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Summary

1. Initial work on oxidative stress and antioxidant defences described basic chemical and bio-

chemical properties and processes and applied this information to issues of animal health and

husbandry. Seminal experimental investigations on the damaging effects of oxidative stress and

the mitigating effects of antioxidant defences were conducted primarily in domesticated organ-

isms.

2. In recent years, ecologists have taken to studying antioxidants and oxidative stress in

free-ranging organisms and have integrated principles of oxidative stress into several core evolu-

tionary concepts, such as life-history trade-offs (e.g. survival vs. reproduction), senescence and

sexual selection. This initial flurry of studies has provided major advances in our understanding

of how antioxidant defences evolve and function.

3. In this overview, it is our goal to provide ecologists with an accessible summary of (i) the bio-

chemical basis and conceptual frameworks behind oxidative stress and antioxidants, (ii) the

research questions and hypotheses that are generated by incorporating antioxidants and oxida-

tive stress into models of life-history theory, ageing, mate selection, and honest signalling, and

(iii) the trends in the evidence that have emerged from initial studies in these areas.

4. Though much progress has been made on the ecological and evolutionary relevance of antiox-

idant and oxidative stress physiology, no consensus has emerged regarding the primacy of how

oxidative stress challenges or antioxidant limits or values shape organismal life-histories. How-

ever, there are many taxonomic biases in studies to date and several ideal environmental systems

that are as-of-yet untapped.

Key-words: ageing, antioxidants, free radicals, life-history, reproduction, sexual signals, sperm

quality, stress physiology, vertebrates

Introduction

The integration of ecology and physiology is central for

understanding proximate mechanisms underlying the evo-

lution of life-history strategies and the way that animals

respond to environmental perturbations. In the last several

years, a new area of ecological research has emerged, in

which levels of antioxidants (AO) and oxidative stress

(OS) are quantified in organisms and used as proximate

endpoints to explain a number of ecological patterns. In

this article, we review this relatively young field, placing

particular emphasis on the fact that there are extensive

bodies of literature in other fields (e.g. medicine, nutrition)

that catalysed this new subdiscipline and that must

be more completely understood to advance AO-ecology

research techniques and questions. Though some recent

reviews exist in this area (von Schantz et al. 1999; Costan-

tini 2008; Monaghan, Metcalfe & Torres 2009), we focus

on topics such as the evolution of sexual ornaments and

the costs of reproduction that have received comparatively

less attention to date. Also, we try to regularly integrate

biochemistry with ecology to describe the biochemical*Correspondence author. E-mail: d.costantini@bio.gla.ac.uk
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patterns underlying ecological phenomena and why

such knowledge is important to ecological investigations.

Finally, we provide historical information on reactive

chemical species, OS physiology, and AO to provide an

accessible compilation of this material for functional ecolo-

gists.

Historical overview of reactive species
biochemistry

Around 2Æ45 billion years ago, during the Great Oxidation

Event, atmospheric oxygen increased dramatically as a result

of the adaptive radiation of photosynthetic organisms (Ses-

sions et al. 2009). An important consequence of this change

in atmospheric chemistry was that living organisms evolved

physiological mechanisms to use oxygen to produce energy.

Additionally, organisms found it necessary to protect them-

selves against the toxicity of oxygen and to mitigate the nega-

tive effects of oxidation. Thus, oxygen free radicals were

likely an important selective pressure during the incipient

stages of oxidative metabolism, and indeed throughout much

of the history of life.

The damaging effects of oxygen involve a loss of cell

functionality resulting from reactive species-induced oxida-

tion of macromolecules (i.e. oxidative damage; OD). Oxy-

gen free radicals, which are predominately, but not

exclusively, derived from oxidative metabolism, are

responsible for this oxidation. The modern organic chem-

istry of free radicals dates back to 1900, when Moses

Gomberg identified the triphenylmethyl radical. After

much subsequent debate, a free radical was defined as any

transient (chemically unstable) species (atom, molecule, or

ion; Bernthsen 1942; Herzberg 1971). Most recently, a free

radical has been defined as any chemical species capable

of independent existence that contains one or more

unpaired electrons (Halliwell & Gutteridge 2007). Radicals

can be formed through several chemical reactions (see

Figs S1). In addition, there are a number of other chemi-

cals (e.g. H2O2, HOCl, singlet oxygen, peroxynitrite) that,

despite lacking radical properties, are important oxidizing

agents in biological systems because they quickly and

readily react with, and thus damage, lipids, proteins, and

nucleic acids. Reactive oxygen species (ROS) is a collective

term that describes all pro-oxidants derived from O2.

However, there are also pro-oxidants derived from other

elements, such as nitrogen (reactive nitrogen species;

RNS). In this review, we have referred to the biochemistry

of ‘reactive species’ (RS), which is the most inclusive name

for all pro-oxidants.

It was only between the 1950s and 1960s that biochemists

demonstrated the existence of free radicals in living systems

and suggested free radicals were responsible for cell deteriora-

tion and senescence (Commoner, Townsend & Pake 1954;

Gershman et al. 1954; Harman 1956; McCord & Fridovich

1968, 1969). Since that time, the number of studies on chemi-

cals with pro-oxidant activity increased dramatically and

today the study of oxidative physiology has a central role in

modern medicine and biology (e.g. Fridovich 1978; Beckman

&Ames 1998; Halliwell &Gutteridge 2007).

Antioxidants: the other side of the coin

In the 19th century, engineers discovered that certain sub-

stances – AO – were able to prevent metal from corroding by

shutting off the oxidation process. Although the reasons why

AOwere effective at preventing oxidation were poorly under-

stood, scientists began applying these principles to biotech-

nology and found that adding AO to foods high in

unsaturated fat prevented the onset of rancidity (Halliwell &

Gutteridge 2007). The importance of AO in biological sys-

tems gained further support with the discovery of superoxide

dismutase (SOD), the enzyme responsible for scavenging the

superoxide radical (McCord & Fridovich 1968, 1969). Subse-

quently, a variety of AO classes have been identified, includ-

ing diet-derived and endogenous chemicals (e.g. vitamins,

carotenoids) and endogenously produced enzymes (e.g.

SOD).

Today, even in the biomedical and biochemical literature,

the term AO is still not clearly and consistently defined. Here,

we define AO as molecules or structures that prevent or mini-

mize oxidative damage.We adopt a broader view here than in

traditional definitions to allow the inclusion of structural and

repair mechanisms that remove oxidative damage to a target

molecule. Ecologists have measured AO capacity both at the

individual molecule level and as generalized AO capacity.

However, because AO have other biological functions, and

because levels may be regulated in response to need, interpre-

tation of AO levels in relation to oxidative balance (i.e.

homeostatic ⁄homeodynamic equilibrium between reactive

species production and the control of their potentially harm-

ful effects) is not straightforward and should be undertaken

with caution (see alsoHõrak &Cohen 2010).

Oxidative stress

Cells are in a dynamic redox state whenRS andAOare in bal-

ance. Typically, whenRSmoderately increase, the AO system

responds and resets the former oxidative balance. However,

an imbalance between RS production and AO response, in

favour of the former, increases the rate at which OD takes

place and results in OS (Sies 1991; Halliwell & Gutteridge

2007; Costantini & Verhulst 2009). In practice, ecologists use

proxy measures of OS. How these measures relate to fitness

and the baseline stable redox state, however, is often unclear.

Nonetheless, in this review, we sometimes use the term OS in

relation to a proxy measure even when the utility of the mea-

sure is weak or unknown. In the future, it will be vital to

consider how indicators of increased free radical production,

free radical levels, free radical damage, AO levels, or

decreased resistance to damage actually relate to OS (see

Hõrak&Cohen 2010).

In 2004, Dotan et al. suggested that there can be different

types of OS, depending on what macromolecular component

is oxidatively damaged. Furthermore, because an oxidative
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insult can damage certain molecules (e.g. DNA) but not oth-

ers (e.g. proteins, lipids), Dotan, Lichtenberg & Pinchuk

(2004) suggested that the level of peroxidation to certain mol-

ecules cannot be used as a measure of universal OS. We do

not yet have the data necessary to conclude whether differ-

ences in peroxidation by molecular type are ecologically rele-

vant; while it may be that simply measuring lipid

peroxidation provides a general picture regarding resource-

based trade-offs, it is also plausible that different fitness-

related phenomena (e.g. physiological dysfunction, disease,

senescence) may be differentially affected by OD of different

molecules or tissues.

Mechanisms of OD differ by cellular target, and include

lipid peroxidation, protein oxidation, and nucleic acid oxida-

tion (see Figs S2–S4). For more comprehensive biochemical

descriptions of lipid peroxidation and damage to proteins

and nucleic acids, we suggest the following reviews (Porter,

Caldwell & Mills 1995; Cadet et al. 2003; Chakravarti &

Chakravarti 2007; Halliwell & Gutteridge 2007; Laguerre,

Lecomte & Villeneuve 2007; Houben et al. 2008). However, it

is important to note that, althoughRS have been traditionally

viewed as toxic products of metabolism, RS are also essential

components of cell signalling and regulation (i.e. redox mes-

sengers; Thannickal & Fanburg 2000; Dröge 2002), and ecol-

ogists should be careful to avoid the oversimplification of

pronouncing all RS as ‘bad’. This is particularly relevant in

light of evidence that the exposure of an organism to a low

dose of a chemical agent or environmental stressor that is

damaging at higher doses induces an adaptive beneficial effect

on the organism itself (hormesis,Mattson &Calabrese 2010).

Complex interactions among RS, AO and OS

There exist a number of challenges to quantifying and track-

ing interactions between AO and OS within an organism (see

Hõrak & Cohen 2010). For example, food intake (and associ-

ated AO supplies) can be challenging to track for almost any

wild animal. Moreover, the synergistic nature of AO contrib-

utes to the difficulties of quantifying organismal redox bal-

ance. Additionally, levels of AO and OS differ among tissues

(Powers et al. 2004), some of which can only be sampled post-

mortem. Dietary AO are particularly susceptible to mobiliza-

tion and redistribution among tissues. However, their contri-

bution to protection against OS is still unclear in many

animal models, including humans, because some of them (e.g.

flavonoids) exert a myriad of biological functions (Halliwell

& Gutteridge 2007). In the future, it will be important to eval-

uate the contribution and relative strengths of each AO type

to protect against OD in vivo (e.g. Costantini & Møller 2009;

Costantini & Verhulst 2009). In doing so, it will be important

to consider that exogenous AO can interact with endogenous

AO, potentially resulting in a decrease in overall AO protec-

tion. For example, high dietary doses of vitamin C are ineffec-

tive at prolonging lifespan in mice because any positive

benefits derived as an AO are offset by compensatory reduc-

tions in endogenous protection mechanisms, leading to no

net reduction in accumulated OD (Selman et al. 2006). Inter-

actions between different AO may also arise during specific

life-history stages and may modulate allocation trade-offs of

AO (e.g. allocation of AO to eggs in birds; Costantini 2010).

Finally, it is also important to remember that AO levels by

themselves are not enough to make inferences regarding OS

(Costantini & Verhulst 2009), as an animal exposed to less OS

may simply circulate or accumulate lower levels of AO, and

care should be taken when interpreting results from studies

that measure AO protection but not OD.

Ecological and evolutionary issues of OS

E N V I R O N M E N T

Environmental conditions across a range of habitat types are

associated with OS threats. For example, marine environ-

ments vary widely in thermal characteristics, partial pressure

of oxygen, degree of pollution and light environment, all of

which can influence the degree of oxidative insult experienced

by an individual, and many marine organisms adjust their

AO systems in response to this environmental variability

to maintain a stable redox state (reviewed in Lesser 2006;

Buttemer, Adele & Costantini 2010). Furthermore, within

species, population densities can vary with habitat and, at

least in freshwater clams (Sphaerium sp), some of this varia-

tion has been tied to OD; clams were most abundant and

showed lower levels of nucleic acid damage in relatively more

hypoxic environments (Joyner-Matos et al. 2007).

Further environmentally driven variation in an organism’s

oxidative exposure andAO system can be a product of season

(snails, Helix aspersa; Ramos-Vasconcelos, Cardoso & Her-

mes-Lima 2005), thermotolerance (grasses; Banowetz et al.

2007), osmotic stress (reeds; Zhao et al. 2008), atrophy (bur-

rowing frogs, Cyclorana alboguttata; Hudson et al. 2006),

nutrient starvation (Mycobacterium avium; Gumber et al.

2009) and seed dormancy (Oracz et al. 2009), sometimes with

RS playing an essential signalling role (Bailly, El-Maarouf-

Bouteau & Corbineau 2008). These few examples demon-

strate the wide variety of ecological contexts in which RS

affect organismal behaviour, physiology, distribution and fit-

ness, and highlight the breadth of research areas that remain

to be explored.

O R G AN I S M A L S E L F - M A I N T E N A N C E A N D SU R V I V A L

B EH AV I O U R S

In sports medicine and laboratory studies of exercise, the role

of locomotor activity in promoting RS production (Davies

et al. 1982), and of regular exercise in nullifying these effects

(reviewed in Powers et al. 2004), has received considerable

attention (Alessio 1993; Di Meo & Venditti 2001; Gomez-

Cabrera, Domenech & Viña 2008). Although physical perfor-

mance has been linked to aspects of organismal fitness, specif-

ically as a proxy for escape from predators (e.g. flight

performance; Veasey, Metcalfe & Houston 1998), the effect

of RS and role of AO inmaintaining the redox balance during

activity remains unclear. Nonetheless, a diversity of ecologi-
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cally relevant phenomena conducive to this type of research

exists, and clearly warrants further investigation. For exam-

ple, the expression of a number of physically demanding

behaviours (e.g. migration, hunting, predator escape, sexual

displays) may be evolutionary shaped byOS.

Changes in tissue oxygen levels can directly affect rates of

OD, a phenomenon most commonly studied in rodents, rab-

bits, dogs and pigs during ischaemia-reperfusion as a model

for treating injuries in humans (e.g. Aksoy et al. 2004;

Hirayama et al. 2005; Ovechkin et al. 2007). However, simi-

lar non-pathological changes (e.g. ischaemia) can be found

in natural contexts, such as reanimation following estivation,

torpor, or hibernation, recovery from extracellular freezing,

or temporally variable anoxia conditions commonly found

in both invertebrates and vertebrates (Storey 1996; Willmore

& Storey 1997; Bickler & Buck 2007; Issartel et al. 2009; Orr

et al. 2009). Many of these organisms elevate AO levels

during the oxygen-limited state to limit OD upon return to

normoxia (Storey 1996; Hermes-Lima, Storey & Storey

1998).

There are also a variety of survival behaviours that are

related to OS. For example, degree of torpor decreases with

an increased polyunsaturated fatty acid (PUFA) content in

the food hoard of chipmunks (Tamias striatus; Munro, Tho-

mas & Humphries 2005), possibly due to the susceptibility of

PUFAs to oxidation. Perceived predation risk also seems to

have a direct influence on OS, as predator presence can

increase oxygen consumption and decrease levels of AO

enzymes (Slos & Stoks 2008). Finally, Bize et al. (2008) found

that male alpine swifts (Apus melba) with red blood cells that

were more resistant to an in vitro free radical attack tended to

have greater inter-annual survival rates, providing one of the

first clear links between oxidative balance and survival in a

wild animal.

Another component of survival is immunocompetence.

The study of ecoimmunology has proliferated in recent years,

and a large number of studies have examined relationships

between AO (particularly carotenoids) and immunity (e.g.

Blount et al. 2003; Costantini & Dell’Omo 2006; Hõrak et al.

2007). As this field has been reviewed elsewhere in an evolu-

tionary context (Dowling & Simmons 2009), we do not

explore the relationship between RS and immune function in

depth here. Briefly, however, during an innate immune

response, phagocytic cells use an oxidative burst (RS produc-

tion) to destroy pathogens. While these molecules effectively

neutralize bacterial invaders, they are non-specific and may

also destroy self-tissue. Therefore, individuals need to be able

to negate the potential immunopathological effects of an

immune response to maintain the fitness-related benefit of the

immune response (Costantini & Møller 2009; Sorci & Faivre

2009).

S EN ES C E N C E

Senescence is a process in which organisms undergo physio-

logical degenerationwith age (Rose 1991). OS has been linked

to evolutionary theories of senescence since Harman (1956)

first proposed the free radical theory of ageing, which sug-

gests that cumulative OD on cell constituents caused by free

radicals produced during aerobic respiration results in ageing

and ultimately death. Since this time, the free radical theory

has been refined and a number of hypothetical iterations have

been presented, including the mitochondrial theory of ageing

(Harman 1972) and the OS hypothesis of ageing (Yu & Yang

1996; Sohal, Mockett & Orr 2002). In 2003, Hulbert further

developed the hypothesis and proposed the membrane pace-

maker theory of ageing, suggesting that it is variation inmem-

brane fatty acid composition, and the consequent differential

vulnerability to lipid peroxidation, which determines lifespan:

cells richer in PUFA should be more susceptible to OD and

will therefore be more prone to cell senescence (Hulbert 2003,

2005; Hulbert et al. 2007). There is considerable support for

the free radical theory of ageing in a wide range of taxa. How-

ever, much of this evidence is correlative and based on a lim-

ited number of laboratory taxa; thus definitive proof that

alterations inOS play a role in longevity remains elusive (Wic-

kens 2001; Sohal, Mockett & Orr 2002). Several recent, com-

prehensive reviews discuss the evidence for the broad free

radical theory of ageing in considerable detail (see Beckman

& Ames 1998; Ashok & Ali 1999; Wickens 2001; Sohal,

Mockett & Orr 2002), and it is not our intention to review

such evidence here; instead we present a brief overview of the

relationship between lifespan and metabolic rate and discuss

the role of OS in this relationship.

Given that RS production is partly a function of meta-

bolic rate (i.e. a higher metabolic rate should lead to greater

RS production), the free radical theory of ageing is often

thought of synonymously with the rate of living theory: spe-

cies with higher basal metabolic rates (BMR) are suggested

to have shorter maximum lifespan potential (MLSP) as a

result of increased RS production (Beckman & Ames 1998;

Dowling & Simmons 2009). However, this integrated theory

is somewhat erroneous. While there is some empirical sup-

port for a relationship between MLSP and BMR (e.g. birds,

Cohen et al. 2008; humans, Ruggiero et al. 2008), many

studies show no relationship between mortality and BMR

(e.g. microchiropteran bats, Filho et al. 2007; colubrid

snakes, Robert, Brunet-Rossinni & Bronikowski 2007; zebra

finches Taeniopygia guttata, Moe et al. 2009). In addition,

several statistical and methodological issues appear to com-

promise the validity of much of the data supporting this

hypothesis; though, at least in one study of small mammals,

when these issues are eliminated and a more robust measure

of daily energy expenditure is employed (e.g. elimination

rates of stable isotopes as opposed to BMR), high energy

expenditure remains associated with shorter lifespan (Speak-

man et al. 2002). Finally, BMR does not appear to be a

good predictor of lifespan within a species. For example,

experimental manipulation of energy expenditure via cold

exposure does not shorten lifespan in field voles (Microtus

agrestis; Selman et al. 2008). Moreover, in mice, lifespan is

not affected by an increase in energy expenditure induced by

either cold exposure (Vaanholt et al. 2009) or aerobic exer-

cise (Vaanholt et al. 2010).
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One reason for these mixed results appears to be an uncou-

pling between metabolism and OS. Specifically, the transition

of mitochondria from state 4 (resting) to state 3 (respiratory

active, producing ATP) is not accompanied by a proportion-

ate increase of free radical production (Loschen, Flohé &

Chance 1971). Consequently, OD cannot be massive during

phases of increased metabolic rate because the mitochondrial

free radical leak strongly decreases over the states 4 to 3 tran-

sition (Herrero & Barja 1997). This uncoupling between

metabolism and OS appears to be influenced by uncoupling

proteins (Criscuolo et al. 2005) and likely represents an

important biochemical adaptation to OS. Importantly, this

uncoupling can result in a positive relationship betweenmeta-

bolic rate and lifespan (‘uncoupling to survive hypothesis’

Brand 2000; Speakman et al. 2002). However, we suggest that

more studies on the link between metabolic rate and RS pro-

duction ⁄OD (especially among wild animals and understud-

ied taxonomic groups) are necessary to understand if this

uncoupling is a general rule or occurs only under certain cir-

cumstances. Finally, we recommend further empirical studies

of the link between BMR (or daily energy expenditure) and

lifespan, but suggest that such studies should incorporate a

wider range of taxa and might be best addressed in long-lived

organisms or organisms that withstand environmental

extremes (e.g. bristlecone pine, Pinus longaeva, MLSP

>4500 years, Lanner & Connor 2001; periodical cicadas,

Magicicada; Iceland clam, Arctica islandica, MLSP

>400 years, Buttemer, Adele & Costantini 2010; waved

albatross, Diomedea irrorata; estivating snails or anoxia-

tolerant turtles, see Storey 1996).

R E P R OD U C T I O N

OS may have its most dramatic effect on animal fitness by

directly impairing reproduction (Harshman & Zera 2007).

Age-specific accumulation of OS has been shown to damage

oocytes and embryos of mammal mothers later in life (Tarı́n

1996), but in many taxa, OS can also have age-independent

reproductive detriments. For example, mating increases sus-

ceptibility to OS in virgin female Drosophila melanogaster

(Rush et al. 2007). In domesticated zebra finches, two repro-

ductive phenomena – a greater number of breeding bouts

per lifetime (Alonso-Alvarez et al. 2006) and raising more

offspring per breeding bout (Alonso-Alvarez et al. 2004;

Wiersma et al. 2004) – reduce AO defences. Some nutrients

like carotenoids, however, seem to be able to modulate

reproduction and trade-offs with other life-history aspects

like OS resistance (e.g. birds, Biard, Surai & Møller 2005;

Bertrand et al. 2006; mollusks, Petes, Menge & Harris

2008). Maintaining a positive seasonal carotenoid balance

also predicts reproductive success in wild barn swallows

(Hirundo rustica, Safran et al. 2010). In contrast to empha-

ses on AO, only a handful of studies have investigated OS

and female reproduction in wild animals (see de Almedia

et al. 2007 for a review in marine bivalves). In a wild, long-

lived avian species (alpine swifts), number of eggs laid per

attempt (clutch size) was positively correlated with resis-

tance of red blood cells to an in vitro free radical attack

(Bize et al. 2008). However, in a wild, long-lived mammal

(soay sheep, Ovis aries), lipid peroxidation was unrelated to

recent and past reproductive effort (Nussey et al. 2009).

Some aspects of parental care (e.g. nestling food provision-

ing in birds, Helfenstein et al. 2008; egg fanning in fish, Pike

et al. 2007) may also be linked to parental AO status. Given

the high growth andmetabolic rates in developing young, it is

not surprising that OS strongly influences offspring; for

example, Costantini et al. (2006) found that nestling Eurasian

kestrels (Falco tinnunculus) from larger broods experience

higher level of OS. Pre-natal OS can even induce neural dam-

age and cognitive function in young rats (Song et al. 2009).

There is also significant interest in how OS impacts fertility in

human females (Agarwal, Gupta & Sharma 2005). OS can

affect early (e.g. oocytematuration) and late (e.g. pre-eclamp-

sia, pre-term labour) stages of the female reproductive cycle,

and various dietary interventions (e.g. vitamin supplementa-

tion) have been implemented before and during pregnancy.

In most cases, however, either pre-embryonic or post-hatch ⁄ -
birth OS is studied in isolation; we encourage more compre-

hensive studies across life-history stages to better understand

how OS is transmitted from mother to offspring and which

sources are more significant for long-term offspring survival

and reproduction. Additionally, investigation of the role of

OS in transgenerational effects that are not the result of

genetic origin or developmental environment may help us

understand if these effects ‘program’ offspring for the future

environment or if they simply function as a constraint on phe-

notypic plasticity (Jablonka & Raz 2009). Finally, we recom-

mend expanding tests of these AO ⁄OS ideas to new taxa,

including organisms that are semelparous, very long-lived

(and thus infrequently breeding), and that live under extreme

environmental conditions (e.g. crowded, inbred, thermal

extremes), to permit robust examination of how various

reproductive stages and tactics are influenced by oxidative

balance.

S EX U A L O R N A M E N T A T I O N

Many animals put substantial energy into developing and

maintaining secondary sexual traits (e.g. colours, songs, ant-

lers), whose expression may be shaped by AO and OS in a

number of ways (Sheldon &Verhulst 1996; von Schantz et al.

1999). Carotenoid-based sexual traits have commanded par-

ticular attention in this area because carotenoid molecules

function both as colorants (McGraw 2006) and immunostim-

ulants (e.g. Blount et al. 2003), with potential for AO activity

via RS scavenging (Krinsky 2001; but see Costantini & Møl-

ler 2008). Consequently, individuals may face an allocation

trade-off between investment in ornamentation vs. immuno-

competence (Lozano 1994; Olson & Owens 1998), a hypothe-

sis for which there is some empirical support (e.g. Faivre et al.

2003; Alonso-Alvarez et al. 2004; Clotfelter, Ardia &

McGraw 2007).

OS has also been suggested to mediate the trade-off

between health and other forms of ornamentation. Specifi-
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cally, ornaments, from fleshy combs and wattles to feathers

and spurs, are proposed to be sensitive to OS, such that pro-

duction of RS resulting from immune system activation leads

to reduced ornamentation (von Schantz et al. 1999).

However, studies examining whether immune activation

induces OS, and those examining the relationship between

OS and ornamentation, provide mixed support for this

hypothesis (Costantini & Dell’Omo 2006; Hõrak et al. 2006;

Torres & Veldano 2007; Galván & Alonso-Alvarez 2008; Is-

aksson&Andersson 2008).

S PE R M P ER F O R M A N C E

Sperm cells appear to be particularly vulnerable to attack by

RS due to their high PUFA content and metabolic activity

(Sikka 2001; Surai et al. 2001). In humans and a limited num-

ber of domesticated animals, RS attack has been shown to

induce a lipid peroxidation chain event that can lead to

decreased motility and viability, and an inability to fuse with

the oocyte (Fujihara & Howarth 1978; Wishart 1984; Aitken,

Clarkson & Fishel 1989; deLamirande & Gagnon 1992;

Baumber et al. 2000; Bilodeau et al. 2002). Importantly, RS

may also damage nuclear and mitochondrial DNA of sperm,

with negative consequences for fertilizing capacity and post-

fertilization embryo survival (Aitken & Krausz 2001). Sperm

are also subject to RS attack in the testes, resulting in

impaired steroidogenesis, a reduced capacity to differentiate

normal spermatozoa, and, ultimately, a reduction in sperm

fertilizing ability (Wu et al. 1973; Aitken & Roman 2008).

Thus, OS can have a significant impact on male fitness, and

may influence a number of evolutionary processes including

the evolution of polyandry and mating strategies, sexual con-

flict, and sperm competition dynamics (Siva-Jothy 2000;

Dean, Bonsall & Pizzari 2007; Pizzari et al. 2008; Dowling &

Simmons 2009).

Both sperm and seminal plasma possess AO systems that

protect sperm fromRS-induced OS. Specifically, SOD, gluta-

thione peroxidase, and catalase appear to be the major semen

AO in a range of taxa, with additional protection provided by

vitamins C and E, ubiquinols, and glutathione (Sikka 2001;

Surai et al. 2001; Weirich, Collins & Williams 2002). Dietary

carotenoid supplementation is associated with improved

sperm quality (presumably via prevention of RS-induced

damage) in humans (Gupta & Kumar 2002) and fishes (Ah-

madi et al. 2006; Pike et al. 2010). Furthermore, carotenoids

are present in the ejaculates of birds (Rowe &McGraw 2008)

and insects (Heller, Fleischmann & Lutz-Röder 2000), sug-

gesting the AO role of carotenoids in semen deserves further

research. Future investigations should also focus on the rela-

tive contribution of each AO type to total AO capacity of

semen, and examine how these metrics covary with sperm

performance.

The impact of OS may be particularly important in species

with high levels of sperm competition. In these species, males

with a greater capacity to defend sperm against OS should

gain a greater share of paternity. Consequently, sexual selec-

tion may target cellular mechanisms underlying sperm func-

tion aimed at avoiding OS. In a recent comparative study of

Mus species, the level of sperm competition was associated

with rapid changes in protamine 2 genes, which, in turn,

appear to be associated with the efficiency of DNA compac-

tion (Martin-Coello et al. 2009). In sperm nuclei, protamine-

induced DNA compaction protects DNA from double-

strand breaks by reducing the ability of RS to access DNA

(Suzuki et al. 2009), suggesting that the rapid changes

observed in Mus species may reflect selection for increased

resistance to RS-induced sperm DNA damage. Similarly,

protective mechanisms aimed at preventing OD to sperm

structures may have evolved in response to sperm competi-

tion, though these ideas remain largely unexplored.

AO defences aimed at minimizing OD to sperm should

also be particularly important for species with prolonged

sperm storage. Stored sperm (i.e. aged sperm) show reduced

fertilizing success (Tarı́n, Pérez-Albalá & Cano 2000; Wag-

ner, Helfenstein & Danchin 2004), which can impact female

reproductive success, generate sexual conflict and influence

behaviour (e.g. sperm ejection, re-mating strategies; Siva-

Jothy 2000; Dean, Bonsall & Pizzari 2007). To date, studies

of AO in the sperm storage organs of females are limited to

a few species of agricultural importance (i.e. poultry, Brè-

que, Surai & Brillard 2003; bees, Collins, Williams & Evans

2004). However, a wide range of taxa show extended peri-

ods of sperm storage (e.g. bats, up to 198 days; reptiles, up

to 2555 days; Birkhead & Møller 1993), and future studies

utilizing these species should provide substantial insight into

the biological significance of OS-related sperm deterioration

in wild organisms. Perhaps the most exciting potential study

systems can be found among the insects: in some species,

females maintain viable populations of stored sperm for

periods as long as thirty years (e.g. narrow-headed ant For-

mica exsecta, Pamilo 1991). Male extragonadal sperm stores

may also experience RS-induced deterioration with impor-

tant consequences for fitness (Tarı́n, Pérez-Albalá & Cano

2000) and male behaviour (e.g. sperm wastage; Pizzari et al.

2008). Finally, OS and AO may modulate the relationship

between male sexual ornamentation and sperm quality and

allow females to choose reproductive partners with high

functional fertility (Blount, Møller & Houston 2001; Velan-

do, Torres & Alonso-Alvarez 2008); for example more col-

ourful males appear better able to protect their sperm from

OS in both birds (Helfenstein et al. 2010) and fishes (Pike

et al. 2010).

The production of RS in semen may also provide a range

of beneficial effects for sperm function, including the ability

to achieve and sustain hyperactivation and the promotion of

capacitation (deLamirande & Gagnon 1993; Zini, deLami-

rande & Gagnon 1995). Although these initial studies were

performed in vitro with human sperm and the mechanisms

underlying these effects remain unclear, these reports demon-

strate that RS are not always detrimental to the fertilization

process. Therefore, understanding the balance between the

beneficial and harmful effects of RS and the balance between

RS production and AO defences is integral to understanding

sperm function. Future ecological studies can benefit by
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avoiding the oversimplification of RS as purely detrimental

and investigating these other potential roles of RS in species

with different mating strategies, modes of fertilization (inter-

nal vs. external fertilizers), or fertilization environments (mar-

ine vs. terrestrial spawners). Finally, as the majority of studies

concerning OS in semen have been performed in vitro and in

the fields of human infertility and poultry semen cryopreser-

vation, future research across a wider range of taxa (as sug-

gested above) may provide a clearer picture of the influence of

OS on gametic performance and individual fitness.

Conclusions

Even at this early stage of investigation, it is evident that AO

availability andOS can be ecologically relevant selection pres-

sures linked to organismal survival and reproduction. How-

ever, the complexity of mechanisms underlying the

physiology of RS and AO, combined with the dominance of

lab studies and paucity of studies on free-ranging organisms,

makes it difficult to draw broad ecological and evolutionary

conclusions at this time. It is also becoming clear that differ-

ent taxa may respond to the same environmental perturba-

tions in very different ways. Therefore, it is important to take

into account the characteristics of the species under study and

to be conservative in claiming the ability of any species to

function as a model for understanding the great diversity of

comparative OS physiology.

We believe that a useful way to think about the emer-

gence and impact of the field of AO and OS ecology is to

draw from another physiological subdiscipline, specifically

the interface between endocrinology and ecology (e.g. Kett-

erson et al. 1996). Similar to hormones, AO can be sensitive

to numerous stressors, highly labile within and among

organisms over space and time, and challenging to manipu-

late. However, the insights gained by taking endocrinologi-

cal approaches to phenotypic development, ornament

expression, territory defence, and a host of other life history

questions have proven invaluable to the study of ecology.

By investigating the roles of RS, AO, and OS with the same

rigour that ecologists have used in evaluating hormonal

causes and consequences, we will be able to ask new ques-

tions concerning life-history traits at the individual, popula-

tion, and community levels. Additionally, the ubiquity of

similar AO defences in widely dissimilar organisms (cf.

many hormone systems), allows biologists to ask broad

evolutionary and ecological questions, such as those sur-

rounding survival-reproduction trade-offs. Evolutionary

endocrinologists have recently investigated such a question

and found robust evidence of selection on hormones as a

function of annual survival, within-pair siring success and

extra-pair mating success (McGlothlin et al. 2010). If func-

tional ecologists develop methodologies to manipulate and

measure AO or OS levels, we may also be able to more con-

cretely investigate causal mechanisms regarding constraints

on life-history strategies, expression of sexual ornaments,

and rates of both individual and sperm senescence. In

conclusion, future research that investigates longer-term,

integrated measures of OD, AO, and OS across a wide

range of taxa from a variety of ecological niches will help to

elucidate the extent to which these factors are important

selective pressures under wild conditions.
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Dröge, W. (2002) Free radicals in the physiological control of cell function.

Physiological Reviews, 82, 47–95.
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