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The Chernobyl nuclear accident produced the largest unintended release of radionuclides in history, with
dramatic consequences for humans and other organisms. Exposure to ionizing radiation is known to reduce
circulating and stored levels of specific antioxidants in birds and humans, thus potentially increasing
oxidative stress. However, overall effects of radioactive exposure on oxidative status have never been
investigated in any free ranging vertebrate. We measured plasma antioxidant capacity and concentration of
reactive oxygen metabolites in adult barn swallows (Hirundo rustica) from colonies with variable
background radiation levels in the Chernobyl region in Ukraine and Belarus. We predicted that antioxidants
would decrease while reactive oxygen metabolites would increase with exposure to increasing levels of
radiation at the breeding sites. Consistent with this expectation, radiation level positively predicted plasma
concentration of reactive oxygen metabolites, whereas no significant covariation was found with non-
enzymatic plasma antioxidant capacity. An index of oxidative stress was also larger in barn swallows
exposed to high contamination levels. Thus, radioactive contamination appeared to be responsible for the
increased generation of reactive oxygen metabolites and the imbalance between reactive oxygen metabolites
and non-enzymatic plasma antioxidant capacity.
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1. Introduction

Oxidative stress arises any time endogenous reactive oxygen
species (ROS) are left unquenched by enzymatic and non-enzymatic
antioxidant defences (Halliwell and Gutteridge, 2007). Organisms
need to balance their energy requirements for fuelling biological
processes against the potential toxicity of ROS generated by any
activity as by-products of metabolic processes (Beckman and Ames,
1998; Finkel and Holbrook, 2000; Halliwell and Gutteridge, 2007).
However, no prediction can readily be drawn from metabolic rate to
infer oxidative damage, as organisms have evolved a complex set of
antioxidant mechanisms to face oxidative challenges (Halliwell and
Gutteridge, 2007; Costantini, 2008; Monaghan et al., 2009).

A promising field of research for testing mechanistic and func-
tional hypotheses concerning natural variation in antioxidant
defences is investigation of the consequences of exogenous sources
of oxidative stress (e.g. pollutants, radioactive contamination;
Monaghan et al., 2009). Radioactive contamination can deplete
antioxidants because of their utilization for quenching ROS arising
as a consequence of radiation (Iliakis, 1991), or because of their
utilization for repairing DNA damage due to radiation exposure
(Moody and Hassan, 1982; Imlay and Linn, 1988). However, no
attempt has been made to assess the consequences of radioactive
contamination for overall antioxidant status of wild populations of
animals or humans. On the other hand, studies using the accident at
Chernobyl power plant in 1986 as a source of potentially deleterious
effects on antioxidant levels have shown that barn swallows (Hirundo
rustica) living in radioactively contaminated areas have reduced
circulating and stored levels of specific antioxidants (i.e. carotenoids
and vitamins A and E; Møller et al., 2005a). These results substantially
confirmed evidence from medical studies showing that individual
exposure to radioactive contamination negatively impacted antioxi-
dant defences of humans exposed to radioactive contamination in
Chernobyl (Ben-Amotz et al., 1998; Ivaniota et al., 1998; Neyfakh
et al., 1998a,b; Kumerova et al., 2000). In the barn swallow,
concentrations of carotenoids and vitamins in eggs were also depleted
in Chernobyl compared to an uncontaminated site (Møller et al.,
2005a), thus suggesting that a reduction in maternal antioxidant
levels may have trans-generational effects on offspring development
and fitness. These findings were also consistent with results from a
nest-box experiment with great tits (Parus major), where concentra-
tions of total yolk carotenoids and vitamins A and E were reduced in a
dose-dependent manner with increasing level of radiation at the nest
boxes (Møller et al., 2008). Finally, an inter-specific survey of species
richness and abundance in the Chernobyl region further showed
that species using a large amount of antioxidants for sexual signalling,
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self-maintenance or maternal allocation to eggs might be more
susceptible to the damaging effects of low-level environmental
radiation in terms of population decline (Møller and Mousseau,
2007a). Thus, reductions in antioxidant level might have serious
consequences for reproductive decisions in terms of clutch size and
even whether to reproduce or not, and in determining the fate of
natural populations in perturbed ecological conditions (Møller et al.,
2005b, 2008; Møller and Mousseau, 2007b).

However, previous results obtained while studying the conse-
quences of radioactive contamination in Chernobyl were based on
only a few components of the antioxidant defence system, such as
carotenoids or antioxidant vitamins. The antioxidant system is a
multi-faceted complex, with different components responding differ-
ently to the same oxidative challenges (Monaghan et al., 2009). A
recent analysis of the covariation among three groups of antioxidants
(uric acid, vitamin E and four carotenoids) and an overall measure of
antioxidant capacity (Trolox-equivalent antioxidant capacity or TEAC)
found that the degree to which each antioxidant predicted total
antioxidant capacity in adult individuals varied significantly both
within and among species (Cohen and McGraw, 2009). The authors
concluded that ecological studies attempting to examine anti-
oxidant function should therefore use multiple measures and avoid
the assumption that dietary antioxidants are essentially the most
crucial defence against oxidative damage (Cohen and McGraw, 2009;
Monaghan et al., 2009). To avoid one-sided evaluations and to
correctly assess the balance between damage prevention by the anti-
oxidant system and ROS generation, a more integrated approach is
therefore needed (Finkel and Holbrook, 2000; Halliwell and Gutter-
idge, 2007; Monaghan et al., 2009).

In this study, wemeasured antioxidant capacity, oxidative damage
and oxidative stress in barn swallows from different sites in the
Chernobyl region. We tested the hypothesis that radioactive contam-
ination can impair overall antioxidant status in wild populations of
barn swallows living in this region. The barn swallow is a long-
distance migratory species and is therefore an ideal model species for
testing the relationship between radiation exposure and antioxidant
status. In fact, migratory behaviour is known to impair antioxidant
defences owing to intense metabolic activity required by flight effort
(Costantini et al., 2007) and it has been shown that migratory species
are experiencing a stronger decline in abundance in radioactively
contaminated areas around Chernobyl compared to resident species,
likely because of the depletion of antioxidants defences required to
neutralize free radicals (Møller and Mousseau, 2007a).

2. Materials and methods

2.1. Field procedures

Using mist nets, we captured barn swallows at the peak of re-
production just before and during the laying period for most
individuals (Møller, 1994; Møller et al., 2005b). Captures were
conducted in 2007–2008, between June 1st and 15th, during daytime
(ca. 10:00 h. to 15:00 h.).

We measured several phenotypic characters in adult males and
females (including beak length, wing length, tail length, tarsus length,
keel length, and body mass) with a ruler, a digital caliper, or a Pesola
AG (Baar, Switzerland) spring balance, as described in Møller (1994).
We also carefully checked all females for a fully developed brood
patch. A blood sample was collected by puncturing the ulnar vein
immediately after capture and collecting the blood in heparinized
capillary tubes. Blood samples were then centrifuged for 10 min at
16,000 g and stored at −80 °C to serve for oxidative stress mea-
surement. Background radiation level was measured using a hand-
held dosimeter (Inspector, SE International, Summertown, Tennessee,
USA) and later cross-validated with official measurements (Shesto-
palov, 1996). Based on our field measurements, we classified
sampling sites as low-, intermediate- or high-level. Mean background
radiation level was 0.074 (range 0.02–0.15) μSv/h in the low-level
contamination sites (Farm 1 (1), Farm 2 (2), Farm 3 (3), Rudnia (6),
Dytiaku (8), Pysky (9) and Voronkov (10)), 0.455 (range 0.45–0.46)
μSv/h in the two intermediate-level sites (Farm 4 (4) and Farm 5 (5)),
and 2.9 μSv/h in the high-level site (Vesniane (7)) (numbers in
parentheses refer to the numbers used in Fig. 1). Background radiation
in uncontaminated sites in Ukraine is around 0.03 μSv/h.

2.2. Plasma antioxidant capacity (TAC)

The plasma antioxidant barrier includes both exogenous (e.g.
ascorbate, tocopherols, carotenoids) and endogenous (e.g. uric acid,
enzymes) compounds. The total antioxidant capacity (TAC) of plasma
wasmeasured using the OXY-Adsorbent test (Diacron, Grosseto, Italy)
that uses a colorimetric determination to quantify the ability of the
plasma antioxidant barrier to cope with the oxidant action of
hypochlorous acid (HClO). Similarly to the Trolox-equivalent antiox-
idant capacity or TEAC (Cohen and McGraw, 2009), TAC reflects levels
of circulating antioxidants including vitamin C and E, carotenoids and
uric acid, but does not account for levels of enzymatic antioxidants.

The plasma (10 µL) was diluted 1:100 with distilled water. A 10 µL
aliquot of this solution was added to 1 mL of a known-titre HClO
solution in plastic photometer cuvettes. The solution was gently
mixed and incubated at 37 °C for 10 min. At the end of the incubation
time, 10 µL of an alkyl-substituted aromatic amine (N,N-diethyl-p-
phenylenediamine) solubilised in a chromogenic mixture were
added. Such amine is oxidized by the residual HClO and converted
into a pink-coloured derivative. Colour intensity is directly propor-
tional to the HClO excess and inversely related to the antioxidant
capacity of tested plasma. The absorbance of the coloured solution
was measured at 546 nm using a dedicated photometer (Free,
Diacron). One standard sample of known TAC was used as reference.
The absorbance of a blank sample (10 µL of distilled water) was
subtracted from that of the tested samples. Antioxidant capacity per
unit volume of plasmawas expressed in µM of HClO neutralised by the
antioxidants contained in the sample. Measurement repeatability was
estimated on 15 samples (12 samples run in duplicate and three
samples run in triplicate) by means of a one-way ANOVA with
individual as the main effect. This analysis showed that TAC measures
were highly consistent within individual (F14,32=28.79, Pb0.001,
adjusted R2=0.926). Concentration for samples assayed more than
once were calculated as the mean of the measures.

2.3. Reactive oxygen metabolites (ROMs) and oxidative stress

Reactive oxygen metabolites (ROMs) are peroxidation products
(primarily hydroperoxides, ROOH) of reactive oxygen species (ROS).
They can be considered markers of early oxidative damage, as their
cleavage by metals leads to the generation of two highly reactive
prooxidants, the alkoxyl (R–OU) and alkylperoxyl (R–OOU) radicals,
which in turn can promote an oxidative cascade (Costantini, 2008).
ROMs are relatively more stable than ROS (that can last as short as a
few seconds) and therefore they can be detected and quantified by
analytical procedures (Iorio, 2004). The plasma concentration of
ROMs was measured by the d-ROMs test (Diacron). The plasma
(10 µL) was diluted with 1 mL of a solution containing an acetate
buffer (pH 4.8). Then 20 µL of an alkyl-substituted aromatic amine (N,
N-diethyl-p-phenylenediamine) solubilised in a chromogenic mixture
were added. The solution was incubated for 75 min at 37 °C. During
incubation, the acidic pH of the acetate buffer favours the release of
iron from plasma proteins. Iron ions (Fe2+ and Fe3+) catalyse the
cleavage of ROOH generating alkoxyl (R–OU) and peroxyl (R–OOU)
radicals. Such radicals are able to oxidize the alkyl-substituted
aromatic amine (N,N-diethyl-p-phenylenediamine) solubilised in
the chromogen, thereby producing a pink-coloured derivative



Fig. 1. Location of the study sites and levels of radioactive contamination in Ukraine and Belarus. 1: Farm 1 (53° 04′N, 31° 18′ E), 2: Farm 2 (52° 47′N, 31° 27′ E), 3: Farm 3 (52° 45′N,
31° 31′ E), 4: Farm 4 (52 34′N, 31° 32′ E), 5: Farm 5 (52° 32′ N, 31° 22′ E), 6: Rudnia (51° 17′N, 29° 47′ E), 7: Vesniane (51° 18′N, 29° 37′ E), 8: Dytiaku (51° 07′N, 30° 09′ E), 9: Pisky
(51° 05′ N, 30° 03′ E), and 10: Voronkov (50° 12′ N, 30° 49′ E). Modified from: European Union, 1998. Atlas of Caesium Deposition on Europe after the Chernobyl Accident. EU
Publication EUR 16733, Bruxelles.
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whose colour intensity is directly proportional to the concentration of
ROMs. Absorbance was measured at 505 nm using a dedicated
photometer (Free, Diacron). One standard sample and one blank
sample (i.e. 10 µL of distilled water) were processed and used as
reference for the tested samples.

The results of d-ROMs test are expressed as mM of H2O2

equivalents. Measurement repeatability as estimated by means of a
one-way ANOVA with individual as the main effect on showed that
ROMs values were repeatable within individual (F8,9=2.87,
P=0.069, adjusted R2=0.468). Concentration values for samples
assayed twice were calculated as the mean of the two measures.

The ratio of ROMs concentration to the TACwas used as an index of
oxidative stress (Costantini and Dell'Omo, 2006; Costantini et al.,
2006, 2007). Oxidative stress was calculated as ROMs/TAC×1000,
according to Costantini et al. (2006). Higher values indicate higher
oxidative stress.

2.4. Statistical analyses

We mainly relied on linear mixed model analyses of variance
where sex and radiation level (as a three-level factor) were included
as fixed effects. Collection site was included in all analyses as random
factor. Year and individual identity were also entered as random
factors in the analyses of TAC to account for differences between years
and for non-independence of nine individuals that were sampled in
both years. Parameters were estimated using restricted maximum
likelihood (REML) and degrees of freedom were computed using
Satterthwaite's approximation. Data on ROMs concentration and
oxidative stress were log-transformed before the analyses to attain
normality and homoscedasticity. Statistical tests were performed
using SPSS 13.

3. Results

Data on TAC were obtained for a total of 247 individuals from sites
with low contamination levels, 45 individuals from sites with
intermediate contamination levels, and 30 individuals exposed to
high level of contamination (see Fig. 2). These data were normally
distributed and homoscedastic, and were analyzed in linear mixed
models in relation to contamination level (3-levels factor) and sex as
fixed effects, with year and site as random effects. Individual identity
was also included as a random factor to account for non-indepen-
dence of TAC data obtained from 9 individuals that were sampled in
both years.



Fig. 2. Mean (+ SE) (a) antioxidant capacity (TAC), (b) reactive oxygen metabolites
(ROMs) concentration and (c) ratio of the two variables (ROMs/TAC×1000) for each
level of radioactive contamination (low, intermediate and high-level) in male and
female barn swallows. See Materials and methods section for further details. Sample
size is indicated above bars for each group. For variables where the effect of radiation
level was significant, different Greek letters indicate significant differences between
levels of radioactive contamination, after Bonferroni correction for multiple testing.

208 A. Bonisoli-Alquati et al. / Comparative Biochemistry and Physiology, Part A 155 (2010) 205–210
We found no significant differential effect of radiation level on TAC
ofmales or females (interaction between sex and contamination level:
F2,314=2.10, P=0.124), nor a significant main effect of radiation level
(F2,7.77=0.03, P=0.971). However, females had lower TAC levels than
males, independently of radiation level (F1,314=5.13, P=0.024;
Fig. 2).

Measures of ROMs (log-transformed to ensure normality and
homoscedasticity) were obtained for 84 individuals from sites with
low contamination levels, 19 individuals from sites with intermediate
contamination levels, and 13 individuals from highly contaminated
sites (see Fig. 2). Data were analysed using linear mixed model
analysis with contamination level and sex as fixed effects and site as a
random factor. As all individuals were sampled only once in 2008,
neither individual identity nor year were included in this model. The
analysis disclosed no significant sex by contamination level effect
(F2,110=0.27, P=0.765). However, contamination level had a highly
significant effect on ROMs values (F2,110=7.43, P=0.0009; Fig. 2).
Post-hoc comparisons with Bonferroni correction showed that ROMs
values were significantly higher in individuals from sites with high
compared to low or intermediate radiation levels (Pb0.03 in both
comparisons). No significant difference was found between sites with
low compared to intermediate radiation levels (P=0.061). The dif-
ference betweenmean (untransformed) ROMs values exposed to high
radiation levels compared to those exposed to intermediate or low
radiation levels pooled corresponded to 1.2 standard deviations of the
values recorded among the latter. In this analysis, sex had no sig-
nificant effect on ROMs concentrations (F1,110=0.39, P=0.532).
In addition, we analysed the covariation between ROMs and TAC
values. The analysis was performed by means of a linear mixed model
where TAC was the response variable, sex and contamination level
were entered as fixed effects, site as a random factor, and ROMs values
as a covariate, together with the two-way interaction terms among
ROMs, sex or radiation level. None of the interaction terms
significantly predicted TAC (interaction between: sex and ROMs:
F1,101=0.62, P=0.431; radiation level and ROMs: F2,101=0.73,
P=0.484; sex and radiation level: F2,101=0.81, P=0.448). In a
simplified model excluding these non-significant interactions, ROMs
values positively predicted TAC (F1,106=5.76, P=0.018, slope=
13.65 (5.689)), while no significant effect of sex or contamination
level was detected (PN0.17 in both cases).

Finally, we analysed estimates of oxidative stress (see Materials
and methods) obtained in 2008 on a sample of 81 individuals from
sites with low contamination levels, 17 individuals from sites with
intermediate contamination levels, and 13 individuals from highly
contaminated sites. The individuals included in this analysis were
those included in TAC and ROMs analyses for which both measures
could be obtained. Measures of oxidative stress (log-transformed)
were not significantly predicted by the sex by radiation level
interaction (F2,102=0.63, P=0.533). Oxidative stress was maximal
in heavily contaminated areas and showed a significant variation in
relation to radiation level (F2,5.22=8.92, P=0.021; Fig. 2). Post-hoc
tests with Bonferroni correction disclosed a significant difference only
between birds from sites with heavy compared to intermediate
contamination levels (P=0.025), whereas the difference between
sites with low contamination and those with either intermediate or
high contamination level was non-significant (PN0.06 in both com-
parisons). In this analysis, sex did not significantly predict oxidative
stress (F1,102=1.38, P=0.243).

Morphological traits (including length of bill, keel, tarsus, wing
and outermost rectrices, and bodymass) of the individuals included in
the analyses of TAC did not vary among radiation levels (F values
always associated to PN0.10; details not shown) at analyses of
variance with year, site and individual as random factors, and sex as a
fixed effect. In addition, body mass did not vary according to radiation
level while controlling for the effect of body size as indexed by tarsus
or keel length. Thus, mean phenotype of the individuals did not vary
among radiation levels. Moreover, presence of a brood patch in
females (indicating breeding status) did not differ among radiation
levels (details not shown). Similar results were obtained when the
analyses of these features were restricted to individuals for which we
had information on ROMs or oxidative stress. Thus, there was no
indication that the observed significant variation in ROMs or oxidative
stress in relation to radiation level could be caused by other sources
of phenotypic variation, at least as assessed by the traits we could
measure under the constraints imposed by working in sites with high
levels of radioactive contamination.

4. Discussion

In this study, we analysed total non-enzymatic antioxidant capacity
(TAC), concentration of reactive oxygen metabolites (ROMs) and
oxidative stress, as indexed by the ratio of these two variables, in barn
swallows from several sites in the Chernobyl region,with variable levels
of radioactive contamination. We found that radiation level positively
predicted ROMs values, while no significant covariationwas foundwith
TAC. Oxidative stress was also increased in barn swallows exposed to
high radioactive contamination.

Contrary to our hypothesis, plasma TAC did not vary according to
radiation level. This finding is in contrast with previous studies of
antioxidant defences of barn swallows and other bird species
inhabiting the radioactively contaminated area around Chernobyl
(Møller et al., 2005b, 2008; Møller and Mousseau, 2006, 2007a).
However, previous conclusions about the antioxidant status of
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Chernobyl barn swallowswere largely based on carotenoids and other
dietary antioxidants, rather than on integrated measures of overall
antioxidant status. The role of carotenoids in antioxidant protection
has increasingly been questioned recently by experimental (e.g. Cohen
et al., 2007), correlational (e.g. Isaksson et al., 2007) and meta-
analytical studies (Costantini and Møller, 2008; see also Møller et al.,
2000; Hartley and Kennedy, 2004). Although it has been shown that
supplementation with beta-carotene reduced the deleterious con-
sequences of radiation exposure in Chernobyl children (Ben-Amotz
et al., 1998), findings based on carotenoid levels and other dietary
antioxidants should thus be interpreted cautiously. Moreover, a high
antioxidant capacity may indicate not only a better antioxidant status,
but also the up-regulation of antioxidant defences as a response to an
increase in oxidant production (Monaghan et al., 2009). Several
mechanisms can account for this up-regulation. Antioxidant defences
can be enhanced through mobilization of stored antioxidants or
increased production of endogenous antioxidants (Surai, 2002). More-
over, a rather permanent, beneficial up-regulation of antioxidant
defences may also arise as a consequence of a chronic exposure to
low-dose radiation (a phenomenon termed ‘hormetic effect’; Rattan,
2008). Consequently, relatively high levels of antioxidants are not
necessarily associatedwith a better antioxidant state, as actual oxidative
stress depends on abundance of ROSwith which these defences have to
cope (Finkel andHolbrook, 2000;Halliwell andGutteridge, 2007). Inour
study, ROMs values positively predicted plasma TAC, thus suggesting
that barn swallows from highly contaminated areas might be actively
up-regulating their antioxidant defences, rather than having them
compromised by the oxidative challenge. The mechanism through
which this up-regulation might take place, and particularly whether it
involves mobilization of stored antioxidants or an increased intake of
nutrients, remains to be elucidated.

Performance impairment resulting from oxidative damage can
only be determined by relating TAC to the oxidative challenge in the
same tissue (Monaghan et al., 2009). In our study, both ROMs and
oxidative stress values were significantly affected by contamination
level, with higher oxidative damage and oxidative stress in barn
swallows associated with high radiation level.

This effect can be due to two, non-mutually exclusive phenomena.
First, radiation can affect oxidative status by increasing the production
of ROS (Iliakis, 1991), thus disrupting the prevention of their toxic
effects by the antioxidant defences. Second, radiation can increase
oxidative stress because antioxidants are allocated to repair the DNA
damage arising as a consequence of exposure to radiation (Collins and
Horváthová, 2001; Møller et al., 2005a). This latter explanation is
supported in our model species by direct and indirect evidence
concerning the effects of radioactive exposure on genetic integrity. In
barn swallows from the Chernobyl region microsatellite mutation
rates were shown to be higher by a factor two to ten compared to
samples from a Ukrainian and an Italian control population (Ellegren
et al., 1997), as well as in a range of other species (review in Møller
and Mousseau, 2006). Mutation level, as indexed by sperm abnor-
mality, negatively correlated with circulating and stored levels of
antioxidants in barn swallows from Chernobyl, suggesting that
variation in mutation rate might be dependent on individual dif-
ferences in antioxidants availability (Møller et al., 2005a). Further-
more, we recently documented that barn swallows from the
Chernobyl region have an increased level of DNA damage, as
estimated by the single cell gel electrophoresis test (or comet
assay), compared to birds from relatively uncontaminated control
sites (Bonisoli-Alquati, submitted for publication). However, our test
procedure in that study did not allow us to discriminate between
different damage categories. Modifications of the protocol should thus
be implemented to recognize oxidized nitrogenous bases, thus
clarifying the mechanistic process linking genetic damage to depleted
antioxidant resources (Collins and Horváthová, 2001; Bonisoli-
Alquati, submitted for publication).
Although both ROMs and oxidative stress values were maximal in
birds from highly-contaminated areas, the difference between low-
and intermediate-level sites, although marginally non-significant
after the Bonferroni correction, was in the opposite direction to a
priori predictions. At present, we have no straightforward explanation
for this pattern. It is possible however, that variation in reproductive
behaviour or in age structure among populations exposed to different
radiation levels accounts for this counter-intuitive patterns.

We found that female barn swallows had lower TAC than males.
Barn swallows are known to provision large amounts of antioxidants
to their eggs (e.g. Saino et al., 2003). This active allocation, as indicated
by the larger concentrations of these compounds in eggs than in
maternal plasma (Saino et al., 2003), has to be traded against the use
of these same compounds for protecting the tissues of adult females.
Such a trade-off has been suggested by a decline in carotenoids levels
of female barn swallows during laying (Ninni et al., 2004) and in yolk
concentration of some antioxidant compounds during the laying
sequence (Saino et al., 2003). Maternal antioxidant transfer to the
eggs to buffer ROS generation during embryonic growth may thus
entail a cost for mothers in terms of a reduced capacity to deal with
oxidative threats. Support for the interpretation that egg-laying might
account for a depletion of antioxidant defences in females compared
tomales comes from an inter-specific survey that we conducted in the
Chernobyl region to investigate the relationship between specific
abundance, life-history traits and radiation exposure (Møller and
Mousseau, 2007a). Relative egg mass was found to predict species-
specific sensitivity to the deleterious effects of radiation, with species
laying relatively large eggs for a given body size declining more
strongly than others (Møller and Mousseau, 2007a).

Alternatively, this finding might be due to the sex-specific pattern
of dispersion in our study species. The same inter-specific survey
demonstrated that species with longer dispersal distance were more
susceptible to the deleterious consequences of radiation (Møller and
Mousseau, 2007a). In the barn swallow, females are the dispersing
sex, and might therefore experience larger consequences of radioac-
tive exposure because of higher physical activity or more frequent
contact with novel antigens that would require immunostimulants
such as carotenoids and antioxidant vitamins to be allocated to
immune response rather than to antioxidant defences (Møller and
Mousseau, 2007a).

The effects of radiation we observed are likely to be relevant to
individual fitness and to the fate of wild populations of barn swallows
in the Chernobyl region, owing to the plausible role of oxidative stress
as a mediator of life-history trade-offs (Catoni et al., 2008; Monaghan
et al., 2009). Counter-strategies to defy oxidative stress are expected
to entail physiological costs for individuals (Monaghan et al., 2009).
Due to their generation by virtually any biological process, ROS have
been suggested as likely mediators of life history trade-offs (Mon-
aghan et al., 2009), underlying the so-called ‘cost of reproduction’
(Alonso-Alvarez et al., 2004) and the deleterious consequences of
rapid growth (Metcalfe and Monaghan, 2001), as well as ensuring
honesty in sexual signalling (von Schantz et al., 1999). Therefore, an
increase in oxidative stress levels can entail negative consequences for
a wide range of behavioural and life-history traits. Oxidative stress is
also known to participate in the senescence-related decline in
physiological performance (Harman, 1956; Beckman and Ames,
1998; Finkel and Holbrook, 2000; Sohal et al., 2002; Monaghan
et al., 2008), and to have a role in the onset of many pathologies
(including atherosclerosis, autoimmune diseases and cancer; Halli-
well and Gutteridge, 2007). Finally, correlative evidence from our
previous studies in Chernobyl suggests that availability of antiox-
idants might be a determinant of reproductive success for barn
swallows exposed to radioactive contamination (Møller et al., 2005b),
and species-specific requirements for antioxidants may be a contrib-
uting factor in driving population declines of some bird species in the
region (Møller and Mousseau, 2007a).
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Overall, our findings suggest that radioactive contamination in the
Chernobyl regionmight be damaging barn swallows through an effect
on oxidative stress. Factors other than radioactive contamination are
unlikely to have caused the observed patterns, as ecological condi-
tions in the sampling sites were otherwise consistent and farming
practice has deteriorated in Ukraine and Belarus irrespective of
radiation level. However, we recently demonstrated that the
abundance of invertebrates decreased with increasing radiation at
forest sites around Chernobyl, in a study where we controlled for
several ecological factors, including soil type, habitat and height of
vegetation (Møller and Mousseau, 2009). Although the taxa surveyed
in the study are not part of the barn swallow's diet, a reduction in
available preys could contribute to explain variation in oxidative
status in the barn swallow if its main preys (namely Diptera and
Hemiptera; Møller, 1994) are similarly affected by radioactive
contamination. Future studies utilizing the Chernobyl area as a
‘natural’ field laboratory will relate oxidative stress levels to
behavioural and life-history traits, thus providing insight into the
mechanistic and functional processes linking oxidative stress to life-
history plasticity and evolution, and clarifying the exact magnitude of
the worst nuclear accident in history.

Acknowledgments

The authors gratefully acknowledge the help of D. Costantini, G.
Milinevski, I. Chizhevsky, O. Bondarenko, A. Cavalleri, S. Ostermiller, J.
Kenney-Hunt, and the Chernobyl EcoCenter. The authors acknowledge
financial support from the CNRS (France), The National Geographic
Society, the Samuel Freeman Charitable Trust, the NATO CLG program,
the Fulbright Program, and the School of the Environment and the
College of Arts and Sciences of the University of South Carolina. The
manuscript greatly benefited from the comments of three reviewers,
which we thankfully acknowledge here.

References

Alonso-Alvarez, C., Bertrand, S., Devevey, G., Prost, J., Faivre, B., Sorci, G., 2004. Increased
susceptibility to oxidative stress as a proximate cost of reproduction. Ecol. Lett. 7,
363–368. doi:10.1111/j.1461-0248.2004.00594.x.

Beckman, K.B., Ames, B.N., 1998. The free radical theory of aging matures. Physiol. Rev.
78, 547–581.

Ben-Amotz, A., Yatziv, S., Sela, M., Greenberg, S., Rachmilevich, B., Shwarzman, M.,
Weshler, Z., 1998. Effect of natural beta-carotene supplementation in children
exposed to radiation from the Chernobyl accident. Radiat. Environ. Biophys. 37,
187–193. doi:10.1007/s004110050116.

Bonisoli-Alquati, A., Voris, A., Mousseau, T.A., Møller, A.P., Saino, N., Wyatt, M., 2008.
DNA damage in barn swallows (Hirundo rustica) from the Chernobyl region
detected by the use of the Comet assay.

Catoni, C., Peters, A., Schaefer, H.M., 2008. Life-history trade-offs are influenced by the
diversity, availability and interactions of dietary antioxidants. Anim. Behav. 76,
1107–1119. doi:10.1016/j.anbehav.2008.05.027.

Cohen, A., McGraw, K.J., 2009. No simple measures for antioxidant status in birds:
complexity in inter- and intraspecific correlations among circulating antioxidant
types. Funct. Ecol. 23, 310–320. doi:10.1111/j.1365-2435.2009.01540.x.

Cohen, A., Klasing, K., Ricklefs, R., 2007. Measuring circulating antioxidants in wild
birds. Comp. Biochem. Physiol. B 147, 110–121. doi:10.1016/j.cbpb.2006.12.015.

Collins, A.R., Horváthová, E., 2001. Oxidative DNA damage, antioxidants and DNA
repair: applications of the comet assay. Biochem. Soc. Trans. 29, 337–341.

Costantini, D., 2008. Oxidative stress in ecology and evolution: lessons from avian
studies. Ecol. Lett. 11, 1238–1251. doi:10.1111/j.1461-0248.2008.01246.x.

Costantini, D., Dell′Omo, G., 2006. Environmental and genetic components of oxidative
stress in wild kestrel nestlings (Falco tinnunculus). J. Comp. Physiol. B 176, 575–579.
doi:10.1007/s00360-006-0080-0.

Costantini, D., Møller, A.P., 2008. Carotenoids are minor antioxidants for birds. Funct.
Ecol. 22, 367–370. doi:10.1111/j.1365-2435.2007.01366.x.

Costantini, D., Casagrande, S., De Filippis, S., Brambilla, G., Fanfani, A., Tagliavini, J., Dell′
Omo, G., 2006. Correlates of oxidative stress in wild kestrel nestlings (Falco
tinnunculus). J. Comp. Physiol. B 176, 329–337. doi:10.1007/s00360-005-0055-6.

Costantini, D., Cardinale, M., Carere, C., 2007. Oxidative damage and anti-oxidant
capacity in two migratory bird species at a stop-over site. Comp. Biochem. Physiol.
C 144, 363–371. doi:10.1016/j.cbpc.2006.11.005.

Ellegren, H., Lindgren, G., Primmer, C.G., Møller, A.P., 1997. Fitness loss and germline
mutations in barn swallows breeding in Chernobyl. Nature 389, 593–596.
doi:10.1038/39303.
European Union, 1998. Atlas of Caesium Deposition on Europe after the Chernobyl
Accident. EU Publication EUR 16733, Bruxelles.

Finkel, T., Holbrook, N.J., 2000. Oxidants, oxidative stress and the biology of ageing.
Nature 408, 239–247. doi:10.1038/35041687.

Halliwell, B., Gutteridge, J., 2007. Free Radicals in Biology and Medicine. Oxford
University Press, Oxford, UK.

Harman, D., 1956. Aging: a theory based on free radical and radiation chemistry.
J. Gerontol. 11, 298–300.

Hartley, R.C., Kennedy, M.W., 2004. Are carotenoids a red herring in sexual display?
Trends Ecol. Evol. 19, 353–354. doi:10.1016/j.tree.2004.04.002.

Iliakis, G., 1991. The role of DNA double-strand breaks in ionizing radiation-induced
killing of eukaryotic cells. BioEssays 13, 641–648. doi:10.1002/bies.950131204.

Imlay, J.A., Linn, S., 1988. DNA damage and oxygen radical toxicity. Science 240,
1302–1309. doi:10.1126/science.3287616.

Iorio, E.L., 2004. The d-ROMs test and the evaluation of oxidative stress. Diacron
International, Pistoia, Italy. [In Italian].

Isaksson, C., Mclaughlin, P., Monaghan, P., Andersson, S., 2007. Carotenoid pigmentation
does not reflect total non enzymatic antioxidant activity. Funct. Ecol. 21,
1123–1129. doi:10.1111/j.1365-2435.2007.01317.x.

Ivaniota, L., Dubchak, A.S., Tyshchenko, V.K., 1998. Free radical oxidation of lipids and
antioxidant system of blood in infertile women in a radioactive environment. Ukr.
Biokhim. Zh. 70, 132–135 In Ukrainian.

Kumerova, A.O., Lece, A.G., Skesters, A.P., Orlikov, G.A., Seleznev, J.V., Rainsford, K.D.,
2000. Antioxidant defence and trace element imbalance in patients with
postradiation syndrome: first report on phase I studies. Biol. Trace Elem. Res. 77,
1–12. doi:10.1385/BTER:77:1:1.

Metcalfe, N.B., Monaghan, P., 2001. Compensation for a bad start: grow now pay later?
Trends Ecol. Evol. 16, 254–260. doi:10.1016/S0169-5347(01)02124-3.

Møller, A.P., 1994. Sexual Selection and the Barn Swallow. Oxford University Press,
Oxford, UK.

Møller, A.P., Mousseau, T.A., 2006. Biological consequences of Chernobyl: 20 years after
the disaster. Trends Ecol. Evol. 21, 200–207. doi:10.1016/j.tree.2006.01.008.

Møller, A.P., Mousseau, T.A., 2007a. Determinants of interspecific variation in
population declines of birds from exposure to radiation at Chernobyl. J. Appl.
Ecol. 44, 909–919. doi:10.1111/j.1365-2664.2007.01353.x.

Møller, A.P., Mousseau, T.A., 2007b. Species richness and abundance of birds in relation
to radiation at Chernobyl. Biol. Lett. 3, 483–486. doi:10.1098/rsbl.2007.0226.

Møller, A.P., Mousseau, T.A., 2009. Reduced abundance of insects and spiders linked to
radiation at Chernobyl 20 years after the accident. Biol. Lett. 5, 356–359.
doi:10.1098/rsbl.2008.0778.

Møller, A.P., Biard, C., Blount, J.D., Houston, D.C., Ninni, P., Saino, N., Surai, P.F., 2000.
Carotenoid-dependant signals: indicators of foraging efficiency, immunocompe-
tence or detoxification ability? Avian Poult. Biol. Rev. 11, 137–159.

Møller, A.P., Mousseau, T.A., Milinevsky, G., Peklo, A., Pysanets, E., Szép, T., 2005a.
Condition, reproduction and survival of barn swallows from Chernobyl. J. Anim.
Ecol. 74, 1102–1111. doi:10.1111/j.1365-2656.2005.01009.x.

Møller, A.P., Surai, P.F., Mousseau, T.A., 2005b. Antioxidants, radiation and mutation in
barn swallows from Chernobyl. Proc. R. Soc. Lond. B 272, 247–253. doi:10.1098/
rspb.2004.2914.

Møller, A.P., Karadas, F., Mousseau, T.A., 2008. Antioxidants in eggs of great tits Parus
major from Chernobyl and hatching success. J. Comp. Physiol. B 178, 735–743.
doi:10.1007/s00360-008-0262-z.

Monaghan, P., Charmantier, A., Nussey, D.H., Ricklefs, R.E., 2008. The evolutionary ecology
of senescence. Funct. Ecol. 22, 371–378. doi:10.1111/j.1365-2435.2008.01418.x.

Monaghan, P., Metcalfe, N.B., Torres, R., 2009. Oxidative stress as a mediator of life
history trade-offs: mechanisms, measurements and interpretation. Ecol. Lett. 12,
75–92. doi:10.1111/j.1461-0248.2008.01258.x.

Moody, C.S., Hassan, H.M., 1982. Mutagenicity of oxygen free radicals. Proc. Natl. Acad.
Sci. U. S. A 79, 2855–2859.

Neyfakh, E.A., Alimbekova, A.I., Ivanenko, G.F., 1998a. Vitamin E and A deficiencies in
children correlate with Chernobyl radiation loads of their mothers. Biochemistry
(Mosc.) 6, 1138–1143.

Neyfakh, E.A., Alimbekova, A.I., Ivanenko, G.F., 1998b. Radiation-induced lipoperox-
idative stress in children coupled with deficit of essential antioxidants. Biochem-
istry (Mosc.) 63, 977–987.

Ninni, P., de Lope, F., Saino, N., Haussy, C., Møller, A.P., 2004. Antioxidants and
condition-dependence of arrival date in a migratory passerine. Oikos 105, 55–64.
doi:10.1111/j.0030-1299.2004.12516.x.

Rattan, S.I.S., 2008. Hormesis in ageing. Ageing Res. Rev. 7, 63–78. doi:10.1016/j.
arr.2007.03.002.

Saino, N., Ferrari, R.P., Romano, M., Martinelli, R., Møller, A.P., 2003. Experimental
manipulation of egg carotenoids affects immunity of barn swallow nestlings. Proc.
R. Soc. Lond. B 270, 2485–2489. doi:10.1098/rspb.2003.2534.

Shestopalov, V.M., 1996. Atlas of Chernobyl Exclusion Zone. Ukrainian Academy of
Science, Kiev.

Sohal, R.S., Mockett, R.J., Orr, W.C., 2002. Mechanisms of aging: an appraisal of the
oxidative stress hypothesis. Free Radic. Biol. Med. 33, 575–586. doi:10.1016/S0891-
5849(02)00886-9.

Surai, P.F., 2002. Natural Antioxidants in Avian Nutrition and Reproduction. Notting-
ham University Press, Nottingham, UK.

von Schantz, T., Bensch, S., Grahn, M., Hasselquist, D., Wittzell, H., 1999. Good genes,
oxidative stress and condition-dependent sexual signals. Proc. R. Soc. Lond. B 266,
1–12. doi:10.1098/rspb.1999.0597.


	Increased oxidative stress in barn swallows from the Chernobyl region
	Introduction
	Materials and methods
	Field procedures
	Plasma antioxidant capacity (TAC)
	Reactive oxygen metabolites (ROMs) and oxidative stress
	Statistical analyses

	Results
	Discussion
	Acknowledgments
	References




