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Introduction

The organism’s capacity to mitigate cellular damaging

effects of reactive oxygen species (ROS) has been recently

proposed as an important physiological trait that medi-

ates life-history trade-offs and evolution (Alonso-Alvarez

et al., 2004; Dowling & Simmons, 2009; Monaghan et al.,

2009). ROS are highly reactive oxygen-containing mol-

ecules, mostly generated as by-products of normal

metabolic processes, and have damaging effects on

biomolecules through oxidative stress (Finkel &

Holbrook, 2000). In both laboratory and wild animals,

oxidative stress is involved in trade-offs between repro-

duction and self-maintenance (Alonso-Alvarez et al.,

2004, 2006; Bertrand et al., 2006; Bize et al., 2008),

possibly affecting their senescence patterns (Kirkwood &

Austad, 2000). Individuals more resistant to oxidative

stress seem to live longer (Morrow et al., 2004; Alonso-

Alvarez et al., 2006; Khazaeli et al., 2007) or reproduce

more successfully (Bize et al., 2008) than those who

suffer more severe oxidative costs, possibly by mitigating

cellular senescence (Finkel & Holbrook, 2000).

As oxidative stress is not only related to senescence

(Harman, 1957), but also to sexual reproduction

(Nedelcu et al., 2004), expression of secondary sexual

traits (von Schantz et al., 1999; Velando et al., 2008) and

breeding effort (Salmon et al., 2001; Alonso-Alvarez

et al., 2004), it is expected that selection upon strong

resistance to oxidative stress possibly influences life-

history evolution (Dowling & Simmons, 2009). However,

the evolvability of the antioxidant system will depend

not only on selection but also on genetic basis of this

physiological trait, i.e. narrow-sense heritability (h2), the

fraction of phenotypic variance (VP) owing to additive

effects of genes (VA) (Falconer & Mackay, 1996).

Evidence for a genetic basis of resistance to oxidative

stress has been provided by studies on classic model

species at the molecular level (Ishii et al., 1998; Lee et al.,

2003; Paaby & Schmidt, 2009). Furthermore, quantita-

tive genetic studies using Drosophila have suggested the

importance of genetic variation in oxidative-stress-

related traits for life-history evolution (Arking et al.,

2000; Pasyukova et al., 2000; Vermeulen et al., 2005;

Khazaeli et al., 2007). However, little is known about

natural variation and heritability of this physiological

trait in vertebrates.

A recent study of a wild lizard (Ctenophorus pictus)

showed high heritability and variability among families

in the superoxide levels (Olsson et al., 2008). Another

recent study showed low and nonsignificant heritability

of resistance to oxidative stress in captive zebra finch

(Taeniopygia guttata), although a positive genetic correla-

tion between resistance to oxidative stress at sexual

maturity and reproductive lifespan was found (Kim et al.,
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Abstract

Oxidative stress has recently been suggested to play an important role in life-

history evolution, but little is known about natural variation and heritability

of this physiological trait. Here, we explore phenotypic variation in resistance

to oxidative stress of cross-fostered yellow-legged gull (Larus cachinnans)

chicks. Resistance to oxidative stress was not related to plasma antioxidants at

hatching, which are mostly derived from maternal investment into eggs.

Common environmental effects on phenotypic variation in resistance to

oxidative stress were not significant. Heritability was relatively low and

nonsignificant in hatchlings, but interestingly, the chicks of age 8 days showed

high and significant heritability (h2 = 0.59). Our results suggest that resistance

to oxidative stress is determined mainly by the genotype as chicks grow.

Further work is required to explore the genetic role of oxidative stress in life-

history evolution.
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2010). As far as we know, no quantitative genetic studies

have explored phenotypic variation and heritability of an

organism’s capacity to defend against oxidative stress in a

natural population.

In our study, we explore additive genetic and common

environmental effects on total phenotypic variation in

resistance to oxidative stress in yellow-legged gull (Larus

cachinnans Pallas) chicks in a wild population. Resistance

to oxidative stress, measured as the time needed for

haemolysis of red blood cells under free-radical attack,

represents the overall efficiency of an organism’s anti-

oxidant machineries for cellular defence against ROS

damage and is commonly used in ecological studies (e.g.

Alonso-Alvarez et al., 2004, 2006; Bertrand et al., 2006;

Bize et al., 2008). Blood resistance to oxidative stress is

negatively related to growth rate in gull chicks, suggest-

ing that fast metabolism has oxidative costs and damag-

ing effects of ROS might mediate a trade-off between

growth and physiological conditions (our unpublished

work). Here, we disentangle genetic vs. environmental

variation in resistance of red blood cells to a controlled

free-radical attack in chicks by cross-fostering eggs during

the early incubation period. However, an offspring’s

phenotype can be influenced by maternal investment

(Wade, 1999; Wilson et al., 2005), and it is difficult to

disentangle the prenatal maternal effects from genetic

variance by cross-fostering. In birds, maternally derived

antioxidants such as vitamin E and the carotenoids

play an important defending role against ROS damage

(Rubolini et al., 2006; Surai, 2007). Therefore, we also

examine whether maternal investment influences sus-

ceptibility of chicks to oxidative stress by examining

maternally derived antioxidants in the plasma of hatch-

lings (e.g. uric acid, vitamin C, polyphenols and proteins;

see also Erel, 2004).

Methods

Field procedure and cross-fostering

We carried out this study from May to June 2009 in a

colony of yellow-legged gulls in the Parque Nacional das

Illas Atlánticas, Sálvora Island, Galicia, Spain (42�28¢N,

09�00¢W). We surveyed the study areas once daily during

egg laying and marked nests with numbered bamboo

sticks. We visited each nest until clutch completion and

marked eggs individually on the day of laying with a

permanent marker. A total of 72 nests with a clutch of

three eggs (modal clutch size; > 85% of breeding pairs lay

a clutch of three eggs in the study population; our

unpublished data) were used for this study. To examine

additive genetic and common environmental effects on

trait variation among individuals, all three eggs were

swapped 1 day after clutch completion. A set of cross-

fostering was performed within a group of four randomly

selected nests in which the second and third eggs were

laid on the same days (at 2-days interval). This design

resulted in all three eggs from the same original nest

being incubated (then the hatchlings being raised) in

three different recipient nests other than the original

nest, but conserving the original order within the clutch.

The length and breadth of each egg were measured to the

nearest 0.01 mm using electronic callipers, and the

volume of each egg was calculated as 0.52 · length ·
breadth2 (Hoyt, 1979).

We checked each nest daily beginning 2 days before

the estimated hatching date until all the chicks were

hatched. A total of 191 chicks hatched among the 72

study nests. We marked all hatchlings using leg flags

made with coloured Velcro on the day of hatching (day

0) for identification. Chicks were weighed, measured and

blood sampled at day 0 and day 8. Body condition of each

chick at day 0 was calculated as the residual from a linear

regression of body mass against tarsus length (day 0:

r = 0.376, P < 0.001; see Schulte-Hostedde et al., 2005).

Body mass growth (mass at day 8 and mass at day 0) and

skeletal size growth (tarsus length at day 8-tarsus length

at day 0) were significantly related in the study chicks

(r = 0.698, P < 0.001). Therefore, relative mass growth

calculated as the residual from a linear regression of body

mass growth against skeletal size growth was used as an

index of chick growth during the first 8 days of life.

Measurements of blood resistance to oxidative stress
and plasma antioxidants

Resistance to oxidative stress was assessed as the time

needed to haemolyse 50% of red blood cells exposed to

controlled free-radical attack (see also Alonso-Alvarez

et al., 2006) for all hatchlings (n = 191) and 115 chicks

recaptured at age 8 days. Around at age 8 days, efficiency

of resistance to oxidative stress may be important because

basal metabolism increases exponentially in gull chicks

(Drent et al., 1992), and increasing metabolic activity

causes oxidative-stress-related damage to the organism

(Rollo, 2002; Alonso-Alvarez et al., 2007). To assess blood

resistance to oxidative stress and plasma antioxidants, we

collected blood from each chick using a sterile needle and

heparinised capillary tubes. Twenty microlitres of whole

blood was mixed with 730 lL of saline buffer (158 mMM

Na+, 144 mMM Cl), 6 mMM K+, 24 mMM HCO3
), 2 mMM Ca2+,

340 mOsm, pH 7.4) immediately after blood sampling.

The sample mixed with the saline buffer and the rest of

blood were stored at 4 �C before analysis of resistance to

oxidative stress and centrifugation, respectively, that

occurred within 10 h. Chicks were observed 1–2 days

after blood sampling (at day 2 and day 9) in our other

studies, but no ill effect caused by blood sampling (e.g.

inflammation and mortality) was found in the chicks

(unpublished data).

Each blood sample was added to two wells (for

duplicated analysis, 80 lL per well) of a 96-well

microplate, then 136 lL of a 150 mMM solution of 2,2¢-
azobis-(aminodinopropane)hydrochloride [AAPH] was
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subsequently added to each well. The microplate was

incubated at 40 �C, and the haemolysis of red blood cells

was assessed with a microplate reader device, which

measures the decrease of optical density at a wavelength

of 540 nm, every 10 min during 3–4 h until all samples

reach their minimum values (see also Alonso-Alvarez

et al., 2006).

To determine maternal investment into antioxidant

defence, the concentration of total antioxidants was

measured (see Erel, 2004) using the plasma sampled for

each chick on the day of hatching. All plasma anti-

oxidants (extracellular) at hatching have a maternal

origin (Surai, 2007). Plasma and cellular fractions were

separated by centrifuging a capillary tube filled with

whole blood sample. Immediately after centrifugation,

plasma fractions were stored at )200 �C until antioxidant

analyses. Coloured 2,2¢-azino-bis-(3-ethylbenzothiazo-

line-6-sulphonic acid) radical cation [ABTS] was added

to each plasma sample in a 96-well microplate. The ABTS

is decolourized by antioxidants according to their con-

centrations and antioxidant capacities. This change in

colour was measured as a change in absorbance at

660 nm. All the process was applied to an automated

analyser, and the assay was calibrated with Trolox (see

Erel, 2004 for details).

Quantitative genetic analyses

The phenotypic variation caused by the common envi-

ronment experienced by siblings may bias estimates of

additive genetic variances (Kruuk, 2004). We avoided

such bias by cross-fostering all siblings to be raised in

different recipient nests and including both original and

recipient nests as random effects in quantitative genetic

analyses (see also Hadfield et al., 2007; Nilsson et al.,

2009). Genetic and common environmental components

(VOrigin and VRecipient) of total phenotypic variances (VP)

for resistance to oxidative stress at day 0 and day 8 were

estimated using REML univariate mixed-effect models,

with original and recipient nests fitted as random effects.

Additive genetic variances (VA) were calculated as twice

the variance component of original nest (VOrigin), because

full siblings share 50% of their genes (Lynch & Walsh,

1998). Note that extra-pair paternity is very rare in

gulls (Bukacinska et al., 1998; Gilbert et al., 1998).

Environmental variances (VE) were equal to the recipient

nest component (VRecipient in univariate models), and

phenotypic (co)variances were calculated as the sum of

the original nest, recipient nest and residual variance

components (VP = VOrigin + VRecipient + VR). Narrow-

sense heritability (h2) and common environmental effect,

i.e. recipient nest effect, (c2) were estimated as h2 =

VA ⁄ VP and c2 = VE ⁄ VP for each trait. We also provide the

coefficient of additive genetic variance CVA (Houle,

1992), in which the additive genetic variance is scaled

by the trait mean (X): CVA = 100 ·
ffiffiffiffiffiffi

VA

p
⁄ X to enable

comparison with other traits and populations.

As heritability can be over-estimated by egg maternal

effects (see Introduction), factors possibly related to

maternal effects on blood resistance to oxidative stress

were included as fixed effects in the initial mixed-effect

models and then only significant factors were retained in

the selected models. Hatching date, chick order (egg

laying order), plasma antioxidants (day 0), egg volume

and hatchling condition were fitted as fixed effects in the

initial model for resistance to oxidative stress at hatching.

For resistance to oxidative stress at the age of 8 days,

hatching date, chick order, egg volume, resistance to

oxidative stress at day 0, plasma antioxidants (day 0) and

chick growth were fitted in the initial model.

The statistical significance of each random effect was

assessed using likelihood ratio tests that compare models

based on -2 times the difference in REML log-likelihood

scores distributed as v2 where the number of degrees

of freedom equalled the number of variance terms

removed. The significance of each variance component

function (h2 and c2) was assessed using a t-test. ASReml

v2 (VSN International; Gilmour et al., 2006) was used to

fit full-sibling univariate models and calculate variance

component functions and standard errors (see Lynch &

Walsh, 1998).

Results

Chick order, plasma antioxidants (day 0), hatchling

condition did not influence resistance to oxidative stress

at day 0 (P ‡ 0.18). Resistance to oxidative stress of

chicks at hatching was negatively correlated to hatching

date and egg volume, and their significant effects

(ANOVAANOVA: hatching date: F1,188 = 19.47, P < 0.001; egg

volume: F1,188 = 5.21, P = 0.02) were included as fixed

effects in the REML univariate mixed-effect model.

Both heritability (h2 = 0.16 ± 0.16) and common

environmental effect (c2 = 0.06 ± 0.08) were low and

nonsignificant for resistance to oxidative stress on the

day of hatching (Table 1).

Resistance to oxidative stress of chicks at age of 8 days

was negatively correlated to hatching date (ANOVAANOVA:

F1,112 = 7.11, P = 0.01) and chick growth (F1,112 = 5.12,

P = 0.03). Nonsignificant fixed effects, chick order, egg

volume, resistance to oxidative stress (day 0) and plasma

antioxidants (day 0) (P ‡ 0.38), were dropped from the

final model. Resistance to oxidative stress at day 8

showed significant heritability (h2 = 0.59 ± 0.25,

P = 0.01), but the rearing environment of the chicks

did not influence the variation in resistance to oxidative

stress (c2 = 0.11 ± 0.11, P = 0.18).

Discussion

Our quantitative genetic analyses using cross-fostered

gull chicks showed that variation in blood resistance to

oxidative stress was not affected by common rearing

environment. However, chicks at age 8 days showed

Heritability of resistance to ROS 771
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high resemblance to original siblings in resistance to

oxidative stress.

The defence system to prevent oxidative damage (Surai,

2007) includes various mechanisms such as (i) cellular

antioxidant enzyme groups that counteract the effects of

the superoxide anion and its damaging derivatives, (ii) the

chain-breaking antioxidant compounds (endogenously

produced antioxidants and dietary antioxidants) that

neutralize ROS and (iii) structural defence of tissues

through their amino acid or fatty acid composition

(reviewed in Monaghan et al., 2009). Our measurement

of the haemolysis rate of red blood cells exposed to a

controlled free-radical attack not only represents total

antioxidant defences (enzymatic and nonenzymatic

antioxidants) in the blood but also indicates the rate

of lipid peroxidation in the erythrocyte membrane

that would affect the cell capacity to resist free-radical

aggressions (e.g. Zou et al., 2001). Thus, blood resistance

to oxidative stress is influenced by both exogenous and

endogenous components. Among these, only dietary

antioxidants are mainly influenced by parental provision-

ing, and variations in the other defence systems against

oxidative stress possibly depend on genetic, maternal and

unexplained environmental influences. Molecular genet-

ic studies based on laboratory animals have shown that

resistance to a ROS-induced haemolysis has a genetic basis

(Zou et al., 2001; Ito et al., 2004; Armutcu et al., 2005;

Tothova et al., 2007; see also Warren & Rossi, 2009).

Our results show that resistance to oxidative stress at

hatching was not related to plasma antioxidants, which

are mostly derived from maternal investment into eggs

(Surai, 2007). However, we acknowledge that plasma

antioxidants in hatchlings are only a part of maternal

antioxidants allocated into eggs and other potential

maternal effects could have influenced embryonic

development (Price, 1998) and thereby blood resistance

to oxidative stress at hatching. Hatchlings from larger eggs

were less resistant to oxidative stress, suggesting a complex

influence of maternal effects on resistance to oxidative

stress at hatching. Hatchlings from large eggs are generally

bigger and heavier than those from small eggs (Bolton,

1991), and embryonic growth rates in skeletal size and

mass are positively correlated between egg mass and

volume (Ricklefs & Starck, 1998). Therefore, the acceler-

ated embryonic growth might trade off with physiological

conditions at hatching (Metcalfe & Monaghan, 2001),

including resistance to oxidative stress. Similarly, chicks

growing relatively fast in mass, compared to their skeletal

growth, across the first 8 days of life had decreased

resistance to oxidative stress. The later a chick hatched in

the season, the less resistant its red blood cells to oxidative

stress at both hatching and age of 8 days. As individuals

breeding in suboptimal time in season are generally poor

quality breeders in gulls (e.g. Sydeman et al., 1991;

Brouwer et al., 1995), poor maternal investment in yolk

composition, including vitamin E and the carotenoids

(Rubolini et al., 2006; Surai, 2007), may have resulted in

the negative relationship between hatching date and

resistance to oxidative stress of offspring.

Common environmental effects on phenotypic varia-

tion in resistance to oxidative stress are expected to

increase with age during the nestling periods because

chicks obtain dietary antioxidants derived from parental

provisioning (Catani et al., 2008). However, common

environmental effects on variation in resistance to

oxidative stress, estimated as the similarity between

post-sibs that shared the same rearing environments,

were not significant in chicks from both day 0 and day 8,

although c2 increased slightly from day 0 (c2 = 0.06) to

day 8 (c2 = 0.11). These results may suggest that the role

of dietary antioxidants from parental provisioning is

minor in blood resistance to oxidative stress or that

differences among broods in parental favouritism

(Lessells, 2002) or sibling competition (Costantini et al.,

2006) could influence estimates of common environ-

mental variances. Alternatively, relatively low c2 in day 8

than expected could arise as a consequence of the

increase in importance of additive genetic effects.

Heritability in resistance to oxidative stress was rela-

tively low and nonsignificant in hatchlings, but interest-

ingly, the chicks of age 8 days showed high and

significant heritability (h2 = 0.59). The increase of

Table 1 Quantitative genetics for resistance to oxidative stress at hatching (day 0) and age of 8 days. REML univariate mixed-effect models.

Resistance at day 0 (min) Resistance at day 8 (min)

Estimate P Estimate P

n 191 115

VOrigin ± SE 4.49 ± 4.59 v2
1 = 1.06 0.30 17.33 ± 8.49 v2

1 = 4.77 0.03

VRecipient ± SE 3.55 ± 4.44 v2
1 = 0.71 0.40 6.22 ± 6.88 v2

1 = 0.85 0.36

VP ± SE 55.06 ± 5.75 58.42 ± 8.27

h2 ± SE 0.16 ± 0.16 t188 = 1.00 0.16 0.59 ± 0.25 t113 = 2.34 0.01

c2 ± SE 0.06 ± 0.08 t188 = 0.80 0.21 0.11 ± 0.11 t113 = 0.93 0.18

Trait mean ± SD 28.06 ± 7.95 34.42 ± 7.89

CVA 10.68 17.10

The variance components reported are original nest (VOrigin), recipient nest (VRecipient) and total phenotypic variance (VP). Heritability (h2) and

common environmental effect (c2) were calculated from these variance components.
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heritability with age cannot be attributed to a decrease in

the total phenotypic variance as it was comparable

between day 0 and day 8. Some quantitative genetic

studies of laboratory and wild populations have shown

that heritability in morphology and life-history traits can

vary with age possibly as a result of age-dependent

environmental and maternal effects (e.g. Réale et al.,

1999; Albuquerque & Meyer, 2001; Charmantier et al.,

2006). In hatchlings, additive genetic variance in resis-

tance to oxidative stress can be over- or under-estimated

because of the possible interferences by unexplained

early maternal effects that vary between or within

genetic broods, respectively. Particularly in the latter

case, differential strategies in maternal allocation of egg

antioxidants can make it difficult to estimate similarity

between siblings. Total yolk antioxidant capacity

decreases with laying order in the yellow-legged gull

Larus michahellis (Rubolini et al., 2006). However,

females may be able to adjust antioxidant allocation

within clutches to influence offspring quality variation

within broods, controlling over sibling competition

(Blount et al., 2002; Royle et al., 2003). The significant

estimate of genetic variance at day 8 could be partly

inflated by unexplained maternal effects on egg compo-

sition that are difficult to disentangle by cross-fostering.

However, maternal investment in offspring conditions

can play a major role early in life; whereas later on,

offspring phenotype is determined mainly by the geno-

type and ⁄ or the environment (Charmantier et al., 2006).

In our study, resistance to oxidative stress and plasma

antioxidants at hatching (proxy of maternal investment

for the defence system against oxidative stress) had no

influence on resistance to oxidative stress at day 8,

suggesting that indeed influence of maternally derived

antioxidants on the heritability estimate at this age

should be little.

In conclusion, our results show natural variation and

heritability of resistance to a ROS-induced haemolysis in

gull chicks. Importantly, our results suggest that genetic

effects on variation in resistance to oxidative stress

increase as gull chicks grow. As early resistance to

oxidative stress is genetically linked to reproductive life-

history traits, oxidative-stress-related genes may con-

strain reproductive senescence (Kim et al., 2010). Our

study suggests that the resistance to oxidative stress may

play an important role in life-history evolution (Dowling

& Simmons, 2009; Monaghan et al., 2009). Further work

is required to confirm the evolutionary role of oxidative

stress by exploring genetic correlations between resis-

tance to oxidative stress and life-history traits.
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