuals
recover from the DR at different rates. Additionally, the hor-
metic effects of DR could involve unmeasured costs not only
for chicks, but also for parents, that could be paid at different
times (i.e. short vs. long term). For instance, the need of a con-
stant supply of resources for antioxidant system and repair
mechanisms during growth could trade reproduction at sex-
ual maturity; parents could experience high predation rates
during chick provisioning as a result of altering their feeding
strategies.

In conclusion, the present study shows that short events of
DR during early development may induce a reduction in oxi-
dative damage, at least in short-term, in wild animals confirm-
ing previous results in laboratory animals. In contrast to
prolonged DR, our results suggest that a short event of DR
may promote the induction of early hormetic responses to
some antioxidant defence mechanisms and/or repair pro-
cesses (not evaluated here). Moreover, the effects of DR on
antioxidant systems appear to be mediated by the availability
of specific dietary antioxidants (i.e. vitamin E), which in turn
may affect growth patterns. The results have important impli-
cations for our understanding of how early conditions may
shape the phenotype of an organism, and for understanding
evolutionary trade-offs during early growth. Future studies
should explore how DR may improve oxidative resistance
phenotypes in the long term, which would result in best
adapted individuals to stressful conditions experienced
through their lifetime. Moreover, the costs that this metabolic
programming may entail in different life-history contexts
remain to be explored.

Acknowledgements

We thank Dr Rod Levine, Dr Gianfranco Brambilla and Dr Jay Leng (Cell Bi-
olabs) for advice on carbonyl assay, ROS determination and ARP assay,

© 2011 The Authors. Functional Ecology © 2011 British Ecological Society, Functional Ecology



respectively. We also thank C. Pérez and J. Morales for help during field work,
and Dr Neil Metcalfe and two anonymous referees for helpful comments on the
manuscript. Finally, we are very grateful to M. Caneda, P. Vazquez, J. Torrado,
P. Rivadulla, M. Costas and P. Valverde for their generous support in Salvora
Island. Finance was provided by the Spanish Ministerio de Ciencia e Innova-
cion (CGL2009-10883-C02-01). J.C.N was supported by a FPI grant from
MICINN (BES-2007-16432). Servicio de Medio Ambiente, Xunta de Galicia
gave working permissions and approved the experiment.

References

Alonso-Alvarez, C., Bertrand, S., Devevey, G., Prost, J., Faivre, B., Chastel, O.
& Sorci, G. (2006) An experimental manipulation of life-history trajectories
and resistance to oxidative stress. Evolution, 60, 1913-1924.

Alonso-Alvarez, C., Bertrand, S., Faivre, B. & Sorci, G. (2007) Increased sus-
ceptibility to oxidative damage as a cost of accelerated somatic growth in
zebra finches. Functional Ecology, 21, 873-879.

de Ayala, R.M., Martinelli, R. & Saino, N. (2006) Vitamin E supplementation
enhances growth and condition of nestling barn swallows (Hirundo rustica).
Behavioral Ecology and Sociobiology, 60, 619-630.

Berg, B.N. & Simms, H.S. (1960) Nutrition and longevity in the rat: II. Longev-
ity and the onset of disease with different levels of intake. Journal of Nutri-
tion, 71,255-263.

Boncoraglio, G., Rubolini, D., Romano, M., Martinelli, R. & Saino, N. (2006)
Effects of elevated yolk androgens on perinatal begging behaviour in yellow-
legged gull (Larus michahellis) chicks. Hormones and Behavior, 50, 442-447.

Brambilla, G., Fiori, M. & Archetti, L.I. (2001) Evaluation of the oxidative
stress in growing pigs by microplate assays. Journal of Veterinary Medicine
Series A, 48, 33-38.

Burdge, G.C., Hanson, M.A., Slater-Jefferies, J.L. & Lillycrop, K.A. (2007)
Epigenetic regulation of transcription: a mechanism for inducing variations
in phenotype (fetal programming) by differences in nutrition during early
life? British Journal of Nutrition, 97, 1036-1046.

Cabelof, D.C., Yanamadala, S., Raffoul, J.J., Guo, Z., Soofi, A. & Heydari,
A.R. (2003) Caloric restriction promotes genomic stability by induction of
base excision repair and reversal of its age-related decline. DNA Repair, 2,
295-307.

Calabrese, E.J. & Baldwin, L.A. (2003) Hormesis: the dose-response revolution.
Annual Review of Pharmacology and Toxicology, 43, 175-197.

Cichon, M. (1997) Evolution of longevity through optimal resource allocation.
Proceedings of the Royal Society of London B, Biological Sciences, 264, 1383—
1388.

Costantini, D., Metcalfe, N.B. & Monaghan, P. (2010) Ecological processes in
a hormetic framework. Ecology Letters, 13, 1435-1447.

Dimova, E.G., Bryant, P.E. & Chankova, S.G. (2008) ‘Adaptive response’:
some underlying mechanisms and open questions. Genetics and Molecular
Biology, 31, 396-408.

Dizdaroglu, M., Laval, J. & Boiteux, S. (1993) Substrate specificity of the Esc-
herichia coli endonuclease I1I: excision of thymine- and cytosine-derived
lesions in DNA produced by radiation-generated free radicals. Biochemistry,
32,12105-12111.

Dubey, A., Forster, M.J., Lal, H. & Sohal, R.S. (1996) Effect of age and caloric
intake on protein oxidation in different brain regions and on behavioral func-
tions of the mouse. Archives of Biochemistry and Biophysics, 333, 189-197.

Erel, O. (2004) A novel automated direct measurement method for total antiox-
idant capacity using a new generation, more stable ABTS radical cation.
Clinical Biochemistry, 37, 277-285.

Finkel, T. & Holbrook, N.J. (2000) Oxidants, oxidative stress and the biology
of ageing. Nature, 408, 239-247.

Forster, M.J., Sohal, B.H. & Sohal, R.S. (2000) Reversible effects of long-term
caloric restriction on protein oxidative damage. The Journals of Gerontology.
Series A, Biological Sciences and Medical Sciences, 55, 522-529.

Gedik, C.M. & Collins, A. (2005) Establishing the background level of base oxi-
dation in human lymphocyte DNA: results of an interlaboratory validation
study. FASEB Journal, 19, 82-84.

Girard, P.M., Guibourt, N. & Boiteux, S. (1997) The Oggl protein of S cerevisi-
ae: a 7,8-dihydro-8-oxoguanine DNA glycosylase/AP lyase whose lysine
241 is a critical residue for catalytic activity. Nucleic Acids Research, 25,
3404-3411.

Gluckman, P.D., Hanson, M.A. & Beedle, A.S. (2007) Early life events and
their consequences for later disease: a life history and evolutionary perspec-
tive. American Journal of Human Biology, 19, 1-19.

Gredilla, R. & Barja, G. (2005) The role of oxidative stress in relation to caloric
restriction and longevity. Endocrinology, 146, 3713-3717.

Phenotypic programming and oxidative damage attenuation 9

Gredilla, R., Sanz, A., Lopez-Torres, M. & Barja, G. (2001) Caloric restriction
decreases mitochondrial free radical generation at complex I and lowers oxi-
dative damage to mitochondrial DNA in the rat heart. FASEB Journal, 15,
1589-1591.

Hall, M.E., Blount, J.D., Forbes, S. & Royle, N.J. (2009) Does oxidative stress
mediate the trade-off between growth and self-maintenance in structured
families? Functional Ecology, 32,365-373.

Halliwell, B. & Gutteridge, J.M.C. (2007) Free Radicals in Biology and Medi-
cine. Oxford University Press Inc, New York.

Han, E.S., Levin, N., Bengani, N., Roberts, J.L., Suh, Y., Karelus, K. & Nel-
son, J.R. (1995) Hyperadrenocorticism and food restriction-induced life
extension in the rat: evidence for divergent regulation of pituitary proopio-
melanocortin RNA and adrenocorticotropic hormone biosynthesis. The
Journals of Gerontology. Series A, Biological Sciences and Medical Sciences,
50, 288-294.

Honarmand, M., Goymann, W. & Naguib, M. (2010) Stressful dieting: nutri-
tional conditions but not compensatory growth elevate corticosterone levels
in Zebra finch nestlings and fledglings. PLoS ONE, 5, ¢12930.

Jackson, S.P. & Bartek, J. (2009) The DNA-damage response in human biology
and disease. Nature, 461, 1071-1078.

Kaneko, G., Yoshinaga, T., Yanagawa, Y., Ozaki, Y., Tsukamoto, K. & Wata-
be, S. (2011) Calorie restriction-induced maternal longevity is transmitted to
their daughters in a rotifer. Functional Ecology, 25,209-216.

Karatas, F., Karatepe, M. & Baysar, A. (2002) Determination of free malondi-
aldehyde in human serum by high performance liquid chromatography.
Analytical Biochemistry, 311, 76-79.

Kim, S.Y., Noguera, J.C., Morales, J. & Velando, A. (2011) Quantitative
genetic evidence for trade-off between growth and resistance to oxidative
stress in a wild bird. Evolutionary Ecology, 25,461-472.

Kitaysky, A.S., Piatt, J.F., Wingfield, J.C. & Romano, M. (1999) The adreno-
cortical stress response of black-legged kittiwake chicks in relation to dietary
restrictions. Journal of Comparative Physiology B, Biochemical Systemic and
Environmental Physiology, 169, 303-310.

Kow, Y.W. & Dare, A. (2000) Detection of Abasic sites and oxidative DNA
base damage using an ELISA-Like assay. Methods, 22, 164-169.

Le Bourg, E. (2003) Delaying aging: could the study of hormesis be more help-
ful than that of the genetic pathway used to survive starvation? Biogerontolo-
gv,4,319-324.

Lessells, C.M., Boag & P.T. (1987) Unrepeatable repeatabilities: a common
mistake. Auk, 104, 116-121.

Levine, R.L., Garland, D., Oliver, C.N., Amici, A., Climent, 1., Lenz, A.G.,
Ahn, B.W., Shaltiel, S. & Stadtman, E.R. (1990) Determination of carbonyl
content in oxidatively modified proteins. Methods in Enzymology, 186, 464—
478.

Lindstrém, J. (1999) Early development and fitness in birds and mammals.
Trends in Ecology and Evolution, 14, 343-348.

Littell, R.C., Milliken, G.A., Stroup, W.W., Wolfinger, R.D. & Schabenberger,
0. (2006) SAS System for Mixed Models, 2nd edn. SAS Institute Inc, Cary,
NC, USA.

Lopez-Torres, M., Gredilla, R., Sanz, A. & Barja, G. (2002) Influence of aging
and long-term caloric restriction on oxygen radical generation and oxidative
DNA damage in rat liver mitochondria. Free Radical Biology and Medicine,
32, 882-889.

Lummaa, V. & Clutton-Brock, T. (2002) Early development, survival and
reproduction in humans. Trends in Ecology and Evolution, 17, 141-147.

Mangel, M. (2008) Environment, damage and senescence: modelling the life-
history consequences of variable stress and caloric intake. Functional Ecol-
0gy, 22,422-430.

Masoro, E.J. (1998) Hormesis and the antiaging action of dietary restriction.
Experimental Gerontology, 33, 61-66.

Masoro, E.J. (2005) Overview of caloric restriction and ageing. Mechanisms of
Ageing and Development, 126, 913-922.

Masoro, E.J. (2006) Dietary restriction-induced life extension: a broadly based
biological phenomenon. Biogerontology,7, 153-155.

Matsuo, M., Gomi, F., Kuramoto, K. & Sagai, M. (1993) Food restriction sup-
presses an age-dependent increase in exhalation rate of pentane from rats: a
longitudinal study. The Journals of Gerontology. Series A, Biological Sciences
and Medical Sciences, 48, 133—138.

Mattson, M.P. (2008) Hormesis and disease resistance: activation of cellular
stress response pathways. Human and Experimental Toxicology, 27, 155-162.

McCay, C.M., Cromwell, M.F. & Maynard, L.A. (1935) The effect of retarded
growth upon the length of life span and upon the ultimate body size. Journal
of Nutrition, 10, 63-79.

Merry, B.J. (1995) Effect of dietary restriction on aging—an update. Reviews in
Clinical Gerontology, 5, 247-258.

© 2011 The Authors. Functional Ecology © 2011 British Ecological Society, Functional Ecology



10 J. C. Noguera et al.

Metcalfe, N.B. & Alonso-Alvarez, C. (2010) Oxidative stress as a life-history
constraint: the role of reactive oxygen species in shaping phenotypes from
conception to death. Functional Ecology, 24,984-996.

Metcalfe, N.B. & Monaghan, P. (2001) Compensation for a bad start: grow
now, pay later? Trends in Ecology and Evolution, 16, 254-260.

Minois, N. (2000) Longevity and aging: beneficial effects of exposure to mild
stress. Biogerontology, 1,15-29.

Monaghan, P. (2008) Early growth conditions, phenotypic development and
environmental change. Philosophical Transactions of the Royal Society of
London. Series B, Biological Sciences, 363, 1635-1645.

Noguera, J.C., Morales, J., Perez, C. & Velando, A. (2010a) On the oxidative
cost of begging: antioxidants enhance vocalizations in gull chicks. Behavioral
Ecology, 21, 479-484.

Noguera, J.C., Alonso-Alvarez, C., Kim, S.Y., Morales, J. & Velando, A.
(2011) Yolk testosterone reduces levels of oxidative damages during postna-
tal development. Biology Letters,7,93-95.

Nussey, D.H., Pemberton, J.M., Pilkington, J.G. & Blount, J.D. (2009) Life his-
tory correlates of oxidative damage in a free-living mammal population.
Functional Ecology, 23, 809-817.

Ohlsson, T., Smith, H.G., Réberg, L. & Hasselquist, D. (2002) Pheasant sexual
ornaments reflect nutritional conditions during early growth. Proceedings of
the Royal Society of London B, Biological Science, 269, 21-27.

Pérez, C., Lores, M. & Velando, A. (2008) Availability of nonpigmentary
antioxidant affects red coloration in gulls. Behavioral Ecology, 19,967-973.

Piper, M.D.W., Mair, W. & Partridge, L. (2005) Counting the calories: the role
of specific nutrients in extension of life span by food restriction. The Journals
of Gerontology. Series A, Biological Sciences and Medical Sciences, 60, 549—
555.

Quinn, G.P. & Keough, M.J. (2002) Experimental Design and Data Analysis for
Biologists. Cambridge University Press, Cambridge.

Rietjens, .LM.C.M., Boersma, M.G., de Haan, L., Spenkelink, B., Awad, B.,
Cnubben, N.H.P., van Zanden, J.J., van der Woude, H., Alink, G.M. & Ko-
eman, J.H. (2002) The pro-oxidant chemistry of the natural antioxidants
vitamin C, vitamin E, carotenoids and flavonoids. Environmental Toxicology
and Pharmacology, 11, 321-333.

Rollo, C.D. (2002) Growth negatively impacts the life span of mammals. Evolu-
tion & Development, 4, 55-61.

Royle, N.J., Surai, P.F. & Hartley, P.F. (2001) Maternally derived androgens
and antioxidants in bird eggs: complementary but opposing effects? Behav-
ioral Ecology, 12, 381-385.

Rubolini, D., Romano, M., Boncoraglio, G., Ferrari, R.P., Martinelli, R.,
Galeotti, P., Fasola, M. & Saino, N. (2005) Effects of elevated egg corticoste-
rone levels on behavior, growth, and immunity of yellow-legged gull (Larus
michahellis) chicks. Hormones and Behavior, 47, 592-605.

Sacher, G.A. (1977) Life table modifications and life prolongation. Handbook
of the Biology of Aging (eds C.E. Finch & L. Hayflick). pp. 582-638, Van No-
strand Reinhold, New York, USA.

Schulz, T.J., Zarse, K., Voigt, A., Urban, N., Birringer, M. & Ristow, M.
(2007) Glucose restriction extends Caenorhabditis elegans life span by induc-
ing mitochondrial respiration and increasing oxidative stress. Cell Metabo-
lism, 6,280-293.

Sohal, R.S. & Weindruch, R. (1996) Oxidative stress, caloric restriction, and
aging. Science, 273, 59-63.

Sohal, R.S., Agarwal, S., Candas, M., Forster, M.J. & Lal, H. (1994) Effect of
age and caloric restriction on DNA oxidative damage in different tissues of
CS7BL/6 mice. Mechanisms of Ageing and Development,76,215-224.

Stuart, J.A., Karahalil, B., Hogue, B.A., Souza-Pinto, N.C. & Bohr, V.A.
(2004) Mitochondrial and nuclear DNA base excision repair are affected dif-
ferently by caloric restriction. FASEB Journal, 18, 595-597.

Surai, P.F. (2002) Natural Antioxidants in Avian Nutrition and Reproduction.
Nottingham University Press, Nottingham.

Tavernarakis, N. & Driscoll, M. (2002) Caloric restriction and lifespan: a role for
protein turnover? Mechanisms of Ageing and Development, 123,215-229.

Van Remmen, H., Ward, W.F., Sabia, R.V. & Richardson, A. (1995) Gene
expression and protein degradation. Handbook of Physiology—Aging (ed. J.
Masoro). pp. 171-234, Oxford University Press, New York.

Wells, J.C.K. (2007) The thrifty phenotype as an adaptive maternal effect. Biol
Rev Camb Philos Soc, 82, 143-172.

West-Eberhard, M.J. (2003) Developmental Plasticity and Evolution. Oxford
University Press, New York.

Yu, B.P. (1994) How diet influences the aging process of the rat. Proceedings of
the Society for Experimental Biology and Medicine, 205, 97-105.

Zainal, T.A., Oberley, T.D., Allison, D.B., Szweda, L.I. & Weindruch, R.
(2000) Caloric restriction of rhesus monkeys lowers oxidative damage in
skeletal muscle. FASEB Journal, 14, 1825-1836.

Zera, A.J. & Harshman, 1. (2001) The physiology of life history trade-offs in
animals. Annual Review of Ecology and Systematics, 32, 95-126.

Received 20 October 2010; accepted 24 March 2011
Handling Editor: Kevin McGraw

© 2011 The Authors. Functional Ecology © 2011 British Ecological Society, Functional Ecology



