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SYNTHESIS

Oxidative stress represents an imbalance between the production of oxidants and the
system’s ability to neutralize them, or to repair the resulting oxidative damage (Finkel &
Holbrook 2000; Costantini & Verhulst 2009; Monaghan et al. 2009). Oxidative stress is
suggested to be an important mediator of life-history trade-offs (e.g., Monaghan et al.
2009; Dowling & Simmons 2009), but evidence for this from wild-living animals is as yet
scarce. The (experimental) identification of (causal) relationships between oxidative
stress and fitness components, controlling for potential confounding ecological variables
(e.g., season, sex, age, reproductive cycle, time of sampling) may help in understanding
the role that oxidative stress plays in the mediation of life-history trade-offs (Costantini
2008; Monaghan et al. 2009; Hõrak & Cohen 2010). Studies of both wild and captive
animals are important when unravelling the relationships between ecology and physi-
ology. Studies in free-living systems provide useful knowledge about variation in patterns
due to species differences or differences in ecological variables (Hõrak & Cohen 2010).
In my study I used a natural population of the facultatively cooperatively breeding
Seychelles warbler as a model system to investigate which ecological variables are
involved in the generation of oxidative stress and how oxidative stress is linked with
physiological indices and life-history traits. However, the testing of causality of relation-
ships through experiments is difficult in this vulnerable species. The uncontrolled, ever-
changing natural environment may complicate the interpretation of results. Laboratory
studies that control for confounding environmental factors and allow for easier experi-
mental manipulations, provide an opportunity to explore the causes and consequences of
oxidative stress in more depth. We have used two more study species in which laboratory
experiments can be performed to investigate physiological and behavioural parameters
in relation to oxidative stress. The domestic rock pigeon (Columba livia) was used to
experimentally investigate how birds cope physiologically with the effects of immune-
derived oxidative damage. Also, a study on White’s skinks (Egernia whitii), captured in
the field and transported to the laboratory, was conducted to investigate the relationship
between behavioural phenotypes, hormones and oxidative stress. In this chapter I will
summarize the major findings of my research, integrate the conclusions and discuss
these in a more general framework.

Associations between environmental and social variables
and oxidative stress

The first chapters in this thesis were dedicated to investigate how environmental vari-
ables are linked to oxidative indices (measured as reactive oxygen metabolites (ROMs)
and the antioxidant component (OXY) in the blood plasma of individuals) in the
Seychelles warbler. In Chapter 2 the investigation of within-individual associations
between territory quality (measured as food availability) and oxidative parameters indi-
cated that Seychelles warblers respond to rapid environmental fluctuations (i.e.,
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seasonal switches in territory quality). There was a negative association between terri-
tory quality and oxidative stress: poor territory quality conditions were linked with
higher oxidative stress due to the increased production of ROMs but no increase in
antioxidant defences. Our findings indicate that oxidative stress is a plastic mechanism,
with responses to the environmental changes experienced by individuals. 

We also found diurnal patterns in the oxidative stress parameters: ROMs were highest
both early and late in the day, while OXY was significantly higher later in the day.
Possibly, daily rhythmicity in pro-oxidant production is generated by patterns of physical
activity (Hardeland et al. 2000; 2003). Antioxidant defences may respond as a compen-
satory mechanism to neutralize the oxidants formed, or may have been sequestered over
the day from the diet. Our investigation also uncovered a seasonal effect on oxidative
status, which could be due to variable external factors, e.g., weather conditions that can
aggravate workload involved in foraging or reproduction. 

Interactions between sex, breeding stage (pre-nesting, nest care or provisioning) and
social status (dominant, helper, or non-helper) were found for both ROMs and OXY,
suggesting that differences in the management of oxidative stress may be mediated by
these factors. In Chapter 3 these complex interactions were investigated in more detail,
and results were used to examine helping is linked with conditional and oxidative
indices. We found evidence that helping is linked with conditional declines, and the
expression of helping behaviour in the Seychelles warbler may be predetermined by
body condition and oxidative status. These results were visible particularly in females
(the sex for which investment in helping is expected to be highest in terms of nest
building, incubation and co-breeding attempts (Komdeur 1991)): female subordinates
that did not help in the subsequent season had significantly lower pre-nesting body
condition than female subordinates that did. This suggests that only subordinate females
with a sufficiently high body condition can afford to help. The low pre-nesting body
condition in female non-helpers appeared to be linked to high ROMs and higher oxida-
tive stress. The hypothesis of condition-dependent helping decision could be experimen-
tally tested by manipulating the pre-breeding condition of subordinates (e.g., by
weight-handicapping or supplementary feeding).

We also found that the body condition of dominants and helpers of either sex declined
over the season (but most pronounced in females), while the condition of (non-repro-
ducing) non-helpers did not. This result suggests that reproduction-related behaviours
may be linked with conditional declines. Interesting oxidative stress-related relationships
were found particularly during the nest care stage (i.e., the nest-building, egg-laying and
incubation period): both dominant and helper females showed a considerable elevation
of antioxidant capacity in the weeks prior to egg-laying, which may represent a change in
the female’s reproductive physiology. Dominant males with mate- and nest-guarding
tended to have relatively high oxidative stress during nest care, which may have been
caused by energetically-intensive nest- and mate guarding behaviour. Such a pattern of
oxidative stress was not detected in subordinate helper and non-helper males that do not
contribute to these guarding behaviours. These results suggest that regulation of the
oxidative balance may be considerably influenced by factors related to reproduction.
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Immune-derived oxidative stress

The immune system, and its activation, has been shown to be a major determinant of
oxidative stress (e.g., Sorci & Faivre 2009; Dowling & Simmons 2009). Health status or
physiological condition may depend on individual quality, but can also be strongly
affected by stochastic events such as sudden disease outbreak and food conditions. This
variation can potentially have profound effects on the interpretation of field-measured
physiological (oxidative) parameters. In Chapter 4 we used captive pigeons in a
controlled environment to examine the interacting effects of immune supplementation
and immune challenge on a set of oxidative and immune indices. We created two groups
that differed in physiological status through lysozyme supplementation, and we subse-
quently measured the immunological and oxidative stress response following an LPS-
induced immune challenge. We demonstrated that oxidative parameters can fluctuate
and interact across very short time scales: both treatment groups experienced oxidative
stress after the LPS challenge, which was mainly attributable to increases in ROMs and
not to changes in OXY. Due to the acute nature of the employed challenge, the sudden
increase of pro-oxidants may at first have exceeded the deployment of antioxidant
defences. Our results suggested that a challenge-dependent response hierarchy might
exist. During acute immune challenges, quick (oxidant-generating) responses may be
most important, leaving the effects of pro-oxidants to be dealt with later. In contrast,
when facing chronic or mild immune challenges, responses that minimize oxidative
damage may be favourable. For ecologists studying natural systems this may emphasize
the importance of recognising that variation in oxidative stress may be caused by differ-
ences in health status, which may also differ in mechanism (acute or chronic). 

In Chapter 5 we took this message back out into a natural system and investigated
the link between malarial infection and oxidative stress in the Seychelles warbler. In wild
birds, malarial infection is generally found to be characterized by the stimulation of
immune responses, which may in turn induce oxidative stress. As expected, we found a
positive association between malarial infection and oxidative stress, and this link was
strongly influenced by breeding stage. Birds infected with malaria had significantly
higher oxidative stress than non-infected birds, but only during the provisioning stage,
not during the pre-nesting or incubation stages. In the provisioning stage, ROMs were
low in non-infected birds but significantly higher in infected birds, whereas OXY was
relatively low in all birds compared to earlier breeding stages. The provisioning stage of
the avian breeding cycle is the period in which energetical demands and resource
constraints are commonly assumed to be greatest (Lack 1968; Daan, Masman & Groe-
newold 1990; Conway & Martin 2000). It appears that as a result of these extra energet-
ical demands (and possibly increased metabolism), the immune-induced generation of
oxidants in infected birds is elevated. As the additional workload / stress during provi-
sioning can stimulate the onset of relapses (Atkinson & van Riper 1991), the detrimental
effects of malaria in infected birds may be further magnified during this stage.  
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Hormones, aggressive behaviour and oxidative stress

Chapter 6 focused on oxidative stress as a potential physiological cost of aggressive
behaviour in captive wild White’s skinks (Egernia whitii). Oxidative stress can be gener-
ated via increased leakage of oxidants during periods of high metabolic demand, such as
physical activity, or by hormones regulating both metabolism and aggression. Testos-
terone and its’ metabolites serve multiple functions in vertebrates, including the regula-
tion of aggressive behaviours and direct increase of oxidative metabolism (e.g.,
Al-Sadoon et al. 1990; Wikelski et al. 1999; Olsson et al. 2000; Ros et al. 2004; Soma
2006, but see also Buttemer & Astheimer 2000). A positive association between aggres-
sive phenotype and antioxidant capacity (OXY) was found in males, but not in females.
These results implied that, at least in males, aggression may induce an increased oxida-
tive challenge resulting in an elevation of antioxidant defences. Furthermore, there was a
lack of association between aggressive phenotype and both ROMs and oxidative stress,
suggesting that the increased antioxidant defences were sufficient to combat the accu-
mulation of damage and oxidative stress in males. No significant association between
testosterone and any of the OS parameters was found, which may suggest that testos-
terone is not associated with oxidative metabolism, neither directly during breeding nor
indirectly via its effect on aggression. These results highlight that in studies on free-
ranging species it is important to consider the oxidative costs of behavioural phenotypes.

Methodological issues

How oxidative stress is measured can make a big difference in the interpretation of
results. Many different methods are used for measuring oxidative status; most studies
have emphasized the function of antioxidants without taking account of pro-oxidant
levels. However, given that antioxidant capacity is an adaptive mechanism in response to
the levels of pro-oxidants formed, information on antioxidants alone tells little about the
level of oxidative stress (Costantini 2008; Costantini & Møller 2009; Monaghan et al.
2009). Careful examination of the oxidant-antioxidant balance and understanding of the
within-individual covariance between pro- and antioxidants can provide additional
insight into the combined action of the different components (Costantini & Møller 2009;
Costantini & Verhulst 2009; Monaghan et al. 2009). Chapter 3 contains a good example
of a case in which high antioxidant levels do not necessarily represent an increased
response to high ROMs. We found no over-all covariance between ROM and OXY, and
reproductively active females showed markedly higher antioxidant levels during nest
care, probably as a result of change in reproductive physiology and perhaps serving for
antioxidant allocation towards the egg. This finding may reflect the fact that relation-
ships between pro- and antioxidants can greatly fluctuate, depending on their utility. 

As well as the above-mentioned importance of considering both sides of the oxidative
balance, it can be useful to evaluate the combined action of the different components
as a single measure of oxidative stress. This thesis presents different ways in which to
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integrate the oxidant (ROMs) and antioxidant component (OXY) into one measure of
oxidative stress. An effective way of showing the combined within-individual or within-
group action of oxidants and antioxidants is by presenting them in a single plot (pro-
oxidants on one axis and antioxidants on the other axis). Statistically, a bivariate GLMM
(used in Chapter 2, 3 and 4) with both pro- and antioxidants included as response vari-
ables can be used to identify covariances across these response variables on the different
grouping levels. Also, fixed effects can be tested on each response variable simultane-
ously. Alternatively, a measure of oxidative stress can be assessed by constructing a
model with ROMs as the dependent variable and OXY as a covariate (i.e., ROM levels
accounted for the strength of antioxidant protection, see Costantini et al. 2008, and
Chapter 2 and 3) along with other potential explanatory variables. The use of an oxida-
tive stress ratio (ROMs / OXY * 1000, see Costantini et al. 2007; Costantini, Dell'Ariccia
& Lipp 2008, and Chapter 5) or oxidative index  (SVROMs – SVOXY, with SV=(V–M)/SD;
see Vassalle 2008, and Chapter 6) is another option. The advantage of these methods is
that oxidative stress is computed as one single value that is easy to plot and to use for
further calculations / analyses. However, care should be taken with the interpretation of
such computed ratios, as ROMs and OXY have different units (one unit of OXY does not
necessarily equal one unit of ROMs). Therefore, it is tricky to consider such ratios as an
absolute level of oxidative stress. Nonetheless, the oxidative stress ratio or index can be
used in the comparison of oxidative balance between different individuals or groups,
reflecting the within-individual or within-group level of antioxidant capacity relative to
the ROM levels. 

Oxidative stress as a mediator of fitness

As well as exploring the potential ecological factors explaining variation in oxidative
stress-related patterns, we also investigated associations between oxidative stress and
fitness in the Seychelles warbler (Chapter 7). Both direct oxidative damage and the allo-
cation of resources towards antioxidant defences may reduce an individuals’ fitness by
lowering its survival and reproductive success (e.g., Costantini 2008; Monaghan et al.
2009). However, we were unable to detect any significant associations between the
oxidative parameters and either annual survival or reproductive success in the Seychelles
warbler. Possibly, associations between oxidative stress and fitness components depend
on the life-history strategy of the species, and the time scale over which the fitness
effects of oxidative stress manifest themselves (Monaghan et al. 2009). Over the long
term, oxidative stress and the accumulation of oxidative damage may determine the rate
of senescence (Harman 1956; Beckman & Ames 1998; Holmes & Martin 2009). Resource
investments into antioxidant protection to limit these long-term effects can involve life-
history trade-offs over a shorter term, such as weakened immune function and higher
short-term mortality (Dowling & Simmons 2009). Investment in antioxidant defences
may accordingly involve a trade-off between immediate and future fitness consequences,
with the optimal investment strategy depending on the chances of reaching old age
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(Monaghan et al. 2009). The high adult annual survival in the Seychelles warbler leads
to a high probability that an individual reaches an age at which senescence may take
effect (Brouwer et al. 2006). Investments in antioxidant defences to avoid oxidative
effects may therefore be useful for this long-lived species. However, as we found no rela-
tionship between oxidative parameters and annual survival, it might be that the costs of
antioxidant investments in terms of fitness trade-offs are relatively low. 

We also found no apparent evidence for associations between any of the oxidative
indices and the probability of producing a fledgling during the same breeding season.
Reproductive success was expected to be greater for birds with higher antioxidant
capacity and lower oxidative stress: high antioxidant capacity would reduce the pressure
on the trade-off between self-maintenance and reproduction while low oxidative stress
would entail a lower oxidative damage threat to reproductive organs and gametes. The
lack of an association could have arisen because of several issues, including the relatively
low statistical power (due to the small number of produced fledglings) of our tests. It is
also likely that relationships between oxidative stress and reproductive success were
masked by other environmental variables causing nest failure, such as nest predation and
acute extreme weather events. Furthermore, the relationship between self-maintenance
(oxidative stress reduction) and reproductive output may be far more complex, for
example when the strategy of resource investment is influenced by the animals’ longevity
or pace of life (see Saether 1988; Promislow & Harvey 1990; Ricklefs 2000). 

Confounding issues in investigating oxidative stress-associated
fitness variation

Although a number of previous studies have attempted to identify links between oxida-
tive parameters and life-history components, evidence for clear patterns remains scarce.
It is questionable whether patterns found in separate studies in the wild and in the labo-
ratory can be generalized into one generally applicable pattern, and many factors should
be taken into consideration before drawing conclusions. 

First of all, field and laboratory studies may show contradicting results. Results of
studies in laboratory and natural settings may be different due to lifestyle differences
between captive and free-living animals. In captivity, most environmental sources of vari-
ation (e.g., food availability, weather, natural enemies, pathogens, opportunities and
motives for physical activity) are eliminated, whereas in the wild animals continuously
face unexpected and uncontrolled natural challenges (e.g., Goymann & Wingfield 2004;
Partridge & Gems 2007). One could anticipate that in the benign laboratory environment
with ad libitum resources, mounting a plastic response in regards to oxidative status is
not necessary. However in the wild, especially in long lived species, it may be best to
employ a plastic (but perhaps costly) antioxidative defence mechanism to avoid the
immediate costs of oxidative stress (Monaghan et al. 2009). The diet of animals in
captivity may also largely differ from a natural diet. In the wild, animals have the possi-
bility to switch diet when antioxidative demands are high. Animals may thus be able to
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obtain additional exogenous antioxidants as a support for the endogenous defence
system (Catoni et al. 2008). Patterns of alterations in antioxidant composition as a result
of diet switches during the breeding season have previously been detected in a selection
of North-American bird species (Cohen et al. 2008). 

Another possibility is that the standard diet of reproductive animals in captivity
contains much lower amounts of dietary antioxidants than found in the wild (e.g.,
carotenoids). For example, a study on greenfinches (Carduelis chloris) showed that
feathers grown in captivity contained carotenoid concentrations that were, on average,
more than ten times lower compared to concentrations in wild grown feathers (Saks et
al. 2003). In addition, two out of four carotenoids found in wild grown feathers were not
found in feathers grown in captivity (Saks et al. 2003). When the availability of dietary
antioxidants is low, the pressure for generating an adequate antioxidant defence may rest
to a larger extent on endogenous antioxidant generation at the expense of resources that
may have alternative, fitness-related roles in the body. 

Other important factors that may complicate the identification of general associations
between oxidative stress and fitness components are species differences, levels of
extrinsic mortality and the variable character of oxidative stress (for explanation see
Chapter 2, 3 and 4). It is important to realize that oxidative stress taken at one time
point does not necessarily reflect the individuals’ state over a longer timeframe. Eleva-
tions in oxidative stress can be either chronic over a prolonged period, or acute due to a
current challenge. In the case of a chronic elevation, one may find a fitness-related corre-
lation of oxidative stress, but with acute elevations it will be more difficult to detect
correlations when using measures from point samples. Field studies are often restricted
to the use of single point measures and the performance of experiments on free-living
animals is often unfeasible. In Chapter 4 we discuss a number of approaches that can be
used to minimize the risks of misinterpreting data gained from point samples. 

Concluding remarks

To conclude, our findings highlight that patterns of oxidative stress can be associated
with a large range of ecological variables, which in the first place are important to iden-
tify before making inferences about oxidative stress-related fitness consequences. In our
study, we were unable to find clear evidence for trade-offs between oxidative stress
management and short-term reproductive success and survival. Different functional and
practical issues may complicate the detection of associations between oxidative stress
and fitness. Alternatively, perhaps the importance of oxidative stress as a life-history
determinant is smaller than suggested in the literature (Dowling & Simmons 2009;
Cohen et al. 2010) compared to other natural factors such as e.g. food availability, preda-
tion or other environmental conditions. In this relatively new field of research, it might
be too early to draw conclusions about general patterns of oxidative stress-related fitness
trade-offs in the wild. More ecological studies in wild systems are needed to gather
useful information about variation in oxidative stress patterns owing to differences in
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ecological variables. In due time, a meta-analysis that takes into account the variability
in environmental conditions and individual characteristics, may provide a broader and
more general picture on oxidative stress-based fitness trade-offs. The study of oxidative
stress is clearly still in its initial stage, but it shows great promise if we can resolve the
involved difficulties and adequately control for confounding factors.
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