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signi cantly weaker in chicks whose BSs were increased. How-
ever, they assessed only one component of oxidative stress (the
antioxidant capacity), and this does not fully characterize the
resulting redox balance (Costantini 2008; Costantini and Verhulst
2009; Monaghan et al. 2009). Therefore, more experimental stud-
ies presenting integrated measures of oxidative stress are needed
to provide a more comprehensive view of oxidative stress as a
life-history trait potentially mediating trade-offs (Hak and Co-

hen 2010).

Although von Schantz et al. (1999) proposed that an acti-
vation of the immune system might generate an increase in
oxidative stress, strong evidence for this is largely still lacking
(Costantini 2008). While some studies have reported that im-
mune activation directly elicits oxidative damage in chicks
(Costantini and DellOmo 2006) and adult birds (Bertrand et
al. 2006; Torres and Velando 2007; van de Crommenacker et
al. 2010), other studies have failed to demonstrate a causal link
between these two parameters (Alonso-Alvarez et al. 2004;
Perez-Rodiguez et al. 2008). Therefore, more studies are needed
to fully understand the reciprocal relationships between oxi-
dative stress and immune function (Costantini 2008; Costantini
and Mgller 2009; Monaghan et al. 2009) and the effect that
early developmental conditions have on these traits and their
interaction. One reason for the lack of consistency between
different studies might be that most studies are performed dur-
ing only one breeding season, and often without a known “eco-
logical context,” for example, if the study was conducted in a
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Table 1: Effects in European starlirgtrnus vulgaris
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Figure 1. Effects of brood-size manipulation (decreased vs. enlarged
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Table 2: Effects in European starlir§térnus vulgarschicks, using generalized linear mixed models, of brood-size manipulation
(group: decreased or enlarged brood) and year (2007 or 2008) on plasma total antioxidant capacity (TAC), total oxidant status
(TOS), plasma oxidative status (ratio between TOS and TAC), and immunoglobulin Y (IgY) levels

Group Year Group  Year Parameter Estimates SE

Dependent Variable daf F P df F P df F P Intercept Group Year Group Year
TAC (mmol Trolox

equivalent LY 51.66 547 .02 6154 243 .12 6796 586 .02 16 .01 .12 .33 .10 40 .16
TOS ( mol H,0,

equivalent L)? 5850 .26 .61 77.23 46.85.0001 79.34 276 .10 231.04 .05 .06 22 .05 14 .08
Plasma oxidative status 56.27 .66 .42 73.38 62.82.0001 7657 .00 .98 1.09.04 .03 .06 .34 .05 .00 .08
IgY level 60.11 6.08 .02 67.12 50.49.0001 74.38 .11 .74 3.45.26 .76 .38 205 .35 18 .55

Note. Parameter estimate values are given for the following xed effects: for group, decreased; for year, 2007; and folygesudecreased 2007. IgY level
data are presented in arbitrary units.

*Data were log transformed before statistical analysis.

"Data were inverse transformed before statistical analysis.

each experimental group of each year (data not shown; LMBroods that were raised during a low-quality year (2007). On

P 0.05in all cases). the other hand, while TOS did not vary with increasing BS, it
was signi cantly affected by year. Indeed, chicks raised during
Discussion a low-quality year showed a higher TOS than those raised dur-

ing a higher-quality year (2008). Consequently, plasma oxi-
With this study, we aimed to assess the combined effects pfiive status, de ned as the ratio between pro- and antioxi-
annual variation in year quality and developmental conditionaants, was signi cantly higher in 2007 than it was in 2008,
on biomarkers of oxidative stress and humoral immune fun%dependent of BS. These results do not support our a priori
tion in nestling European starlings. First, we showed that chicksaictions, and they contrast with the results of some previous

raised in experimentally enlarged broods had lower TAC, bigies. For example, oxidative stress was higher in larger
only during one of the study years (2007). BS manipulation

did not in uence TOS, but TOS was higher, independent of
BS, in 2007. Consequently, plasma oxidative status was higher
in 2007 than in 2008. Second, IgY level, which is a marker of
humoral immune function, was higher in 2008 and, unex-
pectedly, was higher in chicks in experimentally enlarged broods
compared with those in smaller broods. Finally, TAC and TOS
were positively correlated only in 2007, while there were no
relationships between biomarkers of oxidative stress and im-
mune function (IgY) in either year. Our results therefore dem-
onstrate that year effects can confound BS effects when assessing
the impacts of sibling competition on chicks’ growth and di-
verse physiological traits such as oxidative stress. This empha-
sizes the in uence of year effects—that is, the “ecological con-
text’—over BS on oxidative stress, and it raises the question
of the nature of the physiological mechanisms that could be
responsible for variations in oxidative stress.

Broods of European starling chicks were consistently ma-
nipulated during two consecutive years (2007 and 2008). Sig-
ni cant differences in morphological traits (tarsus and wing
lengths), body mass, and daily growth rates were observed be-
tween the two study years; all of these traits had signi cantly
lower values in 2007 than in 2008. Various parameters such as
food quality and quantity, parasite pressure, or weather con-
ditions could, acting alone or in synergy, in uence chicks’ mor-
phological traits. Although the proximal factors responsible for
these interyear differences were not controlled for in our study
and remain to be identi ed, we de ned 2007 as being a year
of lower quality than 2008.

In this study, TAC was lower only in experimentally enlarged
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Figure 2.Effects of brood-size manipulation (decreased vs. enlarged broods) on plasma concentrat®n @ntioxidant capacity (TAC),
(B) total oxidant status (TOS),Q) plasma oxidative status (ratio between TOS and TAC), @dithmunoglobulin Y in 15-d-old European
starling Sturnus vulgarjchicks raised during two consecutive years, 200ied circl¢sand 2008 émpty circl@sValues represented are means
SE.

peroxidation (marker of oxidative stress—derived damage) guality year. Although chicks showed similar antioxidant levels
captive green nchesGarduelis chlofissecondary to the acti- between years, the positive relationship between TOS and TAC
vation of the immune system. This further illustrates the adhat was observed during the low-quality year might suggest
tivation of the endogenous antioxidant machinery consecutiwtbat the antioxidant machinery was activated during that year
to the induction of a free-radical attack. We tried to addres® counteract the high TOS levels and to prevent the individual
this question by examining the relationship between TOS arfcbm sustaining high oxidative stress. While such an upregu-
TAC between years. In 2007, there was a signi cant positilaion could contribute to limiting oxidative stress, it might
relationship between the two parameters, implying that chickseve induced an energetic cost.

with the highest TOS also had the highest TAC, while in 2008If there is resource-allocation trade-off between immunity
the latter relationship was not signi cant. Therefore, the anand growth, we predicted that chicks raised under more stress-
tioxidant machinery might have been activated only during th&ul developmental conditions, such as resource limitation or
low-quality year, when the production of prooxidant com-increasing competition in larger broods, should exhibit lower
pounds was higher. Although the latter mechanism might heipnmune capacity (Naguib et al. 2004). In this study, humoral
to buffer the increasing production of oxidants and limit ox-immunity was accordingly lower during a low-quality year,
idative stress during a low-quality year, one can only suppoadich could be, among other factors, attributable to lower
it might entail an energetic cost (Cohen et al. 2008; reviewadtritional conditions during that year. Using a feeding regime
in Costantini 2008). In this study, the TOS was signi cantlynanipulation, Brzek and Konarzewski (2007) showed that
higher during the low-quality year than during the higher-food-restricted nestling sand martinRiparia riparig exhibited
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immune capacity but also an immune response to an ongoing
387 [a infection (reviewed in Morales et al. 2004), while parasite ex-
) j posure was shown to increase with increasing BS in great tits

i (Norris et al. 1994) and tree swallow$athycineta bicolgur
Shutler et al. 2004). Accordingly, small ground nch&gpspiza
fuliginosa

2007

ot 18 20 22 24 26 28 30

Log total oxidant status (umol H:ﬁ;ﬂfwdﬁwancm.l_ )

Figure 3. Relationship between total oxidant status and total antioxidant
capacity in 15-d-old European starlin@tUrnus vulganschicks raised

in (A) 2007 and B) 2008 in two different experimental environments,
decreased broodsrigangle¥ and enlarged broodscirclels

a signi cantly weaker T-cell-mediated immune swelling re-
sponse than nestlings fed ad libitum. However, in this study,
chicks raised in experimentally enlarged broods showed higher
IgY levels than did chicks raised in smaller broods during both
years, contradicting our prediction. Other studies have also
found a positive relationship between BS and immune function.
For example, the T-cell-mediated immune response of do-
mesticated zebra nch chicks raised in experimentally large
broods was signi cantly stronger than that measured in chicks
raised in small broods (Tschirren et al. 2009). Likewise, late-
hatched barn swallow nestlings had lower body mass but a
stronger humoral immunity (plasma immunoglobulin concen-
tration) and a stronger T-cell-mediated immune response than
their early-hatched siblings (Saino et al. 2001). However, these
latter results are contradictory to those of cross-fostering ex-
periments describing lower T-cell responses following a BS in-
crease in great tits (Hak et al. 1999) and zebra nches (Naguib

et al. 2004; Alonso-Alvarez et al. 2006). One alternative expla-
nation for our results might relate to parasite load, on the basis
of the fact that immunoglobulin levels could re ect not only
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have been upregulated during a low-quality year to cope with
the subsequent increased production of oxidants, and this
mechanism might be energetically costly. Future studies should
take ecological context into account when inferring about [ =+x-
imal factors explaining variations in oxidative stress. Whether
the structural and physiological costs imposed by sibling com-
petition will lead to long-term effects on chicks’ survival i =+1/
or tness remains to be documented.

Acknowledgments

We are extremely grateful to the Davis family at Davistead Jairy
farm (Langley, British Columbia) for generously hosting our
starling eld and research sites. We thank Dr. Oliver P. Love
for his helpful advice. We also thank Lauren L. Kordonowyv for
her assistance in the eld. Finally, we acknowledge Proicssor
O. Erel for his availability and kindness in helping us set up
the oxidative stress measurements. This study was supported
by the Natural Sciences and Engineering Research Council.
During the tenure of the study, S.B. was supported by anel-
lowship from the French Ministry of Foreign Affairs (Lavoisier

grant).
—

Literature Cited =

=+ Alonso-Alvarez C., S. Bertrand, G. Devevey, J. Prost, B. Faivre,
O. Chastel, and G. Sorci. 2006. An experimental maiu-
lation of life-history trajectories and resistance to oxidative
stress. Evolution 60:1913-1924.

= Alonso-Alvarez C., S. Bertrand, G. Devevey, J. Prost, B. Efivre,
and G. Sorci. 2004. Increased susceptibility to oxidative stress
as a proximate cost of reproduction. Ecol Lett 7:363—-368.

=+ Alonso-Alvarez C., S. Bertrand, B. Faivre, and G. Sorci. 2’007.
Increased susceptibility to oxidative damage as a cost ot ac-
celerated somatic growth in zebra nches. Funct EcoL?l:
873-879.

=+ Bertrand S., F. Criscuolo, B. Faivre, and G. Sorci. 2006. Immune
activation increases susceptibility to oxidative tissue damage
in zebra nches. Funct Ecol 20:1022-1027.

=+ Biard C., P.F. Surai, and A.P. Mgller. 2005. Effects of carotenoid
availability during laying on reproduction in the blue .
Oecologia 144:32-44.

=+ Bourgeon S., M. Kauffmann, S. Geiger, T. Raclot, and J.-P.
Robin. 2010. Relationships between metabolic status,cor-
ticosterone secretion and maintenance of innate and adaptive
humoral immunities in fasted re-fed mallards. J Exp Biol
213:3810-3818.

= Brzek P. and M. Konarzewski. 2007. Relationship betweer 2 vian
growth rate and immune response depends on food avail-
ability. J Exp Biol 210:2361-2367.

=+ Chin E.H., O.P. Love, A.M. Clark, and T.D. Williams. 2-25.
Brood size and environmental conditions sex-speci cally af-
fect nestling immune response in the European staifihg-

— -



Oxidative Stress and Immunity in Growing Chicks437

Heritability of resistance to oxidative stress in early life. J
Evol Biol 23:769-775.

=+ Lindstram K.M., J. Foufopoulos, H. Parn, and M. Wikelski.
2004. Immunological investments re ect parasite abundance
in island populations of Darwin’s nches. Proc R Soc B Biol
Sci 271:1513-1519.

=+ Love O.P. and T.D. Williams. 2008. Plasticity in the adi=*o-
cortical response of a free-living vertebrate: the role of pre-
and post-natal developmental stress. Horm Behav 54:496—
505. =+

= Martinez J., G. Torhg, S. Merino, E. Arriero, and J. Moreno.
2003. Detection of serum immunoglobulins in wild birds by
direct ELISA: a methodological study to validate the tech-
nigue in different species using antichicken antibodies. [ =*1ct
Ecol 17:700-706.

=+ Maurice D.V., S.F. Lightsey, J.E. Toler, A. Abudabos, and H.
Lindler. 20091 -gulonolactone oxidase activity, tissue ascor-
bic acid and total antioxidant capacity in vitamin A—de cient

chickensGallus gallus] Poult Sci 46:13-18. =4

-
—% —¥

-
—3 —y
—3 —3
=

-

-
=



