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Abstract The allocation of resources to reproduction
and survival is a central question of studies of life
history evolution. Usually, increased allocation to
current reproduction is paid in terms of reduced future
reproduction and/or decreased survival. However, the
proximal mechanisms underlying the cost of repro-
duction are poorly understood. Recently, it has been
shown that increased susceptibility to oxidative stress
might be one of such proximate links between repro-
duction and self-maintenance. Organisms possess a
range of antioxidant defenses, including endogenously
produced molecules (e.g., enzymes) and compounds
ingested with food (e.g., carotenoids). If reproductive
effort increases the production of reactive oxygen spe-
cies, the availability of antioxidant defenses may partly
or fully counteract the free-radical damages. One could,
therefore, expect that the trade-off between reproduc-
tion and oxidative stress is modulated by the avail-
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ability of antioxidant defenses. We tested this
hypothesis in zebra finches. We manipulated repro-
ductive effort by either allowing or preventing pairs to
breed. Within each breeding or non-breeding group,
the availability of antioxidant compounds was manip-
ulated by supplementing or not supplementing the
drinking water with carotenoids. We found that al-
though birds in the breeding and non-breeding groups
did not differ in their resistance to oxidative stress (the
breakdown of red blood cells submitted to a controlled
free-radical attack), one aspect of breeding effort (i.e.,
the number of eggs laid by birds in both breeding and
non-breeding groups) was negatively correlated with
resistance to oxidative stress only in birds that did not
benefit from a carotenoid-supplemented diet. This re-
sult therefore suggests that carotenoid availability can
modulate the trade-off between reproduction and
resistance to oxidative stress.

Keywords Free radicals - Carotenoids - Oxidative
stress - Reproduction - Zebra finch

Introduction

A major assumption of models on the evolution of life
histories is that traits do not evolve independently
from one another (Roff 1992; Stearns 1992). Such
trade-offs are often thought to be the result of com-
petition for common resources. If resources are limit-
ing, allocation to one function can only be achieved to
the detriment of other functions (Zera and Harshman
2001). This paradigm has been used, for instance, to
explain what is generally called the cost of reproduc-
tion (Stearns 1992) and, extensively, in the emerging
field of ecological immunology (Sheldon and Verhulst
1996).

Despite the empirical evidence for the ultimate
consequences of reproductive effort, the physiological
mechanisms underlying the cost of reproduction re-
main poorly known and have only been investigated in



the last years (Rose and Bradley 1998; Zera and
Harshman 2001; Barnes and Partridge 2003). Recent
work has shown that susceptibility to oxidative stress
can be one of these physiological mechanisms.
Experimental increase of reproductive effort in fruit
flies (Drosophila melanogaster) and zebra finches (7a-
eniopygia guttata) has been shown to correlate with a
decrease in the resistance to oxidative stress, assessed
as organismal mortality to an in vivo free-radical at-
tack (Salmon et al. 2001; Wang et al. 2001), in vitro
resistance of red blood cells to a free-radical attack
(Alonso-Alvarez et al. 2004a), and activity of the
superoxide dismutase (Wiersma et al. 2004). Reactive
oxygen species (ROS) are highly reactive molecules
generated as a result of normal metabolism, which
have deleterious effects on cellular components like
proteins, lipids, and DNA. To counteract ROS, a
complex antioxidant network exists including enzy-
matic (superoxide dismutase, catalase, gluthatione
reductase) and non-enzymatic defenses (e.g., carote-
noids, vitamins A, C, and E) (Beckman and Ames
1998; Prior and Cao 1999; Finkel and Holbrook
2000). The magnitude of oxidative stress is determined
by the relative unbalance between ROS production
and antioxidant defenses (Finkel and Holbrook 2000).
Accumulation of damage to biomolecules caused by
free radicals is recognized as a key process of somatic
degeneration and aging (Harman 1956; Sohal et al.
1994; Finkel and Holbrook 2000).

Carotenoids are natural pigments synthesized by
plants that are often used by animals to produce
sexual signals associated with mate choice (Kodric-
Brown 1985, 1989; Hill 1991; Badyaev and Hill 2000).
The honesty of carotenoid-based signals is thought to
be reinforced by two non-exclusive mechanisms. First,
since carotenoids cannot be synthesized by animals
and must be ingested with food, the capacity to pro-
duce carotenoid-based coloration would ultimately be
linked to the individual ability to acquire or assimilate
carotenoids (Endler 1980; Hill 1990). Second, carote-
noids have important physiological functions as im-
munoenhancers and antioxidants (Chew and Park
2004; Kiokias and Gordon 2004). Therefore, if carot-
enoids are limiting, investing carotenoids for sexual
signaling or in eggs for females would decrease their
availability for the immune and detoxification systems
(Lozano 1994; von Schantz et al. 1999; Alonso-Alv-
arez et al. 2004b). Thus, if carotenoids are a limiting
resource involved in both sexual signaling and the
protection against the damaging effect of free radicals,
one could expect that increased availability of these
compounds in the environment might partly or fully
compensate the increased demand generated by
reproduction.

Here, we manipulated both reproductive effort and
availability of carotenoids in zebra finches and tested
whether unrestricted access to carotenoids reduced the
cost of reproduction in terms of resistance to oxidative
stress.
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Material and methods
General procedure and treatments

The study was carried out on a lab-breeding population
of zebra finches. Birds were 3 month old on average
(98 days) and had not bred before. They were housed in
an indoor aviary maintained at constant temperature
(21 £1°C), under controlled daily light cycles (13L:11D).
Fifty-nine randomly formed pairs were held in wire
cages (0.6 mx0.4 mx0.4 m). All individuals were pro-
vided with food (commercial seed mix) ad libitum.

Thirty pairs were provided with a nest-box and
nesting material (hay) for breeding, whereas the
remaining 29 pairs were prevented from breeding (no
nest-box and nesting material). Similarly, half of the
pairs were supplemented with carotenoids in the drink-
ing water (100 pg/ml, Oro Glo™ liquid, 11 mg/ml
lutein and zeaxanthin (20:1, w/w); Kemin France SRL,
Nantes, France), whereas the remaining pairs only
received tap water (N =30 and 29, respectively) and this
for 3 months. In a previous study, we showed that this
dose (100 pg/ml) corresponds to the inflection point in
the relationship between carotenoid availability, carot-
enoids in the plasma, and the expression of beak color
(Alonso-Alvarez et al. 2004b). In order to avoid spatial
effects in the aviary, the cages were sequentially assigned
to each group (breeders with carotenoids, non-breeders
with carotenoids, breeders without carotenoids, and
non-breeders without carotenoids).

Every 2 days the number of eggs laid was recorded
even if they were not laid in the nest-box (i.e., non-
breeders). Body weight, resistance to oxidative stress, and
the amount of carotenoids in plasma were measured at
the beginning of the experiment and again 3 months later.
Beak color was also measured at the end of the experi-
ment. Given that the color chart used to score beak color
was not available at the starting of the experiment we do
not have initial values for this variable; however, given
that birds were randomly assigned to the four groups, it is
unlikely that beak color differed between treatments at
the beginning of the experiment. Initial values of body
mass, resistance to oxidative stress, and amount of plas-
ma carotenoids did not differ between sexes nor between
breeding or carotenoid-supplementation groups (all
Ps>0.20), showing that initial conditions were similar for
all birds (Table 1).

To assess resistance to oxidative stress and the
amount of carotenoids in the plasma, blood was collected
at the beginning of the experiment and 3 months later
from the brachial vein into heparinized microcapillary
tubes (~150 ul). Twenty microliters of whole blood were
immediately diluted in 730 pl of KRL buffer; these
samples were stored at 4°C before analysis that occurred
within 24 h. The remaining blood was centrifuged, and
plasma stored at —20°C for later measurements of total
carotenoid concentration. There was no difference be-
tween carotenoid supplemented and control groups in
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Table 1 Pre-experimental and post-experimental (3 months later) values of resistance to oxidative stress (min), carotenoids circulating in
the plasma (pug/ml), and body mass (g) (mean + SE) for the different groups (breeders vs. non-breeders, carotenoid supplemented vs. non-

supplemented, males vs. females)

Resistance to oxidative
stress (min)

Carotenoids circulating
in the plasma (pg/ml)

Body mass (g)

Initial values

Final values

Initial values  Final values Initial values  Final values

Non-supplemented non-breeding males 65.44+1.31 66.04+1.97 16.83+2.35 30.43+£3.31 15.27+0.5 15.59+0.77
Supplemented non-breeding males 63.15+£1.18 65.13£1.07 20.13+2.44 91.27+£7.01 16.71+0.71 17.59+0.73
Non-supplemented breeding males 61.22+1.66 65.56+1.35 16.36£2.66 19.33+2.44  15.81£0.48 15.02+0.44
Supplemented breeding males 63.74+1.28 66.11+1.04 18.18+2.42 57.6+3.25 16.17+0.56 15.1+£0.56
Non-supplemented non-breeding females  64.23+0.85 64.97+1.87 18.93+3.41 28+£4.10  16.11£0.39 16.38 £0.42
Supplemented non-breeding females 63.93+0.92 61.13+1.35 18.2+1.86 60.2+742 15.71+£0.46 16.13+0.45
Non-supplemented breeding females 64.72+1.06 6528 +1.27  20.36+2.00 20.93+2.12 16.07+0.37 15.09+0.4
Supplemented breeding females 64.86+£0.89 63.47+1.45 19.07+£3.37 58.8+£7.05 1597+0.44 15.32+0.36

the age of the chicks when parents were sampled (sup-
plemented breeders, mean + SE 38.21 £+ 1.76 days; non-
supplemented breeders, mean + SE 33.14+3.66 days,
N=17,t=-0.97, P=0.348).

Assessment of global antioxidant defenses

Total antioxidant defenses in whole blood were assessed
as the time needed to hemolyze 50% of red blood cells
exposed to a controlled free-radical attack. We used the
KRL test (Brevet Spiral V02023, Couternon, France;
http://www.nutriteck.com/sunyatakrl.html) adapted to
bird physiological parameters (osmolarity, temperature)
(Alonso-Alvarez et al. 2004a, b).

Eighty microliters of the whole blood diluted in the
KRL buffer (150 mM Na™, 120 mM ClI, 6 mM K,
24 mM HCOj3, 2 mM Ca®", 340 mOsm, pH 7.4) were
added to each well of a 96-well microplate. We subse-
quently added to each well 136 pl of a 150 mM solution
of [2,2’-azobis-(amidinopropane)hydrochloride] (646 mg
of [2,2’-azobis-(amidinopropane)hydrochloride] diluted
in 20 ml of KRL buffer), a free-radical generator (Rojas
Wahl et al. 1998). The microplate was subsequently read
with a microplate titrator GEMS Reader MF, Kirial SA,
Couternon, France) at 40°C. The rate of hemolysis is
determined by the change in optical density measured at
540 nm. Previous work has shown that, if at least one
component of the antiradical detoxification system is
impaired, the hemolysis curve shows a shift towards
shorter times (Blache and Prost 1992; Girard et al.
2005). This test therefore provides an assessment of total
antioxidant defenses since all families of antioxidants
present in the blood are used to fight off the oxidant
attack (Blache and Prost 1992; Pieri et al. 1996; Girodon
et al. 1997; Lesgards et al. 2002; Stocker et al. 2003;
Girard et al. 2005).

Plasma carotenoid measurement

To determine the amount of plasma carotenoids, we used
a colorimetry method. Twenty microliters of plasma were

diluted in 180 pl of absolute ethanol. The dilution was
mixed in a vortex and the flocculent protein was precipi-
tated by centrifuging the sample at 1,500g for 10 min. We
examined the supernatant in a spectrophotometer and
determined the optical density at 450 nm. Carotenoid
concentration was determined from a standard curve of
lutein. We have previously shown that spectrometric and
HPLC measurements of plasma carotenoids are highly
correlated in zebra finches (Alonso-Alvarez et al. 2004b).

Beak color

Beak color was assessed using a Dulux Trade Colour
chart (Dulux, France) under the same light conditions.
The following specific scale, ranging from orange to red
colors, was used: 1 (69YR 34/780), 2 (S6YR 28/778),
3 (44YR 26/756), 4 (34YR 20/708), 5 (31YR 18/648),
6 (16YR 16/594), 7 (19YR 13/558), 8 (09YR 11/475),
9 (14YR 10/434), where the first number and letters
indicate the hue, the numerator is the brightness, and the
denominator is the saturation (Blount et al. 2003). Mea-
surements of beak color were always performed by the
same person (SB) blindly with respect to the treatments.

Statistical analyses

Change in body mass, antioxidant defenses, and plasma
carotenoids over the course of the experiment were ana-
lyzed by taking the post-experimental value as dependent
variable and the pre-experimental value as a covariate.
Given that members of a pair share the same environment
(i.e., the cage), cage identity was included in the model as
a random factor. However, the cage had no effect on any
of the variables (all Ps>0.08). All the statistical analyses
were performed with SAS (SAS Institute 2001).

Results

Although non-breeding pairs were not provided with a
nest-box, in 16 out of 29 pairs the female laid some eggs at



the bottom of the cage. As a consequence, the mean
number of eggs laid for breeders and non-breeders was 4.9
(SE=0.40,min — max=0—13)and 2.83 (SE=0.44, min

— max=0-10), respectively (F;s5;=5.97, P=0.018).
Laying of the first egg occurred 14 days after the start of
the carotenoid supplementation. Seventeen out of 30
breeding pairs successfully reared their chicks until
40 days of age. The mean number of chicks at hatching
and fledging was 2.57+£0.297 and 1.57+£0.177
(mean + SE, N=21) for carotenoid supplemented pairs
and2.75+0.31and 1.88+£0.272 (mean + SE, N=16)for
non-supplemented birds (number of chicks at hatching:
F16=0.05, P=0.820; number of chicks at fledging:
F116=0.35, P=0.561).

Body mass

Breeders, i.e., pairs provided with a nest-box, lost more
body mass over the course of the experiment than non-
breeders (Table 2, Fig. 1a). The intensity of weight loss
was similar for the two sexes (Table 2, Fig. 1a) but not for
the two groups of carotenoid supplementation (caroten-
oid-supplemented non-breeding birds gained mass, Ta-
ble 2, Fig. 1b). The number of eggs laid was also related to
body mass loss, with pairs laying more eggs losing more
weight. However, the slope was steeper for non-supple-
mented birds (slope £+ SE=-0.160+ 0.043) than for
supplemented individuals (slope £ SE=—0.088 £0.053)
which resulted in a significant number of eggs laid by
carotenoid availability interaction (Table 2). Interest-
ingly, the effect of the number of eggs laid was similar for
the two sexes as shown by the non-significant number of
eggs laid by sex interaction (Table 2).

Plasma carotenoids

Individuals provided with carotenoid-supplemented
water had higher amount of circulating carotenoids than
control birds (Table 3, Fig. 2a). The breeding group also
affected the amount of circulating carotenoids but in
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Fig. 1 Change in body mass (post-experimental minus pre-exper-
imental values) for zebra finches (Taeniopygia guttata) prevented or
allowed to breed: a males (filled bars) and females (empty bars) and
b non-supplemented (control, filled bars) and supplemented with
carotenoids in the drinking water (empty bars). Mean + SE are
reported, N=115

interaction with sex (Table 3, Fig. 2b). Non-breeding
males showed a higher increase in plasma carotenoids
than breeding males, whereas the increase in plasma
carotenoids of females did not differ between the two
breeding groups (Fig. 2b).

Table 2 ANCOVA on the final body mass with breeding group, sex and carotenoid availability as factors and number of eggs laid and
initial value of body mass as covariates. Statistically significant effects (P <0.05) are reported in bold

Source df F P
Breeding group 1 6.87 0.010
Sex 1 0.10 0.757
Carotenoid availability 1 0.42 0.521
Number of eggs laid 1 3.51 0.064
Initial value of body mass 1 215.18 <0.0001
Breeding group x sex 1 0.01 0.912
Breeding group x carotenoid availability 1 5.58 0.020
Sex x carotenoid availability 1 0.88 0.349
Number of eggs laid x breeding group 1 0.93 0.338
Number of eggs laid X sex 1 0.11 0.741
Number of eggs laid x carotenoid availability 1 5.19 0.025
Error 103
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Table 3 ANCOVA on the final
plasma carotenoid

concentration with breeding
group, sex and carotenoid
availability as factors and
number of eggs laid and initial
value of plasma carotenoid
concentration as covariates.
Statistically significant effects
(P <0.05) are reported in bold

Source df F P
Breeding group 1 2.63 0.108
Sex 1 1.28 0.261
Carotenoid availability 1 54.83 <0.0001
Number of eggs laid 1 1.21 0.275
Initial value of plasma carotenoids 1 10.56 0.002
Breeding group x sex 1 5.62 0.020
Breeding group x carotenoid availability 1 0.62 0.432
Sex x carotenoid availability 1 2.33 0.130
Number of eggs laid x breeding group 1 0.21 0.651
Number of eggs laid X sex 1 0.13 0.720
Number of eggs laid x carotenoid availability 1 0.01 0.925
Error 101

Beak color

Carotenoid-supplemented birds of both sexes had a
redder beak than non-supplemented individuals (Ta-
ble 4, Fig. 3a). Non-breeding males had a redder beak
than breeding males, whereas the breeding group did not
affect beak color in females (Fig. 3b). This resulted in a
significant sex by breeding group interaction (Table 4).
Lastly, those individuals who had a higher increase in
plasma carotenoids had a redder beak (r=0.53,
P<0.0001, N=112).

Resistance to oxidative stress

Although the breeding group did not affect the resis-
tance to oxidative stress (Table 5), pairs laying a large
number of eggs had weaker antioxidant defenses than
pairs laying few eggs (Table 5). However, this decrease
in resistance to oxidative stress was modulated by the
availability of carotenoids, as individuals with caroten-
oid-supplemented water maintained similar global anti-
oxidant defenses whatever the number of eggs laid
(Fig. 4a, b). This resulted in a significant number of eggs
laid by carotenoid-supplementation group interaction
(Table 5). Again, the effect of the number of eggs laid
was not sex specific, as shown by the non-significant
number of eggs laid by sex interaction (Table 5).

Discussion

We found that, although the experimental manipulation
of reproduction (breeding vs. non-breeding group) did
not affect the expression of antioxidant defenses, carot-
enoid availability modulated the relationship between
one component of the reproductive effort (the number of
eggs laid) and resistance to oxidative stress in zebra fin-
ches. Non-carotenoid-supplemented pairs that laid more
eggs exhibited a decrease in their overall antioxidant
defenses, whereas this negative correlation vanished for
carotenoid-supplemented individuals. Interestingly, al-
though egg laying is a female restricted activity, the sex
by number of eggs laid interaction was not significant,

suggesting that sexual behaviors, probably related to
courtship and mating, were costly for males also.

The principle of resource allocation assumes that,
when energy/resources are finite, increased allocation to
one function cannot be achieved without a concomitant
reduction of allocation to other functions (Stearns
1992). Within this framework, the cost of reproduction
has attracted considerable attention from evolutionary
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Fig. 2 Change in plasma carotenoids (post-experimental minus
pre-experimental values) for male (filled bars) and female (empty
bars) zebra finches: a non-supplemented or supplemented with
carotenoids and b prevented or allowed to breed. Mean + SE are
reported, N=113
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Table 4 ANCOVA on beak
color with breeding group, sex

and carotenoid availability as
factors and number of eggs laid
as covariate. Statistically
significant effects (P <0.05) are
reported in bold

Source df F P
Breeding group 1 6.34 0.013
Sex 1 86.22 <0.0001
Carotenoid availability 1 34.92 <0.0001
Number of eggs laid 1 3.46 0.066
Breeding group x sex 1 6.05 0.016
Breeding group X carotenoid availability 1 1.71 0.194
Sex x carotenoid availability 1 2.38 0.126
Number of eggs laid x breeding group 1 1.84 0.178
Number of eggs laid x sex 1 0.53 0.467
Number of eggs laid x carotenoid availability 1 0.21 0.647
Error 106

ecologists (Barnes and Partridge 2003). Although a
proper assessment of the cost of reproduction can be
difficult because individuals might differ in their ability
to gather resources rather than in their allocation rule to
different functions (Reznick 1985, 1992), it is now well
established that increased reproductive effort does in-
deed trade against future reproduction and survival
(Barnes and Partridge 2003). Our short-term experi-
mental approach did not allow us to assess the cost of
reproduction in terms of longevity or future reproduc-
tion. Nevertheless, birds that engaged in reproduction
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Fig. 3 Beak color, based on a specific scale described in Material
and methods, of male (filled bars) and female (empty bars) zebra
finches: a non-supplemented or supplemented with carotenoids in
the drinking water and b prevented or allowed to breed.
Mean + SE are reported, N=117

lost significantly more body mass than non-breeders and
body mass can be a proxy of survival prospects in birds
(e.g., Tinbergen and Verhulst 2000). This result therefore
suggests that the manipulation of breeding effort was
effective and produced measurable physiological costs.
The expression of the cost of reproduction can also
take a more subtle form if breeding effort reduces the
availability of resources necessary to the production of
secondary sexual traits involved in mate choice. Two
studies have reported supportive evidence for this
hypothesis. The white forehead patch of male collared

o Control
e Carotenoid-supplemented

Change in resistance to oxidative stress (min)

0 2 4 6 8 10 12 14
Number of eggs laid

Fig. 4 Relationship between the change in resistance to oxidative
stress (post-experimental minus pre-experimental values) and the
number of eggs laid for non-supplemented (empty dots and dotted
line) and carotenoid supplemented (full dots and solid line) zebra
finches. a males (control y=—0.7331x+ 5.5551, carotenoid supple-
mented y=0.108x+1.7235), b females (control y=-0.8862x+
3.824, carotenoid supplemented y =—0.4146x—0.347)
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Table 5 ANCOVA on the final
resistance to oxidative stress

with breeding group, sex and
carotenoid availability as
factors and number of eggs laid,
change in body mass and initial
value of resistance to oxidative
stress as covariates. Statistically
significant effects (P <0.05) are
reported in bold

Source df F P
Breeding group 1 0.16 0.694
Sex 1 1.32 0.253
Carotenoid availability 1 8.52 0.004
Number of eggs laid 1 18.88 <0.0001
Change in body mass 1 4.93 0.029
Initial value of resistance to oxidative stress 1 18.56 <0.0001
Breeding group X sex 1 0.60 0.439
Breeding group x carotenoid availability 1 0.05 0.819
Sex x carotenoid availability 1 1.4 0.240
Number of eggs laid x breeding group 1 1.45 0.232
Number of eggs laid X sex 1 1.22 0.272
Number of eggs laid X carotenoid availability 1 6.83 0.010
Error 102

flycatchers (Ficedula albicollis) and the black bib of male
house sparrows (Passer domesticus), that are produced
during the post-breeding molt, have been shown to be
sensitive to the breeding effort produced by males during
the spring. Males whose brood size was increased,
molted a smaller signal compared to males whose brood
size was decreased (Gustafsson et al. 1995; Griffith
2000). Surprisingly, no experimental evidence exists for
the effect of breeding effort on the expression of carot-
enoid-based sexual traits. The color of the beak of male
zebra finches has been shown to become duller over the
course of the breeding season both under natural and
laboratory conditions (Burley et al. 1992), suggesting
that breeding effort does affect the expression of the
sexual signal. However, this study only reported cor-
relative results which do not imply causation. Here, we
found that breeding males had less plasma carotenoids
and less red beak than non-breeding males at the end of
the experiment, whereas breeding had no effect on
females. Beak color is a sexually selected trait in male
zebra finches, females preferring males with redder
beaks (Burley and Coopersmith 1987; Blount et al. 2003,
but also see Collins and ten Cate 1996). These results are
consistent with theoretical expectations related to the
reliability of sexual traits as indicators of individual
quality (see Cotton et al. 2004 for a recent review). If the
reliability of the signal depends on its condition-depen-
dent nature, one should expect that the expression of the
trait in males is more sensitive to an environmental stress
than in females (Cotton et al. 2004). Our results fit into
this scenario, although it would have been interesting to
simultaneously assess the effect of breeding effort on the
expression of non-sexually selected traits, as an appro-
priate control.

As mentioned above, the idea that reproduction is a
costly activity makes little doubt (Reznick 1992; Zera
and Harshman 2001; Barnes and Partridge 2003). More
debated is the proximal currency of this cost. If, on one
hand, the ultimate consequences have to be measured in
terms of fitness, the proximate mechanisms underlying
the cost are still largely unknown. Recently, much
emphasis has been put on the role played by oxidative
stress as one of such proximate mechanisms (Salmon
et al. 2001; Wang et al. 2001; Alonso-Alvarez et al.

2004a; Wiersma et al. 2004). Oxidative stress results
from the deleterious effect of ROS produced during the
metabolic process. The accumulation of oxidative
damage over time has been evoked as one of the major
proximal cause of the degenerative decline in perfor-
mance, also known as aging (Harman 1956; Sohal et al.
1994; Finkel and Holbrook 2000). Manipulation of
reproductive effort in both insects (fruit flies) and birds
(zebra finches) has shown a causal link with various
aspects of resistance to oxidative stress. Drosophila
stimulated to lay more eggs (either by the way of an
enriched diet or by the way of an hormonal manipula-
tion) showed a decreased resistance to in vivo exposure
to paraquat, a generator of free radicals (Salmon et al.
2001; Wang et al. 2001). Similarly, zebra finches exper-
imentally forced to raise an enlarged (six chicks) or a
reduced brood (two chicks) differed in the activity of the
superoxide dismutase (Wiersma et al. 2004) and in the in
vitro resistance of red blood cells exposed to a controlled
free-radical attack (Alonso-Alvarez et al. 2004a).

Oxidative stress is defined as the unbalance between
the production of ROS and the availability of antioxi-
dant defenses (Finkel and Holbrook 2000). If the meta-
bolic activity enhances ROS production but at the same
time antioxidant defenses are also more available, then
oxidative stress should stay constant. The dynamical
nature of this concept opens the way to a conditional
control of the trade-off between reproduction and oxi-
dative stress. In other terms, if antioxidant molecules are
provided in excess, we expect to observe a decrease in the
cost of reproduction. This is actually what we found. The
number of eggs laid negatively correlated with the resis-
tance to oxidative stress only in pairs not supplemented
with carotenoids. The main effect of the breeding group
(breeders vs. non-breeders) was not significant. There are
several possible reasons for this pattern. First, egg laying
could represent the most costly activity. Alternatively,
the absence of the breeding group effect might be due to
the low reproductive success of breeding pairs, which on
average only produced 1.5 fledglings. The range of vari-
ation in the number of eggs laid was much higher than in
the number of offspring produced and therefore there
might have been more scope to catch a significant effect
on egg number rather than fledgling production.



Although the number of eggs laid was the only
component of the breeding effort to correlate with
resistance to oxidative stress, the negative correlation
was similar for females and males. As egg laying is a
female restricted activity this result might appear sur-
prising. We suggest that a possible explanation for this
result resides in the costly mating activity of males. In
zebra finches, males mated with females that laid large
clutches are likely to have copulated more than males
mated with females that laid no eggs. Birkhead et al.
(1988) reported that zebra finches copulated about 12
times for a clutch of about five eggs. Given that clutch
size in our study varied between 0 and 13, it is likely that
male sexual activity (copulations, but also courting and
displaying) consistently varied among pairs. Various
aspects of sexual behaviors have been reported to incur
costs. In birds, courtship displays can be costly in terms
of energy and oxygen consumption (e.g., Vehrencamp
et al. 1989; Eberhardt 1994). Similarly, copulation per se
has been reported to decrease the longevity in insects
(e.g., Partridge and Andrews 1985; Martin and Hosken
2004). Of course this hypothesis needs to be investigated
with an experimental approach explicitly designed to test
it. The similar response of males and females might also
stem from the hormonal pathway involved in sexual
activity. Sex hormones (testosterone and progesterone)
can impair the enzymatic antioxidant defenses and lead
to increased oxidative stress (see von Schantz et al. 1999
for a review of this idea and literature therein). If
egg-laying activity is related to the level of circulating
testosterone in males and progesterone in females, a
negative correlation between number of eggs laid and
resistance to oxidative stress might indirectly reflect the
pro-oxidant effect of these hormones.

The rationale of our experimental design is based on
the assumption that carotenoids do exhibit antioxidant
properties. There has been a recent debate about the
actual antioxidant function of carotenoids (El-Agamey
et al. 2004; Hartley and Kennedy 2004; Kiokias and
Gordon 2004). For instance, it has been suggested that
carotenoids might play an antioxidant role in in vitro
assays and show a pro-oxidant activity, under certain
circumstances, in vivo (Hartley and Kennedy 2004).
Other studies, however, show that carotenoids do ex-
hibit antioxidant protection in vivo (Chidambara Mur-
thy et al. 2005) and that they and their metabolic
derivatives are negatively correlated to a number of age-
associated disorders (Schabath et al. 2004; Tamimi et al.
2005). We definitely need more work to establish the
actual link between pigmentary, non-pigmentary anti-
oxidants, and life history traits.

Another major assumption underlying our work is
that carotenoids are limiting resources and, as such,
allocation of these pigments to one function implies that
less carotenoids are available for other functions.
Experimental manipulation of diet carotenoids in birds
has been performed in a few previous studies, and most
of them have shown that increased availability affects
levels of carotenoids circulating in the plasma, the
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expression of sexual signals, and more importantly up-
regulates the immune response and the antioxidant
function (Blount et al. 2003; McGraw and Ardia 2003;
Alonso-Alvarez et al. 2004b). The results reported in this
study therefore confirm these previous findings and
suggest again that carotenoid-based sexual signals are
constrained by the availability of these pigments in the
diet. Nevertheless, one study on goldfinches (Carduelis
tristis) has failed to find an effect of dietary carotenoid
supplementation on immunity (Navara and Hill 2003);
this shows that we certainly need more studies to have a
better picture on the role of carotenoids on both the
immune and the detoxification system.

In conclusion, this study provides evidence for the role
of carotenoids in the trade-off between reproduction and
oxidative stress. Further experimental work should focus
more on the dose-dependent effect of several antioxidant
molecules over a larger range of breeding efforts.
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