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Synopsis Acute stressors are commonly experienced by wild animals but their effects on fitness rarely are studied in the
natural environment. Billions of fish are captured and released annually around the globe across all fishing sectors (e.g.,
recreational, commercial, subsistence). Whatever the motivation, release often occurs under the assumption of post-
release survival. Yet, capture by fisheries (hereafter “fisheries-capture”) is likely the most severe acute stressor experienced
in the animal’s lifetime, which makes the problem of physiological recovery and survival of relevance to biology and
conservation. Indeed, fisheries managers require accurate estimates of mortality to better account for total mortality from
fishing, while fishers desire guidance on strategies for reducing mortality and maintaining the welfare of released fish, to
maximize current and future opportunities for fishing. In partnership with stakeholders, our team has extensively studied
the effects of catch-and-release on Pacific salmon in both marine and freshwater environments, using biotelemetry and
physiological assessments in a combined laboratory-based and field-based approach. The emergent theme is that post-
release rates of mortality are consistently context-specific and can be affected by a suite of interacting biotic and abiotic
factors. The fishing gear used, location of a fishery, water temperature, and handling techniques employed by fishers each
can dramatically affect survival of the salmon they release. Variation among individuals, co-migrating populations, and
between sexes all seem to play a role in the response of fish to capture and in their subsequent survival, potentially driven
by pre-capture pathogen-load, maturation states, and inter-individual variation in responsiveness to stress. Although
some of these findings are fascinating from a biological perspective, they all create unresolved challenges for managers.
We summarize our findings by highlighting the patterns that have emerged most consistently, and point to areas of
uncertainty that require further research.

Introduction (Romero 2004; Dantzer et al. 2014; Ellis and Del
How animals respond to stressors is a core interest in ~ Guidice 2014). The perception of, and experience
the study of ecology, evolution, and human medicine  imposed by, stressors elicits a complex suite of
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changes known as the “stress response,” which in-
volves varied behavioral reactions, activation of the
neuro-endocrine stress axis, and secondary physio-
logical changes (for reviews, see Chrousos and Gold
1992; Wendelaar Bonga 1997; Sapolsky et al. 2000).
The standard view is that the stress response results
in tertiary changes to phenotype that are adaptive in
the short term (i.e., resisting or escaping the stressor)
but that may become maladaptive if sustained in the
form of a chronic stress response (e.g., Barton 2002;
Boonstra 2013). However, few attempts have been
made to link responses to acute stressors, sometimes
referred to as the activation of an “emergency life-
history stage” (Wingfield et al. 1998), to tertiary re-
sponses and fitness-outcomes, especially in the study
of wild animals (Breuner et al. 2008). Although acute
stress responses are presumed to be adaptive, there
can be substantial inter-individual variation in how
animals respond to, and recover from, immediate
(perceived) threats to survival (Breuner et al. 2008).
Stress responses can differ depending on context
(Wingfield et al. 1998; Barton 2002), and the mag-
nitude of the response can affect fitness-related out-
comes (Cook et al. 2014).

In their seminal review on the effects of glucocor-
ticoids, Sapolsky et al. (2000) described the proto-
typical acute stressor as a predatory attack that
occurs without warning, elicits injury, and includes
1h of being stalked and chased—a challenge to sur-
vival that generates psychological stress and requires
extended exercise, heightened cognitive functioning,
and later, the process of repairing injury, and phys-
iological recovery. Capture by fisheries can be as
severe as the example described above, and for
most animals it would likely be more severe than
any acute stressor previously experienced in their
lifetime (Davis 2002). Aquatic animals belonging to
all major taxa are captured by fisheries. Regardless of
the fishing gear used, capture elicits, to varying de-
grees, strenuous exercise, asphyxiation or exposure to
hypoxia, injury, and a neuroendocrine stress re-
sponse (see reviews by Chopin and Arimoto 1995;
Davis 2002; Arlinghaus et al. 2007; Wilson et al.
2014). Individuals that are landed and survive the
initial stress will be released if they have no value
for the fisher or for conservation reasons—either
mandatory or because of ethical considerations
(Hall 1996; Arlinghaus et al. 2007).

Globally, billions of fish and other animals expe-
rience catch-and-release each year while an unknown
number of others encounter, but escape, fishing gear
(Cooke and Cowx 2004; Bartholomew and Bohnsack
2005; Kelleher 2005; Davies et al. 2009; Uhlmann and
Broadhurst 2015). Despite the good intentions of
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releasing animals alive, post-release mortality (re-
ferred to as “discard mortality” in the bycatch liter-
ature) can occur hours or days after an encounter
with fishing gear (Coggins et al. 2007), a phenome-
non that has long been recognized (Huntsman 1938;
Black 1958; Parker and Black 1959). Concerns about
sustainability have been associated with high rates of
post-release mortality (Coggins et al. 2007; Gilman
et al. 2013), which is one of several forms of unac-
counted fishing mortality (see Uhlmann and
Broadhurst 2015 for a  recent  review).
Correspondingly, a considerable literature has devel-
oped, particularly over the past 20 years, focused on
estimating rates of post-release mortality in a variety
of fisheries (Chopin and Arimoto 1995; Davis 2002;
Donaldson et al. 2008), assessing sublethal effects of
capture (Cooke et al. 2002; Wilson et al. 2014), and
developing fishing methods that reduce bycatch
(Kennelly and Broadhurst 2002) and post-release
mortality (e.g., Olla et al. 1997; Farrell et al. 2001a;
Parker et al. 2003; Broadhurst et al. 2008, 2009;
Donaldson et al. 2013; Uhlmann and Broadhurst
2015).

Wild Pacific salmon (Oncorhynchus spp.) are
useful models for examining the effects of catch-
and-release on the physiology and fitness of wild
fish. The remarkable characteristics of the spawning
migrations of Pacific salmon have long fascinated
biologists. Combined with their importance to the
ecosystems, economies, and cultures of many coun-
tries bordering the Northern Pacific Ocean, this fas-
cination has led to a wealth of knowledge that can be
used to assist in interpretation of findings on the
effects of acute stressors, such as fisheries-capture.
In most studies of post-release mortality the animals
are contained in tanks or pens for monitoring, which
reduces the challenges of wild environments such as
the risk of post-release predation (Raby et al. 2014a;
Rogers et al. 2014) and can impose chronic stress
from being confined; both processes complicate the
interpretation of patterns of mortality (Donaldson
et al. 2011; Raby et al. in press). Nevertheless, studies
that use confinement to monitor survival are invalu-
able for detailed assessments of mechanisms leading
to mortality (e.g., Wood et al. 1983; Jeffries et al.
2011; Raby et al. in press). Biotelemetry (the
remote monitoring of animals released to the wild
with transmitters), which has been proposed as the
optimal alternative to confinement as a means of
assessing mortality (Donaldson et al. 2008), has its
own challenges, including (1) the poorly understood
effects of the transmitter on the animal, (2) the need
to surgically-implant or externally-attach transmitters
that could add further stress and injury and bias
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mortality rates, (3) difficulties in assessing fate and
survival based on data on the fish’s movement, and
(4) issues with insufficient area coverage by receivers
or transmitter detection efficiency (Donaldson et al.
2014a). In the case of Pacific salmon, biotelemetry
can be used to monitor post-release survival in ways
that can minimize these limitations. Salmon cease
feeding in the coastal ocean prior to their migration
upstream through rivers and consequently their sto-
machs atrophy, which makes gastric insertion of
telemetry transmitters an option for tracking individ-
uals to their spawning areas (Ramstad and Woody
2003; Cooke et al. 2005). Gastric tagging is rapid,
requires no anesthetic or dermal injury, and adds
little or no hydrodynamic drag (unlike external at-
tachment of transmitters). Moreover, Pacific salmon
are semelparous (i.e., reproduce only once in their
lifetime), which means that failure to reach their
natal spawning area (spawning populations are iden-
tifiable using DNA from a small biopsy of tissue;
Beacham et al. 2011) results in complete loss of fit-
ness. With a primarily linear migration path, radio
and acoustic telemetry receiver stations can be set up
along the migration route, enabling straightforward
assessment of the migration success of individuals
implanted with uniquely-coded transmitters (Eiler
1995; English et al. 2005; Heupel et al. 2006).

In the coastal rivers and marine waters of British
Columbia, Canada, there is multi-sector (i.e., com-
mercial, aboriginal, and recreational), multi-species,
multi-population fishing focused on anadromous
Pacific salmon. Fish face a gauntlet of fishing gear
as they attempt to migrate from oceanic feeding
grounds to their natal spawning sites, and while mil-
lions of fish typically are harvested each year, a var-
iable portion of all Pacific salmon species are
released. For example, in fisheries targeting more
abundant pink salmon O. gorbuscha, release of sock-
eye salmon O. nerka often is required in years of low
abundance. Similarly, the endangered status of the
interior Fraser River coho salmon (O. kisutch) pop-
ulation complex has necessitated a release policy in
fisheries targeting pink, sockeye, chum (O. keta), or
chinook salmon (O. tshawytscha) (Decker and Irvine
2013; Raby et al. 2014b). In British Columbia, there
has been a shift of policy in fisheries management
toward the philosophy of “selective fishing,” defined
as the goal of avoiding non-target animals and re-
leasing them “‘alive and unharmed” if encountered
(Fisheries and Oceans Canada 2001). Thus, there is a
need among managers of these fisheries to gain fur-
ther insight into post-release mortality. Indeed, man-
agement of Pacific salmon fisheries in British
Columbia (the responsibility of Fisheries and
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Oceans Canada, referred to as DFO) takes steps to
minimize incidental mortality of populations and
species facing conservation issues. For example, fish-
eries are curtailed at key times and locations to avoid
bycatch, or gears that elicit high bycatch mortality
(e.g., gillnets) are restricted in favor of those that
are thought to enable higher post-release survival
(e.g., seines). Moreover, in efforts to meet manage-
ment-set target numbers of fish that reach the
spawning grounds, fisheries managers apply estimates
of post-release mortality to fish that are released
(Fisheries and Oceans Canada 2011). If post-release
mortality causes total allowable fishing mortality for
a particular non-target population or species to
exceed set limits (based on pre-season management
plans), the fishery generating that incidental mortal-
ity may be prematurely terminated. The issue is fur-
ther complicated by the fact that fish may swim back
and forth across the Canada—United States border
while in marine waters; a binational Pacific Salmon
Treaty and the Pacific Salmon Commission serve to
address issues of co-management. This complex gov-
ernance, including international treaty requirements,
combined with the multi-sector nature of the fishery
and the inherent biological complexity of a multi-
species and multi-population fishery, results in a
challenge to conservation and management. That
some populations and species are in decline has led
many stakeholders to have greater interest in catch-
and-release as a conservation and management
strategy.

For more than a decade, our team of scientists, in
partnership with resource managers, fishers (from all
sectors), and non-governmental organizations, has
worked toward advancing our understanding of
catch-and-release of Pacific salmon. We have taken
a “conservation physiology” approach (Wikelski and
Cooke 2006; Cooke et al. 2013a) by using physiolog-
ical concepts and tools to study and understand the
effects of fisheries-capture on fish, while attempting
to develop solutions that mitigate post-release mor-
tality. To maximize applicability, much of the work
occurs in the field where we use biotelemetry (Cooke
et al. 2008; Donaldson et al. 2008) to study the be-
havior and fate of fish after release. To help tackle
the complexity of these model organisms and this
study system, we have also integrated other
approaches, including social science (see Nguyen
et al. 2012; Young et al. 2013), laboratory experi-
ments (e.g., Gale et al. 2011), and molecular methods
(e.g., Donaldson et al. 2014b).

The objective of this article is to provide a synthe-
sis of our work on Pacific salmon catch-and-release.
In particular, we focus on two key messages that
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have emerged across many studies (1) the context of
capture-and-release, particularly as it relates to envi-
ronmental conditions (e.g., water temperature, loca-
tion relative to freshwater—saltwater transitions) and
the behavior of fishers (handling; choices of gear),
dramatically influences the link between the acute
stressor and the fitness outcomes, and (2) further
complexity is provided by immense biotic variation,
which includes variation among individuals (driven
by disease, maturation, and energy states), popula-
tions (locally adapted to different environmental
conditions) and species, as well as between sexes (fe-
males nearly always experience higher mortality).
These two messages are conveyed through six
themes relating to context and biotic variation that
each has complicated the link between stressors and
fitness outcomes, and impeded the conveyance of
generic management prescriptions. How does one
develop generalized management given limited time
and resources to study all possible combinations of
species, populations, and contexts, particularly for
multi-sector mixed-species fisheries? Here we sum-
marize the findings with the strongest weight of ev-
idence and provide guidance on how further research
can address uncertainties surrounding factors that
modulate the link between capture-stressors and
post-release survival.

A note on estimates of mortality

In British Columbia’s salmon fisheries, resource
managers apply different post-release mortality rates
to different fishing gears in different locations. For
example, a 40-60% mortality rate is applied to
salmon released from commercial gillnets (marine
environment and in-river), a 10-70% rate is assigned
to purse seine bycatch depending on the location of
capture (Fisheries and Oceans Canada 2013), and a
10% rate is used for salmon released from most rec-
reational fisheries (marine and freshwater) (Fisheries
and Oceans Canada 2013). In most cases, it is
unclear how the numbers were generated; the
annual salmon-management document that lists the
mortality rates used (Fisheries and Oceans Canada
2013) does not provide citations for each mortality
rate. The few cases where it is clear which study was
used to generate the mortality rate involved short-
term studies of confinement in net pens; such as the
24-h net-pen study used to generate a 3% mortality
rate now used in sockeye salmon in-river recreational
fisheries (Thomas and Cahusac 2012; Fisheries and
Oceans Canada 2013). In the present paper, we oc-
casionally cite estimates of mortality from our own
studies (Table 1); these either come from telemetric
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studies (i.e., the percentage of fish released with
transmitters that successfully migrate beyond our up-
stream-most receiver stations, usually located in ter-
minal tributaries near, or on, spawning areas) (e.g.,
Donaldson et al. 2011, 2012) or from large-scale
studies of laboratory-confinement of fish collected
from the wild en route to spawning areas (e.g.,
Gale et al. 2011). Numbers from these studies
(Table 1) are useful for analyses of trends and factors
in post-release mortality, and can be used to provide
scientific advice to management. Whenever mortality
rates are mentioned below, we clarify the source of
the numbers and how they were generated.

Capture and handling techniques

Every fish that is caught experiences some degree of
injury, stress, and/or physical exhaustion; the severity
of each of these components is largely driven by the
type of fishing gear and the handling practices used
to land and release fish (Cooke et al. 2013b;
Uhlmann and Broadhurst 2015). Indeed, capture
and handling techniques employed by fishers are
the most widely recognized factors affecting post-
release rates of mortality. This generality applies to
fisheries science and management as a whole and has
been reviewed and discussed elsewhere (e.g., Davis
2002; Arlinghaus et al. 2007), so our discussion
here focuses on Pacific salmon.

The ultimate reason for using different mortality
rates for different fisheries lies in the recognition that
the severity of the stressor and the injuries incurred
during capture are largely dictated by the type of
fishing gear used. For example, fish can be entangled
in gillnets for hours before being landed and released
(in the case of the non-target species) (Buchanan
et al. 2002), and salmon that are released, or that
escape, can incur severe dermal injuries (Baker and
Schindler 2009). In sockeye salmon from Bristol Bay
(Alaska), gillnet injuries in escaped fish led to infec-
tion (e.g., by the freshwater mold Saprolegnia spp.)
and were associated with a suppression of morpho-
logical and physiological changes involved in repro-
ductive maturation, leading to failure of spawning in
some cases (Baker and Schindler 2009; Baker et al.
2013).

The three main types of gear used to target Pacific
salmon are (1) gillnets, which are used by commer-
cial and aboriginal fisheries in marine and freshwa-
ter, (2) seines, either purse seines typically used by
commercial fisheries in coastal marine waters, or
beach seines used by aboriginal fisheries in fresh-
water, and (3) hook and line, used by recreational
anglers in marine and freshwater fishing, and by
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commercial troll fisheries in the marine environ-
ment. Among these gears, post-release mortality is
generally highest for gillnets—as high as 70% in
short-term confinement studies in the marine envi-
ronment (Buchanan et al. 2002). Tangle nets offer an
alternative to gillnets with higher potential for post-
release survival, but are used for research and man-
agement more commonly than for harvest fisheries
(e.g., Ashbrook et al. 2008; Donaldson et al. 2010a).
Angled-and-released fish are likely to experience
markedly lower post-release mortality than are gill-
net-caught fish (e.g., exhibiting 40% post-release
mortality in telemetry-tracked sockeye from release
in the lower Fraser River to spawning areas, relative
to ocean-tagged controls) (Donaldson et al. 2013).
Capture by beach seines appears to offer the lowest
post-release mortality among the main types of gear
used in the Fraser River (12.5% in sockeye salmon
[telemetry-tracked fish; Donaldson et al. 2013], 17—
39% in coho salmon released from aboriginal beach
seines; Raby et al. 2014b), particularly when using
the more holistic approach of examining long-term
mortality and success in reaching spawning areas,
which is most relevant in a fitness context, rather
than focusing solely on survival for 24-48h.
However, post-release mortality in angled fish can
be exceptionally low in some contexts, such as if
angling occurs in terminal tributaries (i.e., near the
spawning area) and where water temperatures are
low (e.g., <5% mortality among fish telemetry-
tracked to spawning; Nelson et al. 2005).

Within a fishery, handling techniques and the con-
dition of the fish that are released vary widely; esti-
mates of mortality should (ideally) be based on a
sample of fish representative of the normal range
of handling conditions and of the resulting vitality
of the fish. Nevertheless, understanding the effects of
different capture-methods and handling techniques
on stress and survival can highlight ways to reduce
post-release mortality. For example, efforts to check
gillnets more frequently (i.e., shorter soak times) can
enable higher post-release survival (Buchanan et al.
2002). For recreational fisheries and small-scale in-
river beach seines, the time between initiation of the
stressor and the release of the fish generally is on the
order of minutes (Donaldson et al. 2011; Raby et al.
2012), but small variations (e.g., 2min versus 15 min
of entanglement time) can cause significant differ-
ences in fish vitality (Raby et al. 2012) and physio-
logical disturbance (Raby et al. 2015a). In a field
experiment using telemetry, the addition of a brief
gillnet entanglement reduced survival in sockeye
salmon, whereas 2 min of exposure to air did not
have a significant effect, suggesting injury and pre-
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removal stress may be more important than exposure
to air (Nguyen et al. 2014). Similarly, in the Fraser
River recreational fishery targeting sockeye salmon,
the addition of 1 min of exposure to air after angling
caused no change in the proportion of telemetry-
tracked fish reaching spawning areas (30.8% versus
28.6%). However, adult Pacific salmon have rela-
tively high requirements for oxygen and poor toler-
ance of anoxia (Brett and Groves 1979; Farrell 2009),
such that even brief exposure to air can lead to near
total impairment (i.e., loss of equilibrium and pat-
tern of ventilation) (Raby et al. 2015b), so it seems
highly likely that extending the duration of exposure
to air beyond 1-2min would increase post-release
mortality in most contexts, particularly when the
risk of predation is substantial (Cook et al. in press).

The role of water temperature

The effect of water temperature on Pacific salmon
has generated considerable attention because of its
critical role in physiological processes and survival
(e.g., Brett 1952, 1956, 1971; Servizi and Jenson
1977; Jensen et al. 2004) and because climatic
change is warming many rivers, with unknown
future consequences for the sustainability of salmon
(e.g., Richter and Kolmes 2005; Hague et al. 2011;
reviewed by Martins et al. 2012a). High temperatures
of rivers have been linked to migration and pre-
spawn mortality (Macdonald et al. 2000, 2010;
Martins et al. 2011), and can interact with other
stressors like pathogens (Macdonald et al. 2000; re-
viewed by Miller et al. 2014) and fisheries-capture
(Gale et al. 2013). Numerous field and laboratory
studies from our research team have directly ad-
dressed the effects of water temperature on the phys-
iology and survival of multiple species of wild adult
Pacific salmon (i.e., pink, sockeye, Chinook, and
coho salmon) at different levels of biological organi-
zation, including at the level of the cell (Jeffries et al.
2012a, 2014), tissue (Crossin et al. 2008; Clark et al.
2012; Jeffries et al. 2012b), whole organism
(MacNutt et al. 2006; Farrell et al. 2008; Mathes
et al. 2010; Clark et al. 2008, 2011; Eliason et al.
2013a), and population (Lee et al. 2003; Eliason
et al. 2011, 2013b; Martins 2011, 2012b). These stud-
ies have helped characterize the “normal” physiolog-
ical response to water temperature to compare with
those experienced by fish exposed to a catch-and-
release event. Because any experimental study on
the effects of temperature on wild adult Pacific
salmon requires that fish be captured, every study
on the effects of temperature has, in effect, been a
study of the combined effects of temperature and of
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stress caused by capture (e.g., transportation from
the field and holding in the laboratory). In some
experiments, fish were netted and handled multiple
times to make repeated measurements (e.g., Jeffries
et al. 2011, 2012b).

Although the potential effects of confinement
stress in laboratory-based experiments prevent
direct application to fisheries, comparisons among
methods of capture and among water temperatures
can reveal patterns and critical thresholds. Gale et al.
(2014) simulated capture-and-release by manually
chasing salmon in a circular tank and then exposing
them to air, using fish that had been captured during
migration upriver for transportation to a large out-
door facility where they were held at three fisheries-
relevant temperatures: 13°, 16°, and 19°C. There was
a strong effect of temperature and a weak effect of
different methods of capture or handling; the in-
crease in mortality from 13° to 16°C (~25% relative
increase) was statistically non-significant, but a much
larger increase in mortality occurred at 19°C, at
which mortality was approximately double the rate
observed at 13°C and also significantly higher than at
16°C. In a subsequent study using similar methods
and the same species (O. nerka), 100% mortality oc-
curred within 3 days after simulations of capture at
21°C, whereas mortality did not begin to occur until
4 days after the stressor in fish held at 16°C
(Robinson et al. 2013). That mortality only began
to occur after 4 days suggests that even modest stres-
sors (in this case 3 min of exercise followed by 1 min
of air), from which fish seemingly recover readily,
may cause latent mortality through some loss of ho-
meostasis, acceleration of senescence processes, or
proliferation of pathogens. External and internal
macroscopic examinations of dying fish in these lab-
oratory-based experiments (Gale et al. 2011, 2014;
Jeffries et al. 2011, 2012b; Robinson et al. 2013) lar-
gely motivated subsequent (ongoing) experiments
more carefully aimed at understanding the role of
pathogens in catch-and-release mortality (see
“Interactions between capture stressors and pathogen
loads” section, below). The occurrence of mortality
several days or weeks after release is not unique to
salmon or salmon fisheries (see Davis 2002).

In a study using hatchery-origin coho salmon that
were exposed to long (15min) or short (2min) en-
tanglements in nets in cool (10°C) or warm (15°C)
water, the most severe stressor (15°C/15 min) was the
only treatment to result in mortality (Raby et al.
2015a). That group also exhibited the highest phys-
iological disturbance 1 and 4h after release, with
return to routine heart rate taking the longest of
the variables measured (also see Clark et al. 2012).

G. D.Rabyetal

In general, ionic and metabolic measures have re-
peatedly indicated that greater physiological distur-
bances occur in fish captured in warmer water (Gale
et al. 2011; Robinson et al. 2013) while the same fish
more commonly experience loss of equilibrium (i.e.,
their righting reflex) and impaired ventilation (Gale
et al. 2014).

Field-based studies of survival are more conducive
to direct application to management as they give an
indication of post-release survival under natural con-
ditions of migration, but telemetry experiments are
costly and have infrequently involved multi-year
studies in which factors other than temperature re-
mained the same. In one of the few such studies, in
which survival of coho salmon released from a
beach-seine fishery was assessed for three consecutive
years, water temperature varied by <2°C (Raby et al.
2014b), partly because the fishery took place in the
same week in September each year. The best alterna-
tive is to collate datasets from separate projects cov-
ering multiple years and a range of capture dates so
that a mixture of temperatures and populations can
be examined, as was done by Martins et al. (2011).
Those analyses were based on fish captured by fish
wheels and tangle nets; methods that were chosen to
minimize stress and injury and that are not used by
fisheries, so the absolute mortality rates generated are
not directly applicable to management. Nevertheless,
the study by Martins et al. (2011) found that post-
release mortality increased with temperature across
all populations, and corroborated the laboratory ex-
periments (Gale et al. 2011, 2014; Robinson et al.
2013) by demonstrating that migration-success after
capture and release in the wild decreases markedly in
sockeye salmon when temperature increases from
14°-16°C to 19°C or higher. Similar to many of
the other factors discussed in the present article,
temperature has effects on post-release survival that
are context-specific, including interactions with pop-
ulation and sex (see below).

Sex-specific effects of fisheries-capture

Mature, female Pacific salmon experience higher
mortality than do males in most years in controlled
laboratory experiments conducted under benign con-
ditions (Patterson et al. 2004; Crossin et al. 2008), a
trend that can be amplified by warm water (e.g.,
19+°C; Jeffries et al. 2012b; Martins et al. 2012b)
and catch-and-release stressors (Robinson et al.
2013; Gale et al. 2014). In the laboratory, Gale
et al. (2014) found that following simulated catch-
and-release, female sockeye salmon held at 19°C had
higher mortality 24—48 h post-treatment compared to
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males held at 19°C and in comparison with both
sexes at lower temperatures. Robinson et al. (2013)
observed that females exhibited elevated mortality
rates when held at 16°C, which approximates the
average temperature experienced by Fraser River
sockeye salmon during migration upriver (Patterson
et al. 2007). With continued warming expected in
the Fraser River (Morrison et al. 2002), there is
growing concern that the increased mortality ob-
served for females following catch-and-release at
high temperatures could affect operational sex
ratios at spawning grounds (McDaniels et al. 2010),
which may become an important consideration for
the management of fisheries when river temperatures
are high. Indeed, telemetry-tracked sockeye salmon
males survived to reach spawning areas at a rate
1.6x higher than did females when water tempera-
tures exceeded 19°C (Martins et al. 2012b).

It has been postulated that female salmon have
less capacity to cope with environmental stressors
(Clark et al. 2011) because of physiological differ-
ences with males. Acute and chronically stressed
female salmon typically have higher levels of
plasma cortisol than do males (Fagerlund 1967;
Pottinger et al. 1995, 1996). Even in unstressed
pink salmon, coho salmon, and sockeye salmon, fe-
males can have a 2:1 or higher ratio of levels of
cortisol in the plasma relative to males (Donaldson
et al. 2010b, 2014b; Baker and Vynne 2014; Raby
et al. 2015a). Sex-specific differences in corticosteroid
modulations and high maternal investment in go-
nadal development, characteristic of Pacific salmon,
likely contribute to enhanced susceptibility to disease
in females relative to in males (Pickering and
Christie 1980; MacDonald et al. 2000; Sandblom
et al. 2009; Clark et al. 2010). Indeed, preliminary
results show that female adult Pacific salmon carry
greater loads of microbes than do males, although
differences in mortality rates do not always match
differences in microbe loads (A. Teffer, submitted
for publication). In addition to hormonal differences,
females can have higher heart rates, as well as ele-
vated levels of lactate and glucose in blood plasma
(Sandblom et al. 2009; Jeffries et al. 2012b). Mature
male sockeye salmon also develop larger hearts than
do females, measured as a proportion of body mass
(Clark et al. 2009; Sandblom et al. 2009). Estradiol,
which is an essential hormone for final maturation
and senescence in Pacific salmon (Hruska et al. 2010;
Jeffries et al. 2012b), was depressed during a stress
response in a recent experiment (Donaldson et al.
2014b).

Several hypotheses have been proposed to explain
why higher post-release mortality occurs in female
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salmon than in males. Potential mechanisms of mor-
tality include physiological limitations, such as an
impaired recovery of cortisol to routine levels follow-
ing fisheries-capture during maturation, energetic
constraints due to increased investment in gonadal
development relative to males (Crossin et al. 2008),
or differences in cardiorespiratory functioning at
high temperatures (Clark et al. 2011; Eliason et al.
2013c¢). In a study of physiological recovery of coho
salmon from simulated catch-and-release at two tem-
peratures (10° and 15°C), cortisol was significantly
higher at the higher temperature in both sexes 24h
after the stressor. However, in females, cortisol re-
mained particularly high (i.e., ~300ng mL™") rela-
tive to control values (~80-150 ng mL ™% Donaldson
et al. 2010a; Raby et al. 2015a), which provides sup-
port for the notion that impaired cortisol-recovery
could be a mechanism for the observed sex-differ-
ences in warm water (Raby et al. 2015a). Further
work is required to identify the mechanistic basis
of the increased sensitivity of females to warm
water and to fisheries-capture.

Among-population differences

Adult Pacific salmon return to their natal spawning
grounds with high fidelity, particularly in the case of
the highly philopatric sockeye salmon, which results
in a discrete population structure. In the Fraser River
watershed, there are more than 100 genetically dis-
tinct sockeye salmon populations (Beacham et al.
2005) that experience a broad range of environmen-
tal conditions, depending on when they enter the
river and where they spawn. For example, the dis-
tance they migrate can vary from <100km to
>1000km, gain in elevation can exceed 1100m,
river temperatures can vary from 6° to 22°C, and
river-flow can reach up to 10,000 m’s'.
Consequently, a range of population-specific adapta-
tions are postulated to have evolved in concert with
the conditions under which migration takes place
and the location of spawning (Lee et al. 2003;
Crossin et al. 2004; Farrell et al. 2008). Body mor-
phology, gross somatic energy, fecundity, and migra-
tory behavior are population-specific and reflect
apparent differences in the difficulty of migration
(Crossin et al. 2004). Eliason et al. (2011) reported
among-population differences in cardiorespiratory
physiology for Fraser River sockeye salmon, whereby
populations undergoing more challenging migratory
conditions appear to be better adapted to those chal-
lenges by virtue of better performance in swimming
tests, greater aerobic scope, greater cardiac scope,
larger hearts, and a better coronary supply of
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oxygen to the heart (Lee et al. 2003; Eliason et al.
2011, 2013a). Populations were also able to maintain
maximum aerobic performance in swimming tests
across the range of temperatures typically encoun-
tered during their migration upriver; thermal-toler-
ance thresholds differed among populations (Eliason
et al. 2011). Survival and migration rates can also be
population-specific for sockeye salmon (Hinch and
Rand 2000), with some populations likely being
more vulnerable to elevated temperatures (Martins
et al. 2011) and to catch-and-release (Donaldson
et al. 2010a, 2012).

There is some evidence for population-specific ef-
fects of catch-and-release fisheries on adult sockeye
salmon (Donaldson et al. 2010a, 2012), although ev-
idence suggests otherwise for coho salmon (Raby
et al. 2014b). Donaldson et al. (2012) investigated
post-release survival in two sockeye populations
that exit the marine environment at the same time,
spawn in nearby locations, but one population (i.e.,
Harrison) spawns 1 month after the other (i,
Weaver). Post-release survival was low overall, but
the Harrison population had much lower survival
than did the Weaver population, particularly follow-
ing simulated capture by gill net or tangle net.
Donaldson et al. (2012) found that Harrison fish
exposed to the fisheries simulations were more
likely to experience visible injuries, and impairment
of reflexes predicted their short-term and long-term
survival, but this was not the case for Weaver fish.
Those results corroborated a prior study (Donaldson
et al. 2010a), in which physiological condition at the
time of capture-and-release was predictive of migra-
tory fate for the Adams-Shuswap population-
complex of Fraser River sockeye, but not for the
Chilko population. Moreover, Adams-Shuswap
salmon were slower migrators and less likely to
reach natal subwatersheds relative to the Chilko
fish (Donaldson et al. 2010a). Interestingly, both
the Chilko and Weaver populations migrate directly
to spawning areas (i.e., within days following cap-
ture-and-release), whereas the Adams-Shuswap and
Harrison populations spend several weeks longer in
freshwater prior to spawning. In both cases there
were remarkably similar patterns, with nearly two-
fold higher survival for the population that was
closer (chronologically) to spawning (i.e., Chilko
and Weaver). Such results suggest that population
differences in maturation schedules relative to the
time of capture may drive much of the observed
differences in post-release survival (see sections
below on pathogen loads and on the role of matu-
ration status).

G. D.Rabyetal

Interactions between capture stressors
and pathogen loads

A common theme within studies of post-release
mortality in Pacific salmon has been that among-
treatment differences and explanatory variables
(e.g., impairment of reflexes, fish length, blood pa-
rameters, methods of capture) sometimes fail to ex-
plain most of the variation in mortality that occurs
(e.g., models of survival explained ~40% of the var-
iation in survival in one study (Raby et al. 2014b),
and 25-45% in another (Raby et al. in press)).
Disease may be responsible for much of the unex-
plained variation, because of its influence on the
magnitude and types of responses elicited by an
individual (Cooke et al. 2013b). Whether disease
induced by catch-and-release is a mechanism for
post-release mortality is unknown (in any fish or
fishery), although this phenomenon is often assumed
to occur (Gilhousen 1990; Baker and Schindler
2009). Host—parasite relationships are presumed to
be complex in anadromous fishes because individuals
experience a broad range of environmental condi-
tions (e.g., flow, temperature, salinity), undergo dra-
matic physiological changes (Hinch et al. 2006), and
encounter diverse infectious agents (Miller et al.
2014). The spawning migration of adult Pacific
salmon requires movement from the marine environ-
ment to freshwater, a physiologically taxing osmoreg-
ulatory transition that is layered onto the processes
of maturation and senescence (see section below on
the role of maturation status). Animals’ migrations
are intrinsically associated with, and influenced by,
infectious diseases (Altizer et al. 2011) because the
balance of host—parasite relationships is modified by
changes in the environment (Wolinska and King
2009), which includes stressors such as catch-and-
release.

We are currently exploring the role of infectious
disease in catch-and-release survival by evaluating
two hypotheses: (1) the status of infection at the
time of capture affects post-release recovery and sur-
vival of the host, and (2) the infectivity, replication,
and pathogenicity of microbes are altered by stress
and injury sustained by the host during a capture
event. Hypothesis-testing of this nature can be as-
sessed using novel application of high-throughput
quantitative polymerase-chain reaction (qQPCR) cou-
pled with holding the fish under controlled labora-
tory conditions, and in telemetry studies in situ (as
first described by Miller et al. 2014).

The microbial assemblage carried by a fish at the
time of capture may influence its ability to recover
from the stressor. Microbes are accumulated
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throughout the Pacific salmon’s lifecycle and can
remain non-pathogenic or be maintained as sub-
pathological infections. Carrier-state infections have
the potential to become pathogenic and cause disease
if the host’s resilience is impaired (e.g.,
Renibacterium salmoninarum) (Bullock and Herman
1988; St-Hilaire et al. 2001). For wild fish, individual
variability in microbe burden and host physiology
are likely constrained by the ecological thresholds
of infection, thereby influencing survival directly
(i.e., disease) and indirectly (e.g., sub-lethal impair-
ment leading to predation) (Miller et al. 2014). The
potential therefore exists for loss of more impaired
individuals in an advanced state of infection prior to
entry into freshwater (Miller et al. 2011, 2014). This
hypothesis is supported by data showing relative uni-
formity in microbe burden among returning adult
salmon assessed shortly after they enter the river,
with divergence among surviving individuals occur-
ring later during residence in freshwater, and reflect-
ing the severity of the stressor incurred (Miller et al.
2014; A. Teffer, submitted for publication).
Physiological impairment is a typical characteristic
of adult salmon after extended residence in freshwa-
ter, which can likely be attributed to the develop-
ment of microbial infections and to senescence
(Tierney and Farrell 2004; Wagner et al. 2005;
Kocan et al. 2009). Thus, the period of residency
in freshwater is an important co-factor in any
study of disease in Pacific salmon.

Acute physiological stress caused by catch-and-release
could affect immune function, especially if the host’s
resilience is compromised. In addition, direct injuries
caused by hooking, netting, and handling are
common and can range from mild (e.g., loss of
mucus or scales) to severe (e.g., loss of skin;
damage to gills and other organs) (see Cooke and
Suski 2005; Baker and Schindler 2009; Cooke et al.
2013b). (Note: injuries that lead to significant loss of
blood from the fish typically preclude release.) These
injuries create sites for infection by opportunistic
pathogens such as Saprolegnia spp (Baker and
Schindler 2009) or Aeromonas salmonicida, which
often replicate in the event of decreased effectiveness
of the hosts’ defenses (Kent 2011). Stress from cap-
ture likely accelerates the development of disease in
more immunocompromised individuals who are
unable to elicit an appropriate immune response to
primary or secondary infections (Gilhousen 1990;
Schreck et al. 2001; Miller et al. 2011; Jeffries et al.
2014). Conversely, in less impaired individuals, an
acute stressor such as gill-net entanglement could
augment immunity of the skin and gills to secondary
infection via accelerated recruitment of leukocytes to
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affected areas and enhanced cytokine signaling (doc-
umented in mice; e.g., Dhabar 2002; Neeman et al.
2012). Indeed, premature mortality of adult salmon
exposed to warm water and handling was associated
with an insufficient stress and immune response ob-
served in the gill transcriptome (Jeffries et al. 2014),
implicating an interaction between temperature, han-
dling, and disease.

Extended residency in freshwater prior to spawn-
ing can lengthen the duration of microbial infection,
thereby increasing the infectious dose accumulated
by migrating adults (e.g., Stocking et al. 2006).
High temperature can further promote pathogenesis
of certain microbes due to accelerated replication by
the pathogen and/or to impaired resilience on the
part of the host (Noe and Dickerson 1995;
Wedemeyer 1996; Altizer et al. 2013; Miller et al.
2014). The type and intensity of transcriptomic re-
sponses of thermally stressed fish can also vary de-
pending on the type of infectious agent (e.g.,
bacterial versus viral agents) (Hori et al. 2013).
Years of elevated temperature in rivers are associated
with high mortality rates of migrating adults both
en route to, and after arrival on, spawning grounds
(e.g., Fraser River: Crossin et al. 2008; Hinch and
Martins 2011; Martins et al. 2011; Snake River:
Keefer et al. 2008), with disease known to be a con-
tributing factor (Wagner et al. 2005; Bradford et al.
2010; Miller et al. 2011; Hinch et al. 2012). In a
changing climate, differences in the resiliency and
thermal tolerance both of host and microbes will
dictate the relative impact of various etiological
agents and potentially shift historic regimes of dis-
ease as river temperatures rise (Wolinska and King
2009). If increasing temperatures alter the abun-
dance, infectivity, and pathogenicity of infectious
agents, estimates of bycatch-mortality may require
adjustment.

Migration stage and maturation status

Given the profound physical and physiological trans-
formations that salmon undergo during the spawn-
ing migration, and the fact that they can be captured
in environments that range substantially in salinity
and temperature, it is not surprising that migrants
can vary in their vulnerability to catch-and-release at
different stages of migration. For example, Raby
et al. (2013) observed suprising resilience to acute
and, in some cases, quite severe catch-and-release
stressors in female pink and chum salmon that had
arrived at spawning grounds (ca. 10% and 5% pre-
spawn mortality, respectively, based on post-mortem
inspection of egg retention; nearly identical to
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natural control levels), whereas sockeye salmon from
the same watershed exposed to the same treatments
two weeks earlier suffered 66% mortality (i.e., failure
to reach the spawning area, based on acoustic telem-
etry tracking; Donaldson et al. 2012).

The biggest environmental transition experienced
by adult salmon during the spawning migration is
from saline marine to typically warmer freshwater
environments, a remarkable physiological feat. In
preparation for entry into freshwater, salmon re-
structure their ionoregulatory systems, transforming
the epithelium of the gills from excreting ions in
saltwater to absorbing ions in freshwater (Hoar
et al. 1988). The capacity of returning migrants to
ionoregulate in seawater begins to decline weeks
before exposure to freshwater, and osmoregulatory
function continues to change throughout migration
(Shrimpton et al. 2005). Concurrently, increases in
reproductive hormones further impair ionoregula-
tory ability in seawater (Lundqvist et al. 1989) and
in turn these physiological alterations induce immu-
nosuppression and increase basal levels of stress in-
dicators (Maule et al. 1996; Miller et al. 2014).

Cortisol, the primary corticosteroid in fish (Barton
2002), naturally increases throughout the spawning
migration (Hane and Robertson 1959; McBride et al.
1986; Hinch et al. 2006; Baker and Vynne 2014) and
plays an integral role in activating key migratory pro-
cesses (Carruth et al. 2002). It is also involved in ion
uptake and in upregulation of gill Na-K-ATPase in
salmonids (both in freshwater and saltwater iso-
forms) (McCormick 2011). However, variable basal
concentrations of cortisol also have the potential to
influence responsiveness to acute stress (Sapolsky
et al. 2000). Therefore, the osmoregulatory status of
a fish at a given time, combined with its osmotic
environment, may affect recovery from catch-and-re-
lease. With a decreasing ability to tolerate saltwater
(i.e., an increased need to excrete ions and a reduced
ionoregulatory capacity to do so) and rising plasma
cortisol levels, fish that choose to enter a holding
pattern in saltwater and delay their entry into fresh-
water or those transitioning between environments
of variable salinities may be more vulnerable to
acute stress than is true of fish fully immersed in
freshwater. However, little research has been con-
ducted to properly test these hypotheses. Related ev-
idence suggests that survival is lower for migrating
fish that are held in saltwater in the laboratory, par-
ticularly if their maturation process is accelerated
(Cooperman et al. 2010). Salmon similarly held in
saltwater have higher resting and active metabolic
rates (Wagner et al. 2006).

G. D.Rabyetal

As Pacific salmon migrate upstream through
freshwater, their skin thickens and their scales are
absorbed as secondary sexual characteristics develop
(Burgner et al. 1991), thereby reducing the potential
for loss of scales, which is a normal effect of catch-
and-release that can lead to mortality (Olsen et al.
2012; Raby et al. in press). Loss of scales is substan-
tial when immature “silver” fish are captured in the
ocean or early in the freshwater phase of their mi-
gration. Damage to the epithelial layer can further
increase pathogenic infection in fish (Svendsen and
Bogwald 1997; van West 2006), potentially leading to
delayed mortality (Svendsen and Bogwald 1997;
Howe and Stehly 1998; Davis 2002). Although loss
of slime remains an issue even once scales are ab-
sorbed, decreased loss of scales should render fish
more resilient to dermal injuries typical of those
that occur during capture.

During the final phase of migration, as energy re-
serves become progressively depleted and condition
deteriorates (Gilhousen 1990), fishes are unable to
fight infection and are especially vulnerable to addi-
tional stressors and disease (Miller et al. 2014). The
finding of Raby et al. (2013) that minimal mortality
occurred following exposure to severe catch-and-re-
lease stressors on the spawning ground suggests,
however, that despite starvation, disease, and de-
pleted energy, once adult salmon have arrived at
the cooler waters of their spawning area, they may
resist the usual negative effects of prolonged stress.
While exposure to stressors suppresses reproductive
investment in many animals, thereby enhancing pro-
cesses that enable survival, conserve energy, and
maximize long-term fitness (i.e., activation of the
“emergency life-history stage”; see Wingfield et al.
1998; Sapolsky et al. 2000), this strategy would be
maladaptive in Pacific salmon with only one oppor-
tunity to breed (i.e., semelparity) (Wingfield and
Sapolsky 2003). Indeed, concentrations of cortisol
are at their highest on the spawning grounds
(Baker and Vynne 2014) and although stress respon-
siveness (i.e., stressor-induced elevation of cortisol) is
maintained (~51% increase from baseline in spawn-
ing pink salmon), elevations of cortisol are appar-
ently constrained enough in most instances that
reproduction is not impaired (Cook et al. 2011). In
field studies assessing the link between stress respon-
siveness and spawning or migration success, there
was evidence for selection against high-responding
individuals—particularly earlier in the migration
when the mean cortisol response was much larger
than on spawning grounds (~300% increase versus
a 50% increase) (Cook et al. 2011, 2014).
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Spawning involves repeated agonistic interactions
with other salmon (i.e., social stress; Gilmour et al.
2005), challenging environmental conditions, and a
potentially heightened threat of predation because of
conspicuous secondary sexual characteristics coupled
with utilization of shallow streams (Quinn and Buck
2001). So it might be expected that successful spaw-
ners would be physiologically adapted to cope with
acute stressors like catch-and-release (Wingfield and
Sapolsky 2003). However, the mechanisms by which
mature adult salmon resist the effects of elevated
cortisol remain unclear. It seems likely that the
HPI or HPG (hypothalamic-pituitary-gonadal) axes
could be re-configured during spawning (e.g., via
changes in glucocorticoid receptors) (Wingfield and
Sapolsky 2003). Indeed, cortisol receptors (glucocor-
ticoid receptors 1 and 2) are reduced in spawning
fish, at least in gill tissue (Flores et al. 2012).
Exposure to acute stress has been shown to accelerate
development of disease in fish (e.g., Maule et al.
1987), which is a candidate mechanism for post-re-
lease mortality in migrating salmon (Miller et al.
2014). However, immune function progressively col-
lapses in spawning salmon and therefore additional
brief elevations in cortisol, for example, for 1-4h
(Donaldson et al. 2014b) may be relatively inconse-
quential for immune function at this stage. With
respect to the stress of exhaustion typically accom-
panying catch-and-release, Raby et al. (2013) hypoth-
esized that salmon become progressively more
resilient due to a shift toward protein catabolism
during spawning (Morash et al. 2013) and to more
frequent use of anaerobic metabolism (Brett 1995).

It remains unknown if resilience to capture-stress
changes in a systematic way across the spawning mi-
gration, or whether external factors can alter this
trajectory. Salmon tend to experience cooler water
as they approach spawning areas, although water
temperatures also are low in marine fisheries (e.g.,
9-10°C) where high post-release mortality can occur,
for example, nearly 50% delayed mortality (Raby
et al. in press). A minimum amount of time may
be required following release for delayed mortality
to become manifest, yet longevity was 8 and 15
days for chum and pink salmon, respectively (Raby
et al. 2013)—a time frame in which substantial de-
layed mortality can occur in fish with transmitters
released in the lower Fraser River (e.g., Donaldson
et al. 2011, 2013; Raby et al. 2014b).

At present, there is a lack of understanding of how
responses to capture-stress may change throughout
the spawning migrations of Pacific salmon. With
dramatic physiological and physical changes occur-
ring during maturation, and stress hormones playing
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an integral role throughout the process (Baker and
Vynne 2014), understanding these relationships is a
challenge. Further population-specific field experi-
ments are required throughout the spawning migra-
tion (both spatially and temporally) to determine if
there are certain predictable temporal thresholds at
which the normal physiological changes either induce
a heightened response (e.g., while shifting from salt-
water to freshwater) or confer resilience to acute
stress (e.g., while on spawning grounds).

Application and future research

A conservation physiology approach has provided
new insights into the ways in which context affects
how salmon respond to and recover from fisheries-
capture (Fig. 1). Although much of the work is of
value to the biology of stress, an important goal of
research on post-release survival is to generate man-
agement prescriptions that reduce unwanted collat-
eral impacts of fisheries. Unfortunately, the complex
nature of a multi-species, multi-population, multi-
gear, multi-sector fishery that targets and releases
fish that are dynamically changing during maturation
and senescence is such that generic management pre-
scriptions are difficult. Thus, management decisions
are inherently subject to some degree of uncertainty
and will usually need to rely on “imperfect” or in-
complete scientific information. However, the level
of uncertainty differs among the six themes described
in this article. A considerable amount of work has
focused on the effects of temperature on survival
(Hinch et al. 2012), particularly in sockeye salmon,
and some general trends are quite clear, one of which
is that post-handling and post-release survival de-
crease substantially when water temperatures exceed
19°C (Gale et al. 2011, 2014; Martins et al. 2011;
Robinson et al. 2013). Those trends have been ob-
served both in the field and in the laboratory, and
are supported by experimental data from multiple
levels of biological organization (e.g., molecular,
cell, whole-body; Eliason et al. 2011; Jeffries et al.
2011; Gale et al. 2014; Jeffries et al. 2014).
Moreover, the general negative effect of warm
water on stress and survival after catch-and-release
is well established across fish species (Gale et al.
2013). Several recent telemetry-based studies of sur-
vival (e.g., Donaldson et al. 2011, 2012, 2013; Raby
et al. 2014b, in press; Nguyen et al. 2014; Robinson
et al. 2015) have yet to be integrated into a broader
quantitative analysis of the effects of temperature, as
previously carried out by Martins et al. (2011). This
logical next step could enable management to dy-
namically adjust the estimates of mortality applied
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angling occurs but
little non-target,
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recreational and
aboriginal fisheries
— both commercial
and food, social,
ceremonial in the
latter case.

Mixture of
commercial,
recreational, and
First Nations
fisheries.

Majority of total
salmon caught (via

Characteristics

Abiotic

Usually lower water

temperature relative
to earlier in migration,

but not always.

Exposure to
sometimes
challenging flows
and temperatures.

Fish experience a
rapid increase in
temperature,
turbidity, and

decrease in salinity

as they move from
saltwater to
freshwater.

Generally low (8-12
°C), stable seawater

commercial fisheries) temperatures.

and thus most of the

Fisheries capture-and-release.

Biotic
Weaker cortisol response to
stressors; stress physiology
may be reconfigured to resist
negative effects on
reproduction; scales fused
into skin confer some
resilience to netting injuries.

Maturation schedules and
thermal tolerance vary
among stocks and species.
Individuals with larger
cortisol responses more
likely to perish after release.
Female sockeye more
sensitive than males,
especially in warm water.

Physiological transitions to
endure warmer water (in
most cases) and
osmoregulate in
freshwater. Novel exposure
to freshwater pathogens.

All fish are ‘silver’,
which makes scale loss
a critical factor. Post-
release predation risk

G. D.Rabyetal

Research

Fate of fish can
more easily be
physically
verified after
release in some
systems.

Conducive to
telemetry tracking.
Ocean-tagged fish
that survive to
reach freshwater
can be used to
establish
background
mortality rates.

Very little data on
whether
sensitivity to
capture is
different during
this stage of
migration.

More difficult and
expensive than in-
river. Especially
difficult to target a

likely substantial. stock or species.

Fig. 1 A schematic of how abiotic and biotic factors, fisheries, and research challenges can change across stages of the spawning
migration of Pacific salmon in ways that are relevant to catch-and-release.

to released fish (e.g., apply a higher value when tem-
peratures are 19+4°C) based on water temperature
data that are available in real-time from in-river
monitoring stations and forecast models (Hague
and Patterson 2014).

Unlike the ubiquitous effect of temperature, the
trend of sex-specific patterns in stress and mortality
seems relatively unique to salmon, but has emerged
repeatedly (Gale et al. 2011; Clark et al. 2012; Jeffries
et al. 2012b; Robinson et al. 2013; Raby et al. 2015a).
Whether this trend can be used in management
models remains unclear; managers of salmon fisher-
ies currently have targets for the number of fish that
reach spawning areas, but not sex-specific targets.
Moreover, it remains unknown whether fisheries-
induced sex-specific mortality can be detected in
changes in sex ratios at spawning areas; empirically
testing such a hypothesis would be a challenge. An
alternative approach that emphasizes the reproduc-
tive value of females would be to apply a female-
based mortality rate to all fish released by a fishery

for which sex-specific estimates are available.
Unfortunately, well-defined sex-specific rates of mor-
tality are unavailable for most contexts because of
difficulties in determining sex in the field. Most
salmon fisheries target fish early in their reproductive
maturation (in the ocean or shortly after freshwater
entry) which usually precludes accurate identification
of sex without the analysis of sex steroids because
(external) secondary sexual characteristics are
poorly developed at this stage of maturation. To
allay the concern that drawing blood samples from
fish (to assess sex steroids) could affect rates of mor-
tality, we avoided doing so in field-studies focused
on estimating mortality (e.g., Donaldson et al. 2011;
2013; Raby et al. 2014b; Robinson et al. 2015) despite
some evidence that blood biopsies are relatively
benign (Cooke et al. 2005; Raby et al. in press).
Therefore, future recommendations on sex-specific
mortality rates will need to rely on a combination
of laboratory experiments and limited sex-specific
field studies.
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It is well-established in the fisheries literature that,
all else being equal, greater levels of stress and phys-
ical injury lead to a greater likelihood of post-release
mortality (Kaimmer and Trumble 1998; Benoit et al.
2010; Davis 2010), and that seems to hold true for
Pacific salmon (Crossin et al. 2008; Baker and
Schindler 2009; Donaldson et al. 2011; Raby et al.
2012, in press). Therefore, rapid and simple vitality
assessments that quantify injury and reflex impair-
ment (a useful proxy for fatigue and physiological
disturbance; Davis 2010; Raby et al. 2013, in press;
McArley and Hebert 2014) may provide an effective
path toward a better understanding of the relative
effects of different fishing gears, handling practices,
and to some extent, temperature (Gale et al. 2011,
2013, 2014), across contexts and species. Vitality as-
sessments can be used to provide rough approxima-
tions of post-release mortality risk (Benoit et al
2010; Davis 2010), and as such could be used in
fisheries observer programs to triage which fisheries
require targeted research aimed at rigorously quanti-
fying mortality and developing solutions (e.g.,
Donaldson et al. 2013; Raby et al. 2014b).

Substantial uncertainty remains surrounding the
biological importance and management relevance of
the latter three themes discussed: among-population
differences, the role of pathogens, and the effect of
maturation status. It seems clear that there are some
morphological and physiological differences among
populations of sockeye salmon (e.g., Crossin et al.
2004; Eliason et al. 2011), and that some populations
may be more resilient to warm water (i.e., the Chilko
Lake population of sockeye salmon; Eliason et al.
2011; Martins et al. 2011). However, it remains
unclear whether there are significant among-popula-
tion differences in resilience to the stress of capture
(i.e., reactivity to stress, capacity for physiological
recovery). Apparent among-population differences
in post-release survival may actually stem from dif-
ferences in maturation status (i.e., timing relative to
spawning) at the time of capture for co-migrating
populations (Donaldson et al. 2012; Raby et al.
2013). Some of our findings highlight that post-re-
lease mortality rates applied by management for fish
caught in one locale may be inappropriate for the
same fish caught at another time during their migra-
tion, and different stages of maturity may further
complicate the issue. Fisheries managers already
apply different post-release mortality rates to differ-
ent locations, but their application is typically for
different marine locales (i.e., not river entry vs
near-spawning) and in many cases are driven by
the different fishing methods and gears used in
these fishing areas. In addition, there is a mix of
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wild and hatchery-origin populations (i.e., fish re-
turning from the ocean after having been released
from hatchery production facilities ~1—4 years ear-
lier, depending on the species). Though we have
mostly used wild populations for our research, in
some cases hatchery-origin adults returning to their
natal hatcheries have been used for logistical pur-
poses (i.e., Donaldson et al. 2010b; Clark et al.
2012; Raby et al. 2015a). Surprisingly, little is
known about whether stress reactions and/or survival
differ between hatchery-origin and wild salmon after
catch-and-release (but see Wydoski et al. 1976); such
research would be informative to fisheries science
and management.

Pre-capture pathogen abundance and post-release
proliferation of pathogens could be linked both to
differences among-populations and differences in
timing relative to spawning. For example, among-
population differences in early life or marine habitat
pathogen exposures could affect pre-capture patho-
gen loads, and the differences in temperatures expe-
rienced in natal watersheds during the final stages of
maturation would be expected to affect the rate of
capture-induced disease development for some mi-
crobes. Likewise, fish that enter freshwater well ahead
of spawning and experience catch-and-release may be
more at risk of developing advanced pathogen infec-
tions prior to arrival on spawning grounds, especially
without the use of thermal refugia (e.g., Mathes et al.
2010). Understanding and anticipating the effects of
catch-and-release on survival and migration success
in a complex ecological setting requires an equally
comprehensive approach and state-of-the-art tools.
High-throughput qPCR can be used to detect the
presence and relative productivity of viruses, bacteria
and other microparasites within host tissues
(Michelet et al. 2014; Miller et al. 2014).
Simultaneous monitoring of the physiology of the
host over time with changes in microbe burdens
can help to characterize the trajectory of disease de-
velopment, which can be further complemented by
histopathological assessments at death. Application
of these techniques in ongoing research is two-
tiered: laboratory experiments provide a setting for
hypothesis testing in a controlled environment while
field experiments using telemetric tracking of fish
incorporate stochastic factors (e.g., river flow and
associated  metabolic  costs of  swimming).
Characterization of the role of infectious disease in
catch-and-release is among the most important re-
search avenues aimed at identifying the proximate
mechanisms of delayed mortality. This ongoing
work at molecular and whole-animal levels will
help clarify how catch-and-release can result in
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proliferation of pathogens in different species and
populations exposed to stressors at different stages
of maturation and under different thermal regimes
(Miller et al. 2014).

Funding

Our work is supported by the Natural Sciences and
Engineering Research Council of Canada (NSERC),
Ocean Tracking Network Canada, the Pacific Salmon
Foundation, the Canadian Wildlife Federation,
Fisheries and Oceans Canada, the University of
British Columbia, and Carleton University. S.J.C.
and A.P.F. were supported by the Canada Research
Chairs program. G.D.R. was supported by an
Ontario Graduate Scholarship.

References

Altizer S, Bartel R, Han BA. 2011. Animal migration and
infectious disease risk. Science 331:296-302.

Altizer S, Ostfeld RS, Johnson PTTJ, Kutz S, Harvell CD.
2013. Climate change and infectious diseases: from evidence
to a predictive framework. Science 341:514-18.

Arlinghaus R, Cooke SJ, Lyman J, Policansky D, Schwab A,
Suski CD, Sutton SG, Thorstad EB. 2007. Understanding
the complexity of catch-and-release in recreational fishing:
an integrative synthesis of global knowledge from historical,
ethical, social, and biological perspectives. Rev Fish Sci
15:75-167.

Ashbrook CE, Dixon JF, Hassel KW, Schwartz EA, Skalski JR.
2008. Estimating bycatch survival in a mark-selective fish-
ery. Am Fish Soc Symposium 49:677-85.

Barton BA. 2002. Stress in fishes: a diversity of responses with
particular reference to changes in circulating glucocorti-
coids. Integr Comp Biol 42:517-25.

Bartholomew A, Bohnsack JA. 2005. A review of catch-and-
release angling mortality with implications for no-take re-
serves. Rev Fish Biol Fish 15:129-54.

Baker MR, Schindler DE. 2009. Unaccounted mortality in
salmon fisheries: non-retention in gillnets and effects on
estimates of spawners. ] Appl Ecol 46:752-61.

Baker MR, Vynne CH. 2014. Cortisol profiles in sockeye
salmon: sample bias and baseline values at migration, mat-
uration, spawning, and senescence. Fish Res 154:38—43.

Baker MR, Swanson P, Young G. 2013. Injuries from non-
retention in gillnet fisheries suppress reproductive matura-
tion in escaped fish. PLoS One 8:¢69615.

Brett JR. 1952. Temperature tolerance in young Pacific
salmon, genus Omncorhynchus. ] Fish Res Board Can
9:265-323.

Brett JR. 1956. Some principles in the thermal requirements
of fishes. Quarterly Rev Biol 31:75-87.

Brett JR. 1971. Energetic responses of salmon to temperature
- study of some thermal relations in physiology and fresh-
water ecology of sockeye salmon (Oncorhynchus nerka). Am
Zool 11:99-113.

G. D.Rabyetal

Brett JR. 1995. Energetics. In: Groot C, Margolis L, Clark WC,
editors. Physiological ecology of pacific salmon. Vancouver:
UBC Press. p. 1-68.

Brett JR, Groves TDD. 1979. Physiological energetics. Fish
Physiol 8:279-352.

Beacham TD, Candy JR, McIntosh B, MacConnachie C,
Tabata A, Kaukinen K, Deng L, Miller KM, Withler RE,
Varnavskaya N. 2005. Estimation of stock composition and
individual identification of sockeye salmon on a Pacific rim
basis using microsatellite and major histocompatibility
complex variation. Trans Am Fish Soc 134:1124—46.

Beacham TD, Wetklo M, Deng L, MacConnachie C. 2011.
Coho salmon population structure in North America
determined from microsatellites. Trans Am Fish Soc
140:253-70.

Benoit HP, Hurlbut T, Chasse J. 2010. Assessing the factors
influencing discard mortality of demersal fishes using a
semi-quantitative indicator of survival potential. Fish Res
106:436—47.

Black EC. 1958. Hyperactivity as a lethal factor in fish. J Fish
Res Board Can 15:573-86.

Boonstra R. 2013. Reality as the leading cause of stress: re-
thinking the impact of chronic stress in nature. Funct Ecol
27:11-23.

Bradford MJ, Lovy J, Patterson DA. 2010. Infection of gill and
kidney of Fraser River sockeye salmon, Oncorhynchus nerka
(Walbaum), by Parvicapsula minibicornis and its effect on
host physiology. J Fish Dis 33:769-79.

Breuner CW, Patterson SH, Hahn TP. 2008. In search of
relationships between the acute adrenocortical response
and fitness. Gen Comp Endocr 157:288-95.

Broadhurst MK, Millar RB, Brand CP, Uhlmann SS. 2009.
Modified sorting technique to mitigate the collateral mor-
tality of trawled school prawns (Metapenaeus macleayi).
Fish Bull 107:286-97.

Broadhurst MK, Uhlmann SS, Millar RB. 2008. Reducing dis-
card mortality in an estuarine trawl fishery. ] Exp Mar Biol
Ecol 364:54-61.

Buchanan S, Farrell AP, Fraser J, Gallaugher P, Joy R,
Routledge R. 2002. Reducing gill-net mortality of inciden-
tally caught coho salmon. N Am J Fish Manage 22:1270-5.

Bullock GL, Herman RL. 1988. Bacterial kidney disease of
salmonid fishes caused by Renibacterium salmoninarum.
Fish Disease Leaflet 78. US Department of the Interior,
US Fish and Wildlife Service, Washington, DC, 8 p
(http://pubs.er.usgs.gov/publication/2001381).

Burgner RI. 1991. Life history of sockeye salmon
(Oncorhynchus nerka). In: Groot C. and Margolis I,
editors. Pacific salmon life histories. Vancouver: UBC
Press. p. 1-117.

Carruth LL, Jones RE, Norris DO. 2002. Cortisol and
Pacific salmon: a new look at the role of stress hormones
in olfaction and home-stream migration. Integ Comp Biol
42:574-81.

Chopin FS, Arimoto T. 1995. The condition of fish escaping
from fishing gears — a review. Fish Res 21:315-27.

Chrousos GP, Gold PW. 1992. The concepts of stress and
stress system disorders. JAMA 267:1244-52.

Clark TD, Donaldson MR, Pieperhoff S, Drenner SM, Lotto
A, Cooke §J, Hinch SG, Patterson DA, Farrell AP. 2012.
Physiological benefits of being small in a changing

STOZ ‘. YO0 UO JoSPUIM J0 AISBAIN T /BI0SEUINOpI0JX0'Go1//:dNY WO} POPeo uMOQ


http://pubs.er.usgs.gov/publication/2001381
http://icb.oxfordjournals.org/

Fishing for effective conservation

world: responses of coho salmon (Oncorhynchus kisutch) to
an acute thermal challenge and a simulated capture event.
PLoS One 7:€39079.

Clark TD, Hinch SG, Taylor BD, Frappell PB, Farrell AP.
2009. Sex differences in circulatory oxygen transport pa-
rameters of sockeye salmon (Omncorhynchus nerka) on the
spawning ground. ] Comp Physiol B 179:663-71.

Clark TD, Jeffries KM, Hinch SG, Farrell AP. 2011.
Exceptional aerobic scope and cardiovascular perfor-
mance of pink salmon (Oncorhynchus gorbuscha) may
underlie resilience in a warming climate. J Exp Biol
214:3074-81.

Clark TD, Sandblom E, Cox GK, Hinch SG, Farrell AP. 2008.
Circulatory limits to oxygen supply during an acute tem-
perature increase in the Chinook salmon (Oncorhynchus
tshawytscha). Am ] Physiol Regul Integr Comp Physiol
295:1631-9.

Clark TD, Sandblom E, Hinch SG, Patterson DA, Frappell PB,
Farrell AP. 2010. Simultaneous biologging of heart rate and
acceleration, and their relationships with energy expendi-
ture in free-swimming sockeye salmon (Oncorhynchus
nerka). ] Comp Physiol B 180:673-84.

Coggins LG, Catalano M]J, Allen MS, Pine WE, Walters CJ.
2007. Effects of cryptic mortality and the hidden costs of
using length limits in fishery management. Fish Fish
8:196-210.

Cook KV, McConnachie SH, Gilmour KM, Hinch SG, Cooke
SJ. 2011. Fitness and behavioral correlates of pre-stress and
stress-induced plasma cortisol titers in pink salmon
(Oncorhynchus ~ gorbuscha) upon arrival at spawning
grounds. Horm Behav 60:489-97.

Cook KV, Crossin GT, Patterson DA, Hinch SG, Gilmour
KM, Cooke SJ. 2014. The stress response predicts migration
failure but not migration rate in a semelparous fish. Gen
Comp Endocr 202:44—49.

Cook KV, Lennox RJ, Hinch SG, Cooke SJ. Fish out of water:
how much air is too much? Fisheries, in press.

Cooke SJ, Cowx IG. 2004. The role of recreational fisheries in
global fish crisis. Bioscience 54:857-9.

Cooke SJ, Suski CD. 2005. Do we need species-specific guide-
lines for catch-and-release recreational angling to conserve
diverse fishery resources? Biodiv Conserv 14:1195-209.

Cooke SJ, Schreer JF, Dunmall KM, Philipp DP. 2002.
Strategies for quantifying sublethal effects of marine
catch-and-release angling — insights from novel freshwater
applications. Am Fish Soc Symposium 30:121-34.

Cooke §J, Crossin GT, Patterson DA, English KK, Hinch SG,
Young JL, Alexander R, Healey MC, van der Kraak G,
Farrell AP. 2005. Coupling non-invasive physiological and
energetic assessments with telemetry to understand inter-
individual variation in behaviour and survivorship of sock-
eye salmon: development and validation of a technique.
J Fish Biol 67:1342-58.

Cooke §J, Donaldson MR, O’Connor CM, Raby GD,
Arlinghaus R, Danylchuk AJ, Hanson KC, Hinch SG,
Clark TD, Patterson DA, et al. 2013b. The physiological
consequences of catch-and-release angling: perspectives on
experimental design, interpretation, extrapolation, and rel-
evance to stakeholders. Fish Manage Ecol 20:268-87.

Cooke §J, Hinch SG, Crossin GT, Patterson DA, English KK,
Healey MC, Shrimpton JM, Van Der Kraak G, Farrell AP.

571

2006. Mechanistic basis of individual mortality in Pacific
salmon during spawning migrations. Ecology 87:1575-86.
Cooke SJ, Hinch SG, Farrell AP, Patterson DA, Miller-
Saunders K, Welch DW, Donaldson MR, Hanson KC,
Crossin GT, Mathes MT, et al. 2008. Developing a mech-
anistic understanding of fish migrations by linking teleme-
try with physiology, behaviour, genomics and experimental
biology: an interdisciplinary case study on adult Fraser

River sockeye salmon. Fisheries 33:321-38.

Cooke SJ, Sack L, Franklin CE, Farrell AP, Beardall J, Wikelski
M, Chown SL. 2013a. What is conservation physiology?
Perspectives on an increasingly integrated and essential sci-
ence. Conserv Physiol (doi:10.1093/conphys/cot001).

Cooperman MS, Hinch SG, Crossin GT, Cooke SJ, Patterson
DA, Olsson I, Lotto A, Welch D, Shrimpton JM, Van Der
Kraak G, et al. 2010. Effects of experimental manipulations
of salinity and maturation status on the physiological con-
dition and mortality of homing adult sockeye salmon held
in a laboratory. Physiol Biochem Zool 83:459-72.

Crossin GT, Hinch SG, Cooke SJ, Welch DW, Lotto AG,
Patterson DA, Jones SRM, Leggatt RA, Mathes MT,
Shrimpton JM, et al. 2008. Exposure to high temperature
influences the behaviour, physiology, and survival of sock-
eye salmon during spawning migrations. Can ] Zool
86:127-40.

Crossin GT, Hinch SG, Farrell AP, Higgs DA, Lotto AG,
Oakes JD, Healey MC. 2004. Energetics and morphology
of sockeye salmon: effects of upriver migratory distance and
elevation. J Fish Biol 65:788-810.

Dantzer B, Fletcher QE, Boonstra R, Sheriff M]. 2014.
Measures of physiological stress: a transparent or opaque
window in the status, management and conservation of
species? Conserv Physiol 2 (doi:10.1093/conphys/cou023).

Dhabar FS. 2002. Stress-induced augmentation of immune
function — the role of stress hormones, leukocyte trafficking
and cytokines. Brain Behav Immun 16:785-98.

Davies RWD, Cripps SJ, Nickson A, Portier G. 2009. Defining
and estimating global marine fisheries bycatch. Mar Policy
33:661-72.

Davis MW. 2002. Key principles for understanding fish by-
catch discard mortality. Can J Fish Aquat Sci 59:1834—43.

Davis MW. 2010. Fish stress and mortality can be predicted
using reflex impairment. Fish Fish 11:1-11.

Decker AS, Irvine JR. 2013. Pre-COSEWIC assessment of in-
terior Fraser coho salmon (Omncorhynchus kisutch). DFO
Canadian Science Advisory Secretariat Research Document
2013/121. 57 p.

Donaldson MR, Arlinghaus R, Hanson KC, Cooke SJ. 2008.
Enhancing catch-and-release science with biotelemetry. Fish
Fish 9:79-105.

Donaldson MR, Clark TD, Hinch SG, Cooke SJ, Patterson
DA, Gale MK, Frappell PB, Farrell AP. 2010b.
Physiological responses of free-swimming adult coho
salmon to simulated predator and fisheries encounters.
Physiol Biochem Zool 83:973-83.

Donaldson MR, Hinch SG, Patterson DA, Farrell AP,
Shimpton JM, Miller-Saunders KM, Robichaud D, Hills J,
Hruska KA, Hanson KC, et al. 2010a. Physiological condi-
tion differentially affects the behaviour and survival of two
populations of sockeye during their freshwater spawning
migration. Physiol Biochem Zool 83:446-58.

STOZ ‘. YO0 UO JoSPUIM J0 AISBAIN T /BI0SEUINOpI0JX0'Go1//:dNY WO} POPeo uMOQ


http://icb.oxfordjournals.org/

572

Donaldson MR, Hinch SG, Patterson DA, Hills J, Thomas JO,
Cooke SJ, Raby GD, Thompson LA, Robichaud D, English
KK, et al. 2011. The consequences of angling, beach seining,
and confinement on the physiology, post-release behaviour
and survival of adult sockeye salmon during upriver migra-
tion. Fish Res 108:133—41.

Donaldson MR, Hinch SG, Raby GD, Patterson DA, Farrell
AP, Cooke SJ. 2012. Population-specific consequences of
fisheries-related stressors on adult sockeye salmon. Physiol
Biochem Zool 85:729-39.

Donaldson MR, Hinch SG, Suski CD, Fisk AT, Heupel MR,
Cooke SJ. 2014a. Making connections in aquatic ecosystems
with acoustic telemetry monitoring. Front Ecol Environ
12:565-73.

Donaldson MR, Raby GD, Nguyen VN, Hinch SG, Patterson
DA, Farrell AP, Rudd M, Thompson LA, O’Connor CM,
Colotelo AH, et al. 2013. Evaluation of a simple technique
for recovering Pacific salmon from capture stress: integrat-
ing comparative physiology, biotelemetry, and social sci-
ence to solve a conservation problem. Can J Fish Aquat
Sci 70:90-100.

Donaldson MR, Hinch SG, Jeffries KM, Patterson DA, Cooke
SJ, Farrell AP, Miller KM. 2014b. Species- and sex-specific
responses of and recovery of wild, mature pacific salmon to
an exhaustive exercise and air exposure stressor. Comp
Biochem Physiol A 173:7-16.

Eiler JH. 1995. A remote satellite-linked tracking system from
studying Pacific salmon with radio telemetry. Trans Am
Fish Soc 124:184-93.

Eliason EJ, Clark TD, Hague M]J, Hanson LM, Gallagher ZS,
Jeffries KM, Gale MK, Patterson DA, Hinch SG, Farrell AP.
2011. Differences in thermal tolerance among sockeye
salmon populations. Science 332:109-12.

Eliason EJ, Clark TD, Hinch SG, Farrell AP. 2013b.
Cardiorespiratory performance and blood chemistry
during swimming and recovery in three populations of
elite swimmers: adult sockeye salmon. Comp Biochem
Physiol A 166:385-97.

Eliason EJ, Clark TD, Hinch SG, Farrell AP. 2013c.
Cardiorespiratory collapse at high temperature in swim-
ming adult sockeye salmon. Conserv Physiol 1:10.1093/con-
phys/cot008.

Eliason EJ, Wilson SM, Farrell AP, Cooke SJ, Hinch SG.
2013a. Low cardiac and aerobic scope in a costal popula-
tion of sockeye salmon Omnchorhynchus nerka with a short
upriver migration. J Fish Biol 82:2104-12.

Ellis BJ, Del Giudice M. 2014. Beyond allostatic load: rethink-
ing the role of stress in regulating human development.
Dev Psychopathol 26:1-20.

English KK, Koski WR, Sliwinski C, Blakley A, Cass A,
Woodey JC. 2005. Migration timing and river survival of
late-run Fraser River sockeye salmon estimated using radio-
telemetry techniques. Trans Am Fish Soc 134:1342-65.

Fagerlund U. 1967. Plasma cortisol concentration in relation
to stress in adult sockeye salmon during the freshwater
stage of their life cycle. Gen Comp Endocr 8:197-207.

Farrell AP. 2009. Environment, antecedents and climate
change: lessons from the study of temperature physiology
and river migration of salmonids. J Exp Biol 212:3771-80.

Farrell AP, Gallaugher PE, Fraser J, Pike D, Bowering P,
Hadwin AKM, Parkhouse W, Routledge R. 200la.

G. D.Rabyetal

Successful recovery of the physiological status of coho
salmon on board a commercial gillnet vessel by means of
a newly designed revival box. Can ] Fish Aquat Sci
58:1932—46.

Farrell AP, Hinch SG, Cooke SJ, Patterson DA, Crossin GT,
Lapointe M, Mathes MT. 2008. Pacific salmon in hot wa-
ter: applying metabolic scope models and biotelemetry to
predict the success of spawning migrations. Physiol
Biochem Zool 81:697-708.

Fisheries and Oceans Canada. 2001. A policy for selective
fishing in Canada’s Pacific fisheries (http://www.dfo-mpo.
gc.ca/Library/252358.pdf).

Fisheries and Oceans Canada. 2011. Pacific region integrated
fisheries management plan: salmon, southern B.C, June 1,
2011 to May 31, 2012 (http://www.dfo-mpo.gc.ca/Library/
343942.pdf).

Fisheries and Oceans Canada. 2013. Pacific region integrated
fisheries management plan, salmon — southern B.C (http://
www.pac.dfo-mpo.gc.ca/fm-gp/mplans/2013/smon/smon-
sc-cs-2013-eng.pdf) (accessed 25/11/13).

Flores A-M, Shrimpton JM, Patterson DA, Hills JA, Cooke SJ,
Yada T, Morylama S, Hinch SG, Farrell AP. 2012.
Physiological and molecular endocrine changes in maturing
wild sockeye salmon, Omncorhynchus nerka, during ocean
and river migration. ] Comp Physiol B 182:77-90.

Gale MK, Hinch SG, Cooke SJ, Donaldson MR, Eliason EJ,
Jeffries KM, Martins EG, Patterson DA. 2014. Observable
impairments predict mortality of captured and release sock-
eye salmon at various temperatures. Conserv Physiol 2
(doi:10.1093/conphys/cou029).

Gale MK, Hinch SG, Donaldson MR. 2013. The role of
temperature in the capture and release of fish. Fish Fish
14:1-33.

Gale MK, Hinch SG, Eliason EJ, Cooke SJ, Patterson DA.
2011. Physiological impairment of adult sockeye salmon
in fresh water after simulated capture-and-release across a
range of temperatures. Fish Res 112:85-95.

Gilhousen P. 1990. Prespawning mortalities of sockeye salmon
in the Fraser River system and possible causal factors. Int
Pac Salmon Fish Comm Bull 22:1-51.

Gilman E, Suuronen P, Hall M, Kennelly S. 2013. Causes and
methods to estimate cryptic sources of fishing mortality.
] Fish Biol 83:766-803.

Gilmour KM, Dibattista JD, Thomas JB. 2005. Physiological
causes and consequences of social status in salmonid fish.
Integr Comp Biol 45:263-73.

Hague MJ, Ferrari MR, Miller JR, Patterson DA, Russell GL,
Farrell AP, Hinch SG. 2011. Modelling the future hydro-
climatology of the lower Fraser River Basin and its impacts
on the spawning migration survival of sockeye salmon.
Glob Change Biol 17:87-98.

Hague M]J, Patterson DA. 2014. Evaluation of statistical river
temperature forecast models for fisheries management. N
Am ] Fish Manage 34:132-46.

Hall MA. 1996. On bycatches. Rev Fish Biol Fish 6:319-52.

Hane S, Robertson OH. 1959. Changes in plasma 17-hydro-
xycorticosteroids accompanying sexual maturation and
spawning of the Pacific salmon (Oncorhynchus tshawytscha)
and rainbow trout (Salmo gairdnerii). Proc Nat Acad Sci
USA 45:886-93.

STOZ ‘. YO0 UO JoSPUIM J0 AISBAIN T /BI0SEUINOpI0JX0'Go1//:dNY WO} POPeo uMOQ


http://www.dfo-mpo.gc.ca/Library/252358.pdf
http://www.dfo-mpo.gc.ca/Library/252358.pdf
http://www.dfo-mpo.gc.ca/Library/343942.pdf
http://www.dfo-mpo.gc.ca/Library/343942.pdf
http://www.pac.dfo-mpo.gc.ca/fm-gp/mplans/2013/smon/smon-sc-cs-2013-eng.pdf
http://www.pac.dfo-mpo.gc.ca/fm-gp/mplans/2013/smon/smon-sc-cs-2013-eng.pdf
http://www.pac.dfo-mpo.gc.ca/fm-gp/mplans/2013/smon/smon-sc-cs-2013-eng.pdf
http://icb.oxfordjournals.org/

Fishing for effective conservation

Heupel MR, Semmens JM, Hobday AJ. 2006. Automated
acoustic tracking of aquatic animals: scales, design and de-
ployment of listening station arrays. Mar Freshwater Res
57:1-13.

Hinch SG, Martins EG. 2011. A review of potential cli-
mate change effects on survival of Fraser River sockeye
salmon and an analysis of interannual trends in en route
loss and pre-spawn mortality. Cohen Commission
Technical Report, Vancouver, British Columbia (www.
cohencommission.ca).

Hinch SG, Rand PS. 2000. Optimal swim speeds and forward
assisted propulsion: energy conserving behaviours of up-
river migrating salmon. Can ] Fish Aquat Sci 57:2470-8.

Hinch SG, Cooke SJ, Farrell AP, Miller KM, Lapointe M,
Patterson DA. 2012. Dead fish swimming: a review of re-
search on the early migration and high premature mortality
in adult Fraser River sockeye salmon Oncorhynchus nerka.
J Fish Biol 81:576-99.

Hinch SG, Cooke SJ, Healey MC, Farrell AP. 2006.
Behavioural physiology of fish migrations: salmon as a
model approach. In: Sloman K, Balshine S, Wilson R, ed-
itors. Fish physiology Vol. 24: behaviour and physiology of
fish. New York: Elsevier Press. p. 239-95.

Hoar WS. 1988. The physiology of smolting salmonids. In:
Hoar WS, Randall DJ, editors. Fish physiology, Vol. 11,
Part B. New York: Academic Press. p. 275-343.

Hori TS, Gamperl AK, Nash G, Booman M, Barat A, Rise
ML. 2013. The impact of a moderate chronic temperature
increase on spleen immune-relevant gene transcription de-
pends on whether Atlantic cod (Gadus morhua) are stim-
ulated with bacterial versus viral antigens. Genome 56:1-10.

Howe G, Stehly G., 1998. Experimental infection of rainbow
trout with Saprolegnia parasitica. J Aquat Anim Health
10:37-41.

Hruska KA, Hinch SG, Healey MC, Patterson DA, Larsson S,
Farrell AP. 2010. Influences of sexual status and behavior
on physiological changes among individual adult sockeye
salmon during rapid senescence. Physiol Biochem Zool
83:663-76.

Huntsman AG. 1938. Overexertion as cause of death of cap-
tured fish. Science 87:577-8.

Jeffries KM, Hinch SG, Donaldson MR, Gale MK, Burt JM,
Thompson LA, Farrell AP, Patterson DA, Miller KM. 2011.
Temporal changes in blood variables during final matura-
tion and senescence in male sockeye salmon Oncorhynchus
nerka: reduced osmoregulatory ability can predict mortality.
] Fish Biol 79:449-65.

Jeffries KM, Hinch SG, Martins EG, Clark TD, Lotto AG,
Patterson DA, Cooke SJ, Farrell AP, Miller KM. 2012b.
Sex and proximity to reproductive maturity influence the
survival, final maturation, and blood physiology of Pacific
salmon when exposed to high temperature during a simu-
lated migration. Physiol Biochem Zool 85:62-73.

Jeffries KM, Hinch SG, Sierocinski T, Clark TD, Eliason EJ,
Donaldson MR, Li S, Pavlidis P, Miller KM 2012a.
Consequences of high temperatures and premature
mortality on the transcriptome and blood physiology of
wild adult sockeye salmon (Oncorhynchus nerka). Ecol
Evol 2:1747-64.

573

Jeffries KM, Hinch SG, Sierocinski T, Pavlidis P, Miller KM.
2014. Transcriptomic responses to high water temperature
in two species of Pacific salmon. Evol Appl 7:286-300.

Jensen JOT, McLean WE, Damon W, Sweeten T. 2004.
Puntledge River high temperature study: Influence of high
water temperatures on adult pink salmon mortality, matu-
ration, and gamete viability. Can Tech Rep Fish Aquat Sci
2523:1-50.

Kaimmer SM, Trumble RJ. 1998. Injury, condition, and mor-
tality of Pacific halibut bycatch following careful release
by Pacific cod and sablefish longline fisheries. Fish Res
38:131-44.

Keefer ML, Peery CA, Heinrich MJ. 2008. Temperature me-
diated en route migration mortality and travel rates of en-
dangered Snake River sockeye salmon. Ecol Freshw Fish
17:136—45.

Kelleher K. 2005. Discards in the world’s marine fisher-
ies: an update. FAO Fisheries Technical Paper no. 470,
131 p.

Kennelly SJ, Broadhurst MK. 2002. By-catch begone: changes
in the philosophy of fishing technology. Fish Fish 3:340-55.

Kent M. 2011. Infectious diseases and potential impacts on
survival of Fraser River sockeye salmon. Cohen
Commission Technical Report 1: 58p. Vancouver, BC
(www.cohencommission.ca).

Kocan R, Hershberger P, Sanders G, Winton J. 2009. Effects
of temperature on disease progression and swimming sta-
mina in  Ichthyophonus-infected  rainbow  trout,
Oncorhynchus mykiss (Walbaum). J Fish Dis 32:835-43.

Lee CG, Farrell AP, Lotto A, MacNutt MJ, Hinch SG, Healey
MC. 2003. The effect of temperature on swimming perfor-
mance and oxygen consumption in adult sockeye
(Oncorhynchus nerka) and coho (O. kisutch) salmon
stocks. J Exp Biol 206: 3239-51.

Lundqvist H, Borg B, Berglund I. 1989. Androgens impair
seawater adaptability in smolting Baltic salmon (Salmo
salar). Can ] Zool 67:1733-36.

Macdonald JS, Foreman MGG, Farrell T, Williams IV, Grout
J, Cass A, Woodey JC, Enzenhofer H, Clarke WC,
Houtman R, et al. 2000. The influence of extreme water
temperatures on migrating Fraser River sockeye salmon
(Oncorhynchus nerka) during the 1998 spawning season.
Can Tech Rep Fish Aquat Sci 2326.

Macdonald JS, Patterson DA, Hague MJ, Guthrie IC. 2010.
Modeling the influence of environmental factors on spawn-
ing migration mortality for sockeye salmon fisheries man-
agement in the Fraser River, British Columbia. Trans Am
Fish Soc 139:768-82.

MacNutt MJ, Hinch SG, Lee CG, Phibbs JR, Lotto AG, Healey
MG, Farrell AP. 2006. Temperature effects on swimming
performance, energetics, and aerobic capacities of mature
adult pink salmon (Oncorhynchus gorbuscha) compared
with those of sockeye salmon (Oncorhynchus nerka). Can
] Zool 84: 88-97.

Martins EG, Hinch SG, Cooke SJ, Patterson DA. 2012a.
Climate effects on growth, phenology, and survival of sock-
eye salmon (Oncorhynchus nerka): a synthesis of the current
state of knowledge and future research directions. Rev Fish
Biol Fish 22:887-914.

STOZ ‘. YO0 UO JoSPUIM J0 AISBAIN T /BI0SEUINOpI0JX0'Go1//:dNY WO} POPeo uMOQ


www.cohencommission.ca
www.cohencommission.ca
www.cohencommission.ca
http://icb.oxfordjournals.org/

574

Martins EG, Hinch SG, Patterson DA, Hague MJ, Cooke SJ,
Miller KM, Lapointe MF, English KK, Farrell AP. 2011.
Effects of river temperature and climate warming on
stock-specific survival of adult migrating Fraser River
sockeye salmon (Oncorhynchus nerka). Glob Change Biol
17:99-114.

Martins EG, Hinch SG, Patterson DA, Hague M]J, Cooke §J,
Miller KM, Robichaud D, English KK, Farrell AP. 2012b.
High river temperature reduces survival of sockeye salmon
approaching spawning grounds and exacerbates female
mortality. Can J Fish Aquat Sci 69:330—42.

Mathes MT, Hinch SG, Cooke SJ, Crossin GT, Patterson DA,
Lotto AG, Farrell AP. 2010. Effect of water temperature,
timing, physiological condition, and lake thermal refugia
on migrating adult Weaver Creek sockeye salmon
(Oncorhynchus nerka). Can ] Fish Aquat Sci 67:70-84.

Maule AG, Schreck CB, Kaattari SL. 1987. Changes in the
immune system of coho salmon (Oncorhynchus kisutch)
during the parr-to-smolt transformation and after implan-
tation with cortisol. Can ] Fish Aquat Sci 44:161-6.

Maule AG, Schrock R, Slater C, Fitzpatrick MS, Schreck CB.
1996. Immune and endocrine responses of adult chinook
salmon during freshwater immigration and sexual matura-
tion. Fish Shellfish Immunol 6:221-33.

McArley TJ, Herbert NA. 2014. Mortality, physiological
stress and reflex impairment in sub-legal Pagrus auratus
exposed to simulated angling. J Exp Mar Biol Ecol
461:61-72.

McBride J, Fagerlund UHM, Dye HM, Bagshaw J. 1986.
Changes in structure of tissues and in plasma cortisol
during the spawning migration of pink salmon,
Oncorhynchus gorbuscha (Walbaum). J Fish Biol 29:153—-66.

McCormick SD. 2011. The hormonal control of osmoregula-
tion in teleost fish. In: Farrell AP, editor. Encyclopedia of
fish physiology: from genome to environment. San Diego:
Academic Press.

McDaniels T, Wilmot S, Healey M, Hinch S. 2010.
Vulnerability of Fraser River sockeye salmon to climate
change: a life cycle perspective using expert judgments.
J Environ Manage 91:2771-80.

Michelet L, Delannoy S, Devillers E, Umhang G, Aspan A,
Juremalm M, Chirico J, Van der Wal FJ, Sprong H, Boye
Pihl TP, et al. 2014. Multiple detection of pathogens in
ticks: development of a high throughput real time PCR
chip used as a new epidemiologic investigative tool.
Parisit Vectors 7:012.

Miller KM, Li S, Kaukinen KH, Ginther N, Hammill E, Curtis
JMR, Patterson DA, Sierocinski T, Donnison L, Pavlidis P,
et al. 2011. Genomic signatures predict migration and
spawning failure in wild Canadian salmon. Science
331:214-17.

Miller KM, Teffer A, Tucker S, Li S, Schulze AD, Trudel M,
Juanes F, Tabata A, Kaukinen KH, Ginther NG, et al. 2014.
Infectious disease, shifting climates, and opportunistic
predators: cumulative factors potentially impacting wild
salmon declines. Evol Appl 7:812-55.

Morash AJ, Yu W, Le Moine CMR, Hills JA, Farrell AP,
Patterson DA, McClelland GB. 2013. Genomic and meta-
bolic preparation of muscle in sockeye salmon
Oncorhynchus nerka for spawning migration. Physiol
Biochem Zool 86:750-60.

G. D.Rabyetal

Morrison J, Quick MC, Foreman MG. 2002. Climate change
in the Fraser River watershed: flow and temperature pro-
jections. J Hydrol 263:230—44.

Neeman E, Shaashua L, Benish M, Page GG, Zmora O, Ben-
Eliyahu S. 2012. Stress and skin leukocyte trafficking as a
dual-stage process. Brain Behav Immun 26:267-76.

Nelson TC, Rosenau ML, Johnston NT. 2005. Behavior and
survival of wild and hatchery-origin winter steelhead spaw-
ners caught and released in a recreational fishery. N Am J
Fish Manage 25:931-43.

Nguyen VM, Martins EG, Robichaud D, Raby GD, Donaldson
MR, Lotto AG, Willmore WG, Patterson DA, Farrell AP,
Hinch SG, et al. 2014. Disentangling the roles of air expo-
sure, gillnet injury, and facilitated recovery on the post-
capture and release mortality and behavior of adult migra-
tory sockeye salmon (Oncorhynchus nerka) in freshwater.
Physiol Biochem Zool 87:125-35.

Nguyen VM, Rudd M, Cooke SJ, Hinch SG. 2012. Differences
in information use and preferences among recreational
salmon anglers: implications for management initiations
to promote responsible fishing. Human Dimens Wildl
17:248-56.

Noe JG, Dickerson HW. 1995. Sustained growth of
Ichthyophthiriis multifiliis at low temperature in the labora-
tory. J Parisitol 81:1022—4.

Olla BL, Davis MW, Schreck CB. 1997. Effects of simulated
trawling on sablefish and walleye Pollock: the role of light
intensity, net velocity and towing duration. J Fish Biol
50:1181-94.

Olsen RE, Oppedal F, Tenningen M, Vold A. 2012.
Physiological response and mortality caused by scale loss
in Atlantic herring. Fish Res 129-30:21-7.

Parker, RR, and Black EC. 1959. Muscular fatigue and mor-
tality in troll-caught chinook salmon (Oncorhynchus tsha-
wytscha). ] Fish Res Board Canada 16:95-106.

Parker SJ, Rankin PS, Hannah RW, Schreck CB. 2003.
Discard mortality of trawl-caught lingcod in relation to
tow duration and time on deck. N Am J Fish Manage
23:530-42.

Patterson DA, Macdonald JS, Hinch SG, Healey MC, Farrell
AP. 2004. The effect of exercise and captivity on energy
partitioning, reproductive maturation and fertilization suc-
cess in adult sockeye salmon. J Fish Biol 64:1039-59.

Patterson DA, MacDonald JS, Skibo KM, Barnes D, Gethriel
I, Hills J. 2007. Reconstructing the summer thermal history
for the lower Fraser River, 1941 to 2006, and implications
for adult sockeye salmon (Oncorhynchus nerka) spawning
migration. Can Tech Rep Fish Aquat Sci 2724.

Pickering AD, Christie J. 1980. Sexual differences in the inci-
dence and severity of ectoparasitic infestation of the brown
trout Salmo trutta L. J Fish Biol 16:669—83.

Pottinger T, Balm P, Pickering A. 1995. Sexual maturity modi-
fies the responsiveness of the pituitary-interrenal axis to
stress in male rainbow trout. Gen Comp Endocr 98:311-20.

Pottinger T, Carrick T, Hughes S, Balm P. 1996. Testosterone,
11-ketotestosterone, and estradiol-17 [beta] modify baseline
and stress-induced interrenal and corticotropic activity in
trout. Gen Comp Endocr 104:284-95.

Quinn TP, Buck GB. 2001. Size- and sex-selective mortality of
adult sockeye salmon: bears, gulls, and fish out of water.
Trans Am Fish Soc 130:995-1005.

STOZ ‘. YO0 UO JoSPUIM J0 AISBAIN T /BI0SEUINOpI0JX0'Go1//:dNY WO} POPeo uMOQ


http://icb.oxfordjournals.org/

Fishing for effective conservation

Raby GD, Clark TD, Farrell AP, Patterson DA, Bett NN,
Wilson SM, Willmore WG, Suski CD, Hinch SG, Cooke
SJ. 2015a. Facing the river gauntlet: understanding the ef-
fects of fisheries capture and water temperature on the
physiology of coho salmon. PLoS One 10:¢0124023.

Raby GD, Cooke SJ, Cook KV, McConnachie SH, Donaldson
MR, Hinch SG, Whitney CK, Drenner SM, Patterson DA,
Clark TD, et al. 2013. Resilience of pink salmon and chum
salmon to simulated capture stress incurred upon arrival at
spawning grounds. Trans Am Fish Soc 142:524-39.

Raby GD, Donaldson MR, Hinch SG, Patterson DA, Lotto
AG, Robichaud D, English KK, Willmore WG, Farrell AP,
Davis MW, et al. 2012. Validation of reflex indicators for
measuring vitality and predicting the delayed mortality of
wild coho salmon bycatch released from fishing gears.
J Appl Ecol 49:90-8.

Raby GD, Donaldson MR, Nguyen VM, Taylor MK, Sopinka
NM, Cook KV, Patterson DA, Robichaud D, Hinch SG,
Cooke SJ. 2014b. Bycatch mortality of endangered coho
salmon: impacts, solutions and aboriginal perspectives.
Ecol Appl 24:1803-19.

Raby GD, Hinch SG, Patterson DA, Hills JA, Thompson LA,
Cooke SJ. Mechanisms to explain purse seine bycatch mor-
tality of coho salmon. Ecol Appl, in press.

Raby GD, Packer JR, Danylchuk AJ, Cooke SJ. 2014a. The
understudied and underappreciated role of predation in
the mortality of fish released from fishing gears. Fish Fish
15:489-505.

Raby GD, Wilson SM, Patterson DA, Hinch SG, Clark TD,
Farrell AP, Cooke SJ. 2015b. A physiological comparison of
three techniques for reviving sockeye salmon exposed to a
severe capture stressor during upriver migration. Conserv
Physiol 3 (doi:10.1093/conphys/cov015).

Ramstad KM, Woody CA. 2003. Radio tag retention and tag-
related mortality among adult sockeye salmon. N Am J Fish
Manage 23:978-82.

Richter A, Kolmes SA. 2005. Maximum temperature limits for
chinook, coho, and chum salmon, and steelhead trout in
the Pacific Northwest. Rev Fish Sci 13:23—49.

Robinson KA, Hinch SG, Gale MK, Clark TD, Wilson SM,
Donaldson MR, Farrell AP, Cooke SJ, Patterson DA. 2013.
Effects of post-capture ventilation assistance and elevated
water temperature on sockeye salmon in a simulated cap-
ture-and-release experiment. Conserv Physiol (10.1093/con-
phys/cot015).

Robinson KA, Hinch SG, Raby GD, Donaldson MR,
Robichaud D, Patterson DA, Cooke SJ. 2015. Influence of
postcapture ventilation assistance on migration success of
adult sockeye salmon following capture and release. Trans
Am Fish Soc 144:693-704.

Rogers MW, Barbour AB, Wilson KL. 2014. Trade-offs in
experimental designs for estimating post-release mortality
in containment studies. Fish Res 151:130-5.

Romero LM. 2004. Physiological stress in ecology: lessons
from biomedical research. Trends Ecol Evol 19:249-55.
Sandblom E, Clark TD, Hinch SG, Farrell AP. 2009. Sex-spe-
cific differences in cardiac control and hematology of sock-
eye salmon (Omncorhynchus nerka) approaching their
spawning grounds. Am J Physiol Regul Integr Comp

Physiol 297:R1136-43.

575

Sapolsky RM, Romero LM, Munck AU. 2000. How to gluco-
corticoids influence stress responses? Integrating permissive,
suppressive, stimulatory, and preparative actions. Endocr
Rev 21:55-89.

Schreck CB, Contreras-Sanchez W, Fitzpatrick MS. 2001.
Effects of stress on fish reproduction, gamete quality, and
progeny. Aquaculture 197:3-24.

Servizi JA, Jensen JOT. 1977. Resistance of adult sockeye
salmon to acute thermal shock. International Pacific
Salmon Fisheries Commission, New Westminster, BC,
Canada. Report 34:1-11.

Shrimpton JM, Patterson DA, Richards JG, Cooke SJ, Schulte
PM, Hinch SG, Farrell AP. 2005. Ionoregulatory changes in
different populations of maturing sockeye salmon
Oncorhynchus nerka during ocean and river migration. J
Exp Biol 208:4069-78.

St-Hilaire S, Ribble C, Traxler G, Davies T, Kent ML. 2001.
Evidence for a carrier state of infectious hematopoietic ne-
crosis virus in Chinook salmon Oncorhynchus tshawytscha.
Dis Aquat Organ 46:173-9.

Stocking RW, Holt RA, Foott JS, Bartholomew JL. 2006.
Spatial and temporal occurrence of the salmonid parasite
Ceratomyxa shasta in the Oregon-California Klamath River
Basin. ] Aquat Anim Health 18:194-202.

Svendsen Y, Bogwald J. 1997. Influence of artificial wound
and non-intact mucus layer on mortality of Atlantic
salmon (Salmo salar L.) following a bath challenge with
Vibrio anguillarum. Fish Shell Immunol 7:317-25.

Thomas JO, Cahusac B. 2012. Lower Fraser River sockeye
recreational hook and release mortality study. Report pre-
pared for Fraser Salmon and Watersheds Program and
Fisheries and Oceans Canada, Lower Fraser Area. 71 p.

Tierney KB, Farrell AP. 2004. The relationships between fish
health, metabolic rate, swimming performance and recovery
in return-run sockeye salmon, Oncorhynchus nerka
(Walbaum). J Fish Dis 27:663-71.

Uhlmann SS, Broadhurst MK. 2015. Mitigating unaccounted
fishing mortality from gillnets and traps. Fish Fish 16:183—
229.

van West P. 2006. Saprolegnia parasitica, an oomycete patho-
gen with a fishy appetite: new challenges for an old pro-
blem. Mycologist 20:99-104.

Wagner GN, Hinch SG, Kuchel L], Lotto A, Jones SRM,
Patterson DA, Macdonald JS, Van Der Kraak G,
Shrimpton M, English KK, et al. 2005. Metabolic rates
and swimming performance of adult Fraser River sockeye
salmon (Oncorhynchus nerka) after a controlled infection
with Parvicapsula minibicornis. Can ] Fish Aquat Sci
62:2124-33.

Wagner GN, Kuchel LJ, Lotto A, Patterson DA, Shrimpton
JM, Hinch SG, Farrell AP. 2006. Routine and active meta-
bolic rates of migrating adult wild sockeye salmon
(Oncorhynchus nerka Walbaum) in seawater and freshwater.
Physiol Biochem Zool 79:100-8.

Wedemeyer GA. 1996. Physiology of fish in intensive culture
systems. New York: Chapman and Hall.

Wendelaar Bonga SE. 1997. The stress response in fish.
Physiol Rev 77:591-625.

Wikelski M, Cooke SJ. 2006. Conservation physiology. Trends
Ecol Evol 21:38-46.

STOZ ‘. YO0 UO JoSPUIM J0 AISBAIN T /BI0SEUINOpI0JX0'Go1//:dNY WO} POPeo uMOQ


http://icb.oxfordjournals.org/

576

Wilson SM, Raby GD, Burnett NJ, Hinch SG, Cooke SJ. 2014.
Looking beyond the mortality of bycatch: sublethal effects
of incidental capture on marine animals. Biol Conserv
171:61-72.

Wingfield JC, Maney DL, Breuner CW, Jacobs JD, Lynn S,
Ramenofsky M, Richardson RD. 1998. Ecological bases of
hormone-behavior interactions: the “emergency life history
stage”. Amer Zool 38:191-206.

Wingfield JC, Sapolsky RM. 2003. Reproduction and resis-
tance to stress: when and how. ] Neuroendocrinol
15:711-24.

G. D.Rabyetal

Wolinska J, King KC. 2009. Environment can alter selection in
host—parasite interactions. Trends Parasitol 25:236-44.

Wood CM, Turner JD, Graham MS. 1983. Why do fish die
after severe exercise? ] Fish Biol 22:189-201.

Wydoski RS, Wedemeyer GA, Nelson NC. 1976. Physiological
response to hooking stress in hatchery and wild rainbow
trout (Salmo gairdneri). Trans Am Fish Soc 105:601-6.

Young N, Gingras I, Nguyen VM, Cooke SJ, Hinch SG. 2013.
Mobilizing new science into management practice: the chal-
lenge of biotelemetry for fisheries management, a case study
of Canada’s Fraser River. J Int Wildl Law Policy 16:331-51.

STOZ ‘. YO0 UO JoSPUIM J0 AISBAIN T /BI0SEUINOpI0JX0'Go1//:dNY WO} POPeo uMOQ


http://icb.oxfordjournals.org/

