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Abstract

Oxidative stress results from an imbalance between the production of reactive oxygen 
species and the antioxidants defences, in favour of the former. In recent years, the 
association between oxidative processes, environmental change and life histories has 
received much attention. However, most studies have focused on avian and mammalian 
taxonomic groups, with less attention given to fish, despite their ecological and socio- 
economic relevance. Here we present a review of the extrinsic and intrinsic factors 
that influence oxidative processes in fish, using a comparative and evolutionary 
approach. We demonstrate that oxidative stress plays a key role in shaping fish’s 
responses to environmental change as well as life history strategies. We focus on 
representative examples to compare and contrast how levels of oxidative stress 
respond to changes in temperature, salinity and oxygen availability. Furthermore, we 
describe how emerging threats (i.e. pollution) affect oxidative stress parameters in 
fish. Oxidative stress indicators are increasingly being used as biomarkers to understand 
the mechanisms of various human- induced stressors, but also to understand the 
physiological consequences of how animals are distributed in space and time and 
influenced by different life stages. Despite the expansion of the field of ecological 
oxidative stress, we are only beginning to understand the complex ways in which 
oxidative stress may interact with both extrinsic and intrinsic factors in fish. We 
conclude with a research agenda for oxidative research on fish and note that there is 
need for further research particularly in the area of life history strategies and ecological 
implications of oxidative status, as this type of research has the potential to help us 
understand patterns and dynamics relevant to fish conservation.
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1  | INTRODUCTION

Oxygen in the Earth’s atmosphere became present approximately 2.4 
billion years ago and was highly reduced (below 5%) until approxi-
mately 600 million years before present. Prior to this time, the Earth 
was dominated by anaerobic organisms (Kasting & Siefert, 2002). 
Archean cyanobacteria evolved the ability to photosynthesize (Nisbet 
& Sleep, 2001), after which the abundance of carbon dioxide and 
water as reductants, along with the availability of sunlight, greatly 

increased the production of oxygen, leading to the evolution of other 
photosynthetic organisms (Falkowski et al., 2004). Over time, atmos-
pheric oxygen increased greatly, modifying both aquatic and terrestrial 
habitats. These changes brought along forceful selective pressures on 
the remaining anaerobic organisms, resulting in a world populated by 
aerobic species.

The presence of atmospheric oxygen comes with its own set of chal-
lenges, the most important one being the formation of oxygen- derived 
free radicals—an atom or molecule with an unpaired electron—or of 
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non- radical reactive oxygen species (ROS) (e.g. hydrogen peroxide; 
hypochlorous acid) (Halliwell & Gutteridge, 2015). The discovery of 
ROS in biological systems occurred approximately 60 years ago and 
was immediately linked to diseases and ageing (Harman, 1956). The 
study of these ROS and oxidative stress (i.e. generation of biomolec-
ular oxidative damage due to an imbalance between ROS and protec-
tive antioxidant mechanisms) has since become a “hot topic” in medi-
cine, molecular biology, physiology and, more recently, ecology. While 
there is extensive literature on the underlying mechanisms of oxidative 
stress (Blount, Vitikainen, Stott, & Cant, 2015; Costantini, 2008, 2014; 
Dowling & Simmons, 2009; Metcalfe & Alonso- Alvarez, 2010), along 
with many reviews on specific aspects of oxidative stress in aquatic 
environments (marine environments (Lesser, 2006), or environmen-
tally induced oxidative stress in aquatic animals (Lushchak, 2011)), 
we lack a unifying review that accounts for all aspects surrounding 
oxidative stress in fish. While other reviews have mainly focused on 
birds and mammals (e.g. Costantini, 2008; Metcalfe & Alonso- Alvarez, 
2010), a similar review is lacking for fish.

Fish generate many ecosystems services (reviewed in Holmlund 
& Hammer, 1999; Lynch et al., 2016) and are remarkably diverse 
(Helfman, Collette, Facey, & Bowen, 2009). They live in waters that 
vary from entirely fresh to hypersaline, from the shallows to the abyss, 
from supersaturated (with oxygen) to hypoxic, from polar seas to trop-
ical oxbow lakes. They also vary dramatically in size, morphology and 
life history. Their important role in aquatic ecosystems (and for humans) 
coupled with this immense diversity makes them relevant models for 
further exploring oxidative stress in ecology. Moreover, because of the 
direct and indirect effects of human activities on fish (see Dudgeon 
et al., 2006; Gray, 1997), there is need and desire to characterize the 
ways in which humans are potentially influencing their biology, includ-
ing influences that affect oxidative stress in aquatic organisms. Here 
we present a comprehensive summary of oxidative stress in fish. This 
review will focus on the extrinsic and intrinsic factors associated with 
oxidative stress and antioxidants in fish and provide representative 
examples of the main findings associated with these factors, using 
a comparative and evolutionary approach. We then summarize the 
current gaps in knowledge in this field and provide suggestions for 
future research. Given that the assays for ROS are not taxon- specific, 
we avoid in- depth discussion of the technical aspects of in vivo and 
in vitro ROS assays and analytical methods because they are cov-
ered elsewhere (see, e.g. “Free Radicals in Biology and Medicine” by 
Halliwell & Gutteridge, 2015).

1.1 | Reactive oxygen species, antioxidants and 
oxidative stress in fishes

Atmospheric oxygen has two unpaired electrons in its ground state, 
making oxygen paramagnetic, a characteristic that prevents it from 
easily interacting with organic molecules unless it is activated (Asada 
& Takahashi, 1987; Cadenas, 1989; Fridovich, 1998; Halliwell & 
Gutteridge, 2015). The partial reduction in oxygen leads to the produc-
tion of reactive intermediates such as superoxide radical (O2•−), sin-
glet oxygen (1O2), hydrogen peroxide (H2O2) and the hydroxyl radical 

(HO•) (Asada & Takahashi, 1987; Cadenas, 1989; Fridovich, 1998; 
Halliwell & Gutteridge, 2015), referred to as ROS. All photosynthetic 
and aerobic organisms produce ROS, through their normal metabo-
lism, from the mitochondrial electron transport chain at (i) complex 
I (NADH dehydrogenase) and (ii) between ubiquinone and complex 
III (Brookes, 2005). The superoxide radical is typically the first ROS 
formed, eventually leading to the formation of hydrogen peroxide and 
finally hydroxyl radicals which are, chemically, the most damaging of 
the ROS (Asada & Takahashi, 1987; Cadenas, 1989; Fridovich, 1998; 
Halliwell & Gutteridge, 2015), but uncertain how it affects organismal 
biology and fitness. While not a radical species, H2O2 can pass eas-
ily through membranes and is longer lived than most oxygen- derived 
radical species. In the presence of metal ions with changeable valence, 
H2O2 can be converted to the highly reactive hydroxyl radical which 
is capable of extracting electrons and protons from macromolecules 
(nucleic acids, proteins, lipids and carbohydrates) that it comes in 
contact with, thereby generating more unpaired electrons and radical 
species.

The production of ROS is positively associated with the concen-
tration of oxygen within an organism (Jamieson, Chance, Cadenas, 
& Boveris, 1986). When the increase in ROS production exceeds an 
organism’s ability to quench these reactive species with the use of 
antioxidants, oxidative stress occurs, damaging cellular components 
(Asada & Takahashi, 1987; Cadenas, 1989; Fridovich, 1998; Halliwell 
& Gutteridge, 2015). However, ROS can also serve as signalling mole-
cules, with higher sensitivity at low concentrations, at which their sig-
nalling effects are more pronounced (Dröge, 2002; Valko et al., 2007). 
To protect themselves against the potentially highly damaging ROS, 
organisms have evolved a system to either prevent or repair the effects 
of oxidative stress. Prevention comes in the form of antioxidants, 
which can either be enzymatic (e.g. superoxide dismutase (SOD), cata-
lase (CAT) and glutathione peroxidase (GPX)) or non- enzymatic mole-
cules (e.g. ascorbic acid (vitamin C), glutathione, α- tocopherol (vitamin 
E), carotenoids and other small molecules (Cadenas, 1997; Valko et al., 
2007) in nature. Table 1 presents a summary of the commonly mea-
sured oxidative markers and antioxidants in fish biology.

Aquatic animals, like all other organisms, must have a balance 
between the production of ROS and antioxidant defences (Kelly, 
Havrilla, Brady, Abramo, & Levin, 1998; Valavanidis, Vlahogianni, 
Dassenakis, & Scoullos, 2006; Winston, 1991; Winston & Gi Giulio, 
1991) and are of particular interest as they experience a multitude of 
stressors such as temperature fluctuations, osmotic stress (in the case 
of anadromous species), alterations in oxygen availability, pollution 
and other anthropogenic impacts, which can directly affect free radical 
chemistry (Lushchak, 2011).

2  | EXTRINSIC FACTORS AFFECTING 
OXIDATIVE STRESS

While ROS are produced intrinsically through the mitochondrial 
electron transport chain or the activity of immune cells, environ-
mental stressors can also result in the production of reactive species 
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(reviewed by Lushchak, 2011). Aquatic environments include fresh-
water and marine systems, each bringing their own sets of constraints 
and challenges. In this section, we review the extrinsic factors associ-
ated with oxidative stress and provide examples of the ways in which 
these factors may influence fish’s levels of ROS.

2.1 | Temperature

It is predicted that global climate change will increase water tempera-
ture by 2°C by the end of the 21st century (IPCC Report, 2013), with 
the potential to severely impact physiological mechanisms across a 
wide range of organisms. It is believed that organisms living in ther-
mally stable environments (e.g. Arctic and Antarctic regions) have a 
reduced ability to cope with the effects of increasing temperature 
(Huey & Hertz, 1984), but how this temperature increase will affect 
cellular mechanisms is still poorly understood, especially those related 
to redox chemistry (Almroth et al., 2015). According to known ther-
modynamics principles, an increase in temperature is associated with 
an increased metabolic rate (Q10 Effect), leading to an increase in oxy-
gen consumption, an increased flux at the level of the electron trans-
port chain and a greater production in ROS (Halliwell & Gutteridge, 
2015). Consequently, one would expect a higher production of ROS 
when water temperatures are higher. This is especially true for steno-
thermal fish species of the Arctic and Antarctic regions, which have 

very narrow thermal windows (Levins, 1968). Life at the Poles has led 
to the evolution of a wide range of adaptations in fish, such as the 
increased presence of polyunsaturated fatty acids (PUFAs; Tomanek, 
2010) and increased mitochondrial density (Bottino, Vandenburg, & 
Reiser, 1967; Fangue, Richards, & Schulte, 2009), to maintain energy 
production and metabolic rates at lower temperatures (Cheng & 
Detrich, 2007). Antarctic icefish (Notothenioidei sp., Nototheniidae) 
have also lost their red blood cells and haemoglobin over evolution-
ary time as a result in living in oxygen- rich Antarctic waters. While 
these mechanisms are adaptive at cold temperatures, increasing water 
temperatures may render them maladaptive, especially in the context 
of oxidative stress (e.g. increased production of ROS in the mito-
chondria and increased likelihood of oxidation for PUFAs; Halliwell & 
Gutteridge, 2015; Reznick & Packer, 1994).

A study on the bald notothen (Pagothenia borchgrevinki, 
Nototheniidae), a species endemic to Antarctica (Clarke & Johnston, 
1996), exposed fish to an increase in temperature and examined the 
effects of such increase on antioxidant defences, protein and lipid dam-
age and transcriptional regulation of genes involved in redox chemistry 
(Almroth et al., 2015). The study showed that acute (12 hr) exposure to 
increasing temperature led to increased antioxidant defences, but that 
these levels were similar to baseline levels when fish were exposed 
to chronic temperature elevation (3 weeks). These findings were also 
accompanied by greater levels of oxidative damage suggesting that 

TABLE  1 Oxidative stress measures commonly used in fish biology. We note that at present, there is no “preferred” method(s) to measure 
oxidative stress in fish. Study objectives and design, technical capacity and financial resources, tissue type, sampling method, among other 
issues, will all influence the relative applicability of a given biomarker and method. There are certainly some approaches that seem to be more 
commonly used in research on fish (e.g. GSH, DNA damage, ORAC) but that does not necessarily mean that they are the best. Here we provide 
a brief summary of some of the more commonly used oxidative stress measures used in fish noting that this is a rapidly evolving research realm

OS Biomarker Method of detection Applications

Protein carbonyls Protein carbonyl formation (Levine et al., 
1990; Stadman & Berlett, 1997)

Levels of protein damage, fragmentation; insight into 
overall oxidative stress levels

DNA damage 8- hydroxy- 2′- deoxyguanosine assay (Kasai, 
1997)

Levels of DNA damage; insight into overall oxidative 
stress levels

Lipid peroxidation Thiobarbituric acid reactive substances test 
(Draper et al., 1993)

Levels of lipid damage; insight into overall oxidative 
stress levels

Catalase (CAT) CAT enzymatic activity assay (Sinha, 1972) Insight into antioxidant defences; higher activities may 
be associated with higher levels of H2O2

Superoxide dismutase (SOD) SOD activity assay (Beauchamp & Fridovich, 
1971; Ōyanagui, 1984)

Insight into antioxidant defences; higher activities may 
be associated with higher levels of O2•−

Glutathione peroxidase (GPX) GPX activity assay (Flohé & Günzler, 1984; 
Paglia & Valentine, 1967)

Insight into antioxidant defences; higher activities may 
be associated with higher levels of ROS

Glutathione reductase (GR) GR activity assay (Carlberg and Mannervik 
1975; Wheeler, Salzman, Elsayed, Omaye, 
& Korte, 1990)

Insight into antioxidant defences; GR reduces GSSG 
back to GSH; higher activities of GR may be associated 
with higher levels of GSSG

Glutathione (GSH); total glutathione 
(TGSH); glutathione disulphide (GSSG)

Glutathione assay (Akerboom & Sies, 1981; 
Smith, Vierheller, & Thorne, 1988)

Provides insight into oxidative damage (GSH to GSSG 
ratio or vice versa) and antioxidant defences (GSH)

Vitamin C (ascorbic acid) Ascorbic acid assay (Deutsch & Weeks, 
1965; Roe & Kuether, 1943)

Insight into antioxidant defences (provides an electron 
to quench ROS)

Vitamin E (α- tocopherol) Vitamin E assay (Prieto, Pineda, & Aguilar, 
1999)

Insight into antioxidant defences (peroxyl radical 
scavenger)

Low molecular weight antioxidants Oxygen radical absorbance capacity (ORAC) 
assay (Cao, Alessio, & Culter, 1993)

Insight into total low molecular weight antioxidant 
defences.
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although stenothermal fish can modulate their antioxidant capacity, 
they can only do so in a transient manner, the latter which remains 
insufficient in quenching the increased ROS production accompanying 
the increase in metabolic rate with increased temperature (Almroth 
et al., 2015). It has been suggested that the accumulation of damage 
products from oxidative stress can lead to a decrease in fitness and 
proper physiological function (Sohal, 2002); a situation which is likely 
to occur with the predicted ocean warming temperature across the 
globe. Hofmann, Buckley, Airaksinen, Keen, and Somero (2000) found 
that in one Polar fish species (emerald rockcod Trematomus bernac-
chii, Nototheniidae) the ability to induce heat shock proteins (which 
are, e.g. important to help detoxification from oxidized proteins) of all 
size classes following either thermal or chemical stress was absent, 
possibly lost during evolution in these cold and thermally stable envi-
ronments. In vivo metabolic labelling experiments that involved injec-
tion of 35S- labelled methionine and cysteine into whole fish previously 
subjected to a heat stress of 10°C yielded no evidence for synthesis 
of any size class of heat shock protein (Hofmann et al., 2000). In vivo 
labelling experiments with isolated hepatocytes similarly showed sig-
nificant amounts of protein synthesis, but no indication of enhanced 
expression of any class of heat shock proteins. Induction of chemical 
stress through exposure to the heavy metal cadmium also failed to 
induce synthesis of heat shock proteins. However, Western analysis 
revealed that both the inducible and constitutively expressed forms of 
Hsp 70 chaperones are present in this species (Hofmann et al., 2000).

Mitochondria of Antarctic icefish also have higher densities of 
phospholipids per mg of mitochondrial proteins compared with 
related species from temperate regions (O’Brien & Mueller, 2010). 
The high density of lipid- rich mitochondria in oxidative muscles of ice-
fishes enhances oxygen delivery in the absence of haemoglobin and 
myoglobin (O’Brien, 2011). However, these phospholipids are rich in 
PUFAs, which place these fish at increased risk of oxidative damage 
both in normal and in increased water temperatures. Additionally, it 
was found that several tissues in icefishes have lower levels of anti-
oxidants compared with related temperate species (Abele, Vázquez- 
Medina, & Zenteno- Savín, 2012; Cassini, Favero, & Albergoni, 1993; 
Witas, Gabryelak, & Matkovics, 1984). Heart mitochondria of icefishes 
were shown to be more tightly coupled electron transfer than those 
of red- blooded fishes at 2 or 10°C, which increased the production 
of reactive species in icefishes when the electron transport chain was 
disrupted (Mueller, Grim, Beers, Crockett, & O’Brien, 2011). The activ-
ity of superoxide dismutase and the non- enzymatic antioxidant capac-
ity per mg of mitochondrial proteins did not differ between icefishes 
and red- blooded species, but the non- enzymatic antioxidant capacity 
normalized to mitochondrial phospholipid content was significantly 
lower in icefishes than in red- blooded fishes. It was also found that 
the membrane susceptibility to peroxidation was only detectable in 
icefishes at 1°C and not in red- blooded species (Mueller et al., 2011). 
These constitutive differences contribute to make icefishes more vul-
nerable to oxidative stress than red- blooded temperate fishes when 
exposed to a thermal challenge. However, as with heat shock proteins, 
icefishes also appear to have lost the ability of upregulating antiox-
idant enzymes in response to oxidative stress. Mueller et al. (2012) 

found that levels of oxidized proteins and lipids increased in the heart 
ventricle of some icefishes but not in red- blooded species in response 
to warming. Despite an increase in oxidative damage in hearts of ice-
fishes, there was no activation of the antioxidant response: neither 
transcript levels nor activity of antioxidants increased in any tissue of 
any species in response to exposure to the critical thermal maximum 
(thermal limit above which the ambient temperature becomes lethal).

Recent studies on Antarctic Notothenioidei fish showed, how-
ever, that their antioxidants might have the potential to buffer oxi-
dative damage induced by increased temperatures. Enzor and Place 
(2014) have examined the potential synergistic effects that increased 
water temperature and partial pressure of CO2 have on the level of 
protein damage in Emerald rockcod, bald notothen, and dusky rock-
cod (Trematomus newnesi, Nototheniidae), and combined these mea-
surements with changes in antioxidant enzymes (SOD and CAT). Their 
findings indicated that the activity of both SOD and CAT displayed 
only small changes across treatments and tissues. Short- term accli-
mation to decreased seawater pH and increased temperature resulted 
in significant increases in oxidative damage. Surprisingly, despite no 
significant change in antioxidant capacity, cellular damage returned 
to near basal levels, and in T. bernacchii, significantly decreased, after 
long- term acclimation. Although these data suggest that notothenioid 
fish may have an antioxidant capacity necessary to offset predicted 
future ocean conditions, it remains unclear if this capacity comes with 
physiological trade- offs that would impact on fitness traits. While the 
above is generally true, studies have also shown that the opposite can 
also occur. For example, Malek, Sajadi, Abraham, Grundy, and Gerhard 
(2004) found that a decrease in ambient water temperature appeared 
to induce oxidative stress in the skeletal muscle of adult zebrafish by 
upregulating genes related to oxygen and ROS metabolism as well as 
the response to oxidative stress. Similarly, compared to gilthead sea 
breams (Sparus aurata) acclimated to 20°C, fish maintained for 10 days 
at 8°C had higher levels of liver oxidative damage (thiobarbituric acid 
reactive substances; TBARS) and nitric oxide, as well as downregu-
lated antioxidant genes (Ibarz et al., 2010).

There exists a wide range of studies surveying the effects of tem-
perature on oxidative stress markers and antioxidants. These stud-
ies show that although polar fish species might be more sensitive to 
increased water temperatures, fish species from other regions are 
not out of risk. Bagnyukova, Lushchak, Storey, and Lushchak (2007) 
investigated the effects of a rapid transfer from cold to warm tem-
peratures on oxidative damage as well as antioxidant defences in gold-
fish (Carassius auratus, Cyprinidae) and found that increases and/or 
decreases in oxidative markers were highly dependent on the tissues. 
Furthermore, it was concluded that short- term exposure to warm tem-
perature disturbed multiple oxidative stress indicators, but only margin-
ally impacted antioxidant capacity. Heise, Puntarulo, Nikinmaa, Abele, 
and Pörtner (2006) showed that at critical and severe temperature 
elevations (considered critical and severe for the species), the North 
Sea eelpout (Zoarces viviparous L., Zoarcidae) had increased oxidative 
damage markers (TBARS) and reduced enzymatic activity of SOD. 
Another study on the North Sea eelpout demonstrated that cold expo-
sure increased oxidative stress parameters only during the recovery 
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phase at control temperature, while antioxidant capacity remained 
stable throughout (Heise, Puntarulo, Nikinmaa, Lucassen et al., 2006). 
Lushchak and Bagnyukova (2006) showed that goldfish exposed to 
high temperature (35°C) had elevated SOD levels in the brain, liver and 
kidney. This effect was reversed when fish were allowed to recover at 
21°C. The same study also found that SOD activity was highly cor-
related with levels of lipid peroxidation products, which suggests that 
these products might play a role in the upregulation of antioxidants. A 
study on the coastal fish, the Rock goby (Gobius paganellus, Gobiidae) 
further demonstrated that, while some tissues (muscle, liver) may suf-
fer increased oxidative damage when fish being exposed to increasing 
water temperatures, other tissues (gills) may be unresponsive because 
their basal antioxidant defences are already very high (Vinagre et al., 
2014). These results might indicate that basal antioxidant protection 
is kept high in those tissues that may have a stronger impact on health 
and, ultimately, fitness. Altogether, these findings also suggest that the 
effects of temperature on oxidative stress mechanisms may be tissue-  
and species- dependent and that species may have evolved different 
mechanisms to deal with the oxidative challenges induced by thermal 
stress. Finally, we should not forget that conspecific populations may 
also differ in the way they regulate their redox state, depending on 
the selective pressures under which they evolved. A nice example is 
provided by Nikinmaa et al. (2013), which analysed transcription and 
redox enzyme activities at a steady state and in response to an acute 
temperature change in three populations of three- spined sticklebacks 
(Gasterosteus aculeatus, Gasterosteidae). They found that there was 
divergence in markers linked to antioxidant response, indicating that 
processes regulating the redox balance may be important targets of 
selection underlying adaptive divergence in this fish species.

2.2 | Oxygen availability

The introduction of molecular oxygen into Earth’s atmosphere billions 
of years ago has allowed animals to produce energy more efficiently 
(Falkowski et al., 2004). With this new ability also came a dependence 
on oxygen and sensitivity to changes in oxygen availability for most 
organisms, although some species are exceptions. In fact, ectothermic 
animals have developed ways to cope and survive extreme oxygen 
conditions (Welker, Moreira, Campos, & Hermes- Lima, 2013). In the 
1990s, scientists started to observe an increase in antioxidant levels 
under hypoxic conditions, a phenomenon later coined “preparation for 
oxidative stress” by Hermes- Lima, Storey, and Storey (1998). More 
specifically, anoxia-  and hypoxia- tolerant fish appear to have an antic-
ipatory response during low- oxygen conditions by increasing their 
antioxidant capacity under low- oxygen conditions (hypoxia, anoxia) to 
enhance their ability to quench ROS production upon return to normal 
oxygen concentrations (Lushchak & Bagnyukova, 2006).

In the oceans, oxygen is not distributed evenly (Sewell & Fage, 
1948). Deep sea regions are often characterized as poorly oxygen-
ated areas and may provide refuges against oxidative stress for deep 
sea fish (Janssens, Childress, Baguet, & Rees, 2000). Furthermore, 
increased depth is associated with a decrease in metabolic rate 
(Childress, 1995), resulting in lower ROS production in body tissues. 

Consequently, one could expect that deep sea fish face less oxi-
dative stress, offering opportunities to study the mechanisms that 
evolved to regulate oxidative balance under low- oxygen conditions. 
Janssens et al. (2000) found that reduced metabolic needs in deep 
sea fish were linked to lower antioxidant activities of SOD and GPX, 
but that CAT activity was neither affected by species depth nor met-
abolic rate. These findings suggest that SOD and GPX are primar-
ily used against metabolically induced ROS, while CAT likely serves 
another purpose (Janssens et al., 2000). In fish that do not live in the 
deep sea, hypoxic conditions also appear to induce increased anti-
oxidant activity, most notably that of SOD and catalase (in goldfish 
liver (Lushchak, Lushchak, Mota, & Hermes- Lima, 2001), and in com-
mon carp (Cyprinus carpio, Cyprinidae) liver (Lushchak, Bagnyukova, 
Lushchak, Storey, & Storey, 2005)).

In general, the production of ROS is correlated with the amount 
of oxygen within an organism (Jamieson et al., 1986). Logically, an 
increase in oxygen levels increases the chance of electrons to escape 
the complexes within the electron transport chain, and consequently 
form ROS. Fish have evolved ways to either avoid environments rich 
in oxygen or to intrinsically reduce their efficiency for extracting envi-
ronmental oxygen (Lushchak, 2011). Goldfish (C. auratus) exposed to 
hyperoxic conditions experienced greater levels of oxidative stress 
(Lushchak, Bagnyukova, Husak et al., 2005). Similar observations 
were made in Atlantic salmon (Salmo salar, Salmonidae; Olsvik et al., 
2005) and Senegal sole (Solea senegalensis, Soleidae; Salas- Leiton 
et al., 2009). Hypoxic conditions can also induce increased activities 
of CAT and GPX in goldfish liver and brain, respectively (Lushchak 
et al., 2001). Similar observations were found in the common carp 
(Cyprinus carpio, Cyprinidae) liver (Lushchak, Bagnyukova, Lushchak 
et al., 2005). Oehlers, Perez, and Walter (2007) also showed that 
glutathione S- transferase (GST) levels increased under low- oxygen 
availability in medaka (Oryzias latipes, Adrianichthyidae). Hypoxia was 
found to increase oxidative stress levels in the rotan (Perccottus glenii, 
Odontobutidae) by increasing protein carbonyls in the brain, liver and 
skeletal muscle relative to control fish (Lushchak & Bagnyukova, 2007). 
Additionally, lipid peroxidation products increased in all tissues, while 
thiols appeared to decrease with hypoxia. SOD increased significantly 
in the liver of hypoxic fish, while the activity of other enzymes appears 
to have decreased during hypoxia.

While the majority of studies demonstrate that hyperoxic con-
ditions lead to increases in oxidative stress levels, some studies 
also show the opposite trend to be true. It is possible that oxidative 
stress, in the context of oxygen availability, is somewhat species- 
dependent. For example, fish inhabiting estuarine environments are 
exposed daily to episodes of anoxia and reoxygenation because they 
become exposed to air during low tides and their tissues are reoxy-
genated when the water level increases during high tides. Cycles of 
dissolved oxygen in estuaries can range from anoxia (complete lack 
of oxygen), hypoxia (oxygen concentrations lower than normoxia) to 
various levels of supersaturation (200%–300% higher than normoxia) 
over short time periods (Ross, Dalton, Kramer, & Christensen, 2001). 
Estuarine fish, as well as estuarine invertebrates, have evolved several 
metabolic adaptations to tolerate short- term anoxia, such as the use 
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of fermentable fuels to produce energy and allow depression of met-
abolic rate (Brooks & Storey, 1997; Ross et al., 2001; Storey & Storey, 
1990).

2.3 | Salinity

In marine environments, the absorption of solar radiation and the 
presence of hydrothermal vents cause the greatest production of ROS 
(Mopper & Kieber, 2000; Tapley, Buettner, & Shick, 1999). Marine 
fish species tend to experience additional environmental changes in 
comparison with freshwater fish due to the highly variable environ-
ment. Many fish species will undergo large salinity changes due to 
their life history, for example as they migrate from freshwater rivers 
into marine waters (e.g. salmonids), or as they migrate on a global scale 
from waters with high to low salinity and vice versa (e.g. tuna, billfish). 
Salinity changes impose physiological and behavioural responses such 
as osmoregulatory demands. There is evidence that the stress associ-
ated by changes in salinity causes an increase in the production of 
ROS (Liu, Wang, Wang, Wang, & Sun, 2007).

When olive flounder (Paralichthys olivaceus, Paralichthyidae) were 
exposed to seawater for a 48- hr period, GPX and GST activity levels 
increased, demonstrating their role in quenching the increased produc-
tion of ROS (Choi, An, & An, 2008). Enzyme activities for CAT, GPX and 
SOD were measured in sturgeons (Acipenser naccarii, Acipenseridae) 
gradually acclimated to seawater. After 20 days spent in sea water, 
muscle water content, plasma osmolality and cellular constants have 
returned to normal, indicating that osmoregulatory processes were at 
work. However, cortisol levels, antioxidant activity and lipid peroxi-
dation showed abnormal values, demonstrating that osmoregulation 
had caused significant physiological effects, consequently increasing 
oxidative stress (Martinez- Álvarez et al., 2002). Taken together, these 
findings suggest that changes in salinity induce oxidative stress in fish. 
Fish that undergo freshwater to marine transitions, and vice versa, 
may have evolved ways to cope with the increased ROS production 
imposed by this transition such as an anticipatory antioxidant build up 
in the months prior to migration (K. Birnie- Gauvin et al., unpublished 
data). Furthermore, we may expect that pelagic fish are less resistant 
to oxidative stress given that they do not undergo these periodic 
changes in salinity; however, this kind of comparative research is lack-
ing in the field. Given the obvious association between environmental 
factors and free radicals, fisheries science may benefit from greater 
inclusion of oxidative ecology in an effort to better understand how 
fish will cope with changing environmental conditions.

3  | EMERGING THREATS:  POLLUTION AND 
LAND USE CHANGES

Aquatic environments are increasingly receiving pollutants in the 
form of agricultural and industrial chemicals which, being taken up by 
fish, may initiate free radical processes (reviewed in Lushchak, 2016). 
Often these contaminants form radical species themselves, either 
through chemical or metabolic conversions.

3.1 | Metals and industrial pollutants

Mercury represents a serious contaminant, especially in tropical 
environments where gold mining results in the spreading of mercury 
(Malm, 1998). Monteiro, Rantin, and Kalinin (2010) found that mer-
cury exposure leads to elevated levels of oxidative stress in matrinxã 
(Brycon amazonicus, Characidae). Additionally, there findings suggest 
that oxidative processes may be the main pathway by which con-
taminants induce toxicity in fish. Catfish (Channa punctatus Bloch, 
Channidae) exposed to paper mill effluent, both in the short term and 
the long term, showed a time- dependent increase in glutathione lev-
els, GPX activity and GST activity in the liver (Ahmad et al., 2000). 
The same study also found that gills and kidney were less resistant 
to oxidative damage due to a lower antioxidant capacity. Oxidative 
stress was studied in the red blood cells of Nile tilapia (Oreochromis 
niloticus, Cichlidae) in fish from a fish farm and from a polluted area of 
a reservoir (Bainy, Saito, Carvalho, & Junqueira, 1996). Erythrocytes 
were found to be more susceptible to oxidative damage in fish from 
the polluted sites due to an increased oxygen uptake. The same fish 
showed an increase in SOD activity, and a decrease in both CAT activ-
ity and glutathione content; all of which are indicative of oxidative 
stress. Similar results were found in African catfish (Clarias gariepinus, 
Channidae) obtained from the Ogun River of Nigeria, heavily polluted 
by heavy metals from local industries (Farombi, Adelowo, & Ajimoko, 
2007), where SOD activity increased in liver, kidney and heart, but 
decreased in gills, and a decrease in CAT activity was consistently 
observed. Glutathione concentrations also increased in liver, kidney 
and heart, but decreased in gills. A similar study revealed that Indian 
freshwater fish (Wallago attu, Siluridae) from the highly polluted 
Panipat site had significantly higher levels of oxidative stress markers 
than fish from the less polluted Agra site (Pandey et al., 2003); a find-
ing which was also observed in the European eel, in a tissue- specific 
manner (Ahmad, Maria, Oliveira, Pacheco, & Santos, 2006), and the 
pearl cichlid (Geophagus brasiliensis, Cichlidae; Wilhelm Filho, Torres, 
Tribess, Pedrosa, & Soares, 2001). Data obtained from such compara-
tive studies demonstrate that antioxidant systems are a sensitive bio-
chemical indicator of pollution exposure and can be used to measure 
susceptibility to toxins (Almar, Otero, Santos, & Gallego, 1998).

Silver nanoparticles are becoming a growing concern in aquatic 
environments. To test their consequences on fish, Choi et al. (2010) 
exposed adult zebrafish (Danio rerio, Cyprinidae) to silver nanoparti-
cles and showed increased levels of malondialdehyde (a by- product 
of lipid peroxidation and measured by the TBARS assay) and total 
glutathione, as well as a decrease in both CAT and GPX activities. 
In addition, an induction of DNA damage was observed. These find-
ings suggest that silver nanoparticle toxicity is associated with oxi-
dative stress in zebrafish under laboratory conditions. Copper (Cu) is 
another element that tends to accumulate in fish tissues, generally at 
higher doses than in the environment (Chevreuil et al., 1995). Cu is an 
excellent Fenton reagent, with a greater ability than iron to convert 
H2O2 to the hydroxyl radical. In the eel, a single 24- hr exposure to 
Cu (2.5 μM) caused a significant increase in GST concentration and 
a significant decrease in reduced glutathione content in gills (Ahmad, 
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Oliveira, Pacheco, & Santos, 2005). In kidney tissues, Cu exposure led 
to decreases in CAT activity, reduced glutathione and GPX activity, as 
well as an increase in GST activity. These results provide evidence that 
exposure to heavy metals in fish can unsettle the redox balance and 
alter antioxidant defences.

3.2 | Pesticides and agricultural pollutants

Pesticides have been shown to cause adverse effects in fish as they 
find their way into water systems (reviewed in Slaninova, Smutna, 
Modra, & Svobodova, 2009). Organochlorine pesticides were banned 
in many countries in the 1970s (still used in come tropical countries 
however), but their residues remain in the environment to this day. 
A prime example of such pesticide is dichlorodiphenyltrichloroethane 
(DDT) which causes an accumulation of lipid peroxides and protein 
carbonyls in fish (Dalle- Donne, Rossi, Guistarini, Milzani, & Colombo, 
2003; Grune, 2000). Fenthion, an organophosphate, causes large ele-
vations of oxidized glutathione (GSSG; an indicator of oxidative stress) 
in the brain of Nile tilapia at sublethal concentrations (Piner, Sevgiler, 
& Uner, 2007). A wide range of pesticides were found to have similar 
impacts in fish (reviewed in Slaninova et al., 2009). Aquatic environ-
ments are affected by other anthropogenic contaminants like xenobi-
otics, which can exert effects on the redox chemistry of fish (Rajkumar 
& Milton, 2011). Ekambaram, Narayanan, and Jayachandran (2014) 
investigated such effects in the brain tissue of flathead grey mullet 
(Mugil cephalus, Mugilidae) and found that fish exposed to xenobiot-
ics had significant increases in lipid peroxides and protein carbonyls, 
along with decreases in reduced glutathione and total antioxidant 
capacity. This suggested that water pollutants can increase oxida-
tive damage and reduce antioxidant systems in fish. Another noxious 
pollutant of concern in aquatic ecosystems is fly ash leachate, which 
can have severe physiological effects on fish (Ghio, Silbajoris, Carson, 
& Samet, 2002). Spotted snakehead (Channa punctate, Channidae) 
exposed to fly ash leachate had higher lipid peroxidation and higher 
antioxidant enzyme activities than control fish. These effects were 
found to be most prevalent in gill tissues, suggesting that gills are the 
most vulnerable to pollutants (Ali et al., 2004).

3.3 | Land use changes

Recent studies have shown that landscape modifications, like urbani-
zation and agriculture, can have serious negative repercussions on 
adjacent aquatic environments (Allan, 2004). More specifically, these 
landscape alterations can impact nutrient inputs, dissolved oxygen 
concentration and temperature regimes (Meador & Goldstein, 2003) 
which, in turn, can impact community structure and biodiversity (Allan, 
2004). Physiological metrics have been used to evaluate the extent of 
anthropogenic impacts on individuals. For example, blood- based indi-
cators (i.e. glucocorticoids, oxidative stress indicators) are highly sen-
sitive to stressors associated with human activities and environmental 
change (Barton, 2002; Cooke & Suski, 2008).

To date, very few studies have considered changes in land use 
as drivers for free radical processes. However, Blevins, Effert, Wahl, 

and Suski (2013) found that creek chub (Semotilus atromaculatus, 
Cyprinidae) from agricultural and forested streams displayed no sig-
nificant differences in glutathione concentration after high tempera-
ture exposure and acclimation to low temperature. A similar study 
by Blevins, Wahl, and Suski (2014) found that creek chub from two 
stream types did not differ in plasma glutathione concentrations. Fish 
that swim in urban river systems are often exposed to high levels of 
contaminants, combined with the increased flow rates associated with 
channelized rivers (Winter et al., 2004); two factors which have the 
potential cause oxidative stress (Aniagu et al., 2006). While no studies 
that we know of have investigated this particular association, fish that 
were initially exercised to exhaustion had much lower performances 
when they were previously exposed to a polluted site (McKenzie et al., 
2006).

Brinkmann et al. (2010) investigated the effects of sediment re- 
suspension on oxidative markers in rainbow trout by simulating a 
5- day flood event; a phenomenon becoming more and more common 
in today’s changing climate. While this approach demonstrated that 
sediment re- mobilization leads to the uptake of sediment- bound pol-
lutants, there were no significant alterations in oxidative enzymatic 
activities. It was suggested that a 5- day event may not be sufficient 
to allow for the detection of changes at the protein and enzyme level. 
Alternatively, it is possible that antioxidants levels were sufficiently 
high to buffer against the oxidative stress levels in the rainbow trout 
utilized in this study.

The impact of contaminants on the oxidative balance might also 
depend on the interaction with other stressors. For example, under 
normoxia, exposure of silver catfish (Rhamdia quelen, Channidae) to 
manganese increased lipid peroxidation in brain and kidney, increased 
glutathione in brain and decreased CAT activity in both brain and kid-
ney (Dolci et al., 2013). Conversely, moderate hypoxia was able to pre-
vent manganese- induced lipid peroxidation in brain and to reduce it in 
kidney; glutathione was increased in brain, while activity of CAT was 
reduced in kidney and brain tissues (Dolci et al., 2013).

These findings suggest that in general, pollution of aquatic envi-
ronments is reflected physiologically in fish by perturbing normal free 
radical processes, leading to increases in oxidative damage and dis-
turbance of antioxidant defences. It would therefore be advisable to 
consider oxidative ecology in fisheries science and monitoring, given 
the extent of pollution in many waterbodies and the fish species that 
live within them.

4  | LIFE HISTORIES AND OTHER 
INTRINSIC FACTORS ASSOCIATED WITH 
OXIDATIVE STRESS

Life history theory is based on the assumption that increased alloca-
tion of resources into one function results in the diversion of resources 
from other functions (Stearns, 1992). A classic example is reproduc-
tive trade- offs where increased breeding efforts result in lower future 
fecundity or survival (Stearns, 1992). Other life history traits can be 
viewed using the same principle. An example of this is migration; 
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investing more energy reserves into migration diverts such reserves 
from other functions such as growth, reproduction and survival. While 
there is extensive literature linking oxidative stress to life histories in 
birds (Costantini, 2008) and mammals (Martin & Grotewiel, 2006), 
there is a lack of literature regarding fish species. Recently, the role of 
ROS has received considerable attention as one of the key players in 
determining life history strategies among various animal taxa.

4.1 | Reproductive strategy

When resources are allocated to reproduction, an organism can no 
longer use these resources (e.g. energy, time, nutrients, etc.) for self- 
maintenance. The costs associated with reproduction have been 
widely studied and documented (Reznick, 1992), although the under-
lying causes of these costs have only recently been investigated (Zera 
& Harshman, 2001). Reproduction is a highly demanding activity which 
elevates metabolic rate for an extended period of time, and likely 
induces an increase production in ROS (Alonso- Alvarez et al., 2004). 
However, fish (and other organisms) have evolved different breed-
ing styles, each accompanied by their own benefits and constraints. 
Semelparity is defined by a single breeding event, after which an indi-
vidual will die. In this case, fish may not invest resources into generat-
ing strong antioxidant defences at all because all resources have been 
allocated to a single reproductive event. One might expect antioxidant 
capacity to be quite low during spawning of semelparous fish species. 
In pink salmon (Oncorhynchus gorbuscha, Salmonidae), oxidative dam-
age and antioxidant capacity changed on a tissue- specific basis during 
spawning migration (Wilson et al., 2014). More specifically, both DNA 
damage and antioxidant capacity were lower at the spawning grounds 
when compared to similar parameters from fish at the river entrance. 
These results demonstrate that oxidative stress, as well as antioxidant 
defence and repair, are tissue- specific during spawning migration, 
and support the prediction that semelparity is associated with little 
resource allocation towards antioxidant defences. Alternatively, fish 
may be attempting to lower oxidative damage by consuming more 
antioxidants in order to produce eggs of higher quality.

As a life history strategy, fish may reduce investments in their own 
protection in favour of egg antioxidant protection which is essential for 
hatching success and survival chances (Fontagné et al., 2006). Taylor 
et al. (2015) measured oxidative stress indicators and antioxidants 
in the plasma, heart, brain and liver of adult female sockeye salmon 
(Oncorhynchus nerka, Salmonidae) and developing offspring from three 
distinct populations from the Fraser river. The study revealed that oxi-
dative stress and antioxidant status in the offspring were not affected 
by maternal oxidative stress. Rather, it appears that offspring produce 
their antioxidants (mainly glutathione) endogenously in the later stages 
of development, probably due to the fact that semelparous mothers 
invest the better part of their resources into spawning migration 
rather than antioxidant protection during the migration (Taylor et al., 
2015). Other studies have demonstrated that newly hatched fish and 
embryos rely heavily on maternal antioxidants, and subsequently gen-
erate endogenous antioxidants with time (Fontagné et al., 2006; Hung, 
Cho, & Slinger, 1981; Koshio, Ackman, & Lall, 1994).

In contrast, iteroparity is defined by multiple breeding events 
throughout life. Iteroparous species are expected to be less sensitive 
to the resource- based trade- off associated with reproduction (Stearns, 
1992). The first evidence of an association between reproduction 
and antioxidant defences in iteroparous species was shown in zebra 
finches (Alonso- Alvarez et al., 2004). The study demonstrated that 
reproduction decreases antioxidant defences, which may suggest that 
oxidative stress is a cost of reproduction. One could assume a similar 
pattern in iteroparous fish, but evidence for this is lacking. Despite its 
scarcity, studies linking oxidative stress to life histories in iteroparous 
fish do exist. In smallmouth bass (Micropterus dolomieu, Centrarchidae), 
a study revealed that paternal care was negatively correlated with oxi-
dative stress resistance, but oxidative stress markers (lipid peroxides, 
protein carbonyl groups and 8- hydroxy- 2- deoxyguanosine (8- OHdG)) 
did not increase as a result of parental care (Wilson, Gravel, Mackie, 
Willmore, & Cooke, 2012). The cumulative effect of oxidative stress 
across the reproductive lifespan of an organism has been suggested to 
be the cause of the age- associated decline in performance observed in 
iteroparous species (Kirkwood & Austad, 2000).

Individual strategies of investing in mate choice may also result in 
different oxidative stress states. For example, Pike, Blount, Bjerkeng, 
Lindström, and Metcalfe (2007) showed that male sticklebacks fed 
on a low- carotenoid diet allocated more carotenoids to their nuptial 
colouration in an attempt to maintain sexual attractiveness. Not only 
were they not chosen by females in mate choice trials, but also their 
capital investment in sexual colouration was paid in terms of higher 
oxidative damage and lower survival (Pike et al., 2007). Furthermore, 
Dijkstra et al. (2011) revealed that red morphs and blue morphs, 
Pundamilia nyererei and Pundamilia pundamilia (Cichlidae), respec-
tively, showed differences in oxidative stress levels during reproduc-
tion. Red males had significantly higher oxidative stress levels than 
blue males during reproduction, but only when aggression and colour 
were expressed to a maximum, suggesting that red morphs trade- off 
increased aggressiveness with physiological costs. These differences 
were attributed to carotenoid allocation in the skin of red males 
(Dijkstra et al., 2011).

4.2 | Diet and food deprivation

In recent years, the term “dietary oxidative stress” has been coined 
to describe an imbalance between pro- oxidants and antioxidants that 
results from an insufficient supply of nutrients (Sies, Stahl, & Sevanian, 
2005). Additionally, it has been suggested that the extent to which 
oxidative damage is imposed on organisms is directly related to the 
ability to produce antioxidants and their effectiveness in oxidative 
stress defences (Diguiseppi & Fridovich, 1984). Many antioxidants 
contributing to a fish’s antioxidant capacity originate from its diet, 
especially fat- soluble antioxidants as they cannot be synthesized de 
novo by animals (Goodwin, 1984). Consequently, we may expect fish 
with different diets to cope with oxidative stress in different ways.

Selenium is an essential micronutrient used in many physiologi-
cal functions, such as growth, development and antioxidant defences 
(Rayman, 2000). It is a component of GPXs and thioredoxin reductases 
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among many others, giving it a crucial role for cellular protection 
against oxidative stress (Rayman, 2000). Fontagné- Dicharry et al. 
(2015) demonstrated that plant- based diets should be supplemented 
with selenium in rainbow trout fry (Oncorhynchus mykiss, Salmonidae). 
Fish supplemented with selenium yeast had a significantly higher 
reduced:oxidized glutathione ratio compared to fish that were fed with 
sodium selenite or non- supplemental diets. Furthermore, Rider et al. 
(2009) found that supra- supplementation of selenium yeast did not 
affect oxidative stress prior to a exposure to a stressor in the form of 
daily handling and confinement. However, a trend towards higher GPX 
post- stress in selenium supplemented rainbow trout was observed. 
These findings suggest that physical stressors can increase the rate of 
selenium utilization and, consequently, commercial fish diets should be 
supplemented with selenium (Rider et al., 2009). Similar findings were 
also observed in the crucian carp (Carassius auratus gibelio, Cyprinidae; 
Zhou, Wang, Gu, & Li, 2009).

Radi, Hay, Matokovics, and Gabrielak (1985) found that SOD activity 
was generally higher in herbivorous fish (grass carp (Ctenopharyngodon 
idella, Cyprinidae) and silver carp (Hypophthalmichthys molitrix, 
Cyprinidae)) than in omnivorous fish (barbel (Barbus barbus, Cyprinidae), 
crucian carp and common carp (C. carpio, Cyprinidae)), suggesting 
that plant- based diets may have micronutrients which are absent or 
in lower levels in other food sources. Alternatively, it is possible that 
these plants have higher levels of pro- oxidants which may induce mild 
oxidative stress in fish, and cause the marked upregulation in antioxi-
dant enzyme activities. In the Senegalese sole, the activity of CAT and 
SOD was found to be significantly higher in the liver of fish fed high 
lipid diets, while low- lipid diets appeared to minimize susceptibility to 
oxidative stress, suggesting that energy sources can affect the oxida-
tive status of these fish (Rueda- Jasso et al., 2004). Polyunsaturated 
fatty acids, although an essential energy source, come with the added 
cost of lipid peroxidation (Sargent, Bell, Bell, Henderson, & Tocher, 
1999) and may provide an explanation for the higher activities of enzy-
matic antioxidants. Taken together, these findings suggest that omniv-
orous and herbivorous fish may cope with oxidative stress differently 
using different components of their diet to generate antioxidants.

Food deprivation can also have a wide range of physiological 
impacts (e.g. accelerated ageing, toxicity to chemicals), most of which 
can be attributed to the production of ROS (Robinson et al., 1997). 
For example, in the gilt- head bream (Sparus aurata, Sparidae), it was 
found that both complete and partial food deprivation for a 3- week 
period significantly increased malondialdehyde (a measure of lipid 
peroxidation by the TBARS assay) and GSSG levels (Pascual, Pedrajas, 
Toribio, López- Barea, & Peinado, 2003). The same study also showed 
that these levels returned to normal levels when fish were returned to 
control conditions (2% w/w food/fish). Similar results were obtained 
in a study on common dentex (Dentex dentex, Sparidae) where fish 
deprived of food for 5 weeks showed significant increases in lipid per-
oxidation, SOD, CAT and GPX and a significant decrease in GR activity 
(Morales, Pérez- Jiménez, Hidalgo, Abellán, & Cardenete, 2004). These 
findings show that changes in food availability or food quality during 
an organism’s lifetime may impact its ability to produce antioxidants, 
defend against oxidative stress and have impacts on its fitness.

4.3 | Physical activity

It was postulated in 1988 by Alessio and Goldfarb that exercise may 
cause oxidative stress due to an increase in oxygen metabolism at the 
level of the mitochondria. This association has been experimentally 
shown in mammalian studies (Bejma & Ji, 1999), but has only been stud-
ied in fish twice that we know of. After exhaustive exercise, adult chub 
(Leuciscus cephalus, Cyprinidae) had reduced antioxidant capacity (SOD 
and GSH concentration) compared to non- exercised control fish (Aniagu 
et al., 2006). Exercised fish also showed significantly higher DNA dam-
age, but demonstrated no significant changes in SOD activity or GSH 
concentration relative to control fish. The authors reported that the 
degree of oxidative stress in exercised fish may not have been sufficient 
to elicit a defensive response or that the antioxidant defence mecha-
nisms may have been evoked at a different timescale than the one used 
for the exhaustive swim and the tissue sampling. It is also possible that 
the antioxidant defences were sufficient to handle the small amounts of 
oxidative stress which occurs during exercise, but not exhaustive swim.

In another study, Amérand, Vettier, Moisan, Belhomme, and Sébert 
(2010) investigated the effects of exposure to 10.1 MPa (equivalent to 
1,000 m in depth) hydrostatic pressure on silver European eel (Anguialla 
Anguilla, Anguillidae) oxidative stress parameters. The pressure expo-
sure, which is associated with eel spawning migration, resulted in an 
inverse correlation between ROS production and metabolic rate, sug-
gesting that oxygen consumption can be elevated without the harmful 
oxidative damage, usually sustained during increased metabolic rate 
associated with continuous swimming (Amérand et al., 2010).

While the link between oxidative stress and physical activity may 
appear to be obvious, evidence suggests that the association may be 
more complex than first thought in fish. The few studies on the topic 
have observed variable results in response to different degrees of 
exercise, limiting the generality of their conclusions. Physical effort in 
fish is often associated with important aspects of fitness and survival 
such as reproduction or predator avoidance. Given our current lack 
of understanding of the links between physical activity and oxidative 
stress parameters, further studies are needed.

4.4 | Ageing and senescence

The idea that ageing and oxidative stress are linked has been around 
for decades (Harman, 1956). As a result, a shift in the delicate balance 
between the production of ROS and antioxidant defences result in a 
deterioration of physiological functions and is in fact thought to be 
the major cause of senescence (Murphy et al., 2011). However, very 
few studies investigated the effects of age on antioxidant protection 
in fish. The free radical theory of ageing emerged more than 50 years 
ago, postulating that the production of ROS increases with age and 
that antioxidant defences decline (Harman, 1956). While this link has 
been established in humans, very little information is available for fish 
and the correlation between antioxidant defences and age remains 
unclear (Martinez- Alvarez, Morales, & Sanz, 2005).

Wdzieczak, Zalesna, Wujec, and Peres (1982) found that the 
younger fish of various species (roach [Rutilus rutilus L., Cyprinidae], 
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carp, burbot [Lota lota L., Lotidae], the bream [Abramis brama 
L., Cyprinidae], the perch [Perca fluviatilis, Percidae], silver carp 
[Hypophthalmichthys molitrix, Cyprinidae], sea bass [Dicentrarchus 
labrax, Moronidae], eel and scorpion fish [Scorpaena porcus, 
Scorpaenidae]) had higher antioxidant capacity than older fish. Otto 
and Moon (1996) compared the enzymatic activity of antioxidants in 
rainbow trout and black bullhead (Ameiurus melas, Ictaluridae) from 
two age classes; 1+ and 3+. They found that the activities of SOD 
and GR declined with age in liver and extrahepatic tissues, while 
age- associated changes were not observed for GPX and CAT. In the 
freshwater murrel (Channa punctatus, Channidae), brain and liver 
GPX activity decreased throughout maturation but not during senes-
cence where enzyme activities appeared to increase in the liver and 
remain stable in the brain (Nayak, Jena, & Patnaik, 1999). Similarly, 
Sanz et al. (2001) found that the activities of GPX and CAT increased 
with age in the plasma and erythrocytes of sturgeon (A. naccarii, 
Acipenseridae). The broad spectrum of observations described here 
suggests that long- lived species, such as the sturgeon, have evolved 
ways to increase their antioxidant capacity with age, while other 
more short- lived species appear to have a relatively constant decline 
in antioxidant defences throughout life. These differences could play 
a significant role in expanding the lifespan of iconic long- lived fish 
species. The aforementioned studies are cross- sectional. We high-
light the importance of doing longitudinal studies here, in order to 
better understand how life history trajectories are linked to oxidative 
status regulation.

5  | SUMMARY AND RESEARCH NEEDS

Fish are among some of the most diverse (Helfman et al., 2009) yet 
imperilled groups of organisms on Earth (Richter, Braun, Mendelson, & 
Master, 1997). Consequently, it is particularly relevant to study fish to 
understand how they will cope with future environmental change, and 
to understand the underlying physiological mechanisms associated 
with life history strategies. Oxidative stress, as well as antioxidant 
defences, can be modulated in complex ways and may play a key role 
in the coping mechanisms that fish will use to adapt to environmental 
variability. Based on our review, it became apparent that life histo-
ries of fish are likely to be significantly influenced by oxidative stress 
and antioxidant capacity through interactions with growth, reproduc-
tion and body maintenance, and hence future fitness and survival 
(Costantini, 2008; Metcalfe & Alonso- Alvarez, 2010; Figure 1).

The last decade has seen explosive development in the field of 
ecological oxidative stress (see Speakman et al., 2015). However, birds 
(Costantini, 2008; Wiersma, Selman, Speakman, & Verhulst, 2004) and 
mammals (Bergeron et al., 2011; Ble- Castillo et al., 2005) continue to 
be the best- studied taxonomic groups. Fish typically have more vari-
able reproductive strategies and environments in which they can live 
in comparison with other species (e.g. warm vs cold; well oxygenated 
vs poorly oxygenated). Given these circumstances, fish may have 
evolved ways to cope with oxidative stress that differ from mecha-
nisms observed in other taxa. Furthermore, fish may offset the costs 
of oxidative processes due to their indeterminate growth (see Charnov 

F IGURE  1  Interaction of intrinsic and extrinsic factors on oxidative stress in fish. The interplay between environmental factors and biological 
(life history) factors in the context of oxidative biology. The level of oxidative stress experienced by a fish likely plays an important role in shaping 
its life history strategies, which in turn affects the type of environment the fish lives in
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& Berrigan, 1991) compared to species with determinate growth pat-
terns. In addition, most studies investigating life histories have been 
correlative, with contradicting results, and few have been carried out 
in the wild (Costantini, 2014; Speakman et al., 2015). The need for 
more field studies is pressing, especially within ectotherms (includ-
ing fish), which would provide a more complete understanding of the 
implications of oxidative stress in the wild. There is also a need for a 
wider range of diversity of model species which may yield unexpected 
insights in the field, and help partition contrasting results in the cur-
rent literature. There is a need for additional research with non- lethal 
endpoints, especially in the context of life histories; following changes 
in oxidative status of a fish over time could be highly informative. In 
the last two decades, only 117 research articles have been published 
specifically on the oxidative ecology of fish (Figure 2), suggesting that 
this area of research is largely unexplored.

Furthermore, no studies that we know of have used a comparative 
approach to investigate differences in oxidative coping mechanisms 
among fish with different life cycles, predatory tactics, feeding strate-
gies and that live in different habitats. Evidence also suggests that oxi-
dative parameters can be used to monitor population health, although 
the majority of studies investigating that link have focused on birds 
(e.g. Beaulieu, Thierry, González- Acuña, & Polito, 2013). Given that 
antioxidant defences are typically associated with fertility and survival 
while oxidative stress negatively affects reproduction and growth, the 
use of fish as models to study oxidative parameters to examine pop-
ulation health would be valuable. Experimental approaches are also 
highly valuable in providing fundamental information on oxidative 
stress mechanisms (i.e. using transgenic fish for targeted gene muta-
tion, e.g. Carvan et al., 2001). Further research is needed to validate 
the development of techniques to experimentally manipulate oxida-
tive status and antioxidant capacity (e.g. buthionine sulfoximine and 
N- acetylcysteine manipulation) in fish (e.g. reviewed in Koch & Hill, 
2017). For the aforementioned reasons, research on oxidative stress 
in fish is essential to fully understand redox chemistry in an ecological 
context. The field will benefit from studies on the oxidative ecology 
of fish by providing us with a better understanding of the underlying 
mechanisms that likely play a role in determining important population 
dynamics significant to fisheries science as a whole.

ACKNOWLEDGMENTS

S.J.C. is supported by the Natural Sciences and Engineering Research 
Council (NSERC) of Canada (E.W.R. Steacie Fellowship, the Discovery 
Grant Program and the Strategic Grant Program) and the Canada 
Research Chairs Program. W.G.W. is supported by NSERC of Canada 
(Discovery Grant Program and CREATE Programs). D.C. is supported 
by the Research Foundation of Flanders (FWO).

REFERENCES

Abele, D., Vázquez-Medina, J. P., & Zenteno-Savín, T. (2012). Oxidative 
stress in aquatic ecosystems. Oxford, UK: Wiley-Blackwell.

Ahmad, I., Hamid, T., Fatima, M., Chand, H. S., Jain, S. K., Athar, M., & 
Raisuddin, S. (2000). Induction of hepatic antioxidants in freshwater 
catfish (Channa punctatus Bloch) is a biomarker of paper mill effluent 
exposure. Biochimica et Biophysica Acta, 1523, 37–48.

Ahmad, I., Maria, V. L., Oliveira, M., Pacheco, M., & Santos, M. A. (2006). 
Oxidative stress and genotoxic effects in gill and kidney of Anguilla 
anguilla L. exposed to chromium with or without pre- exposure 
to β- naphthoflavone. Mutation Research/Genetic Toxicology and 
Environmental Mutagenesis, 608, 16–28.

Ahmad, I., Oliveira, M., Pacheco, M., & Santos, M. A. (2005). Anguilla 
anguilla L. oxidative stress biomarkers responses to copper exposure 
with or without β- naphthoflavone pre- exposure. Chemosphere, 61,  
267–275.

Akerboom, T. P., & Sies, H. (1981). Assay of glutathione, glutathione disul-
fide, and glutathione mixed disulfides in biological samples. Methods in 
Enzymology, 77, 373–382.

Alessio, H. M., & Goldfarb, A. H. (1988). Lipid peroxidation and scaven-
ger enzymes during exercise: Adaptive response to training. Journal of 
Applied Physiology, 64, 1333–1336.

Ali, M., Parvez, S., Pandey, S., Atif, F., Kaur, M., Rehman, H., & Raisuddin, 
S. (2004). Fly ash leachate induces oxidative stress in freshwater fish 
Channa punctata (Bloch). Environment International, 30, 933–938.

Allan, J. D. (2004). Landscapes and riverscapes: The influence of land 
use on stream ecosystems. Annual Reviews in Ecological Systems, 35,  
257–284.

Almar, M., Otero, L., Santos, C., & Gallego, J. G. (1998). Liver glutathi-
one content and glutathione- dependent enzymes of two species 
of freshwater fish as bioindicators of chemical pollution. Journal of 
Environmental Science & Health Part B, 33, 769–783.

Almroth, B. C., Asker, N., Wassmur, B., Rosengren, M., Jutfelt, F., Gräns, F., …  
Sturve, J. (2015). Warmer water temperature results in oxidative 

F IGURE  2 Publications in oxidative 
ecology of fish. Number of publications 
per year obtained from a Web of Science 
search within the years of 1900 to 2015, 
using the following Boolean search: 
((fish*)AND(oxidative stress))OR((fish*)
AND(antioxidant*)). The search was 
further refined for the fields of Ecology 
and Evolutionary Biology. The results were 
then processed to identify relevant studies 
using keywords within the article titles and 
abstract

0

2

4

6

8

10

12

14

16

18

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

N
o.

 o
f 

pu
bl

ic
at

io
ns

Year of publication



     |  939BIRNIE- GAUVIN  Et Al. 

damage in an Antarctic fish, the bald notothen. Journal of Experimental 
Marine Biology and Ecology, 468, 130–137.

Alonso-Alvarez, C., Bertrand, S., Devevey, G., Prost, J., Faivre, B., & Sorci, G. 
(2004). Increased susceptibility to oxidative stress as a proximate cost 
of reproduction. Ecology Letters, 7, 363–368.

Amérand, A., Vettier, A., Moisan, C., Belhomme, M., & Sébert, P. (2010). 
Sex- related differences in aerobic capacities and reactive oxygen spe-
cies metabolism in the silver eel. Fish physiology and Biochemistry, 36, 
741–747.

Aniagu, S. O., Day, N., Chipman, J. K., Taylor, E. W., Butler, P. J., & Winter, M. 
J. (2006). Does exhaustive exercise result in oxidative stress and asso-
ciated DNA damage in the chub (Leuciscus cephalus)? Environmental and 
Molecular Mutagenesis, 47, 616–623.

Asada, K., & Takahashi, M. (1987). Production and scavenging of active oxy-
gen in photosynthesis. In D. J. Kyle, C. B. Osmond & C. J. Arntzen (Eds.), 
Photoinhibition (pp. 228–287). Amsterdam: Elsevier.

Bagnyukova, T. V., Lushchak, O. V., Storey, K. B., & Lushchak, V. I. (2007). 
Oxidative stress and antioxidant defense responses by goldfish tissues 
to acute change of temperature from 3 to 23 C. Journal of Thermal 
Biology, 32, 227–234.

Bainy, A. C. D., Saito, E., Carvalho, P. S. M., & Junqueira, V. B. C. (1996). 
Oxidative stress in gill, erythrocytes, liver and kidney of Nile tilapia 
(Oreochromis niloticus) from a polluted site. Aquatic Toxicology, 34, 
151–162.

Barton, B. A. (2002). Stress in fishes: A diversity of responses with partic-
ular reference to changes in circulating corticosteroids. Integrative and 
Comparative Biology, 42, 517–525.

Beauchamp, C., & Fridovich, I. (1971). Superoxide dismutase: Improved 
assays and an assay applicable to acrylamide gels. Analytical 
Biochemistry, 44, 276–287.

Beaulieu, M., Thierry, A. M., González-Acuña, D., & Polito, M. J. 
(2013). Integrating oxidative ecology into conservation physiology. 
Conservation Physiology, 1, cot004.

Bejma, J., & Ji, L. L. (1999). Aging and acute exercise enhance free radi-
cal generation in rat skeletal muscle. Journal of Applied Physiology, 87, 
465–470.

Bergeron, P., Careau, V., Humphries, M. M., Reale, D., Speakman, J. R., & 
Garant, D. (2011). The energetic and oxidative costs of reproduction in 
a free- ranging rodent. Functional Ecology, 25, 1063–1071.

Ble-Castillo, J. L., Carmona-Díaz, E., Méndez, J. D., Larios-Medina, F. J., 
Medina-Santillán, R., Cleva-Villanueva, G., & Díaz-Zagoya, J. C. (2005). 
Effect of α- tocopherol on the metabolic control and oxidative stress in 
female type 2 diabetics. Biomedicine and Pharmacotherapy, 59, 290–295.

Blevins, Z. W., Effert, E. L., Wahl, D. H., & Suski, C. D. (2013). Land use 
drives the physiological properties of a stream fish. Ecological Indicators, 
24, 224–235.

Blevins, Z. W., Wahl, D. H., & Suski, C. D. (2014). Reach- scale land use 
drives the stress responses of a resident stream fish. Physiological and 
Biochemical Zoology, 87, 113–124.

Blount, J. D., Vitikainen, E. I., Stott, I., & Cant, M. A. (2015). Oxidative shield-
ing and the cost of reproduction. Biological Reviews of the Cambridge 
Philosophical Society, 28, e103286.

Bottino, N. R., Vandenburg, G. A., & Reiser, R. (1967). Resistance of cer-
tain long- chain polyunsaturated fatty acids of marine oils to pancreatic 
lipase hydrolysis. Lipids, 2, 489–493.

Brinkmann, M., Hudjetz, S., Cofalla, C., Roger, S., Kammann, U., Giesy, J. P., …  
Schüttrumpf, H. (2010). A combined hydraulic and toxicological 
approach to assess re- suspended sediments during simulated flood 
events. Part I–multiple biomarkers in rainbow trout. Journal of Soils and 
Sediments, 10, 1347–1361.

Brookes, P. S. (2005). Mitochondrial H+ leak and ROS generation: An odd 
couple. Free Radical Biology and Medicine, 38, 12–23.

Brooks, S. P., & Storey, K. B. (1997). Glycolytic controls in estivation and 
anoxia: A comparison of metabolic arrest in land and marine molluscs. 
Comparative Biochemistry and Physiology Part A, 118, 1103–1114.

Cadenas, E. (1989). Biochemistry of oxygen toxicity. Annual Reviews in 
Biochemistry, 58, 79–110.

Cadenas, E. (1997). Basic mechanisms of antioxidant activity. BioFactors, 
6, 391–397.

Cao, G., Alessio, H. M., & Culter, R. (1993). Oxygen- radical absorbance capac-
ity assay for antioxidants. Free Radical Biology and Medicine, 14, 303–311.

Carvan, M. J. III, Sonntag, D. M., Cmar, C. B., Cook, R. S., Curran, M. A., & 
Miller, G. L. (2001). Oxidative stress in zebrafish cells: Potential utility 
of transgenic zebrafish as a deployable sentinel for site hazard ranking. 
Science of the Total Environment, 274, 183–196.

Carlberg, I. N. C. E. R., & Mannervik, B. E. N. G. T. (1975). Purification and 
characterization of the flavoenzyme glutathione reductase from rat 
liver. Journal of Biological Chemistry, 250(14), 5475–5480.

Cassini, A., Favero, M., & Albergoni, V. (1993). Comparative studies of anti-
oxidant enzymes in red- blooded and white- blooded Antarctic tele-
ost fish, Pagothenia bernacchii and Chionodraco hamatus. Comparative 
Biochemistry and Physiology Part C, 106, 333–336.

Charnov, E. L., & Berrigan, D. (1991). Evolution of life history parameters 
in animals with indeterminate growth, particularly fish. Evolutionary 
Ecology, 5, 63–68.

Cheng, C. H. C., & Detrich, H. W. (2007). Molecular ecophysiology of 
Antarctic notothenioid fishes. Philosophical Transactions of the Royal 
Society B: Biological Sciences, 362, 2215–2232.

Chevreuil, M., Carru, A. M., Chesterikoff, A., Boët, P., Tales, E., & Allardi, J. 
(1995). Contamination of fish from different areas of the river Seine 
(France) by organic (PCB and pesticides) and metallic (Cd, Cr, Cu, Fe, Mn, 
Pb and Zn) micropollutants. Science of the Total Environment, 162, 31–42.

Childress, J. J. (1995). Are there physiological and biochemical adaptations 
of metabolism in deep- sea animals? Trends in Ecology and Evolution, 10, 
30–36.

Choi, C. Y., An, K. W., & An, M. I. (2008). Molecular characterization 
and mRNA expression of glutathione peroxidase and glutathione 
S- transferase during osmotic stress in olive Flounder (Paralichthys oli-
vaceus). Comparative Biochemistry and Physiology Part A, 149, 330–337.

Choi, J. E., Kim, S., Ahn, J. H., Youn, P., Kang, J. S., Park, K., … Ryu, D. Y. 
(2010). Induction of oxidative stress and apoptosis by silver nanopar-
ticles in the liver of adult zebrafish. Aquatic Toxicology, 100, 151–159.

Clarke, A., & Johnston, I. A. (1996). Evolution and adaptive radiation of 
Antarctic fishes. Trends in Ecology and Evolution, 11, 212–218.

Cooke, S. J., & Suski, C. D. (2008). Ecological restoration and physiology: An 
overdue integration. BioScience, 58, 957–968.

Costantini, D. (2008). Oxidative stress in ecology and evolution: Lessons 
from avian studies. Ecology Letters, 11, 1238–1251.

Costantini, D. (2014). Oxidative stress and hormesis in evolutionary ecol-
ogy and physiology: A marriage between mechanistic and evolutionary 
approaches. Berlin: Springer-Verlag.

Dalle-Donne, I., Rossi, R., Guistarini, D., Milzani, A., & Colombo, R. (2003). 
Protein carbonyl groups as biomarkers of oxidative stress. Clinica 
Chimica Acta, 329, 23–38.

Deutsch, M. J., & Weeks, C. E. (1965). Micro- fluorometric assay for vita-
min C. Journal of the Association of Official Agricultural Chemists, 48, 
1248–1256.

Diguiseppi, J., & Fridovich, J. (1984). The toxicology of molecular oxygen. 
Critical Reviews in Toxicology, 12, 315–342.

Dijkstra, P. D., Wiegertjes, G. F., Forlenza, M., Van Der Sluijs, I., Hofmann, H. 
A., Metcalfe, N. B., & Groothuis, T. G. G. (2011). The role of physiology 
in the divergence of two incipient cichlid species. Journal of Evolutionary 
Biology, 24, 2639–2652.

Dolci, G. S., Dias, V. T., Roversi, K., Roversi, K., Pase, C. S., Segat, H. J., 
… Riffel, A. P. K. (2013). Moderate hypoxia is able to minimize the 
manganese- induced toxicity in tissues of silver catfish (Rhamdia quelen). 
Ecotoxicology and Environmental Safety, 91, 103–109.

Dowling, D. K., & Simmons, L. W. (2009). Reactive oxygen species as uni-
versal constraints in life- history evolution. Proceedings in Biological 
Sciences, 276, 1737–1745.



940  |     BIRNIE- GAUVIN  Et Al. 

Draper, H. H., Squires, E. J., Mahmooch, H., Wu, J., Agarwal, S., & Handley, 
M. (1993). A comparative evaluation of thiobarbituric acid methods 
for the determination of malondialdehyde in biological materials. Free 
Radical Biology and Medicine, 15, 353–363.

Dröge, W. (2002). Free radicals in the physiological control of cell function. 
Physiological Reviews, 82, 47–95.

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z. I., Knowler, 
D. J., Lévêque, C., … Sullivan, C. A. (2006). Freshwater biodiversity: 
Importance, threats, status and conservation challenges. Biological 
Reviews, 81, 163–182.

Ekambaram, P., Narayanan, M., & Jayachandran, T. (2014). Changes in oxi-
dative stress and antioxidant status in stressed fish brain. International 
Journal of Science and Research, 3, 164–170.

Enzor, L. A., & Place, S. P. (2014). Is warmer better? Decreased oxidative 
damage in notothenioid fish after long- term acclimation to multiple 
stressors. Journal of Experimental Biology, 217, 3301–3310.

Falkowski, P. G., Katz, M. E., Knoll, A. H., Quigg, A., Raven, J. A., Schofield, 
O., & Taylor, J. R. (2004). The evolution of modern eukaryotic phyto-
plankton. Science, 305, 354–360.

Fangue, N. A., Richards, J. G., & Schulte, P. M. (2009). Do mitochondrial 
properties explain intraspecific variation in thermal tolerance? Journal 
of Experimental Biology, 212, 514–522.

Farombi, E. O., Adelowo, O. A., & Ajimoko, Y. R. (2007). Biomarkers of oxi-
dative stress and heavy metal levels as indicators of environmental pol-
lution in African cat fish (Clarias gariepinus) from Nigeria Ogun river. 
Internal Journal of Environmental Research and Public Health, 4, 158–165.

Flohé, L., & Günzler, W. A. (1984). Assays of glutathione peroxidase. 
Methods in Enzymology, 105, 114–120.

Fontagné, S., Bazin, D., Brèque, J., Vachot, C., Bernarde, C., Rouault, T., & 
Bergot, P. (2006). Effects of dietary oxidized lipid and vitamin A on 
the early development and antioxidant status of Siberian sturgeon 
(Acipenser baeri) larvae. Aquaculture, 257, 400–411.

Fontagné-Dicharry, S., Godin, S., Liu, H., Prabhu, P. A. J., Bouyssiere, B., 
Bueno, M., … Kaushik, S. J. (2015). Influence of the forms and levels 
of dietary selenium on antioxidant status and oxidative stress- related 
parameters in rainbow trout (Oncorhynchus mykiss) fry. British Journal of 
Nutrition, 113, 1876–1887.

Fridovich, I. (1998). Oxygen toxicity: A radical explanation. Journal of 
Experimental Biology, 201, 1203–1209.

Ghio, A. J., Silbajoris, R., Carson, J. L., & Samet, J. M. (2002). Biologic effects 
of oil fly ash. Environmental Health Perspectives, 110, 89.

Goodwin, T. W. (1984). The biochemistry of the carotenoids. London: 
Chapman and Hall.

Gray, J. S. (1997). Marine biodiversity: Patterns, threats and conservation 
needs. Biodiversity and Conservation, 6, 153–175.

Grune, T. (2000). Oxidative stress, aging and the proteosomal system. 
Biogerontology, 1, 31–40.

Halliwell, B., & Gutteridge, J. M. C. (2015). Free radicals in biology and medi-
cine, 5th edn. Oxford: Clarendon Press.

Harman, D. (1956). Aging: A theory based on free radical and radiation 
chemistry. Journal of Gerontology, 11, 298–300.

Heise, K., Puntarulo, S., Nikinmaa, M., Abele, D., & Pörtner, H. O. (2006). 
Oxidative stress during stressful heat exposure and recovery in the 
North Sea eelpout Zoarces viviparus L. Journal of Experimental Biology, 
209, 353–363.

Heise, K., Puntarulo, S., Nikinmaa, M., Lucassen, M., Pörtner, H. O., & Abele, 
D. (2006). Oxidative stress and HIF- 1 DNA binding during stressful cold 
exposure and recovery in the North Sea eelpout (Zoarces viviparus). 
Comparative Biochemistry and Physiology Part A, 143, 494–503.

Helfman, G., Collette, B. B., Facey, D. E., & Bowen, B. W. (2009). The diver-
sity of fishes: Biology, evolution, and ecology. Oxford, UK: John Wiley & 
Sons.

Hermes-Lima, M., Storey, J. M., & Storey, K. B. (1998). Antioxidant defenses 
and metabolic depression. The hypothesis of preparation for oxidative 

stress in land snails. Comparative Biochemistry and Physiology Part B, 
120, 437–448.

Hofmann, G. E., Buckley, B. A., Airaksinen, S., Keen, J. E., & Somero, G. N. 
(2000). Heat- shock protein expression is absent in the antarctic fish 
Trematomus bernacchii (family Nototheniidae). Journal of Experimental 
Biology, 203, 2331–2339.

Holmlund, C. M., & Hammer, M. (1999). Ecosystem services generated by 
fish populations. Ecological Economics, 29, 253–268.

Huey, R. B., & Hertz, P. E. (1984). Is a jack- of- all- temperatures a master of 
none? Evolution, 38, 441–444.

Hung, S. S., Cho, C. Y., & Slinger, S. J. (1981). Effect of oxidized fish oil, DL- 
a- tocopheryl acetate and ethoxyquin supplementation on the vitamin 
E nutrition of rainbow trout (Salmo gairdneri) fed practical diets. Journal 
of Nutrition, 111, 648–654.

Ibarz, A., Martín-Pérez, M., Blasco, J., Bellido, D., de Oliveira, E., & 
Fernández-Borràs, J. (2010). Gilthead sea bream liver proteome altered 
at low temperatures by oxidative stress. Proteomics, 10, 963–975.

IPCC Report. (2013) Fifth Assessment Report on Climate Change.
Jamieson, D., Chance, B., Cadenas, E., & Boveris, A. (1986). The relation of 

free radical production to hyperoxia. Annual Reviews in Physiology, 48, 
703–719.

Janssens, B. J., Childress, J. J., Baguet, F., & Rees, J. F. (2000). Reduced enzy-
matic antioxidative defense in deep- sea fish. Journal of Experimental 
Biology, 203, 3717–3725.

Kasai, H. (1997). Analysis of a form of oxidative DNA damage 
8- hydroxy- 2′- deoxyguanosine, as a marker of cellular oxidative stress 
during carcinogenesis. Mutation Research, 387, 147–163.

Kasting, J. F., & Siefert, J. L. (2002). Life and the evolution of Earth’s atmo-
sphere. Science, 296, 1066–1068.

Kelly, S. A., Havrilla, C. M., Brady, T. C., Abramo, K. H., & Levin, E. D. (1998). 
Oxidative stress in toxicology: Established mammalian and emerging 
piscine model systems. Environmental and Health Perspective, 106, 
375–384.

Kirkwood, T. B., & Austad, S. N. (2000). Why do we age? Nature, 408, 
233–238.

Koch, R. E., & Hill, G. E. (2017). An assessment of techniques to manipulate 
oxidative stress in animals. Functional Ecology, 31(1), 9–21.

Koshio, S., Ackman, R. G., & Lall, S. P. (1994). Effects of oxidized herring and 
canola oils in diets on growth, survival, and flavor of Atlantic salmon, 
Salmo salar. Journal of Agriculture and Food Chemistry, 42, 1164–1169.

Lesser, M. P. (2006). Oxidative stress in marine environments: Biochemistry 
and physiological ecology. Annual Reviews in Physiology, 68, 253–278.

Levine, R. L., Garland, D., Oliver, C. N., Amici, A., Climent, I., Lenz, A.-G., 
… Stadtman, E. R. (1990). [49] Determination of carbonyl content in 
oxidatively modified proteins. Methods in Enzymology, 186, 464–478.

Levins, R. (1968). Evolution in changing environments: Some theoretical explo-
rations. Princeton: Princeton University Press.

Liu, Y., Wang, W., Wang, A., Wang, J., & Sun, R. (2007). Effects of dietary 
vitamin E supplementation on antioxidant enzyme activities in 
Litopenaeus vannamei (Boone 1931) exposed to acute salinity changes. 
Aquaculture, 265, 351–358.

Lushchak, V. I. (2011). Environmentally induced oxidative stress in aquatic 
animals. Aquatic Toxicology, 101, 13–30.

Lushchak, V. I. (2016). Contaminant- induced oxidative stress in fish: A 
mechanistic approach. Fish Physiology and Biochemistry, 42, 711–747.

Lushchak, V. I., & Bagnyukova, T. V. (2006). Temperature increase results 
in oxidative stress in goldfish tissues. R. Antioxidants and associ-
ated enzymes. Comparative Biochemistry and Physiology Part C, 143,  
36–41.

Lushchak, V. I., & Bagnyukova, T. V. (2007). Hypoxia induces oxidative 
stress in tissues of a goby, the rotan Perccottus glenii. Comparative 
Biochemistry and Physiology Part B, 148, 390–397.

Lushchak, V. I., Bagnyukova, T. V., Husak, V. V., Luzhna, L. I., Lushchak, O. 
V., & Storey, K. B. (2005). Hyperoxia results in transient oxidative stress 



     |  941BIRNIE- GAUVIN  Et Al. 

and an adaptive response by antioxidant enzymes in goldfish tissues. 
International Journal of Biochemistry and Cell Biology, 37, 1670–1680.

Lushchak, V. I., Bagnyukova, T. V., Lushchak, O. V., Storey, J. M., & Storey, 
K. B. (2005). Hypoxia and recovery perturb free radical processes 
and antioxidant potential in common carp (Cyprinus carpio) tissues. 
International Journal of Biochemistry and Cell Biology, 37, 1319–1330.

Lushchak, V. I., Lushchak, L. P., Mota, A. A., & Hermes-Lima, M. (2001). 
Oxidative stress and antioxidant defenses in goldfish Carassius aura-
tus during anoxia and reoxygenation. American Journal of Physiology: 
Regulatory, Integrative and Comparative Physiology, 280, R100–R107.

Lynch, A. J., Myers, B. J., Chu, C., Eby, L. A., Falke, J. A., Kovach, R. P., … 
Whitney, J. E. (2016). Climate change effects on North American inland 
fish populations and assemblages. Fisheries, 41, 346–361.

Malek, R. L., Sajadi, H., Abraham, J., Grundy, M. A., & Gerhard, G. S. (2004). 
The effects of temperature reduction on gene expression and oxidative 
stress in skeletal muscle from adult zebrafish. Comparative Biochemistry 
and Physiology Part C, 138, 363–373.

Malm, O. (1998). Gold mining as a source of mercury exposure in the 
Brazilian Amazon. Environmental Research, 77, 73–78.

Martin, I., & Grotewiel, M. S. (2006). Oxidative damage and age- related func-
tional declines. Mechanisms of Ageing and Development, 127, 411–423.

Martinez-Álvarez, R. M., Hidalgo, M. C., Domezain, A., Morales, A. E., 
Garcia-Gallego, M., & Sanz, A. (2002). Physiological changes of stur-
geon Acipenser naccarii caused by increasing environmental salinity. 
Journal of Experimental Biology, 205, 3699–3706.

Martinez-Alvarez, R. M., Morales, A. E., & Sanz, A. (2005). Antioxidant 
defenses in fish: Biotic and abiotic factors. Reviews in Fish Biology and 
Fisheries, 15, 75–88.

McKenzie, D., Winter, M. J., Hayes, R., Garofalo, E., Ceradini, S., Verweij, 
F., … Taylor, E. W. (2006). Swimming performance in fish: A physio-
logical biomarker of aquatic pollution? Comparative Biochemistry and 
Physiology Part A, 141, 166–167.

Meador, M. R., & Goldstein, R. M. (2003). Assessing water quality at large 
geographic scales: Relations among land use, water physicochem-
istry, riparian condition and fish community structure. Environmental 
Management, 31, 504–517.

Metcalfe, N. B., & Alonso-Alvarez, C. (2010). Oxidative stress as a life- 
history constraint: The role of reactive oxygen species (ROS) in shap-
ing phenotypes from conception to death. Functional Ecology, 24, 
984–996.

Monteiro, D. A., Rantin, F. T., & Kalinin, A. L. (2010). Inorganic mercury 
exposure: Toxicological effects, oxidative stress biomarkers and bioac-
cumulation in the tropical freshwater fish matrinxã, Brycon amazonicus 
(Spix and Agassiz, 1829). Ecotoxicology, 19, 105–123.

Mopper, K., & Kieber, D. J. (2000). Marine photochemistry and its impact 
on carbon cycling. The Effects of UV Radiation in the Marine Environment, 
10, 101–129.

Morales, A. E., Pérez-Jiménez, A., Hidalgo, M. C., Abellán, A., & Cardenete, 
G. (2004). Oxidative stress and antioxidant defenses after prolonged 
starvation in Dentex dentex liver. Comparative Biochemistry and 
Physiology Part C, 139, 153–161.

Mueller, I. A., Devor, D. P., Grim, J. M., Beers, J. M., Crockett, E. L., & O’Brien, 
K. M. (2012). Exposure to critical thermal maxima increases oxidative 
stress in hearts of white-  but not red- blooded Antarctic notothenioid 
fishes. Journal of Experimental Biology, 215, 3655–3664.

Mueller, I. A., Grim, J. M., Beers, J. M., Crockett, E. L., & O’Brien, K. M. 
(2011). Inter- relationship between mitochondrial function and suscep-
tibility to oxidative stress in red-  and white- blooded Antarctic notothe-
nioid fishes. Journal of Experimental Biology, 214, 3732–3741.

Murphy, M. P., Holmgren, A., Larsson, N. G., Halliwell, B., Chang, C. J., 
Kalyanaraman, B., … Nyström, T. (2011). Unraveling the biological roles 
of reactive oxygen species. Cell Metabolism, 13, 361–366.

Nayak, S. B., Jena, B. S., & Patnaik, B. L. (1999). Effects of age and manga-
nese (II) chloride on peroxidase activity of brain and liver of the teleost, 
Channa punctatus. Experimental Gerontology, 34, 363–374.

Nikinmaa, M., McCairns, R. J. S., Nikinmaa, M. W., Vuori, K. A., Kanerva, 
M., Leinonen, T., … Leder, E. H. (2013). Transcription and redox enzyme 
activities: Comparison of equilibrium and disequilibrium levels in the 
three- spined stickleback. Proceedings of the Royal Society of London B: 
Biological Sciences, 280, 20122974.

Nisbet, E. G., & Sleep, N. H. (2001). The habitat and nature of early life. 
Nature, 409, 1083–1091.

O’Brien, K. M., & Mueller, I. A. (2010). The unique mitochondrial form 
and function of Antarctic channichthyid icefishes. Integrative and 
Comparative Biology, 50, 993–1008.

Oehlers, L. P., Perez, A. N., & Walter, R. B. (2007). Detection of hypoxia- 
related proteins in medaka (Oryzias latipes) brain tissue by differ-
ence gel electrophoresis and de novo sequencing of 4- sulfophenyl 
isothiocyane- derivatized peptides by matrix- assisted laser desorption/
ionization time of flight mass spectrometry. Comparative Biochemistry 
and Physiology, 145, 120–133.

Olsvik, P. A., Kristensen, T., Waagbø, R., Rosseland, B. O., Tollefsen, K. E., 
Baeverfjord, G., & Berntssen, M. H. (2005). mRNA expression of antiox-
idant enzymes (SOD, CAT and GSH- Px) and lipid peroxidative stress in 
liver of Atlantic salmon (Salmo salar) exposer to hyperoxic water during 
smoltification. Comparative Biochemistry and Physiology C, 141, 314–323.

Otto, D. M. E., & Moon, T. W. (1996). Endogenous antioxidant systems 
of two teleost fish, the rainbow trout and the black bullhead, and the 
effect of age. Fish Physiology and Biochemistry, 15, 349–358.

Ōyanagui, Y. (1984). Reevaluation of assay methods and establishment 
of kit for superoxide dismutase activity. Analytical Biochemistry, 142, 
290–296.

O’Brien, K. M. (2011). Mitochondrial biogenesis in cold- bodied fishes. 
Journal of Experimental Biology, 214, 275–285.

Paglia, D. E., & Valentine, W. N. (1967). Studies on the quantitative and 
qualitative characterization of erythrocyte glutathione peroxidase. The 
Journal of Laboratory and Clinical Medicine, 70, 158–169.

Pandey, S., Parvez, S., Sayeed, I., Haque, R., Bin-Hafeez, B., & Raisuddin, 
S. (2003). Biomarkers of oxidative stress: A comparative study of 
river Yamuna fish Wallago attu (Blo. & Schn.). The Science of the Total 
Environment, 309, 105–115.

Pascual, P., Pedrajas, J. R., Toribio, F., López-Barea, J., & Peinado, J. (2003). 
Effect of food deprivation on oxidative stress biomarkers in fish (Sparus 
aurata). Chemico- Biological Interactions, 145, 191–199.

Pike, T. W., Blount, J. D., Bjerkeng, B., Lindström, J., & Metcalfe, N. B. 
(2007). Carotenoids, oxidative stress and female mating preference for 
longer lived males. Proceedings of the Royal Society of London B, 274, 
1591–1596.

Piner, P., Sevgiler, Y., & Uner, N. (2007). In vivo effects of fenthion on oxi-
dative processes by the modulation of glutathione metabolism in the 
brain of Oreochromis niloticus. Environmental Toxicology, 22, 605–612.

Prieto, P., Pineda, M., & Aguilar, M. (1999). Spectrophotometric quantita-
tion of antioxidant capacity through the formation of a phosphomolyb-
denum complex: Specific application to the determination of vitamin E. 
Analytical Biochemistry, 269, 337–341.

Radi, A. A. R., Hay, D. Q., Matokovics, B., & Gabrielak, T. (1985). Comparative 
antioxidant enzyme study in freshwater fish with different types of feeding 
behaviour. Comparative Biochemistry and Physiology Part C, 81, 395–399.

Rajkumar, J. S. I., & Milton, M. C. J. (2011). Biochemical markers of oxidative 
stress in Mugil cephalus exposed to cadmium, copper, lead and zinc. 
International Journal of Pharmacy and Biological Sciences, 2, 41–50.

Rayman, M. P. (2000). The importance of selenium to human health. The 
Lancet, 356, 233–241.

Reznick, D. (1992). Measuring reproductive costs: Response to Partridge. 
Trends in Ecology and Evolution (Personal Edition), 7, 134.

Reznick, A. Z., & Packer, L. (1994). Oxidative damage to proteins: 
Spectrophotometric method for carbonyl assay. Methods in Enzymology, 
233, 357–363.

Richter, B. D., Braun, D. P., Mendelson, M. A., & Master, L. L. (1997). Threats 
to imperiled freshwater fauna. Conservation Biology, 11, 1081–1093.



942  |     BIRNIE- GAUVIN  Et Al. 

Rider, S. A., Davies, S. J., Jha, A. N., Fisher, A. A., Knight, J., & Sweetman, J. W. 
(2009). Supra- nutritional dietary intake of selenite and selenium yeast in 
normal and stressed rainbow trout (Oncorhynchus mykiss): Implications 
on selenium status and health responses. Aquaculture, 295, 282–291.

Robinson, M. K., Rustum, R. R., Chambers, E. A., Rounds, J. D., Wilmore, D. 
W., & Jacobs, D. O. (1997). Starvation enhances hepatic free radical 
release following endotoxemia. Journal of Surgical Research, 69, 325–330.

Roe, J., & Kuether, C. (1943). Estimation of ascorbic acid. Journal of Biological 
Chemistry, 147, 3999.

Ross, S. W., Dalton, D. A., Kramer, S., & Christensen, B. L. (2001). 
Physiological (antioxidant) responses of estuarine fishes to variability in 
dissolved oxygen. Comparative Biochemistry and Physiology Part C, 130, 
289–303.

Rueda-Jasso, R., Conceição, L. E. C., Dias, J., De Coen, W., Gomes, E., Rees, 
J. F., … Sorgeloos, P. (2004). Effect of dietary non- protein energy levels 
on condition and oxidative status of Senegalese sole (Solea senegalen-
sis) juveniles. Aquaculture, 231, 417–433.

Salas-Leiton, E., Cánovas-Conesa, B., Zerolo, R., López-Barea, J., Cañavate, 
J. P., & Alhama, J. (2009). Proteomics of juvenile senegal sole (Solea 
senegalensis) affected by gas bubble disease in hyperoxygenated ponds. 
Marine Biotechnology, 11, 473–487.

Sanz, A., Hidalgo, M. C., Morales, A. E., Cillero, C., Domezain, A., Domezain, 
J., & Garcia-Gallego, M. (2001) Evolution of antioxidant defenses 
and lipid peroxidation with age in the sturgeon Acipenser naccarii. In: 
Proceedings of the 4th International Symposium on Sturgeon, July 8-13, 
Oshkosh, WI, pp 89.

Sargent, J. R., Bell, J. G., Bell, M. V., Henderson, R. J., & Tocher, D. R. (1999). 
The metabolism of phospholipids and polyunsaturated fatty acids 
in fish. In B. Lahlou & P. Vitello (Eds.), Aquaculture: Fundamental and 
Applied Research, Coastal and Estuarine Studies, Vol. 43 (pp. 103–124). 
Washington: American Geophysical Union.

Sewell, R. S., & Fage, L. (1948). Minimum oxygen layer in the ocean. Nature, 
162, 949–951.

Sies, H., Stahl, W., & Sevanian, A. (2005). Nutritional, dietary and postpran-
dial oxidative stress. The Journal of Nutrition, 135, 969–972.

Sinha, A. K. (1972). Colorimetric assay of catalase. Analytical Biochemistry, 
47, 389–394.

Slaninova, A., Smutna, M., Modra, H., & Svobodova, Z. (2009). A review: 
Oxidative stress in fish induced by pesticides. Neuroendocrinology 
Letters, 30, 2–12.

Smith, I. K., Vierheller, T. L., & Thorne, C. A. (1988). Assay of glutathi-
one reductase in crude tissue homogenates using 5, 5′- dithiobis 
(2- nitrobenzoic acid). Analytical Biochemistry, 175, 408–413.

Sohal, R. S. (2002). Role of oxidative stress and protein oxidation in the 
aging process 1, 2. Free Radical Biology and Medicine, 33, 37–44.

Speakman, J. R., Blount, J. D., Bronikowski, A. M., Buffenstein, R., Isaksson, 
C., Kirkwood, T. B. … Carr, S. K. (2015). Oxidative stress and life his-
tories: Unresolved issues and current needs. Ecology and Evolution, 5, 
5745–5757.

Stadman, E. R., & Berlett, B. S. (1997). Reactive oxygen mediated protein oxi-
dation in aging and disease. Chemical Research in Toxicology, 10, 485–494.

Stearns, S. C. (1992). The Evolution of Life Histories. Oxford: Oxford 
University Press.

Storey, K. B., & Storey, J. M. (1990). Facultative metabolic rate depres-
sion: Molecular regulation and biochemical adaptation in anaerobiosis, 
hibernation, and estivation. Quarterly Review of Biology, 65, 145–174.

Tapley, D. W., Buettner, G. R., & Shick, J. M. (1999). Free radicals and chemi-
luminescence as products of the spontaneous oxidation of sulfide in sea-
water, and their biological implications. The Biological Bulletin, 196, 52–56.

Taylor, J. J., Wilson, S. M., Sopinka, N. M., Hinch, S. G., Patterson, D. A., Cooke, 
S. J., & Willmore, W. G. (2015). Are there intergenerational and population- 
specific effects of oxidative stress in sockeye salmon (Oncorhynchus 
nerka). Comparative Biochemistry and Physiology Part A, 184, 97–104.

Tomanek, L. (2010). Variation in the heat shock response and its impli-
cation for predicting the effect of global climate change on species’ 

biogeographical distribution ranges and metabolic costs. Journal of 
Experimental Biology, 213, 971–979.

Valavanidis, A., Vlahogianni, T., Dassenakis, M., & Scoullos, M. (2006). 
Molecular biomarkers of oxidative stress in aquatic organisms in 
relation to environmental pollutants. Ecotoxicology and Environmental 
Safety, 64, 178–189.

Valko, M., Leibfritz, D., Moncol, J., Cronin, M. T. D., Mazur, M., & Telser, 
J. (2007). Free radicals and antioxidants in normal physiological func-
tions and human disease. International Journal of Biochemistry and Cell 
Biology, 39, 44–84.

Vinagre, C., Madeira, D., Mendonça, V., Dias, M., Roma, J., & Diniz, M. S. 
(2014). Effect of increasing temperature in the differential activity of 
oxidative stress biomarkers in various tissues of the Rock goby, Gobius 
paganellus. Marine Environmental Research, 97, 10–14.

Wdzieczak, J., Zalesna, G., Wujec, E., & Peres, G. (1982). Comparative 
studies on superoxide dismutase, catalase and peroxidase levels in 
erythrocytes and livers of different freshwater and marine fish species. 
Comparative Biochemistry and Physiology Part B, 73, 361–365.

Welker, A. F., Moreira, D. C., Campos, É. G., & Hermes-Lima, M. (2013). 
Role of redox metabolism for adaptation of aquatic animals to drastic 
changes in oxygen availability. Comparative Biochemistry and Physiology 
Part A, 165, 384–404.

Wheeler, C. R., Salzman, J. A., Elsayed, N. M., Omaye, S. T., & Korte, D. 
W. (1990). Automated assays for superoxide dismutase, catalase, 
glutathione peroxidase, and glutathione reductase activity. Analytical 
Biochemistry, 184, 193–199.

Wiersma, P., Selman, C., Speakman, J. R., & Verhulst, S. (2004). Birds sac-
rifice oxidative protection for reproduction. Proceedings of the Royal 
Society of London B: Biological Sciences, 271, S360–S363.

Wilhelm Filho, D., Torres, M. A., Tribess, T. B., Pedrosa, R. C., & Soares, 
C. H. L. (2001). Influence of season and pollution on the antioxidant 
defenses of the cichlid fish acará (Geophagus brasiliensis). Brazilian 
Journal of Medical and Biological Research, 34, 719–726.

Wilson, S. M., Gravel, M., Mackie, T. A., Willmore, W. G., & Cooke, S. J. 
(2012). Oxidative stress associated with paternal care in smallmouth 
bass (Micropterus dolomieu). Comparative Biochemistry and Physiology 
Part A, 162, 212–218.

Wilson, S. M., Taylor, J. J., Mackie, T. A., Patterson, D. A., Cooke, S. J., & Willmore, 
W. G. (2014). Oxidative stress in Pacific salmon (Oncorhynchus spp.) during 
spawning migration. Physiological and Biochemical Zoology, 87, 346–352.

Winston, G. W. (1991). Oxidants and antioxidants in aquatic animals. 
Comparative Biochemistry and Physiology, 100, 173–176.

Winston, G. W., & Gi Giulio, R. T. (1991). Prooxidant and antioxidant mech-
anisms in aquatic organisms. Aquatic Toxicology, 19, 137–161.

Winter, M. J., Day, N., Hayes, R. A., Butler, P. J., Taylor, E. W., & Chipman, J. K. 
(2004). DNA strand breaks and adducts determined in feral and caged 
chub (Leuciscus cephalus) exposed to rivers exhibiting variable water 
quality around Birmingham, UK. Mutation Research, 552, 163–175.

Witas, H., Gabryelak, T., & Matkovics, B. (1984). Comparative studies on super-
oxide dismutase and catalase activities in livers of fish and other Antarctic 
vertebrates. Comparative Biochemistry and Physiology Part C, 77, 409–411.

Zera, A. J., & Harshman, L. G. (2001). The physiology of life history trade- 
offs in animals. Annual Reviews in Ecological Systems, 32, 95–126.

Zhou, X., Wang, Y., Gu, Q., & Li, W. (2009). Effects of dietary selenium sources 
(selenium nanoparticle and selenomethionine) on growth performance, 
muscle composition and glutathione peroxidase enzyme activity of cru-
cian carp (Carassius auratus gibelio). Aquaculture, 291, 78–81.

How to cite this article: Birnie-Gauvin K, Costantini D, Cooke 
SJ, Willmore WG. A comparative and evolutionary approach 
to oxidative stress in fish: A review. Fish Fish. 2017;18: 
928–942. https://doi.org/10.1111/faf.12215

https://doi.org/10.1111/faf.12215

