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GENERAL INTRODUCTION

Life-history trade-offs

In nature, organisms have to face the fact that the available resources and the time it
takes to obtain these are limited. Yet, the expression of nearly all traits and activities
(e.g., growth, reproduction, immune defence) require these resources. Consequently,
organisms must trade-off resource investments in one trait against the availability of
resources for other traits. This trade-off forms the basis of life history theory (Williams
1966; Trivers 1972; Roff 1992; Stearns 1992).    

The life history of an organism refers to the set of adaptive traits (physiological,
anatomical and behavioural) that it displays within its natural environment (Stearns
1992). The environments in which animals live are typically not static, and adaptations
in traits are needed to deal with often unpredictable, changing situations. A trait status
(e.g., metabolism, immunity, hormones) that is beneficial in one situation may be detri-
mental in another (Möstl & Palme 2002). In response, organisms should constantly react
to optimise the allocation of their resources in such way that their fitness (i.e., the sum of
total reproductive output, and thus the genes that they transmit) is maximized (Lessells
1991; Reznick 1992; Stearns 1992). A well-known example of a life-history trade-off is the
down-regulation of immune defences during reproductive events: the benefit of producing
offspring requires energy or other resources that otherwise could have been used for other
functions such as prevention against body damage and disease (i.e., self-maintenance).
This may explain why the production of more offspring is not always the best choice. 

Mechanisms underlying life-history trade-offs typically involve physiological processes
(Drent & Daan 1980; Deerenberg, De Kogel & Overkamp 1996; Zera & Harshman 2001).
Within individuals, physiological trade-offs can be observed in the controlled regulation
of one function to give priority to another (at the tissue, cellular and molecular level)
(Hõrak & Cohen 2010). Getting better insight into the mechanistic basis of these trade-
offs is crucial for understanding the causes and consequences of life-history responses to
environmental variation. Although the physiological causes of life-history trade-offs have
been a central topic in life history studies for a long time (Zera & Harshman 2001), little
is still known about the processes mediating these trade-offs (Nussey et al. 2009;
Monaghan, Metcalfe & Torres 2009). However, advances are being made: where studies
in the past mainly focused on trade-offs with energy as the typical currency, recent work
over the last two decades has expanded towards incorporating non-energetic aspects of
resource allocation, such as the hormonal control that is often involved in the regulation
of trade-offs (Zera & Harshman 2001). Another physiological mechanism that has been
recently proposed to play a key role in life-history trade-offs is oxidative stress.   
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The oxidative balance (Figure 1.1; and see Box A for further explanation)

Oxidative damage
Animals are continuously exposed to reactive oxygen species (ROS, or oxidants) that can
either derive from exogenous sources (e.g., air pollutants, UV radiation; Black 1987;
Boffetta & Nyberg 2003; Ichihashi et al. 2003) or are endogenously generated as a by-
product of metabolic processes (Finkel & Holbrook 2000; Balaban, Nemoto & Finkel
2005). The latter route normally accounts for the majority of oxidants produced, and is
considered the greatest threat of oxidative damage generation (Balaban et al. 2005;
Monaghan et al. 2009). 

Under normal oxidative conditions, only a very small proportion of the oxygen
metabolized by mitochondria is converted to ROS (Dröge 2002; Balaban et al. 2005, see
Box A). These ROS molecules function in a number of essential biological processes like
cell communication and the destruction of pathogens (Klebanoff & Clark 1978; Lunec et
al. 2002; reviewed in Monaghan et al. 2009). However, ROS are highly unstable, and
because of their reactivity they can also cause unwanted reactions, triggering a rapid
chain reaction in which they bind with organic molecules such as lipids, proteins and
DNA (Beckman & Ames 1998; Pérez-Campo et al. 1998), impairing their structure and
functioning (oxidative damage) (Beckman & Ames 1998; Ozawa 1999; Monaghan et al.
2009). For example, oxidative effects of ROS can lead to a breakdown or hardening of
lipids (lipid peroxidation), which are major components of cell membranes. Such
membrane damage impedes the cell from performing its cellular activities, such as
nutrient transport or cell communication (Yeagle 1989). In addition, membrane compo-
sition is possibly very important for metabolic rate (Hulbert 2005; Hulbert et al. 2007).
ROS also have a significant role in the development and progression of many disease
processes. For example, by regulating cell signalling processes that lead to cellular modu-
lations and changes in gene expression, ROS play an important role in the pathogenesis
of cardiovascular diseases (e.g., myocardial infarction, hypertension, atherosclerosis)
(Abe & Berk 1998; Yoshizumi, Tsuchiya & Tamaki 2001).  Moreover, the central nervous
system is particularly vulnerable to ROS, as a result of the brain’s high oxygen consump-
tion rate and abundant lipid content (Coyle & Puttfarcken 1993). There is evidence that
increased ROS production and the consequent neuron degeneration and neurotrans-
mitter alterations play a key role in the onset of neurologic disorders such as Parkinson’s
disease and Alzheimer’s disease (Jenner & Olanow 1996; Markesbery 1997; Christen
2000). Furthermore, ROS have been proposed to be an important factor in mediating the
appearance of insulin resistance and thereby contribute to the onset of diabetes (Ceriello
& Motz 2004). ROS can take part in oxidation reactions of sugars and proteins, thereby
forming glycoxidation products that accumulate in tissue collagen and are another
biomarker of diabetes (Baynes 1991).  

DNA is also affected by ROS. Oxidative damage to DNA can manifest itself in muta-
tions (i.e., fusion and recombination of the ends of chromosomes created by breakage),
alterations in signal transduction pathways that control gene expression, and conse-
quently, declines in the functioning and integrity of the components encoded for by the
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DNA (Beckman & Ames 1998; Finkel & Holbrook 2000). Telomeres, specialized regions
of highly repetitive non-coding DNA at the end of chromosomes, act to protect the ends
of chromosomes from mutations and degradation (Blackburn 1991, 2000; Prowse &
Greider 1995; reviewed in Passos & von Zglinicki 2005). However, with each cell divi-
sion, the telomeres get shorter (Harley et al. 1992; von Zglinicki, Bürkle & Kirkwood
2001). This process of telomere shortening is thought to be accelerated by the presence
of oxidants (Beckman & Ames 1998; von Zglinicki 2002; Serra et al. 2003; Rubio,
Davalos & Campisi 2004; Monaghan & Haussmann 2006). Once telomeres reach a crit-
ical short length, they lose their protective function and damage to the main underlying
DNA will occur. If the damage cannot directly be repaired, specific tumor suppressor
mechanisms cause cells to either self-destruct (apoptosis) or senesce (Rodier et al. 2005;
Monaghan & Haussmann 2006). Senescent cells are no longer capable of dividing
(reviewed in Cristofalo & Pignolo 1993), but remain metabolically active for long periods
of time (reviewed in Goldstein 1990). This irreversible senescence, which prevents any
proliferation of cells with damaged DNA, is suggested to be a mechanism to control the
development and spread of cancer (Gray & Collins 2000; Rodier et al. 2005; Campisi,
Dimri & Hara 2006).

However, an unavoidable consequence of the accumulation of senescent cells within
tissues is an irreversible decline in their functioning (Cristofalo & Pignolo 1993;
reviewed in von Zglinicki et al. 2001). This can lead to age-related deterioration such as,
for example, poor reproductive performance and increased incidence of age-associated
diseases with death as ultimate consequence (Finkel & Holbrook 2000). Exhaustion of
the replicative potential of certain types of immune cells may contribute to immunose-
nescence (the gradual deterioration of immune function), and the accumulation of
senescent fibroblasts may contribute to skin ageing (von Zglinicki et al. 2001). Thus,
through acceleration of telomere shortening and the damaging of DNA (Ames, Shinge-
naga & Park 1991; von Zglinicki 2002; Hulbert et al. 2007; Richter & von Zglinicki
2007), oxidative damage may be a proximate cause underlying the development of
degenerative diseases, accelerated ageing and early death (Harman 1956; Ames et al.
1991; Beckman & Ames 1998; Finkel & Holbrook 2000; Furness & Speakman 2008). 

Antioxidant defences
To limit the harmful consequences of oxidative damage, organisms use a series of
endogenous and exogenous compounds as an antioxidant barrier (see Box A for further
explanation). This self-sustained defence mechanism can significantly inhibit the oxidant
chain reaction by neutralizing oxygen radicals (Felton & Summers 1995; Halliwell &
Gutteridge 1999; Krinsky & Yeum 2003; see Box A). However, the allocation of resources
to antioxidant systems is thought to incur costs itself as a result of the trade-off with
other fitness-relevant investments like reproduction, sexual signalling, immune function
and growth (Alonso-Alvarez et al. 2008; Bizé et al. 2008; Nussey et al. 2009; Monaghan
et al. 2009). Organisms face a continuous challenge to maintain homeostasis by
sustaining the balance between oxidants and antioxidants. In situations where the
organism experiences oxidative factors that give rise to more free oxygen radicals than
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its antioxidant barrier can neutralize, a state of oxidative stress occurs (Sies 1993; Halli-
well & Gutteridge 1999; Finkel & Holbrook 2000).

Determinants of oxidative stress

Several potentially interrelated factors may influence the oxidative balance. Major deter-
minants of oxidative stress are physical/metabolic activity, immune response and repro-
duction (reviewed in, e.g., Costantini 2008; Monaghan et al. 2009; Hõrak & Cohen
2010):

Physical/metabolic activity. Various studies provide support for a positive relation-
ship between physical activity and oxidative stress. Mitochondria produce most of the
energy for an organism through cellular respiration, and in doing so they consume the
bulk of intracellular oxygen. Oxidants (throughout the thesis we will use this term rather
than ROS, for sake of minimizing the number of acronyms) are produced as the ‘waste’
from this respiration. Consequently, researchers recognize that the production of oxidants
in an organism will vary with its metabolic activity (Leffler 1993; Beckman & Ames
1998; Finkel & Holbrook 2000). For example, oxidants are generated as a consequence
of physical activity and the concomitant rise in oxygen consumption of active tissues
such as skeletal muscles, liver and heart (Davies et al. 1982; Sjodin, Westing & Apple
1990). Yet, oxidant production is not directly proportionate to mitochondrial oxygen
consumption (Barja 2007; Hulbert et al. 2007). The level of habituation of an organism
to elevated metabolism (reviewed in Monaghan et al. 2009) has been found to be an
important factor: acute physical workload in unaccustomed individuals can lead to
higher oxidant production (Ji 1999; Leeuwenburgh & Heinecke 2001), however individ-
uals used to high metabolic activity may reduce oxidative effects through the expression
of uncoupling proteins. This is an important adaptive mechanism for cells to uncouple
the electron transport chain from ATP production (Criscuolo et al. 2005; Barja 2007;
Murphy 2009; see Box A for a more detailed explanation). The relationship between
metabolic activity and oxidant generation should therefore be considered with care. 

Immune response. Activation of the immune system can also increase metabolic
activity, and thereby elevate oxygen consumption (Demas et al. 1997; Ots et al. 2001).
This, together with the oxidants formed by immune cells to kill pathogens (Klebanoff &
Clark 1978; Bogdan, Röllinghoff & Diefenbach 2000; reviewed in Halliwell & Gutteridge
1999), may subsequently lead to oxidative stress generation. Oxidative stress is therefore
regarded as an unavoidable cost of innate immune responses, which are non-specific
(Ames, Shigenaga & Hagen 1993; Beckman & Ames 1998). Viewed from a perspective of
physiological trade-offs, the costs of immune-derived oxidative stress may form an
important motive to limit investment in immune defences (Råberg et al. 1998; Graham,
Allen & Read 2005; Bertrand et al. 2006a). Innate immune defences should be strong
enough to fight the detrimental symptoms of an infection, but an inappropriate, over-
expressed immune response can also cause (oxidative) damage to the host’s own cells
and tissues (Graham et al. 2005).
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Reproduction. It is generally acknowledged that reproduction requires investments in
terms of energy, nutrients and antioxidants. For example, the production of eggs requires
nutrients (e.g. calcium and proteins; Houston, Donnan & Jones 1995; Monaghan,
Nagerand & Houston 1998; Clifford & Anderson 2001) and antioxidants (e.g.,
carotenoids and vitamins; Surai 2002; Blount et al. 2004; Costantini 2010a). Reproduc-
tive behaviour may influence patterns of energy expenditure and metabolism, and
thereby the generation of oxidants (e.g., Deerenberg et al. 1995; Moreno et al. 1995;
Verhulst & Tinbergen 1997; Wiersma et al. 2004). Pregnancy or egg-production itself
may also lead to oxidative stress (Salmon, Marx & Harshman 2001; Bertrand et al.
2006b; Alonso-Alvarez et al. 2010; Metcalfe & Alonso-Alvarez 2010). For example, both
the increased oxygen consumption and the abundance of transition metals in the mito-
chondria-rich placenta contribute to increased oxidative stress during pregnancy
(Casanueva & Viteri 2003). Viewed in the context of trade-offs, investment of energy
and resources into reproduction can also influence the amount of resources allocated
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Figure 1.1 The oxidant–antioxidant balance, and consequently the rate at which oxidative damage
is generated when more oxidants are produced than can be neutralized. 



towards antioxidant protection (Alonso-Alvarez et al. 2004; Wiersma et al. 2004; Alonso-
Alvarez et al. 2006), thereby lowering the individual’s self-maintenance and its survival
probability (Dijkstra et al. 1990; Reznick 1992; Deerenberg et al. 1997). Oxidative stress
may thus be an important factor underlying costs of reproduction (reviewed in Metcalfe
& Alonso-Alvarez 2010).

Given the detrimental consequences of accumulative damage following persistent
oxidative stress, it is crucial that an individual invests in adequate antioxidant defences
and maintains its oxidative balance, even though this may incur costs in terms of
resource availability for other traits or functions. 

Ecological perspectives

Oxidative stress has been the subject of extensive biological research, but until recently
studies have been largely constrained to the field of biomedicine (see Costantini et al.
2010 for an overview). These studies, mostly in vitro or with cultivated organisms in
controlled laboratory conditions, often focused on investigating how to deal with toxic
oxidants and how to improve longevity (McGraw et al. 2010). In the last decade, oxida-
tive stress has gained increased attention from ecologists and evolutionary biologists,
and has been recognized as a possible mediator of life-history trade-offs (e.g., Costantini
2008; Monaghan et al. 2009; McGraw et al. 2010; Metcalfe & Alonso-Alvarez 2010).  In
wild-living organisms, investments in protective antioxidants could lead to trade-offs
that have negative effects on fitness (Alonso-Alvarez et al. 2008; Bizé et al. 2008; Nussey
et al. 2009; Monaghan et al. 2009) (Figure 1.1). There is still much to learn about the
causes and consequences of oxidative stress, particularly in natural populations, in which
individuals continuously have to adapt to changes within their environment and have to
choose their investment strategies in such way that their fitness is maximized.  

Within the rapid proliferating field of ecophysiological research, the challenge now is
for researchers to determine how variation in oxidative stress parameters is linked to
environmental (habitat, season) or individual factors (species, sex, age, health status, life
history stage) (McGraw et al. 2010). Furthermore, it is valuable to investigate to what
extent the links between oxidative stress, survival and reproduction that have been
found in laboratory studies (where animals are housed in controlled stable conditions)
also apply to free-living organisms in a natural environment where fluctuations (e.g.,
food, season, competitors, predators) are the norm.

Aims of this study

The aim of this study is to broaden our understanding of patterns of individual variation
in oxidative status, physiology and fitness in the wild. First, we investigate which vari-
ables play a role in the generation of oxidative stress. To this end, we explore how envi-
ronmental conditions, individual characteristics and life-history traits are linked to
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oxidative and physiological indices in free-living populations of the Seychelles warbler
and the White’s skink. With experimental work in captive homing pigeons, we specifi-
cally investigate how birds cope physiologically with the effects of immune-derived
oxidative damage. We use birds kept in a controlled environment to understand the
causal relationships between immunological and oxidative indices. The results, obtained
without the interference of confounding environmental factors, can help us with the
interpretation of the same indices measured under natural conditions in the field.
Furthermore, we study links between oxidative status and fitness (reproductive success
and survival) in the wild. As stated above, oxidative stress is postulated to be a very
important mediator of life-history trade-offs (e.g., Monaghan et al. 2009; Dowling &
Simmons 2009), but the evidence for this from wild-living animals is yet scarce. If we
can identify relationships between oxidative status and fitness, this may help in under-
standing the role that oxidative stress plays in the mediation of life-history trade-offs. In
most thesis chapters, we use the Seychelles warbler as a model species to address a
series of questions about oxidative status in the wild.

Study system

The Seychelles warbler (Acrocephalus sechellensis, Figure 1.2) is a small (15–16 g)
passerine endemic to the Seychelles islands in the Indian Ocean. During the first half of
the last century (1920–1968), the species was nearly extinct with a total world popula-
tion of less than 30 individuals remaining on Cousin Island (Crook 1960; Loustau-
Lalanne 1968) (Figure 1.3). The main cause for this decline was the destruction of
natural habitat across the Seychelles islands due to planting of coconut palms (Collar &
Stuart 1985). After the purchase of Cousin, in 1968, by a consortium led by ICBP (now
BirdLife International) the island’s ecosystem was restored, allowing the Seychelles
warbler population to recover. By 1982, the population was saturated and stabilized at
around 320 individuals (Bathe & Bathe 1982; Komdeur 1994a). To further reduce
vulnerability, new populations were successfully established through the translocation of
individuals to the islands of Aride (68 ha; 1988), Cousine (26 ha; 1990) (Komdeur
1994a) and Denis (144 ha; 2004) (Richardson, Bristol & Shah 2006; Brouwer 2007).
The translocations were managed by the local environmental conservation organisation
Nature Seychelles (see their web page for more information: www.natureseychelles.org).
Thanks to the success of these translocations, the total Seychelles warbler population has
grown to approximately 2930 individuals (see web page of Nature Seychelles). The
current status of the Seychelles warbler on the IUCN red list is ‘vulnerable’ (IUCN,
2004), however further translocations in the nearby future are planned for as part of the
conservation strategy managed by Nature Seychelles. Nowadays the Cousin population
consists of ca. 305 (independent) birds in 115 territories under the management of
Nature Seychelles.

Seychelles warblers are purely insectivorous, taking 98% of their insect food from
leaves (Komdeur 1991), and birds inhabit year-round stable feeding territories often
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remain in the same territory throughout their lives (Komdeur 1992; Eikenaar et al.
2008). For the birds, the quality of the territory they inhabit depends on the amount of
insects available, which is calculated as a function of insect density per dm2 leaf area,
foliage cover and territory size (Komdeur 1992, 1996a). Despite being territorial all year
round, the Seychelles warbler breeds seasonally (Komdeur 1996b), with a major
breeding peak (July – September) and a minor breeding period (January – March).
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Figure 1.2 Seychelles warbler, Acrocephalus sechellensis (photograph by David Richardson) 



Clutches normally consists of a single egg, but 20% of nests contain two to three eggs
(Richardson et al. 2001). Seychelles warblers are long-lived, with a maximum life span
observed of 21 years (D.S. Richardson & J. Komdeur, unpubl. data) and with an average
life expectancy of 5.5 years (Komdeur 1992; Richardson, Komdeur & Burke 2004).
Annual adult survival in the Seychelles warbler is high (84%, Brouwer et al. 2006), and
birds may stay together as a breeding pair for a long time, sometimes for up to 9 years
(Komdeur 1994b).   

Cooperative breeding occurs in the saturated Cousin population as a result of a lack
of suitable independent breeding opportunities (Komdeur 1991; Komdeur et al. 1995).
This, and the benefits of remaining on high quality territories, has driven many adult
individuals into becoming subordinates within a territory, where they stay for several
years, sometimes throughout their life (Komdeur 1992; Komdeur et al. 1995). A
breeding group consists of birds of different social status: the pair-bonded male and
female in the territory are defined as the dominant couple, whereas the term ‘subordinate’
includes all other adult birds resident in the territory (Richardson et al. 2001). Subordi-
nates are either helpers or non-helpers (Richardson, Burke & Komdeur 2003). Within any
given breeding season some of these subordinates (helpers) help the dominant birds with
nest building and incubation (female helpers only), guarding the nest (male helpers
only), and provisioning of the young (both sexes) (Richardson, Burke et al. 2003;
Richardson, Komdeur & Burke 2003). Co-breeding occurs: 44% of the subordinate
females in multi-female territories produce offspring (Richardson, Burke et al. 2003).

The Seychelles warbler population has been studied since 1985 (Komdeur 1991;
Komdeur & Richardson 2007; Brouwer et al. 2010), and from 1997 onwards, almost
every individual has been individually ringed (>95%) and blood sampled (Komdeur &
Richardson 2007; Brouwer et al. 2010). As a result of this intensive monitoring, the exact
age and social status is known for nearly all birds. Furthermore, sex and parentage have
been determined using molecular techniques (Richardson et al. 2001). 

Many important questions in ecology and evolutionary biology can only be answered
with data that extend over several generations and require datasets that include records
of the life histories of recognisable individuals (Clutton-Brock & Sheldon 2010). The
Seychelles warbler system is an ideal model system with which to examine how
eco(physio-)logical variables are associated with oxidative stress, and how this links to
fitness in the wild. There is nearly no migration on or off the island (Komdeur et al.
2004), and the Cousin Island population therefore provides a closed study system in
which almost all parentage can be assigned and annual fitness can be recorded for each
individual (Richardson et al. 2001; Richardson, Burke et al. 2003). Accurate survival
probabilities can be calculated, which are nearly not influenced by extrinsic mortality as
there is no adult predation (Brouwer et al. 2006, 2010; Brouwer 2007). Estimation of
reproductive success by use of recruits is possible, as juvenile survival and resighting
probabilities are high (61%, Brouwer et al. 2006). Furthermore, the system allows
researchers to follow the same individuals from birth to death (longitudinal data), unlike
most other studies on wild species that are restricted to cross-section analyses. However,
one drawback of working on a vulnerable species, such as the Seychelles warbler, is that
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experimental manipulations (e.g., perturbing workload, or health status) are often not
feasible (or desirable), thus making it difficult to test causality of relationships. Further-
more, only non-invasive sampling methods can be used (blood, faeces) and the blood
samples taken must be small. The latter constraint limits the possibilities for performing
multiple assays per sample or using assays that require large quantities of blood. Despite
the restrictions coming with the bird’s vulnerability, manipulations are possible in some
cases, e.g., when manipulations carried out for conservation purposes provide the possi-
bility for an experimental approach. For example, the translocation of warblers to Denis
Island provided opportunities to experimentally investigate effects of reductions in popu-
lation density (Brouwer, Tinbergen et al. 2009) and promotion of social status (Brouwer,
Groothuis et al. 2009). In our study, we use assays that are suitable in this context, as
they require only small amounts of blood plasma, such that perturbation caused by the
sampling is small. 

Thesis outline

Box A provides a detailed explanation about oxidative balance: what it is, where it
comes from and how the body deals with it. Box B describes how we measure the oxida-
tive balance in this study. Then, in the first few chapters, we explore associations
between ecological factors and oxidative stress in the Seychelles warbler. In Chapter 2
we investigate the association between territory quality (measured through food avail-
ability) and oxidative stress. Fluctuations in the quality of the habitat can have major
consequences for the behaviour and physiological state of individuals. In poor quality
habitat, metabolically-intensive foraging activity may result in increased generation of
oxidants, while scarcity of food can lead to a decline in the antioxidant defences that can
be derived from the diet. The consequent oxidant/antioxidant imbalance may lead to
elevated oxidative stress in individuals. Interestingly, the insectivorous Seychelles
warblers on Cousin experience profound, rapid and cyclic local fluctuations in territory
quality within their territory, due to changing patterns of defoliation resulting from
seasonal changes in the direction of prevailing winds and the associated salt spray
(Komdeur & Daan 2005). Within-subject centring analysis (the separation of within-indi-
vidual effects from between-individual effects; van de Pol & Wright 2009), together with
an investigation of changes in repeatedly measured birds, were issued to identify the
importance of individual responses to environmental fluctuations. 

In Chapter 3 we explore how social status within the Seychelles warbler cooperative
breeding structure covaries with body condition (size-corrected body mass) and oxida-
tive parameters, thereby assessing the conditional and oxidative costs (or predictors) of
helping. In cooperative systems, substantial differences in oxidative status may exist
between individuals of different social status, as they often display different behavioural
patterns over the breeding season. In the Seychelles warbler, breeding activity and nest
defence are undertaken by dominants and helpers, but not by non-helping subordinates.
This allows us to investigate whether energetic costs are associated with helping/repro-
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ductive investment, and whether any such cost also translates into oxidative parameters.
Importantly, we explore whether initial (pre-breeding) body condition and oxidative
status are related to a subordinate’s decision whether or not to help. In other words, do
subordinates only help when they are in good enough condition to pay the costs of
helping without long-term detrimental effects?

In Chapter 4 and Box C we experimentally explore the relationships between
immunological and oxidative status and investigate how birds cope physiologically with
the effects of immune-derived oxidative damage. We implement two successive experi-
mental manipulations to alter physiological status in captive homing pigeons (Columba
livia) housed in outdoor aviaries. The first manipulation is an immune supplementation;
the second manipulation is an immune challenge. Between the treatment groups, we
compare challenge-induced changes in oxidative and immune parameters, oxygen
consumption, body mass and cloacal temperature. Investigating how experimental
manipulations under controlled circumstances affect these parameters can contribute in
our ecological understanding of patterns of immune and oxidative indices measured in
the field, including estimates of the time frame over which their effect is seen. 

In Chapter 5 we investigate relationships between malarial infection and oxidative
indices in the Seychelles warbler. On Cousin, a single strain of avian malaria is found
consistently in the population (in ca. 40% of individuals on Cousin, Hutchings 2009; van
Oers et al. 2010). No other parasites (either in the blood or in the gastrointestinal tracts)
or other malaria strains are present, and therefore there are no confounding issues of
multiple infections or strains moving through the population. Thus, this population
provides a simplified and tractable system in which to investigate the association
between malarial infection and physiological parameters. The malaria blood parasite is
expected to activate the immune system and increase oxidative stress. Little is known on
how avian malaria affects physiological mechanisms under natural ecological conditions.
To our knowledge, this is the first in vivo study investigating the relationship between
avian malaria and oxidative stress.

In Chapter 6 we investigate the link between aggression, circulating testosterone and
oxidative stress in a natural population of White’s skinks, Egernia whitii. Aggression may
elevate oxidative stress levels via increased leakage of oxidants during high metabolic
demands such as physical activity, or by hormones regulating both metabolism and
aggression. The White’s skink was used here as model organism, as it exhibits high intra-
individual consistency in conspecific aggression and in their circulating testosterone
concentrations. Consequently, this system offers the potential to disentangle the direct
(through aggression itself) and indirect (through testosterone) links between aggression
and oxidative stress levels. 

In Chapter 7 we study the link between oxidative status and fitness, measured as
current and future reproductive success and annual survival, in adult Seychelles
warblers. Long-term detrimental fitness effects of chronic oxidative stress (on senescence
and lifespan) are well described in literature, but the short-term fitness effects (e.g.
reproductive success, survival to the next year) of variation in oxidative stress are less
clear. Understanding these fitness-related relationships will help our overall comprehen-
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sion of the role that oxidative stress plays in the mediation of life-history trade-offs, and
may provide information on the time scale over which these trade-offs manifest them-
selves.

Box D focuses on conservation-related research carried out on two other islands in
the Seychelles: Cousine and d’Arros. Translocations of threatened species are an impor-
tant component of species recovery programs in the Seychelles. The success of these
programs is likely to be influenced by the suitability of the new island in terms of vegeta-
tion and food abundance, and by the interaction of the relocated individuals with the
other species living on the island. On d’Arros, we assessed the suitability of the island
habitat for a future translocation of Seychelles warblers managed by Nature Seychelles.
On Cousine, we attempted to investigate whether the introduction of Seychelles white-
eyes (Zosterops modestus) would lead to increased levels of (oxidative) stress in the
Seychelles warbler. 

Finally, in Chapter 8 we provide a synthesis of the results of the separate chapters.
We integrate the conclusions and discuss these in a more general framework. We reflect
on the methodology used, and how our results contribute to understanding the causes
and consequences of oxidative stress variation. We also consider how our results can be
used in future research to broaden our understanding of the proximate and ultimate
causes of oxidative stress and, consequently, ageing.
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The oxidative balance and its components
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The generation of oxidants

The organic molecules that make up the cells and tissues within the body are under the
continuous threat of uncontrolled oxidation by free radicals. Free radicals are atoms that
have at least one unpaired electron in their outer shell (Gutteridge & Mitchell 1999).
They are indicated with a symbolic dot next to the chemical abbreviation, such as •OH.
Free radicals are very reactive as they extract electrons from any target molecule, which
in turn becomes a radical. By doing so, they can trigger a rapid chain reaction that
causes harm to biomolecules, such as lipids, proteins, and carbohydrates (Beckman &
Ames 1998; Pérez-Campo et al. 1998; Kuhn 2003). The chain reaction is terminated
when a free radical reacts with another free radical, thereby producing a molecule
without any unpaired electrons. In such a reaction, the first radical acts as an oxidant (by
extracting an electron from another molecule) and the second as an antioxidant (by
donating an electron) (Iorio 2004). Biologically relevant free radicals include oxygen-,
nitrogen-, and chlorine-centred radicals, which can all contribute to the generation of
damage within an organism (Vertuani, Angusti & Manfredini 2004). In this thesis we
focus solely on free radicals derived from oxygen, referred to as reactive oxygen species
(ROS) (McDermott 2000). Free radicals can be generated in various areas of the cell (the
plasma membrane, peroxisomes, endoplasmatic reticulum and cytosol), but the mito-
chondria are considered the primary metabolic source of ROS (generating approximately
90% of cellular ROS, Balaban et al. 2005).     

Aerobic respiration and the role of oxygen

Oxygen (O2) is essential for all aerobic organisms, because they use it in the generation
of energy. In the mitochondria (the ‘cellular power plants’) of higher organisms, energy
is generated through the chemical oxidation of fuel compounds such as carbohydrates,
fat and proteins. Energy is produced in the form of adenosine triphosphate (ATP), which
is the main power source for most cellular functions. As the direct oxidation (burning) of
these fuel substrates by O2 would release a great deal of energy as useless heat (Walker
1992), oxidation occurs indirectly through a cascade of reactions, carried out by a series
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of membrane-bound protein (enzyme) complexes (complexes I, II, III and IV) on the
inner membrane of the mitochondria. In this reaction chain (Figure A.1), called the elec-
tron transport chain (or mitochondrial respiratory chain), electrons are passed through
these complexes, towards the final electron acceptor: oxygen (Chance, Sies & Boveris
1979; Balaban et al. 2005). The passage of the electrons through the chain (‘electron
flow’) is utilized to transport protons across the mitochondrial inner membrane. This
creates a proton concentration gradient, which holds the potential energy used to drive
the synthesis of ATP (i.e., oxidative phosphorylation; by means of the protons flowing
back across the membrane) (Chance et al. 1979; Brand 2000; Balaban et al. 2005).

The role of electron acceptor has implications for oxygen itself. The oxygen molecule
has two atoms that each have two free electron bonds. The gain of electrons would
ideally end up in a direct tetravalent (four-fold) reduction of oxygen into non-noxious
water (H2O) (Iorio 2004). In reality however, such tetravalent reduction only takes place
in one of the five membrane protein complexes (cytochrome oxidase). When the electro-
chemical gradient is high, the transport of protons across the mitochondrial membrane is
more difficult. Consequently the electron flow can become interrupted, and small but
significant amounts of single electrons tend to accumulate in the electron transport
chain. They cannot reach cytochrome oxidase (Barja 2007), and instead of flowing
through all complexes of the electron transport chain, they react directly with oxygen. As
a result of this ‘incomplete’, one- or two-fold reduction, oxygen is now reduced into super-
oxide instead of water (Chance et al. 1979; Criscuolo et al. 2005). This is the start of
another cascade reaction in which oxygen is further reduced by a number of steps, conse-
quently leading to the generation of ROS (Gutteridge 1995; Turrens 2003; Iorio 2004).

Stepwise reduction of oxygen and the formation of reactive oxygen species

In the stepwise reduction of oxygen (Figure A.2), the oxygen intermediate first formed is
O2•- (superoxide anion) (Halliwell & Gutteridge 1984). The first line of antioxidative
defence against this type of ROS is the enzyme superoxide dismutase (SOD). This
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enzyme eliminates superoxide radicals by converting them to oxygen and H2O2

(hydrogen peroxide) (Godin & Garnett 1992; Turrens 2003; Cohen, Klasing & Ricklefs
2007; Costantini 2008). However, SOD alone is not in itself an antioxidant. Although it
eliminates superoxide anion, it produces H2O2 which is another oxidant that has to be
eliminated by other enzymes (Godin & Garnett 1992; Okado-Matsumoto & Fridovich
2001). The enzymes catalase and glutathione peroxidase reduce H2O2, either fully into
water, or partially into hydroxyl radical (•OH), one of the strongest oxidants in nature
(Turrens 2003). The formation of •OH is, at least in part, catalysed by transition metals
such as iron and copper (Fenton reaction) (Halliwell & Gutteridge 1984; Gutteridge
1986; Turrens 2003; Costantini 2008). 

The attack of organic molecules and formation of reactive
oxygen metabolites

•OH is one of the strongest oxidants in nature, and biologically most dangerous as it
attacks organic molecules (lipids, amino acids, proteins or nucleotides; represented by
the symbol R) (Turrens 2003). When this happens (peroxidation), the hydroxyl radical
can extract one or more electrons from a target molecule which in turn becomes a
radical, or in other words, a reactive oxygen metabolite (ROM) (for a detailed review of
hydroperoxide metabolism, see Chance et al. 1979). A further chain reaction is initiated,
in which a carbon-centred radical (R•) and hydroperoxyl radical (ROO•) are succes-
sively formed. The hydroperoxyl radical can react with a new ‘healthy’ organic molecule,
producing a new carbon-centred radical (R•) and hydroperoxide (ROOH). These
hydroperoxides can easily react with transition metals such as iron (Fe2+ and Fe3+) and
copper (Cu+ and Cu2+) (Fenton reaction) (Gutteridge 1995). The metals promote the
toxicity of ROOH by catalysing its cleavage, forming new highly reactive oxidants (RO•,
ROO• radicals) that further amplify oxidative damage in the cell (Costantini 2008). The
•OH-triggered chain reaction is autocatalytic, which means that once initiated, the reac-
tion cascade with biomolecules continues unless stopped by binding to either an antioxi-
dant or to another R• radical to form a neutral combination (Hulbert 2005).
Accumulated hydroperoxides and peroxidation products may eventually leak from the
cells into the blood stream (Gutteridge 1986; Yagi 1987; Iorio 2004). 

Lipids are one of the major targets of oxidants (Monaghan et al. 2009), and oxidative
damage to lipids can have major consequences for the structure and functioning of
membranes (Monaghan et al. 2009) made up of phospholipids. Furthermore, the peroxi-
dation of lipids result in the formation of various secondary metabolites that are very
reactive and have highly damaging effects themselves (Gutteridge 1995; Hulbert 2005;
Monaghan et al. 2009). Proteins are attacked by such secondary products, which leads to
a loss of functional and structural efficiency (Monaghan et al. 2009). DNA is another
important molecule that may often be affected by oxidants, which can potentially lead to
mutations in the genetic code (Ames 1989; Wiseman & Halliwell 1996; Hulbert et al.
2007). 
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Antioxidant defence system

Given the continuous production of damaging free radicals, cells can only maintain their
inner stability (homeostasis) if adequate defences are present to delay, prevent or remove
the oxidative damage done to target molecules (Surai 2002; Barja 2007; Costantini
2008). During animal evolution, a large battery of antioxidative defence mechanisms has
evolved to counterbalance the continuous oxidative threat (Barja 2007). Antioxidant
defences function through many mechanisms and within different tissues / body fluids
(Monaghan et al. 2009). The main defences are as follows (see Monaghan et al. 2009 for
a broader explanation):

i) The first way to reduce oxidative damage is to diminish ROS production. The
uncontrolled release of ROS by the mitochondria depends on the respiratory efficiency of
the mitochondrial membrane (Barja 2007; Hulbert et al. 2007). To control mitochondrial
ROS production, animals can use an alternative pathway for mitochondrial respiration,
in which protons cross the inner membrane via ‘uncoupling proteins’ instead of the
normal protein complexes (Brand 2000; Barja 2007; Hulbert et al. 2007). Using these
uncoupling proteins, a subfamily of mitochondrial inner membrane transporters, the
normal oxidative phosphorylation pathway is circumvented, allowing electron transport
to proceed without the coupled synthesis of ATP. Instead, the energy potential from the
membrane proton gradient generates heat (Criscuolo et al. 2005; Monaghan et al.
2009). It is beyond the scope of this thesis to further elaborate on the mechanism itself,
but it is generally acknowledged that uncoupling proteins represent a major tool for
reducing mitochondrial ROS production and form a basis for the argument that high
metabolic rates / oxygen production are not necessarily linearly linked with high oxida-
tive damage (Criscuolo et al. 2005; Barja 2007; Hulbert et al. 2007). 

ii) Once generated, ROS are first counteracted by the enzymatic antioxidants within
mitochondria, such as superoxide dismutase (SOD) and catalase (Godin & Garnett 1992)
discussed earlier in this box. SOD and catalase are present in cellular compartments, but
there is one type of SOD that occurs in extra-cellular fluids (Vertuani et al. 2004). 

iii) The next level of defence is formed by antioxidant compounds that block the ROS
reaction chain by donating an electron. In this way a stable combination is formed
without any unpaired electrons (Halliwell & Gutteridge 1999; Balaban et al. 2005). This
defence barrier consists of endogenously produced antioxidants and of exogenous
antioxidants that are obtained from the diet (Felton & Summers 1995; Halliwell &
Gutteridge 1999; Krinsky & Yeum 2003). Endogenous compounds include enzymes, co-
enzymes (ubiquinone),  peptides (gluthatione), proteins (thioredoxin), vitamins (vitamin
C) and uric acid, whereas dietary antioxidants include vitamins (vitamin E: tocopherols
and tocotrienols) and carotenoids (e.g., Monaghan et al. 2009). Enzymatic antioxidants
occur mainly in cells (Halliwell & Gutteridge 1990; Lin, Decuypere & Buyse 2004a, b;
Costantini & Dell'Omo 2006a), whereas the circulating body fluids mainly contain non-
enzymatic antioxidants (vitamin E and C, uric acid, carotenoids, proteins) (Cohen et al.
2007). In addition, extracellular fluids, such as plasma, contain specialised antioxidant
systems of their own (transferrin, lactoferrin, caeruloplasmin) that are primarily
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concerned with removing active transition metal complexes before they can react with
ROMs (Gutteridge 1987). 

iv) Other lines of defense include, for example, structural alterations in the tissues
themselves that enlarge the resistance against oxidative damage (e.g., changing the
composition of amino acids or fatty acids) (Monaghan et al. 2009). A last line of defence
is to repair, replace or remove biomolecules that are damaged despite the antioxidant
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defenses (Halliwell 2007; Hulbert et al. 2007; Monaghan et al. 2009). Damaged
elements are either repaired for reutilization, or are degraded by intracellular enzymes to
enable excretion (Pacifici & Davies 1991). 

Oxidative stress

Even though numerous cellular and circulating defense mechanisms are involved in
helping to protect against oxidative damage, organisms can still experience events in
which these defences cannot fully neutralize the oxidants produced. In this case the
remaining unquenched oxidants are free to cause oxidative damage to cells and tissues.
The oxidant–antioxidant balance, and consequently the rate at which oxidative damage
is generated when more oxidants are produced than can be neutralised, represents the
oxidative stress level (Finkel & Holbrook 2000; Costantini & Verhulst 2009). Generation
of oxidative stress may be due to either increased oxidant production or to reductions in
the defences (Monaghan et al. 2009). 

There are many scenarios under which an imbalance between oxidants and antioxi-
dants can lead to a state of oxidative stress (Costantini 2008; Costantini & Verhulst
2009; Monaghan et al. 2009). For example, acute oxidant exposure may exceed antioxi-
dant defences and result in oxidative stress, whereas prolonged oxidant elevation may be
less detrimental as a result of corresponding up-regulation of baseline antioxidant levels
(reviewed in Costantini & Verhulst 2009; Monaghan et al. 2009). A practical illustration
of the oxidative balance was published by Monaghan and co-workers (2009). This figure
(presented here as Figure A.3) provides a clear explanation of the interaction between
both components of the balance, and explains how this can influence the extent to which
changes in either component result in a change in oxidative stress.
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Measuring the oxidative balance

Oxidative stress involves a very complex array of (often interacting) compounds of
different constitution and origin. To measure the oxidant and antioxidant parameters of
the oxidative balance, researchers can choose from a variety of assays that are suitable
for ecological application (Prior & Cao 1999; Dotan, Lichtenberg & Pinchuk 2004; Yeum
et al. 2004; Costantini 2008; Hõrak & Cohen 2010). Although assays are available for
analysis of both oxidant and antioxidant parameters (reviewed in Monaghan, Metcalfe &
Torres 2009), many studies have based their evaluation of oxidative stress on the assess-
ment of only one side of the balance (mainly antioxidants) (Costantini & Verhulst 2009;
Monaghan et al. 2009). However, as oxidative stress depends on the patterns of covaria-
tion between these parameters, measuring only one component of the balance may
result in misinterpretations (Costantini 2008; Costantini & Møller 2009; Costantini &
Verhulst 2009; Monaghan, Metcalfe & Torres 2009). 

In our present study, we chose a combination of two tests that measure both sides of
the oxidative balance: the d-ROMs and OXY-Adsorbent assays, manufactured by Diacron,
Grosseto, Italy. Using these tests, both oxidative stress parameters (i.e., reactive oxygen
metabolites (ROMs) and antioxidant capacity (OXY)) in the blood plasma can be
analysed efficiently at the same time. Furthermore, as we work with a ‘vulnerable’ bird
species, we needed an analytical method that would work with samples obtained in the
least invasive manner possible. The d-ROMs and OXY-Adsorbent tests are suitable in this
context as they require only small amounts of plasma (i.e., 20 µl and 10 µl respectively),
that can be safely taken from the birds without exceeding 1% of the body mass (Gaunt &
Oring 1999; Brown & Brown 2009). However, it is important to point out that oxidative
measures are believed to differ widely among tissues, cell types and the circulating blood
(Costantini 2008), and it is uncertain to which extent cellular antioxidants correlate with
circulating antioxidants in the plasma (Cohen et al. 2007). For example, enzymatic
antioxidants such as superoxide dismutase and catalase are present in cells (mitochon-
dria), but are negligible, or absent, in plasma. Conversely, plasma contains non-enzy-
matic antioxidants like vitamins, bilirubin, carotenoids, uric acid and antioxidative
proteins, which are also important in the defence against oxidative damage (López-Torres
et al. 1993; Neuzil & Stocker 1994; Pérez-Campo et al. 1994; Woodford & Whitehead
1998; Cohen et al. 2007). All these different antioxidant components (both cellular and
circulatory) have been shown to play major roles in defence against oxidative damage
(Cohen et al. 2007). Finally, antioxidant levels are considered to fluctuate more rapidly
in the plasma than in cells due to the high turnover rate of plasma components (Inanami
et al. 1999; Gaál et al. 2006). Plasma-based assays are thus likely to reflect fairly recent
oxidative state (Nussey et al. 2009). 

Reactive oxygen metabolites: d-ROMs test (ROMs)

It is difficult to directly analyse ROS in biological samples, due to their high reactivity
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and short half-lives (Monaghan et al. 2009). Instead, many assays use their metabolites,
i.e., the product of their reaction with biological macromolecules, to assess early oxida-
tive damage (Sohal & Weindruch 1996). The d-ROMs test kit quantifies reactive oxygen
metabolites (ROMs) – the early peroxidation products formed through the exposure of
biological macromolecules to oxidants (Costantini & Dell'Omo 2006a). With this test, the
concentration of hydroperoxides (ROOH) is assessed in a biological sample (blood
plasma in our case). The d-ROMs test is based on the interaction with transition metals
that facilitate free radical chain reactions. These transition metals (iron, copper) catalyze
the breakdown of ROOH, thereby generating new ROMs. In practice, a small amount of
blood plasma is diluted in an acidic-buffered solution. This buffer de-attaches the iron
ions from plasma proteins, so that they become available to catalyze the breakdown of
hydroperoxides into new highly damaging ROMs (alkoxyl and hydroperoxyl; RO• and
ROO•; Figure B.1) (Costantini 2008). Then, a chromogen (N,N-diethyl-paraphenylendi-
amine; ANH2) is added, which changes into a pink colour when oxidized by these newly
formed RO• and ROO• metabolites (Figure B.1). This pink colour is measured spec-
trophotometrically (Figure B.2), and the concentration of the coloured complex is
directly related to the hydroperoxide levels in the sample.

Just to reiterate, it is important to bear in mind that the test is performed on the
blood plasma, thus it does not measure oxidant production within cells. Instead, it meas-
ures the oxidant metabolites that have not been cleared by the first cellular defences
such as superoxide dismutase and catalase, and that have been released from the cells
into circulation (plasma). There they need to be neutralized by the plasma antioxidant
barrier, which we measure with the OXY-adsorbent test.   
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1a. The generation of alkoxyl (RO•):
ROOH + Fe2+ —> RO• + Fe3+ + OH-

1b. The generation of peroxyl (ROO•):
ROOH + Fe3+ —> ROO• + Fe2+ + H+

2a. The staining of alkoxyl:
RO• + ANH2 —> RO- + [ANH2•]+

2b. The staining of peroxyl:
ROO• + ANH2 —> ROO- + [ANH2•]+

Where:
– ROOH is hydroperoxide
– RO• is the alkoxyl radical 
– ROO• is the hydroperoxyl radical 
– ANH2 is the chromogen of d-ROMs test
– [ANH2•]+ is the coloured radical cation of the chromogen

Figure B.1 The reactions of the d-ROMs test.



Antioxidant capacity: OXY-adsorbent test (OXY)

There is no single assay for measuring the total body antioxidant barrier, comprising
defences present both in cells / tissues and in the circulation. However, several assays are
available to assess different aspects of the antioxidant defence system, though these are
not necessarily consistent with each other (Cohen et al. 2007; Costantini & Møller 2009),
and all have their advantages and limitations (see Cohen, Klasing & Ricklefs 2007; Costan-
tini & Møller 2008). Some assays measure the activity of a single antioxidant, whereas
other assays measure the response capacity of a whole suite of antioxidants in a certain
biological matrix, following an in vivo oxidative challenge (Costantini 2010b). Assays that
measure an individual antioxidant are useful, as they provide information about response
levels of well-defined individual antioxidants and help understand the potential costs of
such responses (e.g., trade-offs between carotenoids and sexual signalling; reviewed in
Pérez-Rodríguez 2009). However, the measurement of one antioxidant type may tell a
different story from that of another one, due to differences in functioning, or stage within
the oxidative chain in which they act (Costantini & Møller 2009; Monaghan et al. 2009).
When measuring multiple individual antioxidants, the – possibly opposing – results may
be therefore difficult to interpret. Interactions between antioxidants may also influence
their functioning. This may be another reason why levels of any one group are not neces-
sarily good indicators of the overall level of defence (Monaghan et al. 2009). It is there-
fore important to realize which, and how many antioxidants should be measured.  

The OXY-adsorbent test that we use here measures the response effectiveness of a
range of plasma antioxidants following a simulated oxidative attack by hypochlorous
acid (HClO), a potent oxidant of pathologic relevance in biological systems. In this assay,
a small plasma sample is incubated with a surplus of HClO that oxidizes all the
compounds available in the plasma antioxidant barrier. The unreacted residual of HClO
radicals is coloured with the same chromogen as in the d-ROMs test, which colours pink
and is measured spectrophotometrically. Absorbencies measured are proportional to the
residual HClO and inversely related to the antioxidant capacity in the blood plasma.    
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Figure B.2 Samples in cuvettes just after spectrophotometric measurement of ROMs.



Despite the advantage of being a functional measure rather than a measure of indi-
vidual antioxidant concentrations, one should note that the total antioxidant capacity is
not fully measured by this test. First, the test is based on plasma and does not account
for antioxidants that occur mainly in cells (e.g., enzymatic antioxidants) (Costantini
2008). Second, the test measures capacity to neutralize HClO, but it does not reveal the
capacity to block other pro-oxidant molecules. For example, defence against nitric oxide
(involved in many immunological processes) is not included (Kröncke, Fehsel & Kolb-
Bachofen 1997; Finkel & Holbrook 2000; Monaghan et al. 2009). Despite these caveats,
the OXY-test quantifies the contribution of a large section of the plasma antioxidant
barrier, as HClO can react with several kinds of hydrophilic and lipophilic antioxidants
(e.g., vitamins A and E, proteins, thiols, carotenoids and ascorbate; Costantini 2010b). It
is therefore a commonly used test that has proven to give valuable information on oxida-
tive status (e.g., Brambilla, Fiori & Archetti 2001; Costantini & Dell'Omo 2006b; Costan-
tini, Fanfani & Dell'Omo 2007).
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