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Abstract
Post- exercise mortality (PEM) may occur when fish exercise to exhaustion and are 
pushed so far beyond their physiological limits that they can no longer sustain life. 
Although fish exercise to overcome a variety of natural challenges, the phenomenon 
of PEM is most often observed as the result of interactions between fish and humans. 
The seminal work of Black (Can J Fish Aquat Sci, 15:573, 1958) and Wood et al. (J Fish 
Biol, 22:189, 1983) provided a foundation for exploring the potential causes of PEM 
in fish. With no “silver bullet” explaining PEM being apparent, contemporary research 
has continued to focus on physiological mechanisms of exhaustion in fish, including 
factors such as oxygen delivery, ion regulation, hormone signalling, and cardiac func-
tion. This paper provides an overview of these studies, and reviews the continuous 
improvement in data collection methods, tools, and experimental protocols used to 
examine the PEM phenomenon. These studies of exhaustion have played an impor-
tant role in informing management actions for activities such as bycatch revival and 
fish passage. Since the contribution of Wood et al. (Journal of Fish Biology, 22(2):189– 
201, 1983), the combined efforts of fundamental and applied research have yielded 
a greater understanding of why fish die after severe exercise, yet much remains to be 
explored through future work.
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1  |  INTRODUC TION

Throughout the course of their life, fish must overcome many 
natural challenges that test their physiological systems, yet the 
greatest challenge is often represented by their interactions with 
humans (Brownscombe, Cooke, et al., 2017). Fish– human inter-
actions come in various forms and may include fish encounter-
ing a dam during migration, which requires them to locate and 
ascend a fishway (Silva et al., 2018), swimming in areas with dy-
namic flows (e.g., downstream from peaking hydropower facilities 
or during floods induced by human land use change; Murchie & 
Smokorowski, 2004; Taylor & Cooke, 2012), avoiding entrainment 
in various types of water intakes (e.g., turbines, cooling intakes, in-
dustrial use, irrigation; Mussen et al., 2014; Harrison et al., 2019), 
or during fisheries interactions where fish are initially captured 
but escape or are released (e.g., as bycatch in commercial fisher-
ies or so- called catch- and- release in recreational fisheries; Davis, 
2002; Brownscombe, Danylchuk, et al., 2017). The extreme exer-
cise that fish perform during these interactions with humans or 
human infrastructure can push individuals beyond the threshold 
of their physiological systems and, in severe cases, may result in 
their death: a phenomenon called post- exercise mortality (PEM) 
(Figure 1). All of these interactions, whether in marine or fresh-
water systems, are further modulated by other human- induced 
stressors such as climate change- related increases in water tem-
perature or hypoxia that collectively make recovery from human 
interactions more challenging (Arthington et al., 2016; Reid 
et al., 2019; Whitney et al., 2016).

The ability of fish to navigate these physiological challenges 
governs their behaviour and fitness (Ricklefs & Wikelski, 2002). 
Therefore, the appropriate management of physiological resources 
represents the cornerstone of maintaining, or returning to, ho-
meostatic conditions. The demands of metabolically active tissues 
increase as fish are pushed to their homeostatic threshold before 
reaching exhaustion (Kieffer, 2000). Although it is thought to be un-
common that wild fish are pushed beyond their homeostatic thresh-
old due to natural activities or conditions (Rodnick & Planas, 2016), 
interactions with humans can disrupt this balance. This emphasizes 
the importance of understanding the physiological consequences of 
extreme exercise to seek solutions that minimize our impact on the 
well- being of exhausted fish.

From the onset of exhaustion, fish are tasked with managing 
physiological and biochemical disruptions, including increases in 
stress hormone secretion, high rates of cellular energy consump-
tion, depletion of tissue energy stores, reduction in phosphoryla-
tion potential, and severe acidosis (Rodnick & Planas, 2016). The 
impacts of exhaustion can also be exacerbated by external factors 
including temperature (Clark et al., 2013; Farrell et al., 2008), oxy-
genation (Eliason & Farrell, 2016; Sinha et al., 2012), food availabil-
ity, nutritional status (Alsop & Wood, 1997; Gingerich et al., 2010), 
and even individual phenotypes (Killen et al., 2015; Metcalfe 
et al., 2016). Exposure to multiple stressors, in the context of ex-
haustive exercise, may act synergistically (Folt et al., 1999), and can 

have significant impacts on the maintenance of oxygen delivery to 
tissues, the ability to return to acid– base homeostasis, the regula-
tion of ion and osmotic balance, and the recovery of cellular energy 
stores (Kieffer, 2000; Wendelaar Bonga, 1997; Wood, 1991). When 
the summative action of internal and external stressors exceeds 
coping capacity (Romero et al., 2009; Schreck, 2010) and individuals 
are unable to re- establish homeostasis/steady- state, PEM can occur 
(Black, 1958). The phenomenon of PEM is complex because surviv-
ing must involve the integration of multiple metabolically active 
tissues to sustain normal functional capacity (Wood et al., 1983). 
Stressors affect several important tissues, including gills, muscle tis-
sue, liver, kidneys, and heart, to disrupt normal function and impede 
recovery from exhaustive exercise. Physiological challenges associ-
ated with the downstream effects of exhaustion can have direct im-
plications on the recovery, behaviour, and subsequent performance 
of fish following bouts of exhaustive exercise (Burnett et al., 2014; 
Eliason & Farrell, 2016). However, quantifying these effects can be 
challenging as the multitude of processes involved can make pin-
pointing the mechanistic causes behind PEM difficult.

Situations that potentially expose fish to PEM in the wild are 
remarkably common. For example, during the upriver migration 
of Pacific salmon on regulated rivers, entire assemblages of fish 
may have to navigate dynamic flows (as a result of hydropower 
releases; Murchie et al., 2008) and ascend multiple fishways (e.g., 
in the Columbia River; Caudill et al., 2007). The entire migration of 
Pacific salmon in such highly regulated systems (which can easily 
be on the order of millions of fish) requires that a sufficient number 
of fish survive to reach spawning grounds and produce the next 
generation of offspring. Fisheries interactions are also common. 
Cooke and Cowx (2004) estimated that the annual global catch 
of recreational anglers was ~47 billion fish of which ~30 billion 
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are released. The number of individual fish captured and released 
(or that escape capture) from commercial fisheries is difficult to 
estimate (Alverson et al., 1994), but presumably exceeds the num-
ber of recreationally angled fish by severalfold. These are but a 
few examples of the relevance of PEM given the sheer numbers 
of fish that interact with humans and human infrastructure on an 
annual basis (tens of billions of fish, if not hundreds of billions): all 
of which have the potential to be subjects of PEM. Clearly, there 
is a need to better understand this phenomenon in an attempt to 
predict mortality relevant to different contexts and to consider 
mitigative strategies to reduce PEM.

The goal of this review is to examine the information presently 
available on fish PEM in an attempt to understand the underlying 
physiological mechanisms that cause death after exhaustive swim-
ming. We also aim to contextualize the impact of exhaustion on mor-
tality by bridging the gap between the fundamental physiology and 
the applied ecological consequences. This review is intended to pro-
vide conservationists, fish biologists, and managers alike with a brief 
history of exhaustion in fish, an updated perspective on modern 
PEM research, identification of knowledge gaps that exist, potential 
solutions, and novel research that seeks to further our understand-
ing of PEM.

2  |  A BRIEF HISTORY OF PEM IN FISH

Researchers have continued to pursue and develop a greater under-
standing of PEM since Black (1958) postulated that extreme exer-
cise led to a significant disruption in acid– base balance caused by 
the production of lactic acid as a byproduct of anaerobic glycogen 
metabolism. Twenty- five years later, Wood et al. (1983) published 
a paper that aimed to elucidate the mechanism of PEM in rainbow 
trout (Oncorhynchus mykiss, Salmonidae) following bouts of severe 
exercise. The study postulated that “lactic acid” was an artificial con-
cept since lactate and metabolic protons (H+

m) appeared at different 
rates in the blood and suggested that PEM could be a consequence 
of intracellular acidosis of unknown origin. The authors also pre-
sented indirect evidence for the appearance of an unknown anion 
in the blood of dying fish. These theories are based on the original 
concept that lactic acid produced by anaerobic glycolysis appears in 
the blood (Hill et al., 1924) but have now been replaced by a more 
nuanced perspective.

3  |  UPDATED PERSPEC TIVES ON 
HISTORIC AL WORK

Research suggests that lactate and metabolic protons move across 
cell membranes at different rates and with different mechanisms 
(Wood & Wang, 1999). Research also indicates that the lactate anion 
is produced via glycolysis while metabolic protons are produced 
during the breakdown of adenosine triphosphate (ATP) (Robergs 
et al., 2004). More relevant, perhaps, is the production of metabolic 
protons produced during ATP catabolism. This could initiate a de-
generative cascade of events where fish are challenged to exercise 
and must use energy to escape. Energy (i.e., ATP) must be acquired 
and broken down/utilized to facilitate the demands of exercise, 
therefore increasing the production of metabolic protons. This leads 
to a decreased intracellular pH and a compromised ability to regu-
late intracellular ion balance. Furthermore, ATP would be required 
to regulate ion shifts and achieve homeostasis, yet no ATP would be 
readily available, leaving fish unable to return to homeostasis and 
ultimately perish. This warrants further investigation as to the role of 
metabolic protons and energy utilization in fish that die from severe 
exhaustion.

In addition to an updated perspective on lactate and meta-
bolic protons, other research groups have explored the intricacies 
of exhaustive exercise in fish metabolism and bolstered our un-
derstanding of the roles of aerobic scope (see Clark et al., 2013, 
2017; Farrell et al., 2008), acidosis (Perry & Gilmour, 2006; Wang 
et al., 1994; Wood & Wang, 1999), muscle energy dynamics 
(Gleeson, 1996; Weber, 2009), ion transport (Evans et al., 2005; 
Wood, 1988), catecholamine responses (Hanson et al., 2006; 
Wood, 1994), and downstream cardiorespiratory effects (Wood & 
Munger, 1994; Farrell et al., 2009; Prystay et al., 2017). Moreover, 
in an effort to reduce mortality among exhausted fish (e.g., from 
fisheries interactions), much effort has been devoted to eval-
uating potential recovery strategies that can be informative for 
understanding the potential mechanisms associated with mor-
tality (Brooke et al., 2019; Gingerich et al., 2010; Gleeson, 1996; 
Raby et al., 2012; Suski et al., 2006; Suski, Cooke, Danylchuk, 
et al., 2007). When comparing such studies where fish are exer-
cised in the lab (e.g., Wood, 1991) versus exercised in the field 
(e.g., immediate capture and chase, or using a fishing interaction 
as a form of exercise), it is important to recognize that labora-
tory settings create more control over nutrition, environment, 

F I G U R E  1  An exhausted fish that can no longer maintain equilibrium after a catch- and- release angling event. The exhaustion experienced 
by this fish could result in post- exercise mortality (PEM), though specific mechanisms behind this phenomenon remain unclear. Photo credit: 
Cooke Lab.
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and health such that fish are presumably more similar in starting 
point and thus response. This includes the use of fish reared in 
hatcheries, which can have different fitness capacities compared 
to wild fish (Araki et al., 2008). It must therefore be presumed 
that data involving fish recently collected from the field should 
have more inherent variability given the uncertainty in conditions 
that individual fish have experienced prior to experimentation. 
These influences must all be given consideration when exploring 
the mechanistic causes of PEM in hatchery and wild fish popula-
tions. Nonetheless, studying the response to exhaustive exercise 
in a laboratory setting allows researchers to arm themselves with 
fundamental knowledge that can be applied to the study of wild 
fishes, particularly their responses to a fisheries interaction.

In recent years, a novel means of exploring mortality result-
ing from fisheries interactions has emerged through one of North 
America's most popular sportfish. Black bass (Micropterus spp., 
Centrachidae) are the target species for approximately 80% of fish-
ing tournaments that occur in North America each year (Schramm 
Jr. et al., 1991). Different angling approaches can be used during 
tournaments compared to average recreational angling, but it is 
notable that many fishing tournaments have adopted a catch- and- 
release strategy for captured fish. Regardless, captured fish are still 
susceptible to mortality arising from physiological challenges (and 
injury). Although several tournaments report high survival rates of 
black bass (Edwards et al., 2004), some competitions have reported 
an excess of 50% mortality (Neal & Lopez- Clayton, 2001; Wilde 
et al., 2002). This has led to research exploring the influence of po-
tential interventions intended to reduce mortality in tournament- 
angled fish. Studies focused on tournament angling for black bass 
have examined the potential causes of post- release mortality and 
could provide valuable insight into the mechanistic causes of PEM 
in fish.

With respect to its relevance to PEM, tournament fish experi-
ence additional stressors including confinement in livewells, trans-
portation during that confinement, and the additive stress from 
handling during the weigh- in process. Tournament fish are also 
(sometimes) released far from their site of capture. When com-
pounded, these stressors have the potential to increase the sever-
ity of physiological responses and prolong the stress of exercised 
fish (Cooke et al., 2002; Suski et al., 2003; Suski & Philipp, 2004). 
With respect to mortality, hooking location is the leading source of 
capture- related injury that results in black bass mortality (Siepker 
et al., 2007). Though this could represent an important driver of 
mortality in recreationally angled fish, it has not currently been 
linked to a fish's ability to recover from an exhaustion event. Perhaps 
more relevant are the examples of smallmouth bass (Micropterus 
dolomieu, Centrachidae) that require more time to recover if they 
are angled for longer durations (Schreer et al., 2001), indicating the 
effect that environmental variables may play on recovery from ex-
haustive exercise.

Several attempts to reduce tournament fishing mortality in black 
bass have been studied and include modulating livewell tempera-
tures, introducing additives to alter water chemistry or the addition 

of supplemental oxygen. However, results vary depending on the 
method applied to controlling the livewell environment. Recent work 
has demonstrated that the most effective means of reducing mor-
tality in fish include providing a continuous supply of fresh, aerated 
water to avoid hypoxia (Suski et al., 2006). Interestingly, the pros-
pect of allowing captured fish to swim at low velocity for the first 
hour (only) of recovery has also shown promise (discussed more in 
Section 5) although not for largemouth bass (Micropterus salmoides, 
Centrachidae; Suski, Cooke, & Tufts, 2007), thus emphasizing the 
contextual nature of such interventions. This work underlines the 
importance of understanding the interaction between variables 
associated with the stress of recreational angling in addition to the 
temporal aspect of delayed mortality, as it is likely these factors that 
modulate the ability of fish to recover, not the severity of exercise it-
self. Indeed, several factors have the potential to influence the exer-
cise response (e.g., phenotype, Norin et al., 2016; thermal tolerance, 
Farrell & Franklin, 2016; sex, Eliason et al., 2020, Hinch et al., 2021); 
and the response to exercise can vary greatly between individual 
fish. Nevertheless, we still lack a definitive answer to the question of 
what causes fish to die after severe exercise.

4  |  E XPLORING THE ROLE OF 
METABOLISM IN PEM

During rest, fish supply working tissues with oxygen to support 
aerobic energy production (Randall & Brauner, 1991). This energy 
supply is dedicated to fulfilling the requirements for routine activi-
ties where oxygen demand is matched by oxygen delivery, allowing 
fish to maintain internal homeostatic conditions. Exhaustion occurs 
when burst swimming requires the use of both red and white mus-
cle, and the supply of oxygen is surpassed by the demand (Burnett 
et al., 2014; Moyes et al., 1992; Wood et al., 1983). This flux in oxy-
gen demand is sometimes described as metabolic rate: a fluid meas-
ure of how much energy a fish is using at a given time and at a given 
activity level. The measurement of oxygen consumption is used to 
determine the exercise- induced maximum metabolic rate (MMR), 
and it should be noted that MMR is highly influenced by environ-
mental factors and species- specific variation (Norin et al., 2016). 
This maximal oxygen consumption response can be time- dependent, 
and may not occur until several hours after the exhaustive event 
(Clark et al., 2013).

As exercise intensity increases, so do the tissue demands for 
oxygen. Thus, the ability to transport oxygen during these times 
of increased demand becomes essential to maintaining homeosta-
sis and potentially avoiding PEM. When environmental conditions 
compromise oxygen delivery, fish may be more susceptible to PEM. 
Hyndman et al. (2003) showed that 90% (n = 10) of triploid brook 
trout (Salvelinus fontinalis, Salmonidae) exposed to elevated tem-
peratures (19°C) died within a 4 h recovery period following exhaus-
tive exercise. The researchers suggest that although ploidy does not 
affect muscle pH regulation in brook trout, it is possible that triploid 
fish are less efficient at delivering oxygen to metabolically active 
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tissues. Their inability to maintain the high oxygen uptake (MO2) 
required at high temperatures could make them more susceptible 
to PEM during the recovery period when oxygen demand is high. 
Valuable insight regarding the role of oxygen transport in PEM also 
came from a study on leopard coral grouper (Plectropomus leopardus, 
Serranidae) in which summer temperatures (30°C) combined with 
high exercise intensity resulted in elevated post- exercise baseline 
metabolism and PEM that occurred 3– 13 days post- exercise (Clark 
et al., 2017). A further increase in temperature (to 33°C), combined 
with high exercise intensity, caused immediate mortality (1.8– 14.9 h 
post- exercise), suggesting a different or at least hastened mecha-
nism of PEM with increased temperature (Clark et al., 2017). It was 
also observed that mortality was different between low- performing 
and high- performing individuals, with the latter being more likely to 
perish from PEM. This study presented clear evidence that certain 
phenotypes within a population may be more susceptible to PEM 
and that the interaction between exhaustion and high temperatures 
represents a lethal threat. Additionally, it highlights the impact of 
disrupting physiological processes associated with severe exhaus-
tion and underscores the urgency in continuing to investigate the 
mechanisms of PEM in fish.

Exercise increases the demand for greater oxygen consumption 
and, subsequently, CO2 perfusion at the gills. This demand must be 
met via a compensatory suite of changes including increasing the 
functional surface area of the gills, reducing the distance for gases 
to diffuse, increasing blood perfusion, and increasing the rate of ven-
tilation (Randall et al., 1987). These changes facilitate gas exchange, 
however, they also magnify the potential for osmoregulatory distur-
bances to occur— that is, “osmorespiratory compromise” (Onukwufor 
& Wood, 2018; Wood & Eom, 2021). The increased effective perme-
ability of the gills consequently increases the rate of ionic diffusion 
across the gills and, in turn, branchial energy consumption as com-
pensatory mechanisms attempt to mediate the loss of extracellular 
and intracellular ions (Evans et al., 1999).

To fully understand the compensatory measures undertaken 
to overcome oxygen debt (or exercise post- oxygen consumption; 
Scarabello et al., 1991), consideration must be given to the primary 
sites of oxygen consumption. This process demands a high amount 
of cellular energy to restore cellular oxygen stores, high- energy 
phosphates, metabolites, and ions (Wood, 1991). During extreme 
exercise, both red and white muscle tissues consume oxygen, albeit 
for different reasons through disparate mechanisms. Studies have 
shown that there is a significant difference between red muscle ox-
ygenation and arterial oxygenation during fatigue in rainbow trout 
(McKenzie et al., 2004), where the partial pressure of arterial blood 
oxygen (PaO2) decreases significantly during fatigue with a relatively 
small decrease in red muscle (PRMO2). This suggests that oxygen 
supply to the red muscle is not a limiting factor in the recruitment 
of white muscle, or a limiting factor during exhaustion. It should be 
noted that venous oxygen (PvO2) remains low following exhaus-
tion, while PRMO2 returns to normal in rainbow trout (McKenzie 
et al., 2004). This indicates that, during fatigue, venous return from 
red muscle contributes little oxygen to venous blood and that other 

metabolically active tissues could account for the bulk of oxygen 
being consumed following exhaustion (Portz et al., 2006). The in-
creased demand for oxygen could be attributed to other metabolic 
processes focused on returning the fish to homeostatic conditions 
following exhaustion, like ion regulation, osmoregulation, glycogen 
store replenishment, or digestion. Notably, this increased demand 
for oxygen following exhaustive exercise can compound fish re-
sponses to extraneous variables, particularly air exposure, making 
them more susceptible to PEM. Ferguson and Tufts (1992) demon-
strated that fish that were exercised exhaustively and then exposed 
to the air were much more likely to perish compared to fish that were 
only exhaustively exercised. This is likely because fish that are ex-
posed to the air are no longer able to perform gas exchange at the 
gills, limiting their ability to excrete CO2, decreasing their blood pH, 
and most importantly, reducing the oxygen content of their blood. 
Ferguson and Tufts (1992) showed that 60s of air exposure resulted 
in an 81% reduction in PO2 and an 87% reduction in the amount of 
oxygen bound to haemoglobin; a significant difference when com-
pared to fish that only experienced exhaustive exercise. In normal 
circumstances, fish employ compensatory measures to enhance ox-
ygen delivery and create a favourable environment for haemoglo-
bin to unload oxygen to active tissues. During air exposure, the lack 
of oxygen during the post- exercise period undoubtedly alters the 
dynamics of tissue metabolism during the critical recovery period 
(Cook et al., 2015). Data from the latter study show that only 28% of 
fish that were exposed to air for 60s following exercise were able to 
survive for 12 h compared to an 88% survival rate for fish that were 
only treated with exercise. These animals died between 4 and 12 h 
after treatment, even though the trajectory of their acid– base sta-
tus indicated levels were returning to normal. This delayed mortality 
emphasizes the fact that fish that are released into the wild may not 
always survive, despite their ability to swim away after a fisheries in-
teraction. However, it is also important to note that fish in this study 
were cannulated so mortality levels observed in the lab may not be 
representative of fish in the wild.

Hypoxia may also influence how fish navigate changes in oxygen 
handling during exhaustion. It is suggested that high- performance 
swimmers, defined as fishes that can sustain elevated levels of aero-
bic metabolism (Bernal et al., 2001), have a low tolerance for hypoxia 
because of ionic diffusion and transport limitations that are linked 
to haemoglobin's ability to carry and deliver oxygen to metabolically 
active tissues (Nilsson, 2007). High- performance swimmers capital-
ize on having haemoglobins with low affinities for oxygen to quickly 
unload oxygen from their red blood cells (RBCs) at the tissue level 
(Rummer et al., 2013). This effect can also be achieved without low 
affinity in normoxic conditions, or through allosteric modulation 
(Rasmussen et al., 2009). In hypoxia, the partial pressure of oxygen 
is reduced and thus only haemoglobins with high affinity will be able 
to bind oxygen. Although these haemoglobins may be able to bind 
oxygen more readily, their high affinity, coupled with the low partial 
pressure of oxygen, can make it more difficult to unload the oxygen. 
Consequently, this makes it more difficult for tissues to receive the 
oxygen they require (Rummer & Brauner, 2015). Additionally, fish 
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in hypoxic conditions will have a lower overall capacity for oxygen 
transport. The limited oxygen supply during hypoxia hinders phys-
iological processes responsible for metabolizing and recycling lac-
tate, while concurrently inhibiting the mobilization of glucose and 
thus the replenishment of glycogen stores (Gleeson, 1996; Weber 
et al., 2016; Wood, 1991). Wang et al. (1994) demonstrated that ex-
haustive exercise elicited a significant increase in intracellular lac-
tate while muscle glycogen reserves were depleted by more than 
90%, yet white muscle glycogen concentrations remained low (40%) 
2– 4 h post- exercise. This suggests that intracellular lactate is more 
important as a substrate for on- site glycogenesis, and the rate at 
which lactate can be used as a means of replenishing muscle glyco-
gen stores could play an important part in mitigating the patholog-
ical effects of exhaustion and preventing subsequent PEM. Indeed, 
gaining a greater understanding of the restoration of energy stores 
could provide valuable insight into the mechanistic causes of PEM in 
exhausted fish.

The effect of altered oxygen transport on captive fish has re-
ceived considerable attention, as captive fish provide the opportunity 
to manipulate environmental variables and examine physiological 
mechanisms in fine detail (Clark et al., 2013). Comparatively, the 
study of wild fishes presents unique research challenges, yet wild 
fish represent an important part of informing those tasked with 
managing fisheries (Brownscombe, Cooke, et al., 2017; Holder, 
Jeanson, et al., 2020). Thus, it is important to integrate the funda-
mental knowledge acquired through the study of captive fish to in-
form the application of management techniques on wild fish. Pelagic 
fish depend heavily on aerobic metabolism to swim continuously, 
and thus locomotion is considered to be the dominant physiological 
process that requires a constant supply of oxygen (Clark et al., 2013). 
Having said that, the process of specific dynamic action, which 
represents the energy expended in the digestion, absorption, and 
assimilation of food (Secor, 2009), can contribute a substantial pro-
portion of the daily energy budget in fish (Clark, Brandt, et al., 2010). 
Comparatively, fish that exhibit a lower dependency on aerobic me-
tabolism may have less available capacity to fulfill the demands of 
physiological processes that require oxygen (Fu et al., 2009), poten-
tially interacting with PEM.

5  |  POTENTIAL LINKS BET WEEN 
E XHAUSTION, ION REGUL ATION, 
OSMOREGUL ATION, AND PEM

Exhaustive exercise depletes endogenous energy reserves, espe-
cially substrates which generate ATP anaerobically (e.g., free ATP, 
phosphocreatine [PCr], and glycogen), threatening long- term sur-
vival post- exercise. The demand for energy is proportional to the in-
tensity of exercise associated with behaviours like foraging, escaping 
predation, pursuing migration, or engaging in reproduction (Moves 
& West, 1995). As exercise intensity increases, so does the oxygen 
consumption associated with exertion (Lee et al., 2003; McKenzie 
et al., 2004). Exercise can also cause shifts in fluid compartments, 

pH, changes in intra-  and extra- cellular ion concentrations, and in-
creases in the relative concentration of metabolic by- products (Wang 
et al., 1994; Wood, 1991). Relatedly, fish must also expend energy to 
return to homeostasis that has shifted because of increased activity 
levels. In response to these changes, fish utilize fast- acting signalling 
hormones, catecholamines, to rapidly effect change in energetic de-
mands by mobilizing and transporting energy stores to metabolically 
active tissues that require fuel to continue functioning (Randall & 
Taylor, 1991; Reid et al., 1998). Catecholamines are mobilized prior 
to exhaustion (~80%– 90% of critical swimming speed) and play a key 
role in modulating muscle activity, oxygen transport, and managing 
acid– base disturbances (Vermette & Perry, 1987, 1988). Examples of 
their capability to quickly modulate cellular function include mobi-
lization of glucose from stores in the liver, increasing arterial blood 
pressure, and increasing red blood cell affinity for oxygen (Perry & 
Bernier, 1999; Polakof et al., 2012).

Catecholamines also have a significant influence on osmotic reg-
ulation and represent a key signalling mechanism to control ionic 
balance (Vermette & Perry, 1987; Marshall, 2007). These signalling 
hormones are responsible for increasing the rate of ventilation, in-
creasing branchial blood flow, increasing gill surface area for diffu-
sion, decreasing diffusion distances, and increasing ion permeability 
(Sardella & Brauner, 2007). Although this facilitates increased oxygen 
uptake, it is done at the cost of compromising the ability to control 
passive ion flux (i.e., ionic loss or uptake). There are also species- 
specific responses to osmoregulatory compromise, with some 
being more resilient to compromise compared to others. Gonzalez 
and McDonald (1994) found that fish with higher average activity 
levels had relatively greater increases in oxygen consumption and 
lower ion loss compared to fish with low average activity levels (i.e., 
low- activity fish lost more sodium per mole of oxygen absorbed 
compared to high activity fish). Gonzalez and Mcdonald (1994) pos-
tulated that high- activity fish were able to resist changes in the ion 
gas ratio because they exhibited a higher degree of regulation of 
their tight junctions: a means of establishing connections between a 
variety of cells of the gill. Gonzalez and Mcdonald (1994) theorized 
that fish exhibiting a higher activity level could resist ionic loss with 
increased oxygen demand because of the ability of their tight junc-
tions to effect change.

Studies investigating physiological disturbances associated with 
recovery from exhaustion have shown increased levels of plasma 
sodium and mortality in fish treated with exercise and air exposure 
(Suski, Cooke, Danylchuk, et al., 2007), with the likelihood of mor-
tality increasing as the duration of air exposure increases (Davis & 
Parker, 2004). However, it should be noted that sodium loss was 
not measured in these studies. It is well documented that ionic loss, 
particularly a 30% decrease in whole body sodium, results in mor-
tality in rainbow trout (Laurén & McDonald, 1985; Wood, 2001) 
and is attributed to exposure to low pH or metals such as copper 
and silver. Although some degree of ion loss has been associated 
with exhaustive exercise (Wood, 1991), it is unlikely that the mag-
nitude of that loss would meet the 30% threshold determined by 
previous studies. Increasing activity levels, or training, could bolster 
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the ability to resist large ion losses and deliver oxygen to working 
tissues, representing a potential protective mechanism. Improving 
signal transduction via tight junction function could allow fish to re-
spond rapidly to large changes in homeostatic conditions, thus it is 
an important consideration when exploring ways fish resist ion loss.

The effect that environmental conditions have on modulat-
ing responses to exercise must also be considered in PEM. Kieffer 
et al. (2002) showed that mortality in Atlantic salmon (Salmo salar, 
Salmonidae) was related to water hardness. Softer water fish had 
a lower initial HCO3 concentration, significant elevation in plasma 
Na+ and Cl−, and an increase in hematocrit following exercise indi-
cating osmoregulatory compromise. Fish that were acclimated to 
softer water were also more likely to perish after a bout of exhaus-
tive exercise when compared to their counterparts acclimated to 
hard water. These results suggest that salmon in softer water did not 
survive because they were unable to correct the exercise- induced 
acidosis and return to homeostasis. Perhaps this evidence discounts 
the existence of a “silver bullet” of PEM, yet determining the impact 
of ion loss associated with exhaustion remains an important part of 
understanding PEM in fish.

Stressors that perturb energy supply- and- demand dynamics 
have the potential to initiate stimulus- dependent signalling cascades 
intended to mobilize energy stores. The endocrine- mediated release 
of catecholamines into the circulation is a tightly regulated process 
that must ultimately satisfy the demands of metabolically active tis-
sues (Perry & Bernier, 1999; Reid et al., 1998). These hormones can 
include adrenaline and noradrenaline, which act on both alpha-  and 
beta- adrenergic receptors of cells resulting in altered ion dynamics 
and changes in osmoregulation during periods of acute stress. In cases 
where oxygen uptake must be increased, such hormonal influences 
can manifest as increases in RBC sodium- hydrogen exchange trans-
port, increases in gill permeability, and increased diffusion capacity 
(Evans, 2002; Fabbri & Moon, 2016). In teleost fish, catecholamine 
secretion is stimulated via acetylcholine release at the terminal end 
of nerve fibres of chromaffin cells located in the posterior cardinal 
vein and the head kidney (Nilsson et al., 1976; Porteus et al., 2012). 
Hypoxia (Porteus et al., 2012), hypotension (Perry et al., 2011; 
Sandblom et al., 2010), air exposure (Lennox et al., 2016; Sopinka 
et al., 2016), metabolic acidosis (Wood, 1991, 1994), and changes in 
water temperature (Currie et al., 2013) can lead to increased levels of 
circulating catecholamines. While sustained aerobic exercise is not 
correlated with changes in circulating catecholamine levels (Butler 
et al., 1986), increases have been observed following burst swim-
ming exercise of fish (Primmett et al., 1986). It should be noted that 
significant secretion only occurs with severe stress. The energetic 
cost of locomotion is proportional to exercise activity and is affected 
by aerobic and anaerobic energy production (Bennett, 1991). This 
ultimately affects swimming performance, where evidence suggests 
that fish experiencing exhaustive events can be impaired for 6 h 
post- exercise (Lee- Jenkins et al., 2007). Although this information 
begins to hint at potential mechanisms for relatively immediate PEM, 
detailed studies examining the connection between dysfunctional 
catecholamine signalling and death in teleost fishes remain largely 

unexplored. Additionally, the discipline would also benefit from a rig-
orous examination of the mechanisms responsible for delayed PEM, 
specifically the relationships shared between PEM and the stress 
caused by exhaustion, injury, or disease.

Cortisol has classically been measured as a metric of stress in 
fish. When fish experience a significant perturbation in homeosta-
sis or perceive a threat stimulus in the environment (e.g., predator 
interaction and increased swimming demand), cortisol is produced 
and secreted by the hypothalamic– pituitary– interrenal (HPI) axis 
and typically increases in the blood following a diversity of stress-
ors (reviewed in Wendelaar Bonga, 1997; Barton, 2002) and chal-
lenges including recovery from exhaustive exercise (see De Boeck 
et al., 2001; Milligan, 1997). The main target tissues of cortisol fol-
lowing a stressor include the liver and skeletal muscle, as these are 
areas where cellular energy turnover is high during and after bouts 
of exercise (Gingerich et al., 2010; Milligan, 2003). Overall, the pri-
mary function of cortisol is to facilitate the mobilization and use of 
energy substrates and restore the hydromineral balance following 
the stress response (Chasiotis & Kelly, 2012) while also diverting 
energetic resources away from non- essential functions (e.g., growth 
and reproduction; see Schreck & Tort, 2016). Notably, cortisol is not 
necessarily the primary glucocorticoid across all teleost fish and is 
different for elasmobranchs (subclass; Elasmobranchii), lamprey 
(Petromyzonidae), and hagfish (Myxinidae).

While chronically elevated cortisol has not demonstrated sig-
nificant effects on aerobic swimming performance in fish (Butler 
et al., 1986; Gregory & Wood, 1999), it has been correlated to an 
increase in standard metabolic rate (SMR) (Lawrence et al., 2019) 
in addition to other negative effects on feeding performance and 
growth (Gregory & Wood, 1999). In some instances, elevated 
cortisol has also been associated with the inhibition of glycogen 
synthesis in skeletal muscle (Milligan, 2003), implying that the 
recovery process is impeded as glycogen stores are not replen-
ished at their optimal rate, though cortisol mechanisms of action 
in fish are highly dynamic (Mommsen et al., 1999). Interestingly, 
Carbonara et al. (2010) found that fish with elevated cortisol 
showed a significant reduction in their ability to physiologically 
recover from exhaustion, though the implications for the poten-
tial for impairment should be explored further. This has led to a 
significant examination of the role of cortisol in metabolic perfor-
mance. Evidence suggests that elevation in cortisol post- exercise 
is correlated to the inhibition of glycogenesis, where (net positive) 
glycogen synthesis does not occur until plasma cortisol levels de-
cline (Pagnotta et al., 1994). Furthermore, pharmacological inhi-
bition of cortisol synthesis and/or release (Eros & Milligan, 1996; 
Pagnotta et al., 1994) increases the rate of post- exercise muscle 
glycogen resynthesis. In addition to pharmacological intervention, 
low- intensity post- exercise swimming has also shown beneficial 
effects on muscle glycogen resynthesis. Milligan et al. (2000) 
reported that swimming slowly after exhaustive exercise sig-
nificantly reduced the typical post- exercise increase in circulat-
ing cortisol in rainbow trout. These rainbow trout also showed 
an increased rate of glycogen resynthesis and lactate clearance 
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compared to their counterparts held in still- water post- exercise. 
Additionally, Farrell et al. (2001) also tested this by placing cap-
tured fish in a recovery box designed to force fish to sustain a 
low grade of swimming and found that it promoted partial meta-
bolic recovery and recovery of swimming performance. This also 
suggests that periods of inactivity after exhaustive exercise may 
prolong recovery time in fish, decreasing their capacity to perform 
anaerobic activity during recovery and making them more suscep-
tible to PEM. While this finding is not universal across all teleost 
fish (see Kieffer et al., 2011; Suski, Cooke, & Tufts, 2007), such 
evidence underlines the relevance of post- exercise swimming per-
formance to the recovery profile of fish, where low- intensity post- 
exercise swimming could represent a novel means of enhancing 
recovery and reducing PEM.

Researchers have attempted to investigate the influence of 
metabolic distress on post- exercise recovery in varying capaci-
ties, with the recent focus shifting towards potential indicators 
of physiological distress in the blood profile of angled fish. This 
work often involves quantifying changes in blood chemistry using 
simulated and real angling events to collect blood samples. In blue 
sharks (Prionace glauca, Carcharhinidae), it was noted that mor-
ibund animals (animals that eventually succumbed to the nega-
tive effects of angling and died) showed significant increases in 
five variables compared to their surviving counterparts: mag-
nesium, lactate, potassium, calcium, and Hsp70 mRNA (Moyes 
et al., 2006). The increased circulating concentrations of these 
variables are indicative of strenuous muscular activity and are po-
tentially linked to tissue damage, though the extent and location 
of that damage were not examined in the study. The potential tis-
sue damage is similar to a phenomenon described as “capture my-
opathy” or “exertional myopathy” described in birds and mammals 
by Spraker (1993), where captured animals experience damage to 
muscle tissue as a result of capture.

In recent decades, inorganic ions have been implicated as import-
ant indicators of stress, particularly in elasmobranchs. Several studies 
have observed marked increases in plasma potassium concentrations 
following the induction of stress (Brooks et al., 2012; Mandelman & 
Farrington, 2007; Manire et al., 2001; Moyes et al., 2006), indicating 
a potential loss of potassium ions from intracellular compartments. 
The mechanism of increased circulating potassium has not been 
clearly defined, though some researchers identify concurrent in-
creased circulating potassium and intracellular acidosis in sharks that 
perish after being released (Whitney et al., 2021). Additionally, it is 
also suspected that hyperkalemia plays a role in pathological cardiac 
function during stress in elasmobranchs, suggesting a potential con-
nection between potassium concentrations and dysfunctional myo-
cardial function (Skomal & Mandelman, 2012). Consideration must 
also be given to the concentration of other circulating ions, as in-
creases in stress in elasmobranchs have also been linked to increases 
in circulating concentrations of magnesium, calcium, and sodium 
ions (Cliff & Thurman, 1984), though the mechanisms surrounding 
this phenomenon have not been defined. This begs the question: are 
these variables linked to exhaustion and PEM? Can we use them as 

metrics to gauge when we consider a fish “exhausted” and use that 
metric to determine the likelihood of mortality? Much remains to be 
discovered with respect to the roles that ion regulation and osmo-
regulation play in PEM.

6  |  EFFEC TS OF E XHAUSTION ON 
C ARDIAC FUNC TION

Cardiac tissue oxygen demand varies greatly between species 
(Farrell, 1991), making it difficult to define the overall oxygen demand 
of cardiac myocytes in fish. As the intensity of exercise increases, so 
does the myocardial demand for oxygen (Farrell et al., 2009). To fa-
cilitate this increased demand, an increase in overall cardiovascular 
activity is observed via changes in cardiac output. This effect can be 
quantified by the Fick equation (Fick, 1870):

where oxygen consumption is dictated by a factor of cardiac out-
put (CO) and arteriovenous oxygen content difference (CaO2 -  CvO2). 
Importantly, oxygen demand is also dictated by the amount of oxygen 
uptake at a tissue level, where increases are inversely proportional 
to arterial blood oxygen content. Thus, fish must increase cardiac 
output to maintain the same oxygen delivery with an increased ox-
ygen demand (Farrell, 2007). This increase is achieved by elevating 
heart rate, elevating stroke volume, or by mobilizing RBCs from the 
spleen and modulating their ability to load/unload oxygen. The abil-
ity to affect such changes in cardiac output differs between species 
and can also be dictated by heart morphology. Classically, there are 
four types of fish hearts (I, II, III, and IV) that have different propor-
tions of spongy and compact myocardium (Davie & Farrell, 1991). 
These classifications are loosely based on activity level and are cor-
related to the proportion of compact myocardium (i.e., Type I has 
no compact myocardium and is commonly found in fish that exhibit 
low activity levels versus Type IV which has the highest propor-
tion of myocardium and is usually found in high- performance fish). 
However, it should be noted that there is no classification for ven-
tricular mass relative to whole- heart mass, and there is substantial 
variation among species because the activity levels/demand for ox-
ygen varies so greatly (Brill & Bushnell, 1991; Icardo, 2012). As such, 
it is difficult to determine how heart morphology dictates changes 
in cardiac output, and in turn, the overall responses of different fish 
species to exercise. Some studies have examined the influence of 
hypoxia (Gamperl et al., 2020), disease (Powell et al., 2002), and en-
vironmental change (Incardona et al., 2004), yet it remains difficult 
to find a definitive link between exercise, cardiac morphology, and 
mortality in fish. Future research should focus on the discovery of 
variables that contribute to the exacerbation of pathological cardiac 
function during exercise that can lead to heart failure and/or PEM.

Parasympathetic tone serves to lower the intrinsic heart rate 
via acetylcholine signalling (Axelsson et al., 1987). This effect may 
be more useful when fish must quickly elevate heart rate because 

[

O2 consumption = CO
∗
(

CaO2 − CvO2

)]

.
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removing the negative chronotropic effect caused by cholinergic 
signalling may be more efficient than initiating an alternate signal-
ling cascade. Sympathetic tone serves to increase heart rate in times 
of increased physical demand as hormonal influence is dictated 
by circulating catecholamines (Axelsson et al., 1987; Sandblom & 
Axelsson, 2011). The most influential of these is likely those that 
act on beta- adrenergic receptors of cardiac myocytes. It should be 
noted that the increase in circulating catecholamines has only been 
correlated with maximal swimming or instances where fish must ex-
hibit burst swimming (Kieffer, 2000; Randall et al., 1987). This means 
that the increase in heart rate before maximum swimming speed or 
burst swimming is likely attributed to the removal of parasympa-
thetic tone (i.e., cholinergic signalling) from the heart.

Responses to increased swimming demand are also heavily in-
fluenced by positive ionotropic agents, specifically hormones that 
lead to an increase in contractility. These hormones are released into 
the bloodstream during exercise and marked increases in circulat-
ing hormones are observed when fish are stressed (Kieffer, 2000). 
When studying post- exercise blood profiles, it becomes evident 
that significant changes to circulating hormones have an impact on 
cardiac myocyte function. Studies have shown that fish experience 
a state of combined venous acidemia, hyperkalemia (Danylchuk 
et al., 2014), and hypoxemia commonly after exhaustive exer-
cise (Holk & Lykkeboe, 1998; Milligan, 1996; Milligan et al., 2000; 
Domenici et al., 2013). Additionally, teleost fish rely on passive diffu-
sion to oxygenate cardiac tissue as venous blood comes into contact 
with their myocardium (Davie & Farrell, 1991), thus the heart tissue 
itself is extremely susceptible to influence from these ionotropic 
agents. This can severely impact cardiac performance and have neg-
ative consequences for fish experiencing stress. Interestingly, Wood 
et al. (1983) measured the heart rate and arterial blood pressure of 
one dying fish and found that there was no evidence of cardiac fail-
ure and that a strong heartbeat and normal aortic blood pressure 
were observed for at least 15 min following the cessation of ven-
tilation. Although this observation contradicts the idea that heart 
failure could be responsible for PEM in fish, it would be beneficial to 
continue exploring links between cardiac function and PEM in more 
species and with higher sample sizes.

In addition to the oxygen supplied to the heart via passive diffu-
sion, some high- performance fish have a dedicated cardiac supply 
of oxygenated blood via a coronary artery (Davie & Farrell, 1991). 
This coronary circulation provides a consistent supply of oxygenated 
blood to the compact myocardium of fish with high oxygen demands 
(Clark & Seymour, 2006; Davie & Farrell, 1991; Farrell, 1991). Some 
fish benefit from this “dual” supply of oxygen; however, coronary 
supply is also subject to changes in flow and efficiency as demand 
on the cardiovascular system changes with stress (Farrell, 1991). 
Increases in coronary blood flow led to a significant decrease in cor-
onary vascular resistance, although the mechanistic cause of this 
change is difficult to discern. This could be a result of shear stress 
initiating an endothelium- dependent adrenergic signalling cascade 
(Niebauer & Cooke, 1996). This is likely an effect caused by a cascade 
of signalling hormones intended to decrease peripheral resistance 

and deliver more oxygen to working tissues, including cardiac myo-
cytes. Recovery from this signalling cascade may be challenging, as 
hormone signalling is commonly associated with receptor- mediated 
channel operation and is an energy- taxing process. It is likely that 
the cellular cost of increasing coronary blood flow creates energetic 
deficits by creating a larger demand for receptor- mediated signal-
ling. It is also likely that these deficits contribute significantly to 
exhaustion and shift fish further away from their homeostatic con-
ditions, thus increasing their susceptibility to PEM. Nonetheless, this 
is speculative and requires additional research to elucidate the links 
between cardiac function and mortality in exhausted fish.

There are also several cardiac hallmarks that are commonly ob-
served during the recovery from burst exercise, mainly an increase 
in cardiac output and an increase in heart rate. Most significantly, 
fish must recover from the acid load created by exhaustive exercise/
burst swimming. In cardiac myocytes, metabolic acidosis is a major 
cause of the decrease in extracellular pH (Wood & Perry, 1985). 
The efflux of protons changes concentration gradients (Randall & 
Brauner, 1991), potentially preventing receptor- mediated calcium 
channels from functioning properly. This dysfunctional calcium han-
dling potentially leads to a calcium deficit that inhibits the rate of 
excitation- contraction coupling, and ultimately, cardiac dysfunction. 
This could have negative chronotropic and ionotropic effects, lead-
ing to a decreased force of contraction and a decrease in resting car-
diac output. This becomes most evident at higher cardiac workloads. 
Some work with perfusion preparations has indicated that treatment 
with adrenergic receptor agonists on heart tissue has protective ef-
fects from the negative chronotropic effects seen at higher cardiac 
workloads (Hanson et al., 2006). This work is promising and could 
be useful if the principles of increased cardiac demands are applied 
within the context of exhaustive exercise. Although no current link 
to PEM exists, more remains to be discovered.

7  |  EMERGING TECHNOLOGIES— TOOL S 
FOR STUDYING E XHAUSTION AND KE Y 
FINDINGS

Since the seminal work of Black (1958) and Wood et al. (1983), our 
capacity to understand PEM has been bolstered by technological ad-
vances in field data collection. Significant progress in field physiol-
ogy and behaviour has also fostered the integration of physiological 
measurements into field applications, enhancing our ability to iden-
tify the mechanisms involved in PEM.

One of the most practical means of evaluating exhaustion is 
monitoring oxygen uptake and consumption in fish using respirom-
etry (Clark et al., 2013; Roche et al., 2013). In this process, fish are 
placed in a sealed chamber where researchers can measure changes 
in oxygen uptake (MO2) in real- time (Clark et al., 2013). Notably, 
measurements of MO2 may provide a holistic measure of the over-
all physiological status of fish, given the requirement for oxygen to 
support the ATP used in basically all physiological processes (includ-
ing recovery from anaerobic exercise). This method of measuring 



    |  1409HOLDER et al.

metabolism in fish has already provided valuable insight into poten-
tial mechanisms of PEM (Mochnacz et al., 2017; Clark et al., 2017; 
see Section 4, paragraph 2). Researchers have full control over ex-
perimental conditions and can test the effects of temperature, hy-
poxia, sensory cues, and many more variables to observe their effect 
on exhaustion and recovery (Clark et al., 2013, 2017). Respirometer 
units have become more portable over the years, granting research-
ers the opportunity to bring their labs to the field (Byrnes et al., 2020; 
Farrell et al., 2003). With knowledge of resting and maximal oxygen 
uptake rates in fish, it becomes possible to quantify the magnitude 
of exhaustion in the context of their aerobic metabolic scope (Clark 
et al., 2017; Cooke et al., 2014).

The ability to evaluate the physiological condition of fish upon 
release is paramount in understanding the stressors that compro-
mise their fitness, yet accurately measuring changes in blood profiles 
can present significant challenges, especially when collecting data in 
the field (Costa & Sinervo, 2004; Stoot et al., 2014). Discerning the 
aspects of exhaustion that elicit changes in the physiological profile 
after extreme exercise is difficult. In addition to interspecies variabil-
ity, several factors influence changes in the metabolite profile during 
the collection and handling processes (Clark et al., 2011). Although 
this impact can be minimized in a controlled laboratory setting, the 
difficulty is magnified during data collection in the field where col-
lecting physiological measurements presents several challenges. For 
researchers to acquire blood, fish must be handled: a process that 
inherently changes the blood metabolite profile (Stoot et al., 2014). 
Confinement stress (Kiilerich et al., 2018), handling time (Sopinka 
et al., 2016), and technical ability (Lawrence et al., 2020) represent a 
small portion of factors that must be managed to minimize the stress 
fish experience during data collection. Although classical metrics for 
gauging post- release survival have relied on measuring changes in 
blood metabolite profiles, these results are conflicting. Our hope is 
that technology continues to evolve, and that researchers will even-
tually be able to collect reliable, robust data using point- of- care de-
vices in the field or even being able to quantify metabolites remotely 
in free- swimming fish. Moving forward, field physiology would bene-
fit from a shift in perspective away from the on- site measurement of 
blood metabolites towards more rigorous, non- invasive experimen-
tation focused on diagnosing the causes of PEM. In particular, the 
comparison of ion, acid– base, ammonia, and stress hormone fluxes 
in the water (Ellis et al., 2004; Wood, 1992) of surviving versus dying 
fish would help elucidate the potential mechanisms of PEM and add 
immense value to the discipline. This could also provide insight into 
behavioural changes observed in surviving versus dying fish as new 
methods of quantifying behaviour in fish continue to emerge.

One such method is the use of tri- axial accelerometry which has 
presented itself as a novel means of measuring post- release swim-
ming activity and the survival of fish (Brownscombe, Gutowsky 
et al., 2014; Brownscombe, Marchand et al., 2014; Wilson 
et al., 2006). Recent research efforts have focused on applying tri- 
axial accelerometer technology to quantify energetics and swim-
ming performance in fish (Brownscombe, Gutowsky et al., 2014; 
Brownscombe, Marchand et al., 2014; Holder, Griffin, et al., 2020; 

Lennox et al., 2018). This has allowed researchers to quantify be-
havioural states and estimate energy expenditures in fish, where ac-
celerometer metrics have been linked to cardiac function, spawning 
behaviour, and feeding/foraging patterns (Brownscombe, Gutowsky, 
et al., 2014). Depending on the sampling frequency used, research-
ers can measure broader activity patterns (low frequency) or more 
detailed behaviours (high frequency). Using high- frequency sampling 
to measure short- duration post- release swimming performance, re-
searchers can correlate how predictors like fight duration and tem-
perature affect the tail beat frequency and tail beat magnitude in 
exhausted fish (Brownscombe, Gutowsky, et al., 2014). The accuracy 
of this assessment is magnified when the post- release swimming 
performance assessment is combined with other impairment test-
ing methods. For example, using accelerometer metrics in concert 
with reflex action mortality predictor (RAMP) testing provides a 
unique means of quantifying impairment and predicting the likeli-
hood of PEM (Davis, 2010; Brownscombe, Gutowsky, et al., 2014). 
The RAMP protocol is a tool that allows anglers to rapidly assess the 
condition of captured fish by testing for the presence or absence 
of five key reflexes correlated with fish survival (Davis, 2010). It is 
an easy, applicable method for estimating mortality in fish and has 
great potential to elucidate the causes of PEM when paired with 
fine- scale measurements of post- release swimming performance. 
The research focused on the correlations between post- release 
swimming performance and PEM also has the potential to provide 
valuable information to managers tasked with protecting fish pop-
ulations, especially those that are more susceptible to post- release 
mortality or post- release predation (e.g., Holder, Griffin, et al., 2020; 
Raby et al., 2014). Lennox et al. (2018) provide a strong context 
for the application of accelerometry in current fisheries research. 
When examining the post- release swimming performance of angled 
arapaima (Arapaima gigas, Osteoglossidae), they observed 3 post- 
release mortality events (of 27 total individuals tagged and mea-
sured) where fish could not be revived and ultimately perished. In 
this case, researchers suspected moribund fish were experiencing 
increased vulnerability to seasonal environmental changes, paired 
with the potential loss of energetic reserves from spawning and/or 
migration. Although the sample size was too small to detect signifi-
cance regarding the main effects on mortality, it underlines the need 
for continued exploration into the mechanistic causes of PEM and 
the importance of understanding how those mechanisms relate to 
behaviour in a broader ecological context.

Bioenergetics information can be used to track and assess a vari-
ety of physiological functions including growth, metabolism, energy 
management, and response to predation. Researchers have been 
able to estimate energy use and the physiological consequences of 
stress using in- body biologgers to measure changes in temperature 
and heart rate (Clark, Sandblom, et al., 2010; Cooke et al., 2016; 
Donaldson et al., 2010; Prystay et al., 2017). The use of these biolog-
gers provides specific information regarding how changes in heart 
rate and temperature correlate with increases in the physiological 
disturbance. The measurement of heart rate allows researchers to 
examine the cardiovascular scope (min and max), quantify levels of 
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stress, and define the duration of time for heart rate to return to nor-
mal (i.e., recovery). These loggers also grant researchers the ability 
to observe the behaviour and swimming performance of captured 
fish following catch- and- release angling events, and how factors like 
exhaustion and air exposure modulate heart rate and cardiovascular 
performance. These loggers, in concert with physiological measure-
ments, aid in refining our understanding of the consequences of ex-
haustion and other human- induced stressors that fish experience. 
Although causes of PEM have not been directly assessed using in-
ternal biologgers, this technology represents an enormous amount 
of potential where researchers could use these measurements to 
correlate variables of exhaustion with fish mortality.

8  |  FUTURE DIREC TIONS AND 
CONCLUSIONS

Since 1958 (Black, 1958), we have discovered more potential factors 
that may contribute to PEM in fish, yet the PEM “silver bullet” re-
mains elusive. Research has come a long way in elucidating why fish 
experience impairment following an exhaustive event, though much 
remains to be discovered regarding PEM (Figure 2). Furthermore, an 
exploration into the consequences of exhaustion reveals our relative 
lack of knowledge regarding the ways in which fish can effectively 

recover from extreme exercise. Perhaps, the most significant consid-
eration is the potential that lies within the employment of emerging 
technologies to aid in our search for the “silver bullet” of impairment 
and mortality in fish. Future studies that attempt to find the causes 
of PEM would benefit from the employment of non- invasive meas-
ures that focus on determining whether fish will live or die following 
exposure to severe exercise. This will further our understanding of 
energy balance and the role that energy utilization plays in modulat-
ing the physiological ability of fish to maintain internal homeostasis. 
This also opens avenues to explore the role of ion regulation in PEM, 
specifically acidosis resulting in tissue damage at a muscular level. 
Moving forward, significant consideration must also be given to the 
influence and/or interaction between exhaustion and anthropogenic 
changes in environmental factors like temperature and acidification.

As our knowledge of exhaustion in fish continues to grow, so 
do our strategies for determining the best ways to measure and 
observe these changes. What factors contribute to the fragility or 
resilience of a species to PEM? How do ecophysiological factors af-
fect responses to exhaustion? What influence do these factors have 
on the ability of fish to recover from exhaustion? Our examination 
of PEM has given us valuable insight into the answer to some of 
these questions, yet more remains to be studied. The existence of 
one key mechanism responsible for explaining such mortality is un-
likely. Thus, it may be more appropriate to study individual fish that 

F I G U R E  2  A conceptual diagram of themes relevant to the progression of post- exercise mortality (PEM) research in fish. Orange 
represents work responsible for the inception of PEM research. Blue represents a significant mechanism connected to PEM research (via 
solid line). Yellow represents key concepts linked to PEM. Green represents technological developments and improvements that have been 
instrumental in augmenting physiological research related to exercise and exhaustion in fish.
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are exposed to a combination of specific variables associated with 
a fisheries interaction and subsequently experience PEM. Nearly 
40 years after Wood et al. (1983) considered why fish die after se-
vere exercise, the number of questions that remain is remarkable. 
Nonetheless, we are confident that given our evolving understand-
ing and rapidly expanding toolbox, these questions will not require 
another 40 years to resolve.

ACKNOWLEDG EMENTS
The Canadian researchers benefitted from various forms of fund-
ing from the Natural Sciences and Engineering Research Council of 
Canada. We are grateful to several anonymous referees for their 
thoughtful input on our paper. T.D.C is the recipient of an Australian 
Research Council Future Fellowship (FT180100154) funded by the 
Australian Government.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analysed for the purposes of this review.

ORCID
Peter Elliot Holder  https://orcid.org/0000-0002-5420-6720 
Chris M. Wood  https://orcid.org/0000-0002-9542-2219 
Michael J. Lawrence  https://orcid.org/0000-0002-4801-1580 
Timothy D. Clark  https://orcid.org/0000-0001-8738-3347 
Cory D. Suski  https://orcid.org/0000-0001-8280-873X 
Jean- Michel Weber  https://orcid.org/0000-0003-2218-2952 
Andy J. Danylchuk  https://orcid.org/0000-0002-8363-0782 
Steven J. Cooke  https://orcid.org/0000-0002-5407-0659 

R E FE R E N C E S
Alsop, D., & Wood, C. (1997). The interactive effects of feeding and 

exercise on oxygen consumption, swimming performance and 
protein usage in juvenile rainbow trout (Oncorhynchus mykiss). 
Journal of Experimental Biology, 200(17), 2337– 2346. https://doi.
org/10.1242/jeb.200.17.2337

Alverson, D. L., Freeberg, M. H., Murawski, S. A., & Pope, J. (1994). A 
global assessment of fisheries bycatch and discards (Vol. 339). Food 
& Agriculture Org.

Araki, H., Berejikian, B. A., Ford, M. J., & Blouin, M. S. (2008). Fitness 
of hatchery- reared salmonids in the wild. Evolutionary Applications, 
1(2), 342– 355. https://doi.org/10.1111/j.1752- 4571.2008.00026.x

Arthington, A. H., Dulvy, N. K., Gladstone, W., & Winfield, I. J. (2016). 
Fish conservation in freshwater and marine realms: Status, 
threats and management. Aquatic Conservation: Marine and 
Freshwater Ecosystems, 26(5), 838– 857. https://doi.org/10.1002/
aqc.2712

Axelsson, M., Ehrenström, F., & Nilsson, S. (1987). Cholinergic and ad-
renergic influence on the teleost heart in vivo. Experimental Biology, 
46(4), 179– 186.

Barton, B. A. (2002). Stress in fishes: A diversity of responses with partic-
ular reference to changes in circulating Corticosteroids1. Integrative 
and Comparative Biology, 42(3), 517– 525. https://doi.org/10.1093/
icb/42.3.517

Bennett, A. F. (1991). The evolution of activity capacity. Journal of 
Experimental Biology, 160(1), 1– 23. https://doi.org/10.1242/
jeb.160.1.1

Bernal, D., Dickson, K. A., Shadwick, R. E., & Graham, J. B. (2001). 
Review: Analysis of the evolutionary convergence for high per-
formance swimming in lamnid sharks and tunas. Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative 
Physiology, 129(2), 695– 726. https://doi.org/10.1016/S1095 
- 6433(01)00333 - 6

Black, E. C. (1958). Hyperactivity as a lethal factor in fish. Journal of the 
Fisheries Research Board of Canada, 15(4), 573– 586. https://doi.
org/10.1139/f58- 030

Brill, R. W., & Bushnell, P. G. (1991). Metabolic and cardiac scope of high 
energy demand teleosts, the tunas. Canadian Journal of Zoology, 
69(7), 2002– 2009. https://doi.org/10.1139/z91- 279

Brooke, T. C., Elliott, C. W., Holden, J., Wang, Y., Hornsby, R. L., & Tufts, 
B. L. (2019). The importance of live- well transport in the physi-
ological disturbance experienced by smallmouth bass in tourna-
ments on large water bodies. North American Journal of Fisheries 
Management, 39(6), 1260– 1268. https://doi.org/10.1002/
nafm.10357

Brooks, E. J., Mandelman, J. W., Sloman, K. A., Liss, S., Danylchuk, A. J., 
Cooke, S. J., Skomal, G. B., Philipp, D. P., Sims, D. W., & Suski, C. 
D. (2012). The physiological response of the Caribbean reef shark 
(Carcharhinus perezi) to longline capture. Comparative Biochemistry 
and Physiology Part A: Molecular & Integrative Physiology, 162(2), 94– 
100. https://doi.org/10.1016/j.cbpa.2011.04.012

Brownscombe, J. W., Cooke, S. J., Algera, D. A., Hanson, K. C., Eliason, 
E. J., Burnett, N. J., Danylchuk, A. J., Hinch, S. G., & Farrell, A. P. 
(2017). Ecology of exercise in wild fish: Integrating concepts of indi-
vidual physiological capacity, behavior, and fitness through Diverse 
case studies. Integrative and Comparative Biology, 57(2), 281– 292. 
https://doi.org/10.1093/icb/icx012

Brownscombe, J. W., Danylchuk, A. J., Chapman, J. M., Gutowsky, L. F. 
G., & Cooke, S. J. (2017). Best practices for catch- and- release recre-
ational fisheries –  Angling tools and tactics. Fisheries Research, 186, 
693– 705. https://doi.org/10.1016/j.fishr es.2016.04.018

Brownscombe, J. W., Gutowsky, L. F. G., Danylchuk, A. J., & Cooke, S. J. 
(2014). Foraging behaviour and activity of a marine benthivorous 
fish estimated using tri- axial accelerometer biologgers. Marine 
Ecology Progress Series, 505, 241– 251. https://doi.org/10.3354/
meps1 0786

Brownscombe, J. W., Lennox, R. J., Danylchuk, A. J., & Cooke, S. J. 
(2018). Estimating fish swimming metrics and metabolic rates 
with accelerometers: The influence of sampling frequency. 
Journal of Fish Biology, 93(2), 207– 214. https://doi.org/10.1111/
jfb.13652

Brownscombe, J. W., Marchand, K., Tisshaw, K., Fewster, V., Groff, 
O., Pichette, M., Seed, M., Gutowsky, L. F. G., Wilson, A. D. M., 
& Cooke, S. J. (2014). The influence of water temperature and 
accelerometer- determined fight intensity on physiological stress 
and reflex impairment of angled largemouth bass. Conservation 
Physiology, 2(1), cou057. https://doi.org/10.1093/conph ys/
cou057

Burnett, N. J., Hinch, S. G., Braun, D. C., Casselman, M. T., Middleton, 
C. T., Wilson, S. M., & Cooke, S. J. (2014). Burst swimming in areas 
of high flow: Delayed consequences of anaerobiosis in wild adult 
sockeye Salmon. Physiological and Biochemical Zoology, 87(5), 587– 
598. https://doi.org/10.1086/677219

Butler, P. J., Metcalfe, J. D., & Ginley, S. A. (1986). Plasma catecholamines 
in the lesser spotted dogfish and rainbow trout at rest and during 
different levels of exercise. Journal of Experimental Biology, 123(1), 
409– 421. https://doi.org/10.1242/jeb.123.1.409

Byrnes, E. E., Lear, K. O., Morgan, D. L., & Gleiss, A. C. (2020). 
Respirometer in a box: Development and use of a portable field 
respirometer for estimating oxygen consumption of large- bodied 
fishes. Journal of Fish Biology, 96(4), 1045– 1050. https://doi.
org/10.1111/jfb.14287

https://orcid.org/0000-0002-5420-6720
https://orcid.org/0000-0002-5420-6720
https://orcid.org/0000-0002-9542-2219
https://orcid.org/0000-0002-9542-2219
https://orcid.org/0000-0002-4801-1580
https://orcid.org/0000-0002-4801-1580
https://orcid.org/0000-0001-8738-3347
https://orcid.org/0000-0001-8738-3347
https://orcid.org/0000-0001-8280-873X
https://orcid.org/0000-0001-8280-873X
https://orcid.org/0000-0003-2218-2952
https://orcid.org/0000-0003-2218-2952
https://orcid.org/0000-0002-8363-0782
https://orcid.org/0000-0002-8363-0782
https://orcid.org/0000-0002-5407-0659
https://orcid.org/0000-0002-5407-0659
https://doi.org/10.1242/jeb.200.17.2337
https://doi.org/10.1242/jeb.200.17.2337
https://doi.org/10.1111/j.1752-4571.2008.00026.x
https://doi.org/10.1002/aqc.2712
https://doi.org/10.1002/aqc.2712
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1242/jeb.160.1.1
https://doi.org/10.1242/jeb.160.1.1
https://doi.org/10.1016/S1095-6433(01)00333-6
https://doi.org/10.1016/S1095-6433(01)00333-6
https://doi.org/10.1139/f58-030
https://doi.org/10.1139/f58-030
https://doi.org/10.1139/z91-279
https://doi.org/10.1002/nafm.10357
https://doi.org/10.1002/nafm.10357
https://doi.org/10.1016/j.cbpa.2011.04.012
https://doi.org/10.1093/icb/icx012
https://doi.org/10.1016/j.fishres.2016.04.018
https://doi.org/10.3354/meps10786
https://doi.org/10.3354/meps10786
https://doi.org/10.1111/jfb.13652
https://doi.org/10.1111/jfb.13652
https://doi.org/10.1093/conphys/cou057
https://doi.org/10.1093/conphys/cou057
https://doi.org/10.1086/677219
https://doi.org/10.1242/jeb.123.1.409
https://doi.org/10.1111/jfb.14287
https://doi.org/10.1111/jfb.14287


1412  |    HOLDER et al.

Carbonara, P., Corsi, I., Focardi, S., Lembo, G., Rochira, S., Scolamacchia, 
M., Teresa Spedicato, M., & Scott McKinley, R. (2010). The ef-
fects of stress induced by cortisol administration on the repeat-
ability of swimming performance tests in the European sea bass 
(Dicentrarchus labrax L.). Marine and Freshwater Behaviour and 
Physiology, 43(4), 283– 296. https://doi.org/10.1080/10236 
244.2010.504046

Caudill, C. C., Daigle, W. R., Keefer, M. L., Boggs, C. T., Jepson, M. A., 
Burke, B. J., Zabel, R. W., Bjornn, T. C., & Peery, C. A. (2007). 
Slow dam passage in adult Columbia River salmonids associated 
with unsuccessful migration: Delayed negative effects of passage 
obstacles or condition- dependent mortality? Canadian Journal 
of Fisheries and Aquatic Sciences, 64(7), 979– 995. https://doi.
org/10.1139/f07- 065

Chasiotis, H., & Kelly, S. P. (2012). Effects of elevated circulating cortisol lev-
els on hydromineral status and gill tight junction protein abundance 
in the stenohaline goldfish. General and Comparative Endocrinology, 
175(2), 277– 283. https://doi.org/10.1016/j.ygcen.2011.11.024

Clark, T. D., Brandt, W. T., Nogueira, J., Rodriguez, L. E., Price, M., 
Farwell, C. J., & Block, B. A. (2010). Postprandial metabolism of 
Pacific bluefin tuna (Thunnus orientalis). Journal of Experimental 
Biology, 213(14), 2379– 2385. https://doi.org/10.1242/
jeb.043455

Clark, T. D., Donaldson, M. R., Drenner, S. M., Hinch, S. G., Patterson, D. 
A., Hills, J., Ives, V., Carter, J. J., Cooke, S. J., & Farrell, A. P. (2011). 
The efficacy of field techniques for obtaining and storing blood 
samples from fishes. Journal of Fish Biology, 79(5), 1322– 1333. 
https://doi.org/10.1111/j.1095- 8649.2011.03118.x

Clark, T. D., Messmer, V., Tobin, A. J., Hoey, A. S., & Pratchett, M. S. 
(2017). Rising temperatures may drive fishing- induced selection 
of low- performance phenotypes. Scientific Reports, 7(1), 40571. 
https://doi.org/10.1038/srep4 0571

Clark, T. D., Sandblom, E., Hinch, S. G., Patterson, D. A., Frappell, P. 
B., & Farrell, A. P. (2010). Simultaneous biologging of heart rate 
and acceleration, and their relationships with energy expendi-
ture in free- swimming sockeye salmon (Oncorhynchus nerka). 
Journal of Comparative Physiology B, 180(5), 673– 684. https://doi.
org/10.1007/s0036 0- 009- 0442- 5

Clark, T. D., Sandblom, E., & Jutfelt, F. (2013). Aerobic scope measure-
ments of fishes in an era of climate change: Respirometry, relevance 
and recommendations. Journal of Experimental Biology, 216(15), 
2771– 2782. https://doi.org/10.1242/jeb.084251

Clark, T. D., & Seymour, R. S. (2006). Cardiorespiratory physiology and 
swimming energetics of a high- energy- demand teleost, the yellow-
tail kingfish (Seriola lalandi). Journal of Experimental Biology, 209(19), 
3940– 3951. https://doi.org/10.1242/jeb.02440

Cliff, G., & Thurman, G. (1984). Pathological and physiological effects 
of stress during capture and transport in the juvenile dusky shark, 
Carcharhinus obscurus. Comparative Biochemistry and Physiology 
Part A: Physiology, 78(1), 167– 173.

Cook, K. V., Lennox, R. J., Hinch, S. G., & Cooke, S. J. (2015). FISH out 
of WATER: How much air is too much? Fisheries, 40(9), 452– 461. 
https://doi.org/10.1080/03632 415.2015.1074570

Cooke, S. J., Brownscombe, J. W., Raby, G. D., Broell, F., Hinch, S. G., 
Clark, T. D., & Semmens, J. M. (2016). Remote bioenergetics mea-
surements in wild fish: Opportunities and challenges. Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 
202, 23– 37. https://doi.org/10.1016/j.cbpa.2016.03.022

Cooke, S. J., & Cowx, I. G. (2004). The role of recreational fish-
ing in global fish crises. Bioscience, 54(9), 857– 859. https://doi.
org/10.1641/0006- 3568(2004)054[0857:TRORF I]2.0.CO;2

Cooke, S. J., Messmer, V., Tobin, A. J., Pratchett, M. S., & Clark, T. D. (2014). 
Refuge- seeking impairments Mirror metabolic recovery following 
fisheries- related stressors in the Spanish flag snapper (Lutjanus car-
ponotatus) on the great barrier reef. Physiological and Biochemical 
Zoology, 87(1), 136– 147. https://doi.org/10.1086/671166

Cooke, S. J., Schreer, J. F., Wahl, D. H., & Philipp, D. P. (2002). Physiological 
impacts of catch- and- release angling practices on largemouth bass 
and smallmouth bass. 489– 512.

Costa, D. P., & Sinervo, B. (2004). Field physiology: Physiological insights 
from animals in nature. Annual Review of Physiology, 66(1), 209– 238.

Currie, S., Ahmady, E., Watters, M. A., Perry, S. F., & Gilmour, K. M. (2013). 
Fish in hot water: Hypoxaemia does not trigger catecholamine mo-
bilization during heat shock in rainbow trout (Oncorhynchus my-
kiss). Comparative Biochemistry and Physiology Part A: Molecular & 
Integrative Physiology, 165(2), 281– 287. https://doi.org/10.1016/j.
cbpa.2013.03.014

Danylchuk, A. J., Suski, C. D., Mandelman, J. W., Murchie, K. J., Haak, 
C. R., Brooks, A. M. L., & Cooke, S. J. (2014). Hooking injury, 
physiological status and short- term mortality of juvenile lemon 
sharks (Negaprion bevirostris) following catch- and- release recre-
ational angling. Conservation Physiology, 2(1), cot036. https://doi.
org/10.1093/conph ys/cot036

Davie, P. S., & Farrell, A. P. (1991). The coronary and luminal circulations 
of the myocardium of fishes. Canadian Journal of Zoology, 69(7), 
1993– 2001. https://doi.org/10.1139/z91- 278

Davis, M. W. (2010). Fish stress and mortality can be predicted using 
reflex impairment. Fish and Fisheries, 11(1), 1– 11. https://doi.
org/10.1111/j.1467- 2979.2009.00331.x

Davis, M. W., & Parker, S. J. (2004). Fish size and exposure to air: Potential 
effects on behavioral impairment and mortality rates in discarded 
sablefish. North American Journal of Fisheries Management, 24(2), 
518– 524. https://doi.org/10.1577/M03- 030.1

Davis, M. W. (2002). Key principles for understanding fish bycatch dis-
card mortality. Canadian Journal of Fisheries and Aquatic Sciences, 
59(11), 1834– 1843. https://doi.org/10.1139/f02- 139

De Boeck, G., Alsop, D., & Wood, C. (2001). Cortisol effects on aero-
bic and anaerobic metabolism, nitrogen excretion, and whole- body 
composition in juvenile rainbow trout. Physiological and Biochemical 
Zoology, 74(6), 858– 868. https://doi.org/10.1086/323796

Domenici, P., Herbert, N. A., Lefrançois, C., Steffensen, J. F., & McKenzie, 
D. J. (2013). The effect of hypoxia on fish swimming performance 
and behaviour. In A. P. Palstra & J. V. Planas (Eds.), Swimming phys-
iology of fish: Towards using exercise to farm a fit fish in sustainable 
aquaculture (pp. 129– 159). Springer. https://doi.org/10.1007/978- 
3- 642- 31049 - 2_6

Donaldson, M. R., Clark, T. D., Hinch, S. G., Cooke, S. J., Patterson, D. 
A., Gale, M. K., Frappell, P. B., & Farrell, A. P. (2010). Physiological 
responses of free- swimming adult Coho Salmon to simulated pred-
ator and fisheries encounters. Physiological and Biochemical Zoology, 
83(6), 973– 983. https://doi.org/10.1086/656336

Edwards, G. P., Neumann, R. M., Jacobs, R. P., & O'Donnell, E. B. (2004). 
Factors related to mortality of Black bass caught during small Club 
tournaments in Connecticut. North American Journal of Fisheries 
Management, 24(3), 801– 810. https://doi.org/10.1577/M03- 149.1

Eliason, E. J., Dick, M., Patterson, D. A., Robinson, K. A., Lotto, J., Hinch, 
S. G., & Cooke, S. J. (2020). Sex- specific differences in physiologi-
cal recovery and short- term behaviour following fisheries capture 
in adult sockeye salmon (Oncorhynchus nerka). Canadian Journal 
of Fisheries and Aquatic Sciences, 77(11), 1749– 1757. https://doi.
org/10.1139/cjfas - 2019- 0258

Eliason, E. J., & Farrell, A. P. (2016). Oxygen uptake in Pacific salmon 
Oncorhynchus spp.: When ecology and physiology meet. Journal 
of Fish Biology, 88(1), 359– 388. https://doi.org/10.1111/jfb.12790

Ellis, T., James, J. D., Stewart, C., & Scott, A. P. (2004). A non- invasive 
stress assay based upon measurement of free cortisol released into 
the water by rainbow trout. Journal of Fish Biology, 65(5), 1233– 
1252. https://doi.org/10.1111/j.0022- 1112.2004.00499.x

Eros, S. K., & Milligan, C. L. (1996). The effect of cortisol on recovery 
from exhaustive exercise in rainbow trout (Oncorhynchus mykiss): 
Potential mechanisms of action. Physiological Zoology, 69(5), 1196– 
1214. https://doi.org/10.1086/physz ool.69.5.30164253

https://doi.org/10.1080/10236244.2010.504046
https://doi.org/10.1080/10236244.2010.504046
https://doi.org/10.1139/f07-065
https://doi.org/10.1139/f07-065
https://doi.org/10.1016/j.ygcen.2011.11.024
https://doi.org/10.1242/jeb.043455
https://doi.org/10.1242/jeb.043455
https://doi.org/10.1111/j.1095-8649.2011.03118.x
https://doi.org/10.1038/srep40571
https://doi.org/10.1007/s00360-009-0442-5
https://doi.org/10.1007/s00360-009-0442-5
https://doi.org/10.1242/jeb.084251
https://doi.org/10.1242/jeb.02440
https://doi.org/10.1080/03632415.2015.1074570
https://doi.org/10.1016/j.cbpa.2016.03.022
https://doi.org/10.1641/0006-3568(2004)054%5B0857:TRORFI%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2004)054%5B0857:TRORFI%5D2.0.CO;2
https://doi.org/10.1086/671166
https://doi.org/10.1016/j.cbpa.2013.03.014
https://doi.org/10.1016/j.cbpa.2013.03.014
https://doi.org/10.1093/conphys/cot036
https://doi.org/10.1093/conphys/cot036
https://doi.org/10.1139/z91-278
https://doi.org/10.1111/j.1467-2979.2009.00331.x
https://doi.org/10.1111/j.1467-2979.2009.00331.x
https://doi.org/10.1577/M03-030.1
https://doi.org/10.1139/f02-139
https://doi.org/10.1086/323796
https://doi.org/10.1007/978-3-642-31049-2_6
https://doi.org/10.1007/978-3-642-31049-2_6
https://doi.org/10.1086/656336
https://doi.org/10.1577/M03-149.1
https://doi.org/10.1139/cjfas-2019-0258
https://doi.org/10.1139/cjfas-2019-0258
https://doi.org/10.1111/jfb.12790
https://doi.org/10.1111/j.0022-1112.2004.00499.x
https://doi.org/10.1086/physzool.69.5.30164253


    |  1413HOLDER et al.

Evans, D. H. (2002). Cell signaling and ion transport across the fish gill ep-
ithelium. Journal of Experimental Zoology, 293(3), 336– 347. https://
doi.org/10.1002/jez.10128

Evans, D. H., Piermarini, P. M., & Choe, K. P. (2005). The multifunc-
tional fish gill: Dominant site of gas exchange, osmoregula-
tion, Acid- Base regulation, and excretion of nitrogenous waste. 
Physiological Reviews, 85(1), 97– 177. https://doi.org/10.1152/physr 
ev.00050.2003

Evans, D. H., Piermarini, P. M., & Potts, W. T. W. (1999). Ionic trans-
port in the fish gill epithelium. Journal of Experimental Zoology, 
283(7), 641– 652. https://doi.org/10.1002/(SICI)1097- 010X(19990 
601)283:7<641::AID- JEZ3>3.0.CO;2- W

Fabbri, E., & Moon, T. W. (2016). Adrenergic signaling in teleost fish 
liver, a challenging path. Comparative Biochemistry and Physiology 
Part B: Biochemistry and Molecular Biology, 199, 74– 86. https://doi.
org/10.1016/j.cbpb.2015.10.002

Farrell, A. P. (1991). From hagfish to tuna: A perspective on cardiac func-
tion in fish. Physiological Zoology, 64(5), 1137– 1164. https://doi.
org/10.1086/physz ool.64.5.30156237

Farrell, A. P. (2007). Cardiovascular Systems in Primitive Fishes. In Fish 
physiology (Vol. 26, pp. 53– 120). Academic Press. https://doi.
org/10.1016/S1546 - 5098(07)26002 - 9

Farrell, A. P., Eliason, E. J., Sandblom, E., & Clark, T. D. (2009). Fish cardio-
respiratory physiology in an era of climate changeThe present re-
view is one of a series of occasional review articles that have been 
invited by the editors and will feature the broad range of disciplines 
and expertise represented in our editorial advisory board. Canadian 
Journal of Zoology, 87(10), 835– 851. https://doi.org/10.1139/
Z09- 092

Farrell, A. P., Farrell, N. D., Jourdan, H., & Cox, G. K. (2012). A perspective 
on the evolution of the coronary circulation in fishes and the transi-
tion to terrestrial life. In D. Sedmera & T. Wang (Eds.), Ontogeny and 
phylogeny of the vertebrate heart (pp. 75– 102). Springer. https://doi.
org/10.1007/978- 1- 4614- 3387- 3_4

Farrell, A. P., & Franklin, C. E. (2016). Recognizing thermal plasticity in 
fish. Science, 351(6269), 132– 133. https://doi.org/10.1126/scien 
ce.351.6269.132- b

Farrell, A. P., Gallaugher, P. E., Fraser, J., Pike, D., Bowering, P., Hadwin, 
A. K., Parkhouse, W., & Routledge, R. (2001). Successful recovery 
of the physiological status of coho salmon on board a commercial 
gillnet vessel by means of a newly designed revival box. Canadian 
Journal of Fisheries and Aquatic Sciences, 58(10), 1932– 1946. https://
doi.org/10.1139/f01- 136

Farrell, A. P., Hinch, S. G., Cooke, S. J., Patterson, D. A., Crossin, G. T., 
Lapointe, M., & Mathes, M. T. (2008). Pacific Salmon in hot water: 
Applying aerobic scope models and biotelemetry to predict the suc-
cess of spawning migrations. Physiological and Biochemical Zoology, 
81(6), 697– 709. https://doi.org/10.1086/592057

Farrell, A. P., Lee, C. G., Tierney, K., Hodaly, A., Clutterham, S., Healey, 
M., Hinch, S., & Lotto, A. (2003). Field- based measurements of ox-
ygen uptake and swimming performance with adult Pacific salmon 
using a mobile respirometer swim tunnel. Journal of Fish Biology, 
62(1), 64– 84. https://doi.org/10.1046/j.1095- 8649.2003.00010.x

Ferguson, R. A., & Tufts, B. L. (1992). Physiological effects of brief air 
exposure in exhaustively exercised rainbow trout (Oncorhynchus 
mykiss): Implications for “catch and release” fisheries. Canadian 
Journal of Fisheries and Aquatic Sciences, 49(6), 1157– 1162. https://
doi.org/10.1139/f92- 129

Fick, A. (1870). Ueber die Messung des Blutquantum in den 
Herzventrikeln. Seitung der Physikalisches und Medicinisches 
Gesellschaft zu Würzburg, 2, 16– 17.

Folt, C. L., Chen, C. Y., Moore, M. V., & Burnaford, J. (1999). Synergism 
and antagonism among multiple stressors. Limnology and 
Oceanography, 44(3part2), 864– 877. https://doi.org/10.4319/
lo.1999.44.3_part_2.0864

Fu, S.- J., Zeng, L.- Q., Li, X.- M., Pang, X., Cao, Z.- D., Peng, J.- L., & Wang, Y.- 
X. (2009). The behavioural, digestive and metabolic characteristics 
of fishes with different foraging strategies. Journal of Experimental 
Biology, 212(14), 2296– 2302. https://doi.org/10.1242/jeb.027102

Gamperl, A. K., Ajiboye, O. O., Zanuzzo, F. S., Sandrelli, R. M., Peroni, E. 
F. C., & Beemelmanns, A. (2020). The impacts of increasing tem-
perature and moderate hypoxia on the production characteristics, 
cardiac morphology and haematology of Atlantic Salmon (Salmo 
salar). Aquaculture, 519, 734874. https://doi.org/10.1016/j.aquac 
ulture.2019.734874

Gingerich, A. J., Philipp, D. P., & Suski, C. D. (2010). Effects of nutritional 
status on metabolic rate, exercise and recovery in a freshwater fish. 
Journal of Comparative Physiology B, 180(3), 371– 384. https://doi.
org/10.1007/s0036 0- 009- 0419- 4

Gleeson, T. T. (1996). Post- exercise lactate metabolism: A compar-
ative review of sites, pathways, and regulation. Annual Review 
of Physiology, 58, 565– 581. https://doi.org/10.1146/annur 
ev.ph.58.030196.003025

Gonzalez, R., & Mcdonald, D. (1994). The relationship between oxy-
gen uptake and ion loss in fish from DIVERSE habitats. Journal of 
Experimental Biology, 190(1), 95– 108. https://doi.org/10.1242/
jeb.190.1.95

Gregory, T. R., & Wood, C. M. (1999). The effects of chronic plasma 
cortisol elevation on the feeding behaviour, growth, competitive 
ability, and swimming performance of juvenile rainbow trout. 
Physiological and Biochemical Zoology, 72(3), 286– 295. https://doi.
org/10.1086/316673

Hanson, L. M., Obradovich, S., Mouniargi, J., & Farrell, A. P. (2006). The 
role of adrenergic stimulation in maintaining maximum cardiac per-
formance in rainbow trout (Oncorhynchus mykiss) during hypoxia, 
hyperkalemia and acidosis at 10°C. Journal of Experimental Biology, 
209(13), 2442– 2451. https://doi.org/10.1242/jeb.02237

Harrison, P. M., Martins, E. G., Algera, D. A., Rytwinski, T., Mossop, B., 
Leake, A. J., Power, M., & Cooke, S. J. (2019). Turbine entrainment 
and passage of potadromous fish through hydropower dams: 
Developing conceptual frameworks and metrics for moving be-
yond turbine passage mortality. Fish and Fisheries, 20(3), 403– 418. 
https://doi.org/10.1111/faf.12349

Hill, A. V., Long, C. N. H., & Lupton, H. (1924). Muscular exercise, lac-
tic acid, and the supply and utilisation of oxygen.— Parts ӏ- ӏӏӏ. 
Proceedings of the Royal Society of London. Series B, Containing 
Papers of a Biological Character, 96(679), 438– 475. https://doi.
org/10.1098/rspb.1924.0037

Hinch, S. G., Bett, N. N., Eliason, E. J., Farrell, A. P., Cooke, S. J., & 
Patterson, D. A. (2021). Exceptionally high mortality of adult female 
salmon: A large- scale pattern and a conservation concern. Canadian 
Journal of Fisheries and Aquatic Sciences, 78(6), 639– 654. https://
doi.org/10.1139/cjfas - 2020- 0385

Holder, P. E., Griffin, L. P., Adams, A. J., Danylchuk, A. J., Cooke, S. J., 
& Brownscombe, J. W. (2020). Stress, predators, and survival: 
Exploring permit (Trachinotus falcatus) catch- and- release fish-
ing mortality in the Florida keys. Journal of Experimental Marine 
Biology and Ecology, 524, 151289. https://doi.org/10.1016/j.
jembe.2019.151289

Holder, P. E., Jeanson, A. L., Lennox, R. J., Brownscombe, J. W., 
Arlinghaus, R., Danylchuk, A. J., Bower, S. D., Hyder, K., Hunt, 
L. M., Fenichel, E. P., Venturelli, P. A., Thorstad, E. B., Allen, M. 
S., Potts, W. M., Clark- Danylchuk, S., Claussen, J. E., Lyle, J. M., 
Tsuboi, J., Brummett, R., … Cooke, S. J. (2020). Preparing for a 
changing future in recreational fisheries: 100 research ques-
tions for global consideration emerging from a horizon scan. 
Reviews in Fish Biology and Fisheries, 30(1), 137– 151. https://doi.
org/10.1007/s1116 0- 020- 09595 - y

Holk, K., & Lykkeboe, G. (1998). The impact of endurance training on 
arterial plasma K+ levels and swimming performance of rainbow 

https://doi.org/10.1002/jez.10128
https://doi.org/10.1002/jez.10128
https://doi.org/10.1152/physrev.00050.2003
https://doi.org/10.1152/physrev.00050.2003
https://doi.org/10.1002/(SICI)1097-010X(19990601)283:7%3C641::AID-JEZ3%3E3.0.CO;2-W
https://doi.org/10.1002/(SICI)1097-010X(19990601)283:7%3C641::AID-JEZ3%3E3.0.CO;2-W
https://doi.org/10.1016/j.cbpb.2015.10.002
https://doi.org/10.1016/j.cbpb.2015.10.002
https://doi.org/10.1086/physzool.64.5.30156237
https://doi.org/10.1086/physzool.64.5.30156237
https://doi.org/10.1016/S1546-5098(07)26002-9
https://doi.org/10.1016/S1546-5098(07)26002-9
https://doi.org/10.1139/Z09-092
https://doi.org/10.1139/Z09-092
https://doi.org/10.1007/978-1-4614-3387-3_4
https://doi.org/10.1007/978-1-4614-3387-3_4
https://doi.org/10.1126/science.351.6269.132-b
https://doi.org/10.1126/science.351.6269.132-b
https://doi.org/10.1139/f01-136
https://doi.org/10.1139/f01-136
https://doi.org/10.1086/592057
https://doi.org/10.1046/j.1095-8649.2003.00010.x
https://doi.org/10.1139/f92-129
https://doi.org/10.1139/f92-129
https://doi.org/10.4319/lo.1999.44.3_part_2.0864
https://doi.org/10.4319/lo.1999.44.3_part_2.0864
https://doi.org/10.1242/jeb.027102
https://doi.org/10.1016/j.aquaculture.2019.734874
https://doi.org/10.1016/j.aquaculture.2019.734874
https://doi.org/10.1007/s00360-009-0419-4
https://doi.org/10.1007/s00360-009-0419-4
https://doi.org/10.1146/annurev.ph.58.030196.003025
https://doi.org/10.1146/annurev.ph.58.030196.003025
https://doi.org/10.1242/jeb.190.1.95
https://doi.org/10.1242/jeb.190.1.95
https://doi.org/10.1086/316673
https://doi.org/10.1086/316673
https://doi.org/10.1242/jeb.02237
https://doi.org/10.1111/faf.12349
https://doi.org/10.1098/rspb.1924.0037
https://doi.org/10.1098/rspb.1924.0037
https://doi.org/10.1139/cjfas-2020-0385
https://doi.org/10.1139/cjfas-2020-0385
https://doi.org/10.1016/j.jembe.2019.151289
https://doi.org/10.1016/j.jembe.2019.151289
https://doi.org/10.1007/s11160-020-09595-y
https://doi.org/10.1007/s11160-020-09595-y


1414  |    HOLDER et al.

trout. Journal of Experimental Biology, 201(9), 1373– 1380. https://
doi.org/10.1242/jeb.201.9.1373

Hyndman, C. A., Kieffer, J. D., & Benfey, T. J. (2003). Physiology and sur-
vival of triploid brook trout following exhaustive exercise in warm 
water. Aquaculture, 221(1), 629– 643. https://doi.org/10.1016/
S0044 - 8486(03)00119 - 4

Icardo, J. M. (2012). The teleost heart: A morphological ap-
proach. In D. Sedmera & T. Wang (Eds.), Ontogeny and phylog-
eny of the vertebrate heart (pp. 35– 53). Springer. https://doi.
org/10.1007/978- 1- 4614- 3387- 3_2

Incardona, J. P., Collier, T. K., & Scholz, N. L. (2004). Defects in cardiac 
function precede morphological abnormalities in fish embryos 
exposed to polycyclic aromatic hydrocarbons. Toxicology and 
Applied Pharmacology, 196(2), 191– 205. https://doi.org/10.1016/j.
taap.2003.11.026

Joyce, W., Ozolina, K., Mauduit, F., Ollivier, H., Claireaux, G., & Shiels, 
H. A. (2016). Individual variation in whole- animal hypoxia toler-
ance is associated with cardiac hypoxia tolerance in a marine te-
leost. Biology Letters, 12(1), 20150708. https://doi.org/10.1098/
rsbl.2015.0708

Kieffer, J. D. (2000). Limits to exhaustive exercise in fish. Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 
126(2), 161– 179. https://doi.org/10.1016/S1095 - 6433(00)00202 
- 6

Kieffer, J. D., Kassie, R. S., & Taylor, S. G. (2011). The effects of low- 
speed swimming following exhaustive exercise on metabolic recov-
ery and swimming performance in brook trout (Salvelinus fontinalis). 
Physiological and Biochemical Zoology, 84(4), 385– 393.

Kieffer, J. D., Rossiter, A. M., Kieffer, C. A., Davidson, K., & Tufts, B. L. 
(2002). Physiology and survival of Atlantic Salmon following ex-
haustive exercise in hard and softer water: Implications for the 
catch- and- release sport fishery. North American Journal of Fisheries 
Management, 22(1), 132– 144. https://doi.org/10.1577/1548- 
8675(2002)022<0132:PASOA S>2.0.CO;2

Kiilerich, P., Servili, A., Péron, S., Valotaire, C., Goardon, L., Leguen, 
I., & Prunet, P. (2018). Regulation of the corticosteroid signal-
ling system in rainbow trout HPI axis during confinement stress. 
General and Comparative Endocrinology, 258, 184– 193. https://doi.
org/10.1016/j.ygcen.2017.08.013

Killen, S. S., Nati, J. J. H., & Suski, C. D. (2015). Vulnerability of individual 
fish to capture by trawling is influenced by capacity for anaerobic 
metabolism. Proceedings of the Royal Society B: Biological Sciences, 
282(1813), 20150603. https://doi.org/10.1098/rspb.2015.0603

Laurén, D. J., & McDonald, D. G. (1985). Effects of copper on branchial 
ionoregulation in the rainbow trout, Salmo gairdneri Richardson. 
Journal of Comparative Physiology B, 155(5), 635– 644. https://doi.
org/10.1007/BF006 94455

Lawrence, M. J., Eliason, E. J., Zolderdo, A. J., Lapointe, D., Best, C., 
Gilmour, K. M., & Cooke, S. J. (2019). Cortisol modulates metabo-
lism and energy mobilization in wild- caught pumpkinseed (Lepomis 
gibbosus). Fish Physiology and Biochemistry, 45(6), 1813– 1828. 
https://doi.org/10.1007/s1069 5- 019- 00680 - z

Lawrence, M. J., Raby, G. D., Teffer, A. K., Jeffries, K. M., Danylchuk, A. 
J., Eliason, E. J., Hasler, C. T., Clark, T. D., & Cooke, S. J. (2020). Best 
practices for non- lethal blood sampling of fish via the caudal vascu-
lature. Journal of Fish Biology, 97(1), 4– 15. https://doi.org/10.1111/
jfb.14339

Lee, C. G., Farrell, A. P., Lotto, A., Hinch, S. G., & Healey, M. C. (2003). 
Excess post- exercise oxygen consumption in adult sockeye(Onco-
rhynchus nerka) and coho (O. kisutch) salmon following critical speed 
swimming. Journal of Experimental Biology, 206(18), 3253– 3260. 
https://doi.org/10.1242/jeb.00548

Lee- Jenkins, S. S. Y., Binder, T. R., Karch, A. P., & McDonald, D. G. (2007). 
The recovery of locomotory activity following exhaustive exercise 
in juvenile rainbow trout (Oncorhynchus mykiss). Physiological and 
Biochemical Zoology, 80(1), 88– 98. https://doi.org/10.1086/509056

Lennox, R. J., Brownscombe, J. W., Cooke, S. J., & Danylchuk, A. J. (2018). 
Post- release behaviour and survival of recreationally- angled arapa-
ima (arapaima cf. arapaima) assessed with accelerometer biolog-
gers. Fisheries Research, 207, 197– 203. https://doi.org/10.1016/j.
fishr es.2018.05.007

Lennox, R. J., Mayer, I., Havn, T. B., Johansen, M. R., Whoriskey, K., 
Cooke, S. J., Thorstad, E. B., & Uglem, I. (2016). Effects of recre-
ational angling and air exposure on the physiological status and re-
flex impairment of European grayling (Thymallus thymallus).

Mandelman, J. W., & Farrington, M. A. (2007). The estimated short- term 
discard mortality of a trawled elasmobranch, the spiny dogfish 
(Squalus acanthias). Fisheries Research, 83(2), 238– 245. https://doi.
org/10.1016/j.fishr es.2006.10.001

Manire, C., Hueter, R., Hull, E., & Spieler, R. (2001). Serological changes as-
sociated with gill- net capture and restraint in three species of sharks. 
Transactions of the American Fisheries Society, 130(6), 1038– 1048. 
https://doi.org/10.1577/1548- 8659(2001)130<1038:SCAWG 
N>2.0.CO;2

Marshall, W. S. (2007). Rapid regulation of ion transport in mitochondrion- 
rich cells. In B. Baldisserotto, J. M. M. Romero, & B. G. Kapoor (Eds.), 
Fish osmoregulation (pp. 395– 426). CRC Press.

McKenzie, D. J., Wong, S., Randall, D. J., Egginton, S., Taylor, E. W., & 
Farrell, A. P. (2004). The effects of sustained exercise and hypoxia 
upon oxygen tensions in the red muscle of rainbow trout. Journal of 
Experimental Biology, 207(21), 3629– 3637. https://doi.org/10.1242/
jeb.01199

Metcalfe, N. B., Van Leeuwen, T. E., & Killen, S. S. (2016). Does individ-
ual variation in metabolic phenotype predict fish behaviour and 
performance? Journal of Fish Biology, 88(1), 298– 321. https://doi.
org/10.1111/jfb.12699

Milligan, C. L. (1996). Metabolic recovery from exhaustive exercise in rain-
bow trout. Comparative Biochemistry and Physiology Part A: Physiology, 
113(1), 51– 60. https://doi.org/10.1016/0300- 9629(95)02060 - 8

Milligan, C. L. (1997). The role of cortisol in amino acid mobilization 
and metabolism following exhaustive exercise in rainbow trout 
(Oncorhynchus mykiss Walbaum). Fish Physiology and Biochemistry, 
16(2), 119. https://doi.org/10.1007/BF000 04669

Milligan, C. L. (2003). A regulatory role for cortisol in muscle glyco-
gen metabolism in rainbow trout Oncorhynchus mykiss Walbaum. 
Journal of Experimental Biology, 206(18), 3167– 3173. https://doi.
org/10.1242/jeb.00538

Milligan, C. L., Hooke, G. B., & Johnson, C. (2000). Sustained swimming 
at low velocity following a bout of exhaustive exercise enhances 
metabolic recovery in rainbow trout. Journal of Experimental Biology, 
203(5), 921– 926. https://doi.org/10.1242/jeb.203.5.921

Mochnacz, N. J., Kissinger, B. C., Deslauriers, D., Guzzo, M. M., Enders, 
E. C., Anderson, W. G., Docker, M. F., Isaak, D. J., Durhack, T. C., & 
Treberg, J. R. (2017). Development and testing of a simple field- 
based intermittent- flow respirometry system for riverine fishes. 
Conservation Physiology, 5(1), cox048. https://doi.org/10.1093/
conph ys/cox048

Mommsen, T. P., Vijayan, M. M., & Moon, T. W. (1999). Cortisol in tele-
osts: Dynamics, mechanisms of action, and metabolic regulation. 
Reviews in Fish Biology and Fisheries, 9(3), 211– 268. https://doi.
org/10.1023/A:10089 24418720

Moves, C. D., & West, T. G. (1995). Chapter 16 exercise metabolism of 
fish. In P. W. Hochachka & T. P. Mommsen (Eds.), Biochemistry and 
molecular biology of fishes (Vol. 4, pp. 367– 392). Elsevier. https://doi.
org/10.1016/S1873 - 0140(06)80019 - 6

Moyes, C. D., Fragoso, N., Musyl, M. K., & Brill, R. W. (2006). Predicting 
Postrelease survival in large pelagic fish. Transactions of the American 
Fisheries Society, 135(5), 1389– 1397. https://doi.org/10.1577/
T05- 224.1

Moyes, C. D., Schulte, P. M., & Hochachka, P. W. (1992). Recovery me-
tabolism of trout white muscle: Role of mitochondria. American 
Journal of Physiology. Regulatory, Integrative and Comparative 

https://doi.org/10.1242/jeb.201.9.1373
https://doi.org/10.1242/jeb.201.9.1373
https://doi.org/10.1016/S0044-8486(03)00119-4
https://doi.org/10.1016/S0044-8486(03)00119-4
https://doi.org/10.1007/978-1-4614-3387-3_2
https://doi.org/10.1007/978-1-4614-3387-3_2
https://doi.org/10.1016/j.taap.2003.11.026
https://doi.org/10.1016/j.taap.2003.11.026
https://doi.org/10.1098/rsbl.2015.0708
https://doi.org/10.1098/rsbl.2015.0708
https://doi.org/10.1016/S1095-6433(00)00202-6
https://doi.org/10.1016/S1095-6433(00)00202-6
https://doi.org/10.1577/1548-8675(2002)022%3C0132:PASOAS%3E2.0.CO;2
https://doi.org/10.1577/1548-8675(2002)022%3C0132:PASOAS%3E2.0.CO;2
https://doi.org/10.1016/j.ygcen.2017.08.013
https://doi.org/10.1016/j.ygcen.2017.08.013
https://doi.org/10.1098/rspb.2015.0603
https://doi.org/10.1007/BF00694455
https://doi.org/10.1007/BF00694455
https://doi.org/10.1007/s10695-019-00680-z
https://doi.org/10.1111/jfb.14339
https://doi.org/10.1111/jfb.14339
https://doi.org/10.1242/jeb.00548
https://doi.org/10.1086/509056
https://doi.org/10.1016/j.fishres.2018.05.007
https://doi.org/10.1016/j.fishres.2018.05.007
https://doi.org/10.1016/j.fishres.2006.10.001
https://doi.org/10.1016/j.fishres.2006.10.001
https://doi.org/10.1577/1548-8659(2001)130%3C1038:SCAWGN%3E2.0.CO;2
https://doi.org/10.1577/1548-8659(2001)130%3C1038:SCAWGN%3E2.0.CO;2
https://doi.org/10.1242/jeb.01199
https://doi.org/10.1242/jeb.01199
https://doi.org/10.1111/jfb.12699
https://doi.org/10.1111/jfb.12699
https://doi.org/10.1016/0300-9629(95)02060-8
https://doi.org/10.1007/BF00004669
https://doi.org/10.1242/jeb.00538
https://doi.org/10.1242/jeb.00538
https://doi.org/10.1242/jeb.203.5.921
https://doi.org/10.1093/conphys/cox048
https://doi.org/10.1093/conphys/cox048
https://doi.org/10.1023/A:1008924418720
https://doi.org/10.1023/A:1008924418720
https://doi.org/10.1016/S1873-0140(06)80019-6
https://doi.org/10.1016/S1873-0140(06)80019-6
https://doi.org/10.1577/T05-224.1
https://doi.org/10.1577/T05-224.1


    |  1415HOLDER et al.

Physiology, 262(2), R295– R304. https://doi.org/10.1152/ajpre 
gu.1992.262.2.R295

Murchie, K. J., Hair, K. P. E., Pullen, C. E., Redpath, T. D., Stephens, H. 
R., & Cooke, S. J. (2008). Fish response to modified flow regimes 
in regulated rivers: Research methods, effects and opportuni-
ties. River Research and Applications, 24(2), 197– 217. https://doi.
org/10.1002/rra.1058

Murchie, K. J., & Smokorowski, K. E. (2004). Relative activity of brook 
trout and walleyes in response to flow in a Regulated River. North 
American Journal of Fisheries Management, 24(3), 1050– 1057. 
https://doi.org/10.1577/M03- 130.1

Mussen, T. D., Cocherell, D., Poletto, J. B., Reardon, J. S., Hockett, Z., 
Ercan, A., Bandeh, H., Kavvas, M. L., Jr., Cech, J. J., & Fangue, 
N. A. (2014). Unscreened water- diversion pipes pose an entrain-
ment risk to the threatened Green sturgeon, Acipenser med-
irostris. PLoS One, 9(1), e86321. https://doi.org/10.1371/journ 
al.pone.0086321

Neal, J. W., & Lopez- Clayton, D. (2001). Mortality of largemouth bass 
during catch- and- release tournaments in a Puerto Rico reservoir. 
North American Journal of Fisheries Management, 21(4), 834– 842. 
https://doi.org/10.1577/1548- 8675(2001)021<0834:MOLBD 
C>2.0.CO;2

Niebauer, J., & Cooke, J. P. (1996). Cardiovascular effects of exercise: 
Role of endothelial shear stress. Journal of the American College 
of Cardiology, 28(7), 1652– 1660. https://doi.org/10.1016/S0735 
- 1097(96)00393 - 2

Nilsson, G. E. (2007). Gill remodeling in fish –  A new fashion or an an-
cient secret? Journal of Experimental Biology, 210(14), 2403– 2409. 
https://doi.org/10.1242/jeb.000281

Nilsson, S., Abrahamsson, T., & Grove, D. J. (1976). Sympathetic ner-
vous control of adrenaline release from the head kidney of the 
cod, gadus morhua. Comparative Biochemistry and Physiology 
Part C: Comparative Pharmacology, 55(2), 123– 127. https://doi.
org/10.1016/0306- 4492(76)90034 - 4

Norin, T., Malte, H., & Clark, T. D. (2016). Differential plasticity of 
metabolic rate phenotypes in a tropical fish facing environ-
mental change. Functional Ecology, 30(3), 369– 378. https://doi.
org/10.1111/1365- 2435.12503

Onukwufor, J. O., & Wood, C. M. (2018). The osmorespiratory compro-
mise in rainbow trout (Oncorhynchus mykiss): The effects of fish 
size, hypoxia, temperature and strenuous exercise on gill diffusive 
water fluxes and sodium net loss rates. Comparative Biochemistry 
and Physiology Part A: Molecular & Integrative Physiology, 219– 220, 
10– 18. https://doi.org/10.1016/j.cbpa.2018.02.002

Pagnotta, A., Brooks, L., & Milligan, L. (1994). The potential regulatory 
roles of cortisol in recovery from exhaustive exercise in rainbow 
trout. Canadian Journal of Zoology, 72(12), 2136– 2146. https://doi.
org/10.1139/z94- 286

Perry, S. F., & Bernier, N. J. (1999). The acute humoral adrenergic stress 
response in fish: Facts and fiction. Aquaculture, 177(1), 285– 295. 
https://doi.org/10.1016/S0044 - 8486(99)00092 - 7

Perry, S. F., Ellis, K., Russell, J., Bernier, N. J., & Montpetit, C. (2011). 
Effects of chronic dietary salt loading on the renin angioten-
sin and adrenergic systems of rainbow trout (Oncorhynchus 
mykiss). American Journal of Physiology. Regulatory, Integrative 
and Comparative Physiology, 301(3), R811– R821. https://doi.
org/10.1152/ajpre gu.00244.2011

Perry, S. F., & Gilmour, K. M. (2006). Acid– base balance and CO2 ex-
cretion in fish: Unanswered questions and emerging models. 
Respiratory Physiology & Neurobiology, 154(1), 199– 215. https://doi.
org/10.1016/j.resp.2006.04.010

Polakof, S., Panserat, S., Soengas, J. L., & Moon, T. W. (2012). 
Glucose metabolism in fish: A review. Journal of Comparative 
Physiology B, 182(8), 1015– 1045. https://doi.org/10.1007/s0036 
0- 012- 0658- 7

Porteus, C. S., Brink, D. L., & Milsom, W. K. (2012). Neurotransmitter 
profiles in fish gills: Putative gill oxygen chemoreceptors. 
Respiratory Physiology & Neurobiology, 184(3), 316– 325. https://doi.
org/10.1016/j.resp.2012.06.019

Portz, D. E., Woodley, C. M., & Cech, J. J. (2006). Stress- associated impacts 
of short- term holding on fishes. Reviews in Fish Biology and Fisheries, 
16(2), 125– 170. https://doi.org/10.1007/s1116 0- 006- 9012- z

Powell, M. D., Nowak, B. F., & Adams, M. B. (2002). Cardiac morphol-
ogy in relation to amoebic gill disease history in Atlantic salmon, 
Salmo salar L. Journal of Fish Diseases, 25(4), 209– 215. https://doi.
org/10.1046/j.1365- 2761.2002.00356.x

Primmett, D. R., Randall, D. J., Mazeaud, M., & Boutilier, R. G. (1986). The 
role of catecholamines in erythrocyte pH regulation and oxygen 
transport in rainbow trout (Salmo gairdneri) during exercise. Journal 
of Experimental Biology, 122(1), 139– 148. https://doi.org/10.1242/
jeb.122.1.139

Prystay, T. S., Eliason, E. J., Lawrence, M. J., Dick, M., Brownscombe, J. W., 
Patterson, D. A., Crossin, G. T., Hinch, S. G., & Cooke, S. J. (2017). 
The influence of water temperature on sockeye salmon heart rate 
recovery following simulated fisheries interactions. Conservation 
Physiology, 5(1), cox050. https://doi.org/10.1093/conph ys/cox050

Raby, G. D., Donaldson, M. R., Hinch, S. G., Patterson, D. A., Lotto, A. G., 
Robichaud, D., English, K. K., Willmore, W. G., Farrell, A. P., Davis, M. 
W., & Cooke, S. J. (2012). Validation of reflex indicators for measur-
ing vitality and predicting the delayed mortality of wild coho salmon 
bycatch released from fishing gears. Journal of Applied Ecology, 
49(1), 90– 98. https://doi.org/10.1111/j.1365- 2664.2011.02073.x

Raby, G. D., Packer, J. R., Danylchuk, A. J., & Cooke, S. J. (2014). The un-
derstudied and underappreciated role of predation in the mortality 
of fish released from fishing gears. Fish and Fisheries, 15(3), 489– 
505. https://doi.org/10.1111/faf.12033

Randall, D., & Brauner, C. (1991). Effects of environmental factors on 
exercise in fish. Journal of Experimental Biology, 160(1), 113– 126. 
https://doi.org/10.1242/jeb.160.1.113

Randall, D. J., Mense, D., & Boutilier, R. G. (1987). The effects of burst 
swimming on aerobic swimming in Chinook salmon (Oncorhynchus 
tshawytscha). Marine Behaviour and Physiology, 13(1), 77– 88. https://
doi.org/10.1080/10236 24870 9378664

Randall, D. J., & Taylor, E. W. (1991). Evidence of a role for catechol-
amines in the control of breathing in fish. Reviews in Fish Biology 
and Fisheries, 1(2), 139– 157. https://doi.org/10.1007/BF001 57582

Rasmussen, J. R., Wells, R. M. G., Henty, K., Clark, T. D., & Brittain, T. 
(2009). Characterization of the hemoglobins of the Australian lung-
fish Neoceratodus forsteri (Krefft). Comparative Biochemistry and 
Physiology Part A: Molecular & Integrative Physiology, 152(2), 162– 
167. https://doi.org/10.1016/j.cbpa.2008.09.015

Reid, A. J., Carlson, A. K., Creed, I. F., Eliason, E. J., Gell, P. A., Johnson, 
P. T. J., Kidd, K. A., MacCormack, T. J., Olden, J. D., Ormerod, S. J., 
Smol, J. P., Taylor, W. W., Tockner, K., Vermaire, J. C., Dudgeon, D., 
& Cooke, S. J. (2019). Emerging threats and persistent conserva-
tion challenges for freshwater biodiversity. Biological Reviews, 94(3), 
849– 873. https://doi.org/10.1111/brv.12480

Reid, S. G., Bernier, N. J., & Perry, S. F. (1998). The adrenergic stress 
response in fish: Control of catecholamine storage and relea-
se1Communicated by Dr P.W. Hochachka, Editor.1. Comparative 
Biochemistry and Physiology Part C: Pharmacology, Toxicology 
and Endocrinology, 120(1), 1– 27. https://doi.org/10.1016/S0742 
- 8413(98)00037 - 1

Ricklefs, R. E., & Wikelski, M. (2002). The physiology/life- history 
nexus. Trends in Ecology & Evolution, 17(10), 462– 468. https://doi.
org/10.1016/S0169 - 5347(02)02578 - 8

Robergs, R. A., Ghiasvand, F., & Parker, D. (2004). Biochemistry of 
exercise- induced metabolic acidosis. American Journal of Physiology. 
Regulatory, Integrative and Comparative Physiology, 287(3), 
R502– R516. https://doi.org/10.1152/ajpre gu.00114.2004

https://doi.org/10.1152/ajpregu.1992.262.2.R295
https://doi.org/10.1152/ajpregu.1992.262.2.R295
https://doi.org/10.1002/rra.1058
https://doi.org/10.1002/rra.1058
https://doi.org/10.1577/M03-130.1
https://doi.org/10.1371/journal.pone.0086321
https://doi.org/10.1371/journal.pone.0086321
https://doi.org/10.1577/1548-8675(2001)021%3C0834:MOLBDC%3E2.0.CO;2
https://doi.org/10.1577/1548-8675(2001)021%3C0834:MOLBDC%3E2.0.CO;2
https://doi.org/10.1016/S0735-1097(96)00393-2
https://doi.org/10.1016/S0735-1097(96)00393-2
https://doi.org/10.1242/jeb.000281
https://doi.org/10.1016/0306-4492(76)90034-4
https://doi.org/10.1016/0306-4492(76)90034-4
https://doi.org/10.1111/1365-2435.12503
https://doi.org/10.1111/1365-2435.12503
https://doi.org/10.1016/j.cbpa.2018.02.002
https://doi.org/10.1139/z94-286
https://doi.org/10.1139/z94-286
https://doi.org/10.1016/S0044-8486(99)00092-7
https://doi.org/10.1152/ajpregu.00244.2011
https://doi.org/10.1152/ajpregu.00244.2011
https://doi.org/10.1016/j.resp.2006.04.010
https://doi.org/10.1016/j.resp.2006.04.010
https://doi.org/10.1007/s00360-012-0658-7
https://doi.org/10.1007/s00360-012-0658-7
https://doi.org/10.1016/j.resp.2012.06.019
https://doi.org/10.1016/j.resp.2012.06.019
https://doi.org/10.1007/s11160-006-9012-z
https://doi.org/10.1046/j.1365-2761.2002.00356.x
https://doi.org/10.1046/j.1365-2761.2002.00356.x
https://doi.org/10.1242/jeb.122.1.139
https://doi.org/10.1242/jeb.122.1.139
https://doi.org/10.1093/conphys/cox050
https://doi.org/10.1111/j.1365-2664.2011.02073.x
https://doi.org/10.1111/faf.12033
https://doi.org/10.1242/jeb.160.1.113
https://doi.org/10.1080/10236248709378664
https://doi.org/10.1080/10236248709378664
https://doi.org/10.1007/BF00157582
https://doi.org/10.1016/j.cbpa.2008.09.015
https://doi.org/10.1111/brv.12480
https://doi.org/10.1016/S0742-8413(98)00037-1
https://doi.org/10.1016/S0742-8413(98)00037-1
https://doi.org/10.1016/S0169-5347(02)02578-8
https://doi.org/10.1016/S0169-5347(02)02578-8
https://doi.org/10.1152/ajpregu.00114.2004


1416  |    HOLDER et al.

Roche, D. G., Binning, S. A., Bosiger, Y., Johansen, J. L., & Rummer, J. L. 
(2013). Finding the best estimates of metabolic rates in a coral reef 
fish. Journal of Experimental Biology, 216(11), 2103– 2110. https://
doi.org/10.1242/jeb.082925

Rodnick, K. J., & Planas, J. V. (2016). The stress and stress mitigation ef-
fects of exercise: Cardiovascular, metabolic, and skeletal muscle 
adjustments. In C. B. Schreck, L. Tort, A. P. Farrell, & C. J. Brauner 
(Eds.), Fish physiology (Vol. 35, pp. 251– 294). Academic Press. 
https://doi.org/10.1016/B978- 0- 12- 80272 8- 8.00007 - 2

Romero, L. M., Dickens, M. J., & Cyr, N. E. (2009). The reactive scope 
model— A new model integrating homeostasis, allostasis, and stress. 
Hormones and Behavior, 55(3), 375– 389. https://doi.org/10.1016/j.
yhbeh.2008.12.009

Rummer, J. L., & Brauner, C. J. (2015). Root effect Haemoglobins in fish 
may greatly enhance general oxygen delivery relative to other ver-
tebrates. PLoS One, 10(10), e0139477. https://doi.org/10.1371/
journ al.pone.0139477

Rummer, J. L., Stecyk, J. A. W., Couturier, C. S., Watson, S.- A., Nilsson, G. 
E., & Munday, P. L. (2013). Elevated CO2 enhances aerobic scope of 
a coral reef fish. Conservation Physiology, 1(1), cot023. https://doi.
org/10.1093/conph ys/cot023

Sandblom, E., & Axelsson, M. (2011). Autonomic control of circulation in 
fish: A comparative view. Autonomic Neuroscience, 165(1), 127– 139. 
https://doi.org/10.1016/j.autneu.2011.08.006

Sandblom, E., Olsson, C., Davison, W., & Axelsson, M. (2010). Nervous 
and humoral catecholaminergic control of blood pressure and 
cardiac performance in the Antarctic fish Pagothenia borchgre-
vinki. Comparative Biochemistry and Physiology Part A: Molecular & 
Integrative Physiology, 156(2), 232– 236. https://doi.org/10.1016/j.
cbpa.2010.02.004

Sardella, B. A., & Brauner, C. J. (2007). The Osmo- respiratory compro-
mise in fish: The effects of physiological state and the environment. 
In Fish Respiration and Environment. CRC Press.

Scarabello, M., Heigenhauser, G. J. F., & Wood, C. M. (1991). The ox-
ygen debt hypothesis in juvenile rainbow trout after exhaus-
tive exercise. Respiration Physiology, 84(2), 245– 259. https://doi.
org/10.1016/0034- 5687(91)90121 - X

Schramm, H. L., Jr., Armstrong, M. L., Funicelli, N. A., Green, D. M., Lee, D. 
P., Manns, R. E., Jr., Taubert, B. D., & Waters, S. J. (1991). The status 
of competitive sport fishing in North America. Fisheries, 16(3), 4– 
12. https://doi.org/10.1577/1548- 8446(1991)016<0004:TSOCS 
F>2.0.CO;2

Schreck, C. B. (2010). Stress and fish reproduction: The roles of allostasis 
and hormesis. General and Comparative Endocrinology, 165(3), 549– 
556. https://doi.org/10.1016/j.ygcen.2009.07.004

Schreck, C. B., & Tort, L. (2016). The concept of stress in fish. In C. B. 
Schreck, L. Tort, A. P. Farrell, & C. J. Brauner (Eds.), Fish physiology 
(Vol. 35, pp. 1– 34). Academic Press. https://doi.org/10.1016/B978- 
0- 12- 80272 8- 8.00001 - 1

Schreer, J. F., Cooke, S. J., & McKinley, R. S. (2001). Cardiac response 
to variable forced exercise at different temperatures: An angling 
simulation for smallmouth bass. Transactions of the American 
Fisheries Society, 130(5), 783– 795. https://doi.org/10.1577/1548- 
8659(2001)130<0783:CRTVF E>2.0.CO;2

Secor, S. M. (2009). Specific dynamic action: A review of the postprandial 
metabolic response. Journal of Comparative Physiology B, 179(1), 1– 
56. https://doi.org/10.1007/s0036 0- 008- 0283- 7

Siepker, M. J., Ostrand, K. G., Cooke, S. J., Philipp, D. P., & Wahl, D. H. 
(2007). A review of the effects of catch- and- release angling on 
black bass, Micropterus spp.: Implications for conservation and 
management of populations. Fisheries Management and Ecology, 
14(2), 91– 101. https://doi.org/10.1111/j.1365- 2400.2007.00529.x

Silva, A. T., Lucas, M. C., Castro- Santos, T., Katopodis, C., Baumgartner, 
L. J., Thiem, J. D., Aarestrup, K., Pompeu, P. S., O'Brien, G. C., 
Braun, D. C., Burnett, N. J., Zhu, D. Z., Fjeldstad, H.- P., Forseth, T., 
Rajaratnam, N., Williams, J. G., & Cooke, S. J. (2018). The future of 

fish passage science, engineering, and practice. Fish and Fisheries, 
19(2), 340– 362. https://doi.org/10.1111/faf.12258

Sinha, A. K., Liew, H. J., Diricx, M., Blust, R., & De Boeck, G. (2012). The 
interactive effects of ammonia exposure, nutritional status and 
exercise on metabolic and physiological responses in gold fish 
(Carassius auratus L.). Aquatic Toxicology, 109, 33– 46. https://doi.
org/10.1016/j.aquat ox.2011.11.002

Skomal, G. B., & Mandelman, J. W. (2012). The physiological response to 
anthropogenic stressors in marine elasmobranch fishes: A review 
with a focus on the secondary response. Comparative Biochemistry 
and Physiology Part A: Molecular & Integrative Physiology, 162(2), 
146– 155. https://doi.org/10.1016/j.cbpa.2011.10.002

Sopinka, N. M., Donaldson, M. R., O'Connor, C. M., Suski, C. D., & Cooke, 
S. J. (2016). Stress indicators in fish. In C. B. Schreck, L. Tort, A. 
P. Farrell, & C. J. Brauner (Eds.), Fish physiology (Vol. 35, pp. 405– 
462). Academic Press. https://doi.org/10.1016/B978- 0- 12- 80272 
8- 8.00011 - 4

Spraker, T. R. (1993). Stress and capture myopathy in artiodactylids. Zoo 
and Wild Animal Medicine, 481– 488.

Stoot, L. J., Cairns, N. A., Cull, F., Taylor, J. J., Jeffrey, J. D., Morin, F., 
Mandelman, J. W., Clark, T. D., & Cooke, S. J. (2014). Use of por-
table blood physiology point- of- care devices for basic and applied 
research on vertebrates: A review. Conservation Physiology, 2(1), 
cou011. https://doi.org/10.1093/conph ys/cou011

Suski, C. D., Cooke, S. J., Danylchuk, A. J., O'Connor, C. M., Gravel, 
M.- A., Redpath, T., Hanson, K. C., Gingerich, A. J., Murchie, K. 
J., Danylchuk, S. E., Koppelman, J. B., & Goldberg, T. L. (2007). 
Physiological disturbance and recovery dynamics of bonefish 
(Albula vulpes), a tropical marine fish, in response to variable ex-
ercise and exposure to air. Comparative Biochemistry and Physiology 
Part A: Molecular & Integrative Physiology, 148(3), 664– 673. https://
doi.org/10.1016/j.cbpa.2007.08.018

Suski, C. D., Cooke, S. J., & Tufts, B. L. (2007s). Failure of low- velocity 
swimming to enhance recovery from exhaustive exercise in large-
mouth bass (Micropterus salmoides). Physiological and Biochemical 
Zoology, 80(1), 78– 87. https://doi.org/10.1086/509058

Suski, C. D., Killen, S. S., Kieffer, J. D., & Tufts, B. L. (2006). The influence 
of environmental temperature and oxygen concentration on the 
recovery of largemouth bass from exercise: Implications for live– 
release angling tournaments. Journal of Fish Biology, 68(1), 120– 136. 
https://doi.org/10.1111/j.0022- 1112.2006.00882.x

Suski, C. D., Killen, S. S., Morrissey, M. B., Lund, S. G., & Tufts, B. L. (2003). 
Physiological changes in largemouth bass caused by live- release an-
gling tournaments in southeastern Ontario. North American Journal 
of Fisheries Management, 23(3), 760– 769. https://doi.org/10.1577/
M02- 042

Suski, C. D., & Philipp, D. P. (2004). Factors affecting the vulnerabil-
ity to angling of nesting male largemouth and smallmouth bass. 
Transactions of the American Fisheries Society, 133(5), 1100– 1106. 
https://doi.org/10.1577/T03- 079.1

Taylor, M. K., & Cooke, S. J. (2012). Meta- analyses of the effects of river 
flow on fish movement and activity. Environmental Reviews, 20(4), 
211– 219. https://doi.org/10.1139/a2012 - 009

Vermette, M. G., & Perry, S. F. (1987). The effects of prolonged epi-
nephrine infusion on the physiology of the rainbow trout, Salmo 
gairdneri. II. Branchial solute fluxes. Journal of Experimental Biology, 
128(1), 255– 267. https://doi.org/10.1242/jeb.128.1.255

Vermette, M. G., & Perry, S. F. (1988). Effects of prolonged epinephrine 
infusion on blood respiratory and acid- base states in the rainbow 
trout: Alpha and beta effects. Fish Physiology and Biochemistry, 4(4), 
189– 202. https://doi.org/10.1007/BF018 71745

Wang, Y., Heigenhauser, G. J., & Wood, C. M. (1994). Integrated re-
sponses to exhaustive exercise and recovery in rainbow trout white 
muscle: Acid- base, phosphogen, carbohydrate, lipid, ammonia, fluid 
volume and electrolyte metabolism. Journal of Experimental Biology, 
195(1), 227– 258. https://doi.org/10.1242/jeb.195.1.227

https://doi.org/10.1242/jeb.082925
https://doi.org/10.1242/jeb.082925
https://doi.org/10.1016/B978-0-12-802728-8.00007-2
https://doi.org/10.1016/j.yhbeh.2008.12.009
https://doi.org/10.1016/j.yhbeh.2008.12.009
https://doi.org/10.1371/journal.pone.0139477
https://doi.org/10.1371/journal.pone.0139477
https://doi.org/10.1093/conphys/cot023
https://doi.org/10.1093/conphys/cot023
https://doi.org/10.1016/j.autneu.2011.08.006
https://doi.org/10.1016/j.cbpa.2010.02.004
https://doi.org/10.1016/j.cbpa.2010.02.004
https://doi.org/10.1016/0034-5687(91)90121-X
https://doi.org/10.1016/0034-5687(91)90121-X
https://doi.org/10.1577/1548-8446(1991)016%3C0004:TSOCSF%3E2.0.CO;2
https://doi.org/10.1577/1548-8446(1991)016%3C0004:TSOCSF%3E2.0.CO;2
https://doi.org/10.1016/j.ygcen.2009.07.004
https://doi.org/10.1016/B978-0-12-802728-8.00001-1
https://doi.org/10.1016/B978-0-12-802728-8.00001-1
https://doi.org/10.1577/1548-8659(2001)130%3C0783:CRTVFE%3E2.0.CO;2
https://doi.org/10.1577/1548-8659(2001)130%3C0783:CRTVFE%3E2.0.CO;2
https://doi.org/10.1007/s00360-008-0283-7
https://doi.org/10.1111/j.1365-2400.2007.00529.x
https://doi.org/10.1111/faf.12258
https://doi.org/10.1016/j.aquatox.2011.11.002
https://doi.org/10.1016/j.aquatox.2011.11.002
https://doi.org/10.1016/j.cbpa.2011.10.002
https://doi.org/10.1016/B978-0-12-802728-8.00011-4
https://doi.org/10.1016/B978-0-12-802728-8.00011-4
https://doi.org/10.1093/conphys/cou011
https://doi.org/10.1016/j.cbpa.2007.08.018
https://doi.org/10.1016/j.cbpa.2007.08.018
https://doi.org/10.1086/509058
https://doi.org/10.1111/j.0022-1112.2006.00882.x
https://doi.org/10.1577/M02-042
https://doi.org/10.1577/M02-042
https://doi.org/10.1577/T03-079.1
https://doi.org/10.1139/a2012-009
https://doi.org/10.1242/jeb.128.1.255
https://doi.org/10.1007/BF01871745
https://doi.org/10.1242/jeb.195.1.227


    |  1417HOLDER et al.

Weber, J.- M. (2009). The physiology of long- distance migration: Extending 
the limits of endurance metabolism. Journal of Experimental Biology, 
212(5), 593– 597. https://doi.org/10.1242/jeb.015024

Weber, J.- M., Choi, K., Gonzalez, A., & Omlin, T. (2016). Metabolic fuel 
kinetics in fish: Swimming, hypoxia and muscle membranes. Journal 
of Experimental Biology, 219(2), 250– 258. https://doi.org/10.1242/
jeb.125294

Wendelaar Bonga, S. E. (1997). The stress response in fish. Physiological 
Reviews, 77(3), 591– 625. https://doi.org/10.1152/physr 
ev.1997.77.3.591

Whitney, J. E., Al- Chokhachy, R., Bunnell, D. B., Caldwell, C. A., 
Cooke, S. J., Eliason, E. J., Rogers, M., Lynch, A. J., & Paukert, C. 
P. (2016). Physiological basis of climate change impacts on north 
American inland fishes. Fisheries, 41(7), 332– 345. https://doi.
org/10.1080/03632 415.2016.1186656

Whitney, N. M., Lear, K. O., Morris, J. J., Hueter, R. E., Carlson, J. K., & 
Marshall, H. M. (2021). Connecting post- release mortality to the 
physiological stress response of large coastal sharks in a com-
mercial longline fishery. PLoS One, 16(9), e0255673. https://doi.
org/10.1371/journ al.pone.0255673

Wilde, G. R., Larson, D. H., Redell, W. H., & Wilde, G. R.. (2002). Mortality 
of black bass captured in three fishing tournaments on Lake 
Amistad, Texas. The Texas Journal of Science, 54(2), 125– 133.III

Wilson, R. P., White, C. R., Quintana, F., Halsey, L. G., Liebsch, N., Martin, 
G. R., & Butler, P. J. (2006). Moving towards acceleration for esti-
mates of activity- specific metabolic rate in free- living animals: The 
case of the cormorant. Journal of Animal Ecology, 75(5), 1081– 1090. 
https://doi.org/10.1111/j.1365- 2656.2006.01127.x

Wood, C. M. (1988). Acid- Base and ionic exchanges at gills and kid-
ney after exhaustive exercise in the rainbow trout. Journal of 
Experimental Biology, 136(1), 461– 481. https://doi.org/10.1242/
jeb.136.1.461

Wood, C. M. (1991). Acid- Base and ion balance, metabolism, and their in-
teractions, after exhaustive exercise in fish. Journal of Experimental 
Biology, 160(1), 285– 308. https://doi.org/10.1242/jeb.160.1.285

Wood, C. M. (1992). Flux measurements as indices of H+ and metal ef-
fects on freshwater fish. Aquatic Toxicology, 22(4), 239– 263. https://
doi.org/10.1016/0166- 445X(92)90043 - M

Wood, C. M. (1994). HCO3− dehydration by the blood of rainbow trout 
following exhaustive exercise. Respiration Physiology, 98(3), 305– 
318. https://doi.org/10.1016/0034- 5687(94)90079 - 5

Wood, C., & Munger, R. (1994). Carbonic anhydrase injection provides 
evidence for the role of blood acid- base status in stimulating 
ventilation after exhaustive exercise in rainbow trout. Journal of 
Experimental Biology, 194(1), 225– 253 10.1242/jeb.194.1.225

Wood, C. M. (2001). Toxic responses of thegill. In D. W. Schlenk & W. H. 
Benson (Eds.), Target organ toxicity in marine and freshwater teleosts, 
volume 1 –  Organs (pp. 1– 89). Taylor and Francis.

Wood, C. M., & Eom, J. (2021). The osmorespiratory compromise in the 
fish gill. Comparative Biochemistry and Physiology Part A: Molecular 
& Integrative Physiology, 254, 110895. https://doi.org/10.1016/j.
cbpa.2021.110895

Wood, C. M., & Perry, S. F. (1985). Respiratory, circulatory, and meta-
bolic adjustments to exercise in fish. In R. Gilles (Ed.), Circulation, 
respiration, and metabolism (pp. 2– 22). Springer. https://doi.
org/10.1007/978- 3- 642- 70610 - 3_1

Wood, C. M., Turner, J. D., & Graham, M. S. (1983). Why do fish die after 
severe exercise? Journal of Fish Biology, 22(2), 189– 201. https://doi.
org/10.1111/j.1095- 8649.1983.tb047 39.x

Wood, C. M., & Wang, Y. (1999). Lactate, H+, and ammonia transport and 
distribution in rainbow trout white muscle after exhaustive exer-
cise 68, 99– 124.

How to cite this article: Holder, P. E., Wood, C. M., Lawrence, 
M. J., Clark, T. D., Suski, C. D., Weber, J-M, Danylchuk, A. J., 
& Cooke, S. J. (2022). Are we any closer to understanding 
why fish can die after severe exercise? Fish and Fisheries, 23, 
1400– 1417. https://doi.org/10.1111/faf.12696

https://doi.org/10.1242/jeb.015024
https://doi.org/10.1242/jeb.125294
https://doi.org/10.1242/jeb.125294
https://doi.org/10.1152/physrev.1997.77.3.591
https://doi.org/10.1152/physrev.1997.77.3.591
https://doi.org/10.1080/03632415.2016.1186656
https://doi.org/10.1080/03632415.2016.1186656
https://doi.org/10.1371/journal.pone.0255673
https://doi.org/10.1371/journal.pone.0255673
https://doi.org/10.1111/j.1365-2656.2006.01127.x
https://doi.org/10.1242/jeb.136.1.461
https://doi.org/10.1242/jeb.136.1.461
https://doi.org/10.1242/jeb.160.1.285
https://doi.org/10.1016/0166-445X(92)90043-M
https://doi.org/10.1016/0166-445X(92)90043-M
https://doi.org/10.1016/0034-5687(94)90079-5
https://doi.org/10.1242/jeb.194.1.225
https://doi.org/10.1016/j.cbpa.2021.110895
https://doi.org/10.1016/j.cbpa.2021.110895
https://doi.org/10.1007/978-3-642-70610-3_1
https://doi.org/10.1007/978-3-642-70610-3_1
https://doi.org/10.1111/j.1095-8649.1983.tb04739.x
https://doi.org/10.1111/j.1095-8649.1983.tb04739.x
https://doi.org/10.1111/faf.12696

	Are we any closer to understanding why fish can die after severe exercise?
	Abstract
	1|INTRODUCTION
	2|A BRIEF HISTORY OF PEM IN FISH
	3|UPDATED PERSPECTIVES ON HISTORICAL WORK
	4|EXPLORING THE ROLE OF METABOLISM IN PEM
	5|POTENTIAL LINKS BETWEEN EXHAUSTION, ION REGULATION, OSMOREGULATION, AND PEM
	6|EFFECTS OF EXHAUSTION ON CARDIAC FUNCTION
	7|EMERGING TECHNOLOGIES—TOOLS FOR STUDYING EXHAUSTION AND KEY FINDINGS
	8|FUTURE DIRECTIONS AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


