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Abstract

Nearly every animal accomplishes life history tasks that enable growth and fecundity,
factors that determine the ultimate fitness of an individual’s life, by moving. Migration
allows individuals to maximize their potential fitness by exploiting temporal differences in
productivity of discrete habitats. Migratory species have high cultural and ecological
importance as vectors linking and fertilizing separate ecosystems; however, their reliance
on multiple habitats and long-distance movements exposes them to stressors. I applied
electronic tagging to observe the behaviour of wild Atlantic salmon, a migratory fish
threatened by climate change, habitat destruction, disease, and overexploitation.
Observations were applied to evaluate how stressors affected migration success. Atlantic
salmon were generally tolerant to stressors as they migrated upriver to spawning grounds.
Resumption of migration was delayed for stressed salmon relative to a control group
(Chapter 2) and captured salmon selected spawning grounds significantly lower in the river
than expected based on the distribution of uncaught fish (Chapter 3). Salmon also exhibited
movement away from holding sites when captured late in the season (Chapter 4) but the
extent of movement was not significantly different from expected based on observations
in Chapter 3. Ultimately, most salmon survived stressors and many were recaptured by
recreational anglers (Chapter 5); mortality was best predicted by water temperature at
capture (Chapter 6). Selection against some migratory behaviours such as early run timing
is ongoing, but stabilizing selection for large body size is predicted to preserve migration
phenotypes in Atlantic salmon. Oncoming changes to climate, however, were predicted to
delay the freshwater entry of salmon (Chapter 7) and may result in multiple stressors during
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migration. Further research is needed into the cumulative effects of multiple stressors and
how they may operate on imperiled salmon populations. Long-term consequences may
manifest through carryover effects that reduce the probability of overwinter survival and
iteroparity, insidious consequences that should be further investigated. This thesis provides
a framework for addressing questions about the survival, delay, and extent of movement
of animals encountering anthropogenic stressors during migration. Future work may follow
this model to investigate migration and evaluate the impact of stressors on migration
success.
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Chapter 1 General Introduction

Background

What is behaviour

Mobile animals acquire information, integrate it through sensory mechanisms,
and use it to make decisions with the ostensible objective of maximizing fitness
(McNamara and Houston 1986; Real 1992; Dall et al. 2005). Any behavioural decision
made by an animal must be supported by an underlying physiological framework to
execute it, particularly relying on structural (skeletal and muscular) and cardiorespiratory
systems to deliver oxygen to tissues, metabolize energy substrates, and execute
movements (Dickinson et al. 2000; Brown et al. 2004). The emergence of behaviour
therefore must be coevolved with physiological and cognitive systems to support it
(Lorenz 1958; Tinbergen 1963). The potential for animals to behave in response to
stimuli permits individuals to adjust energy processing by balancing energy acquisition
and expenditure (i.e. optimal foraging), making habitat selections, and optimizing growth
and fecundity (Charnov 1976; Pyke et al. 1977; Werner and Anholt 1993).
Behaviour is distinct from other movements insofar as it represents a conscious or
decided response to a stimulus (Tinbergen 1963). Reflexes, spasms, actions of the
autonomic nervous system (e.g. tail beating, opercular pumping), and fixed action
patterns are involuntary and therefore do not suit the definition of behaviour (Tinbergen
1963; Lorenz 1981). However, behaviour can be interpreted or analyzed from multiple
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perspectives, as demonstrated by Tinbergen (1963), who defined animal behaviour in
four questions that are mutually consistent, in that behaviour simultaneously has
functional, phylogenetic, causative, and developmental explanations.

Scales of behaviour

Although animal behaviour may be brief in temporal scale, many behaviours are
prolonged and may even overlap with other behaviours (e.g. foraging during ranging).
Foraging, sheltering, aggression (i.e. physical or nonphysical interactions with
conspecifics), and reproducing are fundamental behaviours to animal fitness as they
exploit their environment to maximize growth, fecundity, and probability of survival
(Tinbergen 1963; Dall et al. 2005; Davies et al. 2012). To accomplish these tasks, most
animals (excluding some sessile animals such as tunicates and crinoids) must move
(Nathan et al. 2008; Schick et al. 2008). Movement behaviour may be realized throughout
the individual’s life and across scales (Morales and Ellner 2002; Papastamatiou et al.
2009; Owen-Smith et al. 2010). Most behaviours require a decision about movement,
predominantly within the individual’s home range, which overlaps with suitable habitat
(Railsback et al. 1999; Dingle and Drake 2007). Foraging movements within the home
range are characterized by resource acquisition on daily schedules that may be described
as station keeping, in which the individual emerges from relative inactivity within a
shelter (i.e. roost, nest, den) and accesses different areas within the home range (Kennedy
1985; Dingle and Drake 2007). These movements are characterized by directed, tortuous
movements that include frequent turning to find resources (Turchin 1991; Jonsen et al.
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2005; Whoriskey et al. 2017). Scheduling of these movements depends on endogenous
rhythms and high degrees of inter-individual variation may exist within populations in the
expression of these movements (Kadri et al. 1997; Papastamatiou et al. 2009; Harrison et
al. 2014). Animals may dissolve their home range and move beyond it in a movement
behaviour termed ranging (Dingle and Drake 2007), in which a new home range is
established e.g. to improve resource acquisition. Individuals may also abandon their
home range during migration, a specialized behaviour allowing individuals to exploit
productivity in distant habitats (Dingle 1980; Kennedy 1985; Dingle and Drake 2007).

Migration

Migration is a predictable, synchronized movement of animals between
reproductive and conditioning (i.e. foraging, maintenance) habitats (Dingle 1980; Dingle
and Drake 2007). Unlike ranging or other movements, animals that are migrating will not
cease in their pursuit of their destination even when encountering suitable habitat, often
because migrants undergo atrophy of alimentary organs to conserve energy and avoid
distraction (Kennedy 1985; Dingle and Drake 2007). Migration behaviour is available
(although not necessarily expressed) in many taxa because of the advantages conferred to
individuals departing breeding habitat (Berthold 1999; Alerstam et al. 2003; Altizer et al.
2011); expression of migration may depend on individual physiological (Brodersen et al.
2008) or ecological (Hulthén et al. 2015) thresholds. Orientation mechanisms are
essential for migration (Able 1980; McDowall 2001) but the mechanisms for orientation
are not necessarily conserved across species. A magnetic sensory system likely guides
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many long-distance migrants along with visual and olfactory cues at short distances
(Lennox et al. 2016a [Appendix C]). Although many migrations are philopatric and
involve individuals returning to natal territory (Greenwood 1980; McDowall 2001;
Hendry et al. 2004), some species such as sea lamprey (Petromyzon marinus) have no
fidelity for their rearing grounds and migrate into unfamiliar habitat for breeding
following conspecific cues (Bjerselius et al. 2000).
Migration is highly visible and manifests in most animal taxa from insects to large
mammals as they exploit spatiotemporal dynamics in habitat phenology stimulated by
seasonal climatic changes that generate peaks or valleys in the energy landscape
(Alerstam et al. 2003; Dingle and Drake 2007). The seasonal disappearance and
reappearance of migratory animals from habitats generates spatial nutrient pulses along a
landscape; influx of migratory animals imports nutrients and therefore migratory animals
represent essential vectors for ecosystem fertilization. This so-called nutrient
subsidization (Gende et al. 2002; Childress et al. 2014) has broad implications for
ecosystem productivity and changes to migratory dynamics can alter ecologically
important processes within ecosystems (Moore and Schindler 2008; Satterfield et al.
2015). Migratory species are also culturally important; humans have relied on the
periodical reappearance of migratory animals for millennia, including caribou herds
(Stewart et al. 2004), duck flocks (Byers and Dickson 2001), and salmon runs (Hindar et
al. 2007) as components of subsistence. Migration is therefore a highly visible and
valuable ecological phenomenon. The long-distance movements and reliance on multiple
habitats renders migratory species especially vulnerable to disturbance, notably habitat
degradation/destruction, loss of connectivity, overexploitation, and climate change
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(Wilcove and Wikelski 2008; Robinson et al. 2009; Bowlin et al. 2012; Lennox et al.
2016a [Appendix C]).
Accuracy is essential to successful migration (Able 1980; McDowall 2001).
Individuals must accurately synchronize the timing of their departures and arrivals to
coincide with favourable environmental conditions. Accurate timing conserves energy
(Lennox et al. 2016a [Appendix C]). Migrants also benefit from accurately navigating to
ensure that their movement is energetically efficient, synchronized, and follows the best
path (Chapman et al. 2011; Hewson et al. 2016). Individuals that become lost or
distracted during migration will be delayed and encounter depleted or suboptimal
conditions upon arrival if they survive (Bradshaw and Holzapfel 2008; Jones and
Cresswell 2010). Early arrival at breeding sites allows individuals to secure high-quality
territory and prior residence has been demonstrated to increase individual fitness but
there is a trade off in energy conservation (Dickerson et al. 2005; Tentelier et al. 2016).
There is therefore intense selection for navigational mechanisms in migrants and for
correct behaviour (Nosil et al. 2005).

The unifying concept of conservation behaviour

The behaviour of animals is a fundamentally interesting and important topic of
scientific investigation (i.e. ethology; Tinbergen 1963; Lorenz 1981) because it aids in
interpreting ecological processes including species composition, species interactions, and
nutrient cycling (Davies et al. 2012). Behaviour directly contributes to individual fitness
potential and is therefore a relevant metric to apply to conservation and management
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plans (Sutherland 1998; Buchholz 2007). Conservation emerged as an interdisciplinary
science incorporating biological and social sciences into a unified applied field of inquiry
with the objective of preserving biodiversity (Soulé 1985). Conservation biology has
expanded and evolved to incorporate modern tools and techniques for identifying,
monitoring, predicting, and mitigating conservation priorities (Sutherland et al. 2004;
Wikelski and Cooke 2006; Bottrill et al. 2008). Conservation and resource management
are now challenged to understand the responses of individuals and populations to putative
stressors and implement mitigations that assist in preserving biodiversity (Cooke et al.
2013a).
Stressors disrupt the homeostasis of an individual animal and the underlying
mechanisms of many animal behaviours are related to the restoration of homeostasis
following exposure (Romero 2004). Studying behaviour therefore requires an
understanding of animal physiology to determine how behaviour is used to cope with
stressors (Cooke et al. 2013a). Stressors are external stimuli and are distinguished from
life history challenges that require energy investment (e.g. foraging, reproduction,
sheltering, movement) in that they are unpredictable to the individual and therefore it is
unanticipated (Romero 2004; Wingfield 2013). However, animals are nonetheless
prepared to cope with stressors and restore homeostasis by responding to physiological
cascades elicited by stressors (Barton 2002; Wingfield 2013), termed the allostatic load
(McEwen and Wingfield 2003). In fish, stressors are perceived by the sensory system,
interpreted in the cortex, and integrated by the stress axis to circulate catecholamines and
glucocorticoids, which mediate changes to cardiophysiology, muscular performance, and,
ultimately, behaviour as an effort to correct hormone imbalances instigated by stress
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(Romero 2004; Flik et al. 2006). Catecholamines (epinephrine and norepinephrine) are
released by the chromaffin cells in the head kidney, which increase oxygen uptake at the
gills and transport in the blood that are required for behaviours to be executed
(Wendelaar Bonga 1997; Barton 2002). Interpretation of a stressor by the hypothalamus
stimulates release of transmitters that communicate with the pituitary gland and the
release of adrenocorticotropic hormone (ACTH) and α-melanophore-stimulating
hormone to the bloodstream, communicating with the interrenal gland from which
cortisol is ejected into the blood (Wendelaar Bonga 1997; Barton 2002; Flik et al. 2006;
Wingfield 2013). The action of cortisol has varied impacts on energy processing in fish
with a focus on the liver where glycogenolysis and gluconeogenesis increase circulating
glucose concentrations in the blood to fuel behaviour and restore homeostasis (van der
Boon et al. 1991).
Acute stressors generally do not have enduring impacts on individuals following
the encounter as the stress hormones are metabolized (Pickering et al. 1987), although
complete recovery may be prolonged (Pickering et al. 1982). Chronic stress occurs when
individuals are exposed to protracted changes to their environment or prolonged exposure
to a stressful stimulus such that cortisol is consistently elevated, fast-energy is
continuously available, and the scope for responsiveness to the stressor is diminished
(Sapolsky et al. 2000; King et al. 2016). The consequences of chronic stress on fish may
include inability to respond appropriately to stressors, reduced growth, delayed maturity,
impoverished fecundity, and reduced capacity to fulfill potential fitness (Pickering et al.
1987; Barton and Iwama 1991; Santos et al. 2010), although some species (classically the
semelparous salmonids) are highly resistant to stress incurred during reproduction
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(Wingfield and Sapolsky 2003). The adaptive nature of chronic stress is an emerging
topic and the experience of chronic stress may depend on its adaptiveness to the
population; where a potential fitness advantage is enjoyed by the individuals that redirect
energy to the stress response or condition offspring to live in a stressful environment
(Boonstra 2013). Although chronic stress in response to natural predators may be
adaptive (Boonstra 2013), human activities should avoid imposing chronic stress upon
wild animals.
Baseline animal behaviour can be measured in free-living animals in their natural
environment (Hussey et al. 2015; Kays et al. 2015). However, stressors can yield
prolonged or permanent changes to animal behaviour that can be measured to evaluate
impacts and test potential mitigations (Lennox et al. In Press, a [Appendix D]).
Downstream impacts of stressors on the physiology and cognition of individuals can alter
performance or affect decision-making (Lima 1983; Kassahn et al. 2009). Behaviour
responding to stress is an evolved mechanism to cope with change; however, there is
increasing mismatch between behaviour and fitness outcomes for animals (McLean 1997;
Tuomainen and Candolin 2011).
Stressors can alter animal behaviour in ways that could be either adaptive or
maladaptive, depending on the long-term consequences of the behaviour elicited
(Boonstra 2013). Maladaptive behaviour will yield perverse outcomes for populations as
individuals fail to respond to stressors when the individual had a better alternative that it
did not express. Research is ongoing to understand how individuals respond to stressors
and whether behavioural disorders, in which the individual expresses an incorrect or
maladaptive behaviour, emerge. Such disorders could include migration behaviours that
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yield negative consequences for fitness potential by reducing the probability of ascending
to the appropriate spawning territory at the correct time. Among partially migratory
species, the expression of migration may change (e.g. Brodersen et al. 2008; Martin et al.
2018); in most species, the timing of migration may shift to track climate change (Sims et
al. 2004; Otero et al. 2014; Dempson et al. 2018).
Behavioural biology now provides information to managers that is essential to
conservation, particularly because the ecology of individuals provides relevant
information about the species (Clemmons and Buchholz 1997; Sutherland 1998;
Buchholz 2007). Behavioural data provide resolution on the timing, periodicity, and
extent of animal activity and habitat requirements throughout the animal’s life that can be
incorporated into management and conservation plans (Allen and Singh 2016; Lennox et
al. In Press, a [Appendix D]). For example, marine reserves should be designed to protect
local species (e.g. Filous et al. 2017). Fishing regulations should also depend on
knowledge of where animals are and how they are behaving; using fishery catch data to
model the distribution of migrating salmon around Vancouver Island, British Columbia,
Putman et al. (2014) provided details about the potential for fishing area closures and
quotas as managers strive to maintain sustainable harvest of the wild fish. Evidently,
there is considerable value in collecting behavioural data and applying it to conservation,
particularly as human activities are likely to influence behavioural patterns exhibited by
animals.

Animal tracking
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Direct observation of behaviour is possible using visual identification techniques
but these methods are very limiting because they can lack a reliable mechanism to
consistently identify individuals (e.g. Gubili et al. 2009). Capturing and marking
individuals therefore provides an effective tool for investigation but requires recapture of
the marked individual to estimate behaviour. Early efforts to delineate site fidelity and
home range of fish relied on visual observations (Lewis and Flickinger 1967). Markrecapture methods have been used to investigate the fidelity of Atlantic salmon to natal
rivers for centuries (Walton 1653) and the natural history of salmon was studied in the
River Tay, Scotland by tracking the return of fin-clipped smolts to the river (Brown
1862). Mark-recapture techniques using dart or anchor tags have remained an important
method for large-scale tracking of fish (Le Cren 1965; Fonteneau and Hallier 2015).
Modern methods to investigate animal movement often involve the application of
electronic tags (Adams 1965). Electronic tags communicate with receivers either
passively (e.g. passive integrated transponders) or actively (e.g. acoustic or radio
transmitters, satellite tags), or else log data onboard (e.g. light-based geolocators; see
Cooke et al. 2004; Hussey et al. 2015; Lennox et al. 2017a [Appendix D]). These tools
are especially useful for investigating aquatic animals that cannot be directly observed in
their environment (Hussey et al. 2015). Environmental and physiological data can also be
collected using electronic tags attached to fish that either transmit or log information
(Payne et al. 2014; Wilson et al. 2015; Cooke et al. 2017). Standard biologging tools
include accelerometers that measure fine-scale positions of the tag in three axes to
reconstruct movement, temperature loggers that measure the ambient temperature
experienced. Together, these tools provide unparalleled insight into the daily lives of
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animals that can be applied to make fundamental discoveries about individual or
population distributions or test hypotheses relevant to natural resource management.
Transmitting tags provide effective technology for tracking animal movement
without the need to recover the tag. Radio transmitters can be applied on land and in
freshwater but cannot generally be used in the marine environment where signals rapidly
attenuate in saltwater (but see Thiem et al. 2013); for marine applications, acoustic
transmitters (Trefethen 1956) are often preferred so long as the instrumented animals are
expected to remain within the range of the receivers (Heupel et al. 2006). Radio telemetry
relies on communication between the tag and a compatible receiver tuned to the specific
frequency at which the tag is transmitting and has the advantage of using the receiver
outside of water (Slater 1963). Multiple tags may transmit on the same frequency if they
are coded with unique transmission patterns that can be decoded by the receiver to
identify distinct individuals. Mobile tracking of tags may be conducted to locate tags
manually; alternatively, gates may be established with automatic listening stations
continuously searching for tags passing a checkpoint in a river or forest corridor (Heupel
et al. 2006). As needed, positions of tags can be calculated by triangulation of the tag
position when multiple simultaneous tracking points are available for the same individual
(Adams 1965).

Atlantic salmon

Atlantic salmon (Salmo salar) is one of the world’s most recognizable fishes. In
fact, Atlantic salmon may be the most numerically abundant fish in the world owing to its
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popularity in global aquaculture (Gross 1998). Atlantic salmon is an iteroparous
anadromous species native to rivers flowing into the North Atlantic Ocean in continental
Europe, the northeast of Russia, Iceland, Canada, and the northeastern United States
(MacCrimmon and Gots 1979; Klemetsen et al. 2003). The distribution of Atlantic
salmon, however, is contracting, with imperilled populations largely extirpated at the
southern boundary of their historic range (i.e. United States, Spain, Portugal, France,
Germany); over 300 populations of Atlantic salmon have disappeared (WWF 2001).
Threats to the persistence of wild Atlantic salmon include habitat destruction, climate
change, disease, competition with escaped farmed fish and other invasive species, and
overexploitation (Parrish et al. 1998; Forseth et al. 2017; Nicola et al. 2018).
Juvenile Atlantic salmon spend multiple years in their natal rivers as parr before
maturing (a small proportion of mostly males; Hutchings and Myers 1994) or undergoing
smoltification, a physiological transition inducing physical changes, osmoregulatory
remodelling, and negative rheotaxis as they emigrate natal rivers to the ocean where they
will feed and grow (Folmar and Dickhoff 1980; McCormick et al. 1998). Marine feeding
grounds are predominantly coastal areas such as those around the Faroe Islands and
Greenland although there are probably many other less important areas and salmon seem
to be broadly distributed within the ocean (Hansen and Quinn 1998; Strøm et al. 2018).
According to Thorpe et al. (1998), the onset of maturation and return migration is cued
by individual condition and thereby determines the number of winters spent at sea prior
to spawning. One-sea winter salmon (i.e. grilse) dominate in years in which the ocean is
warm (Jonsson and Jonsson 2004). Maturing Atlantic salmon return from marine feeding
areas throughout the year in anticipation of spawning from October-January in natal
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streams and may mill near the entrance of the river for weeks or months prior to initiating
the freshwater migration (Ulvan et al. 2017; Mahlum et al. In Press). Salmon have high
fidelity to their natal streams but 5-10% will stray to non-natal areas (Jonsson et al. 2003;
Ulvan et al. 2017). Salmon stocks may be genetically structured in large rivers with
philopatry to specific tributaries (Verspoor et al. 2005; Vähä et al. 2007). Re-entry into
freshwater coincides with atrophy of the alimentary organs and the onset of reproductive
maturation (Kadri et al. 1995; Persson et al. 1998). Salmon migrate up rivers in three
phases: active movement in which the individual ascends the stream towards spawning
territory, holding near the eventual spawning site, or searching (characterized by up- and
down-stream movements; Økland et al. 2001). In smaller rivers, salmon may hold in
large pools during the summertime where water temperatures and levels are more stable
prior to initiating the final phase of migration in the autumn (Richard et al. 2014).
Although ideal distribution theory posits that competitors should spread out across
a landscape (Fretwell and Lucas 1969), many species congregate at high quality sites
(Reed and Dobson 1993). Correspondingly, male and female salmon at high quality
spawning habitat are more successful (Tentelier et al. 2016). Juvenile salmon growth is
density dependent (Einum et al. 2006; Teichert et al. 2010); therefore, the distribution of
spawners influences offspring survival (Teichert et al. 2010). Spawning occurs on small
beds of gravel often near the tail out of pools (Fleming 1996; Bardonnet and Baglinière
2000; Armstrong et al. 2003). Redds are excavated in the gravel by females, which cut
into the gravel with the tail to form a depression where the eggs will be deposited (Lucas
et al. 1993). Females will remain near the redds and court males, which compete for
access to the females (Järvi 1990; Weir et al. 2004). Salmon may mature as parr,
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predominantly males, and precautious male parr adopt a sneaker phenotype to infiltrate
anadromous male spawning attempts (Hutchings and Myers 1988), which increases
effective population size (Perrier et al. 2014). During the spawning season, salmon may
travel several hundred metres between sites and engage in multiple breeding efforts
(Taggart et al. 2001). The number of mating events is strongly predictive of reproductive
success and does not necessarily correlate with individual size (Garant et al. 2001).
Unlike semelparous Pacific salmon, migration and spawning are not lethal to the
iteroparous Atlantic salmon (Fleming 1998). After spawning, Atlantic salmon will move
into deep pools to overwinter in the river (Bardonnet and Baglinière 2000). Salmon
experience near-zero temperatures during the winter, suggesting a slow metabolism and
limited energy requirements (Halttunen et al. 2013). Individuals in poor condition
following spawning may exit the river immediately afterwards (Halttunen et al. 2013).
Delaying outmigration until the springtime is likely advantageous to match the timing of
outmigration with the timing of peak ocean productivity. These post-spawned kelts will
recondition in the ocean or estuary for one (consecutive repeat spawning) or multiple
(alternate repeat spawning) years before re-initiating migration into their natal river
(Strøm et al. 2017). Repeat spawners are important components of the spawning
population and provide protection against poor year classes (Niemelä et al. 2006a).
Atlantic salmon may spawn up to six times (Ducharme 1969) but most will only spawn
once. Females have shorter spawning intervals that ostensibly conserve energy (Hendry
and Beall 2004). Consequently, females, as well as small salmon, are more likely to
survive spawning and return to sea successfully (Jonsson et al. 1991a).
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Studying relevant threats

Because of their reliance on multiple habitats to complete their life history and
owing to their long, inter-jurisdictional movements, salmon are vulnerable to human
disturbance (Parrish et al. 1998). Salmon depend on connectivity within rivers and
between the river and ocean, which can be interrupted by barriers or can be imperiled by
the installation of aquaculture operations or deployment of fisheries (Nicola et al. 2018).
Dams separate reaches of river habitat and challenge both the downstream migration of
smolts to the ocean and the upriver migration of maturing salmon to spawning grounds
(Croze 2008; Havn et al. 2018). Aquaculture operations in coastal zones aggregate
parasitic sea lice that burden and may kill migrating salmon (Halttunen et al. 2018).
Farmed fish escaping from aquaculture also have negative interactions with salmon as
they will migrate into native spawning rivers and compete with wild fish, resulting in
damaging genetic introgression that reduces the fitness of the native stock (Gross 1998;
Moe et al. 2016; Svenning et al. 2017). Atlantic salmon fisheries were historically
exploitative as the annual return of Atlantic salmon represented an important food source
for coastal peoples (Hindar et al. 2007). Development of large-scale marine fleets led to
offshore fisheries for salmon in their conditioning habitat, particularly in coastal
Greenland. These mixed-stock fisheries resulted in substantial damage to Atlantic salmon
populations. Closure of the marine fisheries was positive for salmon conservation and
there was subsequently an increase in the proportion of repeat spawning salmon
(Dempson et al. 2004). Recreational fishing for salmon probably has a long history but
became established in the 1800s and shifted from Europe into the North American
fisheries (Nettle 1857). Now, recreational salmon fisheries are economically important
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throughout their range (Olaussen and Skonhoft 2008; Stensland and Baardsen 2012;
Grilli et al. In Press) but may represent a relevant stressor upon imperilled salmon
populations (Thorstad et al. 2003) because many are captured during their migration to
spawning grounds (Gudjonsson et al. 1996; Erkinaro et al. 1999; Downton et al. 2001).
Recreational fisheries are valuable components of resource-based economies
(Stensland 2013; Tufts et al. 2015; Barnett et al. 2016). Fish and fisheries can have
substantial economic benefits but there is also a realization that fisheries must be
sustainable to be beneficial (Cooke and Cowx 2004; Brownscombe et al. 2017a).
Recreational fisheries are exploitative and rely on the capture of wild or stocked fish but
in general the extent of exploitation is less than in commercial or subsistence fisheries
because recreational fisheries predominantly use hook and line, a relatively inefficient
capture tool compared to nets or traps that can have high catch-per-unit-effort. Fishing
with bait, lures, or flies (i.e. gear) provides a sensory stimulus to a fish that it can accept
or decline; fish that accept the gear may be hooked and then captured. Anglers exert some
influence over their individual catch rates through gear selection and movement (Lennox
et al. 2017a [Appendix D]).
The probability of an individual fish being captured by recreational angling is
termed vulnerability and is an integrated phenotype incorporating physiology and
behaviour of individuals (Lennox et al. 2017a [Appendix D]). Vulnerability is difficult to
empirically define because it is unobservable without a capture event. At the population
scale, catchability defines the stock’s propensity to be captured by anglers and may vary
by sex, age, experience, population, or other variables (Arreguín-Sánchez 1996). Fish that
are captured in recreational fisheries may die instantly or soon after capture because of
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injury or physiological disturbance resulting from the hooking and fighting (Wood et al.
1983; Wedemeyer and Wydoski 2008; Cooke et al. 2013b). Immediate mortality is highly
visible, but most fish are landed alive and the angler may harvest or release the catch
(Cooke and Cowx 2004; Arlinghaus et al. 2007; Ferter et al. 2013). The extent of harvest
in recreational fisheries varies greatly by fishery with large interindividual heterogeneity
(Arlinghaus et al. 2007; Ferter et al. 2013; Brownscombe et al. 2014). The decision to
release fish is not exclusively voluntary (Sutton and Ditton 2001; Policansky 2002;
Millard et al. 2003) but may be influenced by regulations imposed on fisheries (Millard et
al. 2003; Bartholomew and Bohnsack 2005) that in turn affect angler behaviour and effort
(Veinott et al. 2018a). Many fish captured in recreational fisheries survive capture and
are released; delayed mortality is insidious in these fisheries because it is unobservable
and therefore challenging to quantify and incorporate into management models (Muoneke
and Childress 1994). Delayed mortality may arise because of the inability to recover,
increased vulnerability to predation, or infection on wound sites (Davis 2010; Raby et al.
2014). Released fish are intended to survive and return to the common population without
fitness costs (Wydoski 1977; Arlinghaus et al. 2007; Cooke and Schramm 2007).
Ultimately, many fish may be captured multiple times (Meka 2004).
Fisheries challenge fish with unpredictable demands on the physiological system
to respond to a stressor. Fisheries simulate predatory encounters as fish recruit anaerobic
flight responses to power an escape. Most fish will fight hard to exhaustion before being
landed by an angler, depleting glycogen, phosphocreatine, and ATP in the white muscle
and accumulating metabolic by-products such as lactate, which dissociates, leaks from
the white muscle into the blood, and results in acute metabolic acidosis (Wood et al.
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1983). Recovery of oxygen debt following exposure to a stressor requires additional
energy along with re-synthesis of anaerobic substrates (Milligan 1996).
Fisheries are relevant venues through which to study stress and behaviour in wild
fish. For some fish populations, interaction with fisheries is highly probable as fisheries
can capture a high proportion of the total population (e.g. Twardek et al. 2018). For
Atlantic salmon, estimates of exploitation suggest that up to 80% of spawners can be
captured by anglers during the upriver migration, not including some that will be hooked
and not landed (Erkinaro et al. 1999 and references therein). Not only is recreational
capture a prominent stressor for fish, but it also elicits an acute generalized stress
response that provides information with which to interpret the individual- and populationscale consequences of stressors. Fish must also be captured for study and using the
capture event as the proximate stressor for investigation is sensible to avoid multiple
stressors.
Recreational fisheries are operating in a changing world (Elmer et al. 2017) where
species encounter many different stressors. Recreational fishing itself can impose
multiple stresses upon the animal when they are captured multiple times. For migrants,
recreational fishing impacts could therefore be additive or multiplicative, particularly if
recapture occurs before complete recovery from the initial impact. As freshwater
becomes impacted by human activities including habitat destruction and climate change,
operation of recreational fisheries requires an understanding of how these threats impact
migrating fish and research is needed to define an operating space for recreational fishing
in the context of the other stressors that fish encounter (Rockström et al. 2009; Elmer et
al. 2017).
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Beyond the fundamental interest in evaluating the responses of fish to stressors,
there are broad applications to evaluating the impacts of fisheries on individual fish and
on fish populations. Managers benefit from fisheries data to estimate the impacts of
fishing on the population such that they can establish evidence-based regulations to
manage the fishery (Radomski et al. 2001). Fisheries data can subsequently be
communicated to users, including anglers, to implement best practices in the fisheries that
maximize sustainability (Conway and Opossomer 2007; Nguyen et al. 2012;
Brownscombe et al. 2017a). Best practices may be fishing practices, including the gear
selected, handling practices, as in the strategies used by anglers to hold or photograph
fish (e.g. air exposure), or release practices (e.g. handheld recovery, recovery bags) and
should ideally be developed in concert with other stressors fish encounter in each system.

Thesis objectives

The human population is increasing (Cohen 2003) along with concomitant
increases in industrial pollution, infrastructure development, and agri/aquaculture
allotment to support the continually accelerating resource demands (Foley et al. 2005;
Kiers et al. 2008; Casillas and Kammen 2010; Larsen et al. 2016; Newbold et al. 2016).
Despite these demands, maintenance of global biodiversity must remain a priority given
the myriad services that intact ecosystems and biodiversity provide to humans (Costanza
et al. 1997; Holmlund and Hammer 1999). Humans are responsible for fragmenting
ecosystems and filling them with stressors that have the potential to alter individuals,
scaling to populations and whole ecosystem function. This thesis investigates the fate of a
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migrating animal exposed to stressors to evaluate mechanisms of success and failure in
its migration. As described above, migration is an ecologically important but imperiled
phenotype and it is necessary to study how stressors may alter the expression of
migration behaviour in animals to better understand the behaviour and to develop
conservation plans that preserve these important species. My research focused on the
upriver phase of salmon migration and used electronic tagging and tracking to observe it
(Figure 1.1). Interference of the salmon migration was predicted to affect the timing,
location, and energy available to spawning.
In Chapters 2 and 3, I assessed changes in the temporal and spatial elements of
migration using simulation. Chapter 2 investigated delays in the resumption of upriver
migration by salmon following an experimental stressor and Chapter 3 tested for changes
in the spatial distribution of migrants on spawning grounds following interaction with a
stressor. In Chapter 4, I evaluated the movement and positioning of salmon in the holding
phase of their migration after applying a stressor proximate to their known place and time
of spawning. In Chapter 5, I focused on repeated stressors by studying the incidence of
recapture in recreational fisheries and testing for avoidance behaviour by investigating
gear switching by salmon. Next, I used a data sharing collaboration to determine the
extent to which Atlantic salmon survive catch-and-release (Chapter 6), a question that is
important to answer to determine the potential for fisheries-induced evolution associated
with delayed mortality and the possible selection against certain behavioural phenotypes,
particularly run timing. Finally, I applied a bioenergetics model to calculate the energy
depletion of salmon associated with increased water temperature in freshwater, an
oncoming threat to salmon persistence that could influence the expression of migration
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(Chapter 7). In combination, these approaches will reveal how a migrating animal
responds to stressors and assist in understanding mechanisms by which migration success
can be altered by common challenges that they encounter.
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Figures

Figure 1.1 Adult Atlantic salmon (Salmo salar) captured during the upriver migration in Lakselva, Norway in August 2014 (left) and
September 2016 (right). On the left, the individual was double tagged with a radio transmitter and a temperature logger and on the
right the fish was only tagged with a radio transmitter. Electronic tagging was applied in this thesis to investigate the behaviour and
survival of fish during the spawning migration to investigate mechanisms of success and failure of the migration.
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Chapter 2 Biologging and biotelemetry tools reveal two scales of Atlantic salmon
recovery from an induced stressor

2.1 Abstract

For migratory animals, movement is essential to fitness; they must move at appropriate
times and to appropriate places or suffer survival or reproductive costs. Human activities
such as live-release fisheries intercept fish during migration, altering an individual’s
physiology and behaviour. I investigated the locomotor activity of wild Atlantic salmon (n
= 39) at two scales: on fine scales using accelerometer data loggers and on broad scales by
tracking fish with radio telemetry and monitoring returns to a counting fence trap in the
Campbellton River, Newfoundland. Half the sample population was exposed to
experimental exercise and air exposure (treatment) characteristic of live release fishing in
water of moderate temperature (18.8 ± 1.3 °C). Treatment and control animals were then
released 3 m downstream of the original counting fence capture site. Three salmon died
within 1 d of release, one control and two treatment fish. The remaining 36 salmon were
tracked in different locations below the counting fence including the estuary and several
were inferred to have re-entered the ocean; all but two of the surviving fish (both in the
treatment group) returned to the counting fence to resume the 2016 spawning migration
(survival = 86-91%). There were no differences in post-release activity, measured by an
index of total body action (jerk), between control and treatment salmon (P = 0.81) but
locomotor activity was significantly and negatively related to water temperature measured
at the counting fence (P < 0.01). Comparison of mean time to return against a null model
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generated by simulation, however, revealed that treatment salmon were significantly
delayed in returning to the counting fence (P < 0.01) whereas control fish were not (P =
0.24). I observed different responses between control and treatment salmon and ultimately
observed individuals that were tolerant to the simulated stressors. However, the results
suggest that there may be other costs associated with fisheries that should be accounted for
and mitigated to ensure sustainability.

2.2 Introduction

Movement allows animals to meet needs and accomplish diverse life history
objectives (Nathan et al. 2008). However, animals move at various spatial and temporal
scales, complicating interpretations of how movement directly contributes to lifetime
fitness. Migration is a large-scale (relative to the size of a given animal), synchronized
movement of animals across a landscape between habitats that allows them to optimize
lifetime reproductive potential by exploiting multiple habitats throughout the ontogeny
(Dingle and Drake 2007). Physiological changes undergone by migratory animals can
cause them to ignore stimuli such as food, implying that migratory movement is directly
linked to reproductive potential and therefore fitness (Dingle 1980). Migratory animals
may undergo extensive physiological remodelling to prepare for migration and then
confront further disturbances that disrupt navigation, delay progress and arrival time,
and/or deplete energy (Lennox et al. 2016a [Appendix C]). Migrants may be vulnerable
or tolerant to stressors and there is variation in this response among and within species
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and populations (Wilcove and Wikelski 2008; Robinson et al. 2009; Lennox et al. 2016a
[Appendix C]).
Challenges encountered during the migration can affect the success of individual
migration. Although human activities can potentially interfere with all migratory taxa,
literature has predominantly focused on investigating the progress and success of fish
migrations, particularly salmonids, which are exposed to myriad stressors during the
upriver phase of their spawning migration. Studies of migratory salmonids have linked
anthropogenic stressors to the fallback distance away from the release location (Mäkinen
et al. 2000; Havn et al. 2015), total migration distance (Lennox et al. 2015 [Appendix
B]), or spawning position (Chapter 3). Fitness costs following exposure to stressors may
be observed/inferred when an impacted individual’s capacity to reach spawning territory
at the appropriate time is inhibited, or when excessive energetic costs are imposed on an
individual recovering from a stressor. Experimental approaches aiming to determine the
extent to which migrants are affected and to evaluate costs of hypothesized disturbances
benefit from fine-scale observations of individuals exposed to stressors, which may be
acute but transient.
Tracking individual position with biotelemetry provides relevant information
about the movement of individuals and progress along the migration route, however, it
does not capture the inter-individual variation in response to short-term, acute
physiological and behavioural disturbance. Combining biotelemetry with biologging tags
equipped to measure the individual’s environment, physiology, or fine-scale behaviour
provides in-depth understanding of the broader-scale movements observed with
biotelemetry. Tri-axial accelerometer biologgers record the position of a tagged aquatic
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animal in three-dimensional space at high frequency (Brown et al. 2013). Attached to a
fish, accelerometers recording at < 1 Hz can be used to measure the individual movement
throughout a study period to identify periods of activity and inactivity. Accelerometer
traces (e.g. rapid or slow) can be applied to relate fine-scale behaviour to individual or
environmental metrics (Brownscombe et al. 2013; Whitney et al. 2016; Lennox et al. In
Press, b [Appendix D]). In combination, biotelemetry and biologging offer the potential
to quantify physiology and behaviour of animals at multiple scales and can assist with
interpreting the status and changes over time of free ranging animals exposed to stressors
during the migration (Cooke et al. 2016).
Our study applied both biotelemetry and biologging tools to investigate Atlantic
salmon migration in the context of an experimentally applied stressor to fish freely
migrating upriver. Atlantic salmon is an anadromous migrant that normally makes rapid
progress upriver towards the spawning destination and will hold for weeks or months
before reproduction (Økland et al. 2001; Klemetsen et al. 2003; Richard et al. 2014).
Migrants are exposed to myriad stressors such as drought or warm water temperatures
(Alabaster 1990; Baisez et al. 2011) or by human interventions such as pollution
(Thorstad et al. 2005), obstructions (Gowans et al. 1999; Croze 2008), or fisheries
(Mäkinen et al. 2000; Thorstad et al. 2003). A river in Newfoundland, Canada with an
impermeable fish counting fence provided a site within which to observe experimental
animals and monitor the migration. Specifically, I examined whether exercise and air
exposure simulating a fishing encounter altered the locomotor activity of salmon and
migratory progress to upriver spawning sites relative to control fish that were only
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tagged. I predicted short-term reductions to activity and delayed upriver progress of
salmon exposed to stressors during their migration.

2.3 Methods

2.3.1 Study Site

I collected Atlantic salmon from the Campbellton River, Newfoundland, Canada.
The Campbellton River drains about 296 km2 approximately 40 km into Indian Arm in
Notre Dame Bay near the community of Campbellton, Newfoundland and Labrador. The
Campbellton River is one of the most popular fishing rivers among Atlantic salmon
anglers in Newfoundland (Downton et al. 2001). The wild stock returning to the
Campbellton River has been enumerated annually by a Fisheries and Oceans Canada
(DFO) counting fence about 345 m from the river mouth (49.276681, -54.922011; Figure
2.1; Downton et al. 2001; Veinott et al. 2018b). The fence prevents fish from passing
upriver until all salmon ascending the river are manually counted in the facility’s trap and
then passed upriver. Counts of adult salmon from 2014-2016 were 4055, 4016, and 2748
individuals of predominantly one sea winter (Veinott et al. 2018b). During the study
period, the trap operated from June 8 to September 6 continuously during the day and
was monitored for the presence of experimental fish by closed circuit video camera (7h00
– 18h00). Members of the science team could then ensure they were present during fence
operations to retrieve tags (see below). Water temperature during the experiment
averaged 18.9 ± 1.3 °C.
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2.3.2 Experiments

Salmon were collected from the trap the day before experimentation (July 8 or 9,
2016) and held overnight in an in-river flow-through holding pen. On July 9 or 10,
salmon were dip netted from the holding pen and transported in a water-filled container
approximately 20 m to a circular experimental arena filled with ambient water at the start
of each trial. Fish were assigned to one of two groups, either a treatment group that
simulated a generalized stressor (N = 21; mean fish length 54.2 ± 2.6 cm FL) or a control
group (N = 18; 54.1 ± 2.6 cm). The generalized stressor involved a chase to exhaustion
(74 ± 29 s) followed by an air exposure of 10 s. Animals were then tagged with an
accelerometer and a radio tag following the stressor and released. Control fish were
transferred to the experimental arena but were not exposed to exhaustive exercise prior to
inserting the gastric radio tag and attaching the accelerometer (see below). Exhaustion of
treatment-group animals was characterized as cessation of burst swimming in response to
chasing. Exhaustion times were shorter than the exhaustion times normally recorded for
salmon in this size range being captured by anglers (Chapter 6). Salmon in the control
group were only tagged and were not chased or air exposed. All fish were released into
the river approximately 3 m below the fish trap into a holding pool.

2.3.3 Tagging and Tracking
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All salmon in both the control and treatment groups were externally tagged with
an accelerometer data logger (50 Hz, 10-bit resolution, 8 g0, Maritime bioLoggers,
Halifax, NS) waterproofed with a plastic rubber coating (Performix Brand Plasti-Dip,
Blaine, Minnesota, USA). Accelerometers were affixed with steel wire by passing two
hypodermic needles through the dorsal musculature behind the dorsal fin. To confirm the
fates of released fish, radio transmitting tags (Sigma 8, Newmarket, ON, Canada) were
inserted into the stomach to track the position of fish in the river following release and to
recover accelerometer tags from any mortalities in the river.
The fish’s return migration to the counting fence was manually tracked using a
handheld radio receiver (SRX 600, Lotek Wireless, Newmarket, ON) and a six-element
Yagi antenna (AF Antronics, Urbana, IL). Daily surveys for the tagged salmon were
conducted beginning at the counting fence and descending by foot along the riverbank to
the highway bridge along both sides of an island (Figure 2.1). Surveys continued beyond
the estuary to the peninsula to find salmon that were not found in the river. The small
width and relatively shallow depth of the river indicated that it was highly improbable
that a salmon in the river would go undetected. Visual surveys by snorkel were also
conducted in the river and estuary to identify and recover dead fish.

2.3.4 Data Analysis

2.3.4.1 Position
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To investigate differences in the distribution of animals from the two treatment
groups following release, positions derived from radio transmissions were used to
calculate 95% kernel utilization distributions using the kernelUD function in the R
package adehabitatHR with grid size of 100 (Calenge 2006). To account for absence of
animals that were not detected, a position in the ocean was assumed given that the radio
coverage would have detected any fish in the estuary or river. Distributional area was
calculated for the two groups using the kernel.area function and the difference was
established by dividing the area of each distributional polygon.

2.3.4.2 Acceleration

Acceleration data were downloaded from accelerometer loggers recovered from
treatment (N = 6) and control (N = 7) survivors as well as three individuals that died soon
after release. Acceleration-derived activity was calculated using a moving variance
window applied to the jerk time series (m s-3), described below. First, high-frequency
noise was removed (IIR Butterworth filter with a 10 Hz cut-off) from the acceleration
series, then jerk (change in acceleration, m s-3) was computed as the differential of the
acceleration for each axis. The total jerk was taken as the norm of the tri-axial jerk (i.e.
the square-root of the sum of the squared value in each axis) at each time instant (termed
RMS jerk in this MS; see, e.g. Simon et al. 2012) and represents the specific contribution
of animal movement to vectoral acceleration. I then calculated hourly estimates of
activity as the root-mean-square of Jerk based on a 60 min moving window for each fish.
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All acceleration processing was performed using MATLAB (The MathWorks Inc.,
USA).
To test if this measure of activity of salmon was significantly related to the
treatment variable as well as other potentially relevant variables: the time since release
(h), water temperature measured hourly at the counting fence, and diel effects of ambient
light were considered as predictor variables. Ambient light was considered as a binary
variable, light or dark, by checking whether a sample fell within or beyond values of
nautical dawn and dusk based on values extracted with the getSunlightTimes function in
the suncalc package for R (Agafonkin and Thieurmel 2015). I also considered the
interaction between treatment group and time to check whether there was a difference in
the activity across time for treatment compared to control salmon (i.e. a recovery profile).
I selected a generalized least squares model implemented with the gls function in the
nlme R package (Pinheiro et al. 2017). Nested effects by individual and temporal
autocorrelation were incorporated using a correlation structure, and comparison of
common correlation structures by AIC value (Zuur et al. 2009). The data structure
suggested an exponential structure in the form corExp(form=~time|ID)) in which the
time variable was the sample date time and ID was the individual fish. No model
reduction was attempted and all fixed effects were retained for the final model.

2.3.4.3 Resumption of Migration

Dates of upriver ascent were recorded when fish were recovered in the counting
fence trap. To test the hypothesis that the fisheries stressor delayed the upriver migration
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of salmon, I generated a probability distribution of the mean date of ascent to the fish trap
for the surviving fish. To generate the distribution, I assigned a probability of ascent
equal to the proportion of untagged salmon ascending to the fish trap on each day of the
season (following the start of the experiment) as enumerated at the counting fence and
then used the sample function in R to select an ascent date for each fish, weighted by the
assigned daily probabilities, with 10,000 iterations (Chapter 3, 5). A p-value testing the
null hypothesis that mean timing of ascent was not different from the null model was then
computed by calculating the proportion of simulated values smaller than the mean
observed arrival dates for tagged and untagged salmon.

2.3.5 Data Visualization

Figures were plotted using ggplot2 (Wickham 2008) with the packages ggridges
(Wilke 2017) and gridExtra (Auguie 2017) in R (R Core Team 2017).

2.4 Results

Three salmon were confirmed to have died within 1 d of the experiment (Table
2.1). Accelerometer tags were recovered. Two of the three mortalities were in the
treatment group and one was in the control group. This small sample size precluded
formal analysis of factors influencing mortality. Two additional treatment group animals
never returned to the counting fence; however, they were both tracked multiple times to
different positions in the estuary within one week of release and hence survived
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treatment/tagging. These two fish may have gone back to sea and subsequently re-entered
the river after the counting fence was removed (6 September 2016), or alternatively
suffered delayed mortality. Overall minimum survival was therefore 87-92% (control
94%, treatment 81-90%) and a mortality rate of 4-13% was attributed to the treatment
effect; owing to small sample size, however, it was not possible to determine whether this
was a significant difference with mortality occurring in the control group.
Most radio telemetry detections occurred in the pool directly below the counting
fence where salmon were also visually observed holding alongside untagged fish. Fish
were also detected below the outflow of two branches of the river on the estuary side of
the highway bridge and in the estuary (Figure 2.1). Salmon that were not detected were
inferred to have entered saltwater where the tags’ transmissions were blocked from
detection. Kernel density estimation of the distribution of control (0.08 km2) animals
equated to 78% of the distribution calculated for treatment (0.10 km2) animals (Figure
2.2).
Accelerometers were recovered from fish that returned to the fence as well as
those that came off prematurely onto the riverbed. Inspection of the accelerometer traces
allowed us to determine when the tag was no longer attached to the fish and filter the data
set. Generalized least squares regression revealed a significant effect of water
temperature on jerk-derived hourly activity index with a negative slope (Table 2.2),
suggesting that salmon activity decreased as temperatures increased from 13.5 to 23.4 °C.
Treatment salmon (1.52 ± 0.53 m s-3 average hourly rate of movement) were observed to
have similar activity across the study period compared to control salmon (1.48 ± 0.48 m
s-3), and both treatment group and the time × treatment interaction had small but not
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significant test statistics (Table 2.2). Activity was similar during daylight (1.53 ± 0.52 m
s-3) and dark (1.45 ± 0.50 m s-3; Table 2.2). Date time was also not a significant term,
having a slope of 0 (Table 2.2; Figure 2.3).
After releasing the tagged salmon and commencing monitoring for the study,
1504 salmon entered the trap at the counting fence after July 10 (first release group) and
1447 after July 11 (second release group). The average date of capture at the fence after
both dates was August 8 (day 221) with a maximum of 57 salmon returning on July 11
(for the second release group the maximum was 52 on July 14) and a minimum of zero
occurring on nine days. The null distribution of days to return following tagging
suggested a mean of 23 days for 34 salmon to return given the null hypothesis that timing
of return was independent of treatment; however, tagged control salmon returned on
average 26 days after release (p = 0.24) and tagged treatment salmon returned on average
32 d after release (p < 0.01; Figure 2.4); therefore, the null hypothesis that resumption of
migration was independent of treatment was rejected.
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2.4 Tables

Table 2.1 Summary of 39 tagged Atlantic salmon (Salmo salar) in the Campbellton River,
Newfoundland and Labrador. Salmon were double tagged with external accelerometer tags
and radio transmitters implanted in the stomach and released on July 9 or 10, 2016. The
fate of salmon was either dead (died soon after release), returned to the counting fence, or
unknown (tracked moving after release but never recaptured at the counting fence).

Group

Date Released

Length

Fate

Date Fate Determined

Control

July 9

535

Returned

July 14

546

Returned

August 1

509

Returned

July 26

520

Returned

July 27

542

Returned

August 1

515

Dead

July 10

512

Returned

July 27

550

Returned

July 25

545

Returned

August 30

566

Returned

August 30

507

Returned

August 8

563

Returned

August 27

538

Returned

July 12

518

Returned

July 27

July 10
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Treatment

July 9

525

Returned

August 23

625

Returned

July 26

580

Returned

August 9

554

Returned

August 1

570

Returned

August 7

560

Returned

July 26

588

Returned

July 29

547

Returned

July 26

518 Unknown

July 10

574

Returned

August 27

520

Returned

August 27

536

Dead

July 10

515

Returned

July 25

540

Returned

August 17

540

Returned

August 30

560

Returned

August 27

542 Unknown
535

Returned

August 1

504

Returned

August 1

558

Returned

August 27

522

Returned

August 23

524

Dead

July 11

505

Returned

August 11
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564

Returned

August 1

545

Returned

August 17
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Table 2.2 Generalized least squares regression (gls) modelling jerk, a metric summarizing
the dynamic movement of the body across three axes. The gls incorporated time nested
within individual in an exponential correlation structure to account for temporal
autocorrelation in the model residuals.

Fixed Effect

Coefficient ± SE

t-value

p-value

(Intercept)

193.26 ± 201.79

0.96

0.34

Ambient Light (Light)

0.05 ± 0.03

1.60

0.11

Group (Treatment)

-454.90 ± 307.79

-1.77

0.08

Time

0.00 ± 0.00

-0.95

0.34

Temperature

-0.05 ± 0.02

-4.01

< 0.01

Group (Treatment) × Time

0.00 ± 0.00

1.77

0.08
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2.5 Figures

Figure 2.1 Map of the experimental area used to investigate migrations of Atlantic salmon
(Salmo salar) in the Campbellton River, Newfoundland. Salmon were captured in the
counting fence trap on July 8 and 9, experimented, tagged, and released below the trap on
July 9 and 10, and monitored within the arena by radio telemetry for one week and at
counting fence trap until September 6, 2016.
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Figure 2.2 Radio tracking positions of Atlantic salmon (Salmo salar) tagged and released (yellow point) in the Campbellton River,
Newfoundland. Density contours indicate the relative distribution of Atlantic salmon based on radio positions for control and treatment
group salmon with higher density indicated by red rings. Note that most detections were recorded in the pool directly above the counting
40

fence above the island. Most other detections were recorded at the confluence of the two branches of the river on either side of the island
below the highway bridge.
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Figure 2.3 Summary plots describing activity of Atlantic salmon tagged and released in the Campbellton River, Newfoundland, Canada.
Jerk is a composite metric summarizing activity based on axes of tri-axial accelerometer loggers. The pre-specified model tested whether
ambient light (left panel), temperature (central panel), time, treatment group, and the interaction between treatment group and time (right
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panel) affected the activity of salmon in units of jerk. The final model incorporating an exponential correlation structure by time nested
within individual (N = 13) suggested no effect of ambient light but a weak effect of treatment (P = 0.08), treatment × time interaction
(P = 0.08), and a significant effect of temperature (P = 0.001) on salmon activity. Dashed horizontal lines indicate the mean value of
jerk throughout the study (1.51).
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Figure 2.4 Density plot displaying the most probable mean time to return after release (black) for 34 Atlantic salmon (Salmo salar)
tagged and released from experimentation in the Campbellton River, Newfoundland. The simulated distribution of the most probable
number of days to return to the fence was generated by assigning daily probabilities of tagged salmon to return on a given day equal to
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the proportion of untagged salmon trapped at the fish counting fence on that day. The area under the white curve indicates the observed
distribution of days elapsed before returning for control salmon (P = 0.24) and the area under the grey curve represents treatment (P <
0.01) salmon.
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2.6 Discussion

The combined approach of biologging (accelerometers) and biotelemetry (radio
transmitters) provided a unique opportunity to track the progress of an animal along its
migration in an experimental setting, investigating responses to a stressor using a finescale investigation of activity and coarse-scale observations of progress. I used this
opportunity to test the impacts of a generalized stressor that mimicked an encounter with
a fishery, which I used to interpret the effects of exercise and exhaustion on migration.
The findings suggest that this species is relatively tolerant to the stressor. Mortality of
individuals exposed to the treatment was low (4-13%) and appeared similar for the
treatment and control group fish. Fine scale activity (jerk) for both control and treatment
animals in the days following release was similar and stable and did not change
significantly over time; however, there was a significant effect of temperature on hourly
activity rates for both treatment and control fish. Although there was no difference in
fine-scale activity between treatment and control groups, run timing of treated salmon
was significantly delayed compared to predicted dates such that the broad-scale effects to
migration were not reflected in jerk activity, suggesting that findings manifested at the
coarse-scale were not reflected by fine-scale changes to activity levels after release.
Temperature is an established driver of physiology and behaviour (Brett 1971;
Fry 1971). The influence of temperature has been extensively studied for fish and
particularly for Atlantic salmon, revealing that temperature can delay upriver migration
(Baisez et al. 2011), influence post-release mortality in fisheries (Dempson et al. 2002;
Gale et al. 2013; Chapter 6), influence the ascent of fishways (Booth et al. 1997; Gowans
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et al. 1999), and vary the timing of spawning (Heggberget 1988). Here, I found that
temperature was the only significant predictor of jerk-derived activity index in Atlantic
salmon, which was otherwise independent of time, treatment group, and ambient light.
Frechette et al. (In Press) showed that this species uses behavioural thermoregulation to
buffer exposure to potentially stressful temperatures during the migration. Furthermore,
Chapter 7 establishes an exponential relationship between the rate of oxygen
consumption and water temperature for Atlantic salmon at slow swimming speeds in the
Norwegian river Lakselva; a reduction in activity at higher temperatures is therefore a
logical behavioural response to reduce energy expenditure at high temperatures.
Elsewhere, studies suggest that Atlantic salmon upriver migration is negatively related to
temperature (Erkinaro et al. 1999; Karppinen et al. 2004). Climate change effects that
increase freshwater temperatures could be expected to prolong Atlantic salmon migration
owing to delays associated with high temperature (Baisez et al. 2011).
Other factors considered in the model, specifically treatment, time post-release,
and diel period, were not significant. I predicted that activity may increase at night given
that several studies have shown that migration activity is predominantly nocturnal
(reviewed in Thorstad et al. 2008). Although patterns in the data were suggestive of diel
effects, I found no effect of darkness on activity. Instead, activity was significantly
related to water temperature, which peaks during the day but cools at night, yielding the
patterns in the data I observed. There was weak evidence for a treatment effect and a
treatment × time interaction. A significant interaction would have been interpreted as
evidence that treatment affected the rate of change of activity, or recovery from the
treatment. The relatively brief bout of exercise that treatment animals were exposed to
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may have not been extreme enough to calculate the time to recovery from the salmon
acceleration data. This is a limitation of the method used because I chased the fish in
experimental tanks until they were unwilling to continue. In fisheries, fish may not fight
continuously and may make use of currents to cause resistance against the angler and the
flow may also facilitate reoxygenation of tissues during the fight, allowing longer times
to exhaustion. Compared to swim tunnels, manual chasing allows the fish to stop
intermittently when it becomes acclimated to the chase. I also used a relatively brief air
exposure interval that would approximate best practices for handling exhausted salmon
(Cooke et al. 2015). Longer intervals would have increased impairment and mortality and
may have provided a more pronounced signal of recovery. Even without evidence of
impairment in fine-scale activity from the accelerometers, the coarse-scale investigation
revealed that the treated salmon were delayed in resuming upriver migration through the
experimental area based on timing of return to the fence.
Radio tracking revealed that the salmon that I released exhibited fallback. Even
though I released salmon directly below the counting fence, many salmon were tracked
below the island at the river mouth and several ostensibly re-entered the ocean because I
could no longer detect them with radio telemetry. Salmon early in the migration can
probably transition relatively easily between salt and freshwater and Thorstad et al.
(2005) observed salmon moving more than 14 km downriver to enter the sea during a
pollution event in the river Numedalslågen. Temperatures experienced by the salmon that
returned to marine waters would have been lower than in the river, which could prolong
recovery. Wilkie et al. (1997), examined re-synthesis of the primary anaerobic substrate
glycogen, clearance of the anaerobic by-product lactate, and correction of muscular pH in
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exercised Atlantic salmon and found it was slower at 12 °C than 18 °C. Cooler
temperatures experienced by salmon that returned to sea would mean an overestimation
of the temperature experienced in the regression model that was based on river
temperature. Fallback from the release point as observed in this study is a commonly
reported consequence of disturbances encountered by upriver migrants (Frank et al. 2009)
and has been observed following various fisheries stressors for Atlantic salmon (Mäkinen
et al. 2000; Havn et al. 2015). Mäkinen et al. (2000) suggested that more extreme
stressors (gill netting compared to recreational angling) can increase the extent of
Atlantic salmon fallback. Fallback may be either a mechanism driving delays or
truncations in migration that have been observed for angled salmon (see Tufts 2000;
Lennox et al. 2015 [Appendix B], Chapter 3) and perhaps a symptom of the underlying
physiological disturbance leading to those observations.
Behaviour is a relevant metric to explore animal responses to stressors but the
scale of investigation must ideally be matched to the expected response (Schreck 1990;
Schreck et al. 1997; Sopinka et al. 2016). Accelerometers provide information about
instrumented animals that is fine in temporal and spatial scales and can be effectively
applied to observe small changes in individual movement or activity. Within 4-5 mins of
release, Brownscombe et al. (2013) observed bonefish (Albula vulpes) swimming slowly
(< 2 tailbeats s-1) or resting but swimming faster (> 3 tailbeats s-1) after release if placed
in a recovery bag for 15 min. Whitney et al. (2016) used accelerometer data to calculate a
10.5 h (mean) recovery period for angled blacktip sharks (Carcharhinus limbatus). After
2-5 h, Broell et al. (2016) observed a cessation of resting in shortnose sturgeon
(Acipenser brevirostrum). In freshwater turtles (Sternotherus odoratus, Chrysemys picta),
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Gutowsky et al. (2017) found it took 2 h to recover from 4 h confinement in a
commercial fishing net from depth, temperature, and acceleration data on biologgers.
This example used jerk, which has previously been applied for investigating animal
behaviours (e.g. Simon et al. 2012; Ydesen et al. 2014) and provides a simple summary
of tri-axial movement of instrumented animals. The modelling may have suffered from
survivor bias, insofar as I was unable to recover all the accelerometer tags owing to
unforeseen issues with tag retention. Although external tagging of migratory salmon is
common (e.g. Thorstad et al. 2000), the accelerometer tag package was somewhat less
streamlined than tags used in recent studies (reviewed in Jepsen et al. 2015) such that
there was presumably moderate drag which put pressure on the tag package when they
were exposed to high flows. External tags are not intended for long-term tracking given
the expectation that they will eventually fall off (Jepsen et al. 2015) but that occurred at
an accelerated pace in this study (days not months). Although nearly all the salmon
returned to the fence, the inability to recover some tags may have meant that the
subsample was biased in some way, for example by only being able to consider fish that
remained close to the counting fence after release. Nonetheless I provide some of the best
short-term and fine-scale evidence for impacts of stressors on fish swimming in rivers.
Further research combining physiological methods of assessing recovery with these
behavioural metrics will provide robust insight into recovery from stressors.
Interpretation of the ultimate costs associated with the treatment and the fate of
salmon following delayed migration is somewhat difficult. Total survival was high (8796%) and aligns with 93% post-release survival predicted in Chapter 6 in a composite
analysis of Atlantic salmon recreational fishing studies, including Havn et al. (2015) in
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which water temperatures were similarly high (86% survival at 18–21° C). Radio tracking
allowed us to determine that mortality occured relatively soon after release (similar to the
results of Havn et al. 2015), although the final fate of two of the salmon was never
determined. Both salmon that disappeared before the end of the study period were tracked
on multiple days in multiple locations including upriver movements after release,
therefore they would not have been considered mortalities based on the criteria typically
used in catch-and-release studies, in which upriver movement after release was
interpreted as evidence of survival (Thorstad et al. 2003; Havn et al. 2015; Lennox et al.
2015 [Appendix B]). Reproductive success of this age class of fish, one sea winter (i.e.
grilse), in the Escoumins River, Quebec, Canada was found to be highly dependent on
run timing, with early arrival at spawning grounds contributing to higher realized
reproductive output (Richard et al. 2013), meaning that delays in migration as observed
in this study may affect fitness. It is uncertain whether early arrival affects salmon
reproductive success (Tentelier et al. 2016), but if prior residence is important for
Atlantic salmon to access high quality substrate, then delays caused by fisheries could
impose a substantial cost by offsetting the benefits of abandoning feeding opportunities at
sea for early river entry. Although delays caused by stressors could result in directional
selection, potential fisheries-induced evolution away from early run timing phenotypes is
most likely to be relevant for populations with substantial harvests where early return fish
tend to be both larger and more sought after (Consuegra et al. 2005; Pérez et al. 2005).
Evidently, salmon can recover from non-lethal disturbance and continue their
migration. In this study, the effect of experimental exhaustive swimming stress only
manifested itself in delayed migration and not in finer scale measures of activity (see also
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Lennox et al. In Press, b [Appendix D]). Increasingly, Atlantic salmon can probably be
viewed as a species that is tolerant to a suite of stressors during their upriver migration,
but that are highly sensitive to temperature. I found that salmon activity was significantly
related to water temperature on a fine-scale, which assists in understanding broad-scale
observations of salmon migration behaviour in other studies that have identified an effect
of temperature on movement rates, migration speed, and fish passage (Alabaster 1990;
Erkinaro et al. 1999; Gowans et al. 1999; Karppinen et al. 2004). Increasing temperatures
consequently have broad effects on salmon migration that require further investigation
(Chapter 7). Ultimately, exposure to acute stressors such as catch-and-release fisheries
does not appear to impose substantial fitness costs to migrating salmon, and management
tools such as live release can be viewed as viable options to balance the value of fisheries
sectors with the conservation of species.
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Chapter 3 Use of simulation approaches to evaluate the consequences of catch-andrelease angling on the migration behaviour of adult Atlantic salmon (Salmo salar)

3.1 Abstract

Many maturing anadromous Atlantic salmon encounter recreational anglers upon returning
to freshwater. Economically and culturally important salmon fisheries include catch-andrelease as a management tool to maintain spawning escapement given that most salmon
released by anglers survive (97% in this study). However, sublethal alterations to behaviour
with associated costs to individual fitness potential are recognized as an important
consideration when releasing fish alive. For this study, 39 salmon were captured by
recreational anglers, externally tagged with radio transmitters, and released. Seven of the
salmon were recaptured and harvested, one died after catch-and-release, and one exited the
river. Data from the annual visual drift count of spawning salmon were used to calculate
the probability of untagged spawning in each pool of the river and input into simulation
models to predict most likely upriver movement of the tagged salmon following release.
Ten thousand simulation steps selected a spawning pool for the tagged salmon, permitting
a calculation of the average expected movement by salmon for comparison to the average
movement observed by radio tracking. The average observed movement by the released
salmon was significantly less than the average expected movement generated by all three
models, indicating that live release had shortened the migration distance of the Atlantic
salmon. Given that recreational anglers can capture a large percentage of migrating
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salmonids, management may aim to ensure sufficient escapement of uncaptured fish to
ensure an even distribution of Atlantic salmon in their spawning rivers.

3.2 Introduction

Atlantic salmon migration in freshwater incorporates multiple phases of activity
including active upriver movement, holding, and searching with upstream and
downstream movements before staging near the eventual spawning destination, weeks or
months in advance of spawning (Økland et al. 2001). Atlantic salmon are philopatric with
most individuals able to locate their natal rivers (Fleming 1996) and even specific
tributaries within a system (Heggberget et al. 1986; Verspoor et al. 1991). The timing and
speed of migration by Atlantic salmon through freshwater depends on a variety of factors,
including sex (Lucas et al. 1993), size (Kristinsson et al. 2015), and experience (Niemelä
et al. 2006a, b). However, anthropogenic challenges including pollution (Thorstad et al.
2005), artificial barriers (Croze 2008), and climate change (Baisez et al. 2011) alter
migratory patterns exhibited by salmon. In addition, recreational fishery practices such as
catch-and-release have the potential to influence the migratory behaviour of salmon in
rivers.
Recreational fisheries are popular worldwide and can be important components of
the economy for many communities (Arlinghaus and Cooke 2009). The sustainability of
recreational fisheries, however, depends on the ability of the targeted fish population to
persist despite harvest and non-harvest mortality imposed by angling activities (Coggins
et al. 2007; Cooke and Schramm 2007). Traditionally, many recreational anglers
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harvested their catch; however, catch-and-release is now increasing in many fisheries.
From a regulatory perspective, catch-and-release focuses on maintaining the socioeconomic benefits of fisheries while sustaining fish populations that are being exploited.
As a result, catch-and-release practices assume that fish released by anglers survive with
limited sublethal consequences to their lifetime reproductive success (Arlinghaus et al.
2007; Wilson et al. 2014). Catch-and-release is increasingly practiced in recreational
salmon fisheries but scientific evaluations of catch-and-release for salmon have focused
on demonstrating that mortality for caught and released fish is infrequent (< 0.10;
Thorstad et al. 2003; Richard et al. 2013, 2014; Gargan et al. 2015). However, mortality
studies alone probably underestimate the impacts of catch-and-release because they do
not consider sublethal effects (Cooke et al. 2002). Sublethal effects occur because of
aerobic debt (Kieffer 2000; Lee et al. 2003a, b), metabolic disturbance (Wood et al.
1983), physiological stress (Pankhurst 2011), and exhaustion induced by angling.
Prolonged recovery can result in behavioural impairment, causing significant indirect and
direct impairments to potential fitness, such as reduced growth or fecundity (Cooke et al.
2002; Wilson et al. 2014). Sublethal effects of fisheries interactions can be difficult to
measure because equating a capture event to fitness is challenging. However, migrating
salmonids provide a useful model for identifying sublethal effects of angling because the
upriver migration towards spawning grounds might reflect fitness (Dingle 1980).
There is correlative evidence that angling alters migration patterns of Atlantic
salmon. Two documented alterations to migratory patterns that have been observed for
Atlantic salmon released by anglers are downriver movement from the release site
(Mäkinen et al. 2000; Thorstad et al. 2003; Havn et al. 2015) and shortened migration

55

distance (Tufts et al. 2000; Lennox et al. 2015 [Appendix B]). However, the extent to
which catch-and-release causes significant changes to an individual’s migration is not
quantified. Determining whether migration is negatively affected by angling requires an
estimate of where salmon would spawn if they were not captured by anglers. Yet, it is
difficult to know where salmon are destined to spawn in the river prior to the spawning
period itself, necessitating the development of a novel tool using a simulation of the
spawning distribution of non-angled fish within the river as a proxy for the ultimate
distribution of released fish at spawning time. This information provides a natural
baseline against which hypotheses regarding the impacts of catch-and-release can be
tested. To do so, I compared the observed movement of salmon against null modelpredicted movement.

3.3 Methods

3.3.1 Study Area

River Lakselva is a 45 km long river that drains into the Porsangerfjord in
Porsanger, Finnmark, Norway. The confluence of Lakselva with the fjord is at 70.078757
N, 24.926302 E. Lakselva is a large, unregulated river with one major tributary
(Vuolajohka) and two large lakes (Figure 3.1). Atlantic salmon enter Lakselva during the
spring and summer and spawn in Lakselva and Vuolajohka in October. The recreational
fishery is regulated by the Lakselva Landowner’s Association, which limits access to
most of the fishery via a licensing system. There are also reaches of river where angling
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is regulated by single landowners or local businesses. The annual salmon fishing season
in Lakselva begins June 1 and continues through August 31 followed by surveillance
angling to enumerate fish of wild or farmed origin in September and October.

3.3.2 Tagging

Historical catch records indicate that few salmon enter this river in June;
therefore, I focused the tagging efforts between July 13 and August 28, 2014. Salmon
selected for tagging (N = 39) were those that were typical of caught-and-released fish (i.e.
not moribund see Lennox et al. 2015 [Appendix B]). After being landed by an angler,
salmon were transferred to a water-filled tube where they were placed in a prone position.
The individual was measured and a radio transmitter in the frequency range 142.114 –
142.213 (Advanced Telemetry Systems [ATS], Minnesota, USA) was attached externally
below the dorsal fin. The tagging methods followed Lennox et al. (2015 [Appendix B]),
using sterile hypodermic needles and stainless-steel wire to secure the radio tag through
the dorsal musculature. Anglers that captured salmon handled them naturally and I did
not attempt to interfere with their fish handling (e.g. by telling them to use a net, not to
air expose the fish too long, etc.). However, I declined to tag two angled salmon; one
salmon was critically injured (hooked in gills) and the other was too small to support the
tag comfortably. In total, 39 Atlantic salmon (89 ± 16 cm TL, range: 62 – 121 cm)
captured by anglers were radio tagged and released. Many (N = 18) of the salmon were
caught and released in pools relatively close to the head of the tide and most (N = 26)
were fresh fish based on their silver colour and/ or the presence of salmon lice. Mean
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water temperature at capture was 14 ± 1 °C. All handling and tagging were conducted
according to Norwegian regulations for treatment and welfare of animals.

3.3.3 Tracking

To ensure complete coverage of the watershed, four stationary data logging
stations were installed at key points in the river to monitor passage of salmon. Data
logging receivers (Advanced Telemetry Systems [ATS], Minnesota, USA; R4520CD
Coded Receiver-Datalogger) were established with paired Lotek (Newmarket, Canada; 6
element Yagi tuned to 142 MHz) antennas (one pointing upriver and one pointing
downriver) to establish directionality of movement by salmon past the receiver. The
stations were installed above and below each of the lakes and near the mouth of the
tributary Vuolajohka (Figure 3.1). The listening stations were checked biweekly and were
active throughout the summer and into the autumn. In addition to the stationary logging
stations, mobile tracking was conducted along the river using a vehicle mounted receiver
and a magnetic whip antenna (Magnetic Roof-Mount Dipole, Laird Technologies,
Missouri, USA). Salmon positions were determined on alternating days starting on July
14 and continuing through the end of the angling season on August 31, 2014. During the
autumn, positioning occurred on September 2, September 15, September 24, and October
24. I used the salmon’s position on September 24 as an estimate of the spawning position
in the river. On September 24-25, a snorkel survey was conducted in conjunction with
radio tracking to visually confirm survival of some salmon with nominal movement after
release.
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3.3.4 Drift Count

The Landowner’s Association conducts an annual visual count of the Atlantic
salmon population to estimate the total number of fish in the river. The count is
conducted by two experienced persons who drift passively downriver while snorkeling.
For each section of the river (typically delineated by pools), the number of spawning
salmon is estimated based on these visual observations. Although drift counts are
considered underestimates of the total number of salmon, Orell and Erkinaro (2007)
found that they provided accurate indices of spawning biomass during the salmon
spawning season. In 2015, the drift count in Lakselva was conducted on September 1314, and spawning was observed to have commenced (E. Liberg, personal
communication). Staff were aware, and noted the presence of, tagged salmon based on
visual identification of the external radio tags. I collected drift count data from Lakselva
for 2011, 2013, 2014, and 2015.

3.3.5 Data Analysis

Each pool in the drift count was assigned a number with the pool closest to the
fjord being Pool 1 and the pool farthest upriver being number 57 (Figure 3.1). Pools that
could not have salmon counted by divers due to poor visibility were assigned zero salmon
for the purposes of analysis. The release and spawning pools (the latter being inferred
from the position of the salmon in the river on September 24) were compared to assess
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the movement of salmon released by anglers. The analyses could be conducted on 30 of
the 39 tagged salmon because one died, one exited the river, and seven were recaptured
and killed by anglers prior to spawning season. I calculated the correlation coefficient of
the relationship between the salmon’s release and spawning pools. To test whether catchand-release affected the movement of salmon within the river, a series of simulations was
conducted to create a distribution of the most probable average movement of salmon
from the release site under the null hypothesis of no effect of catch-and-release.
The simulation tests were implemented as follows: each pool was assigned a
probability that a salmon would spawn there based on the proportion of salmon observed
spawning there by the drift count. These pool probabilities were calculated and applied to
each of the 30 radio-tagged salmon with the apply function in R (R Core Team 2014). A
single simulation step was implemented using the sample function in R, which selected a
spawning pool for each salmon based on the assigned probabilities, permitting a
calculation of expected movement by subtracting the number of the release pool from the
number of the simulated spawning pool. For example, a fish captured and released in
Pool 1 could be assigned Pool 10 as a spawning pool in a simulation step, equating to an
expected movement of nine pools. Averaging the expected movement among the 30
salmon and repeating the simulation 10,000 times, a probability distribution was
generated that described the average expected movement of salmon from the site of their
release to spawn. The average expected movement was then compared to the average
observed movement of the 30 radio-tracked salmon. The p-value of the test described the
probability that the average observed movement differed from the average expected
movement. I conducted three simulations each using different assumptions (described
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below) and generating different null models. All null models assumed that there was no
impact of being caught and released on a salmon’s movement.
Finally, I present data from the drift count in Lakselva for 2011, 2013, 2014, and
2015 to assess temporal stability in the distribution of spawning salmon within the river. I
used violin plots as implemented by ggplot2 (Wickham 2009), which illustrate the
density of spawners along the length axis of the river. To test for differences in the
average spawning position across years I used a Kruskal-Wallis non-parametric analysis
of variance.

3.3.5.1 Free distribution

In the first simulation, radio-tagged salmon were assumed in the null model to
distribute anywhere in the river to spawn, independently of where they were caught and
released. The probability of choosing a given spawning pool was estimated as the
proportion of the total number of spawners in the river observed in this pool during the
drift count. This corresponds to an assumption that salmon freely distribute in a river and
concentrate in some areas, presumably of high quality or quantity spawning substrate.
Although it is known that salmon are positively rheotactic and migrate primarily upriver
to spawning sites, this simulation assumed that no matter where salmon were captured,
they could in theory move up or down independent of the release location by maintaining
equal spawning pool probabilities for all salmon.
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3.3.5.2 Salmon only move upriver

In the second simulation, spawning pool probabilities were adjusted based on the
release pool for each radio-tagged salmon such that any pools downriver of the release
pool had zero probability of salmon spawning there and upriver pool spawning
probabilities were adjusted accordingly for each fish.

3.3.5.3 Most salmon move upriver

The third simulation was identical to the second, with the exception that it
excluded salmon that spawned at or below the release site. This restricted the simulation
to 15 salmon that spawned at least one pool upriver from the release location. Fifteen
salmon that spawned at or below the release pool were excluded under the assumption
that these fish were captured after completing their migration whereas the other 15 were
ostensibly captured during their upriver migration.

3.4 Results

3.4.1 Catch-and-release

Only one of the 39 tagged salmon is known to have died. This occurred soon after
release and its drifting carcass was observed by an angler downriver of the release site
hours later (E. Liberg, pers. comm.). Therefore, survival from catch-and-release was high
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(97% of released fish). Total mortality (N = 2) from catch-and-release angling was 95%
(total N = 40) after including one moribund salmon that was not released because of
bleeding. One tagged salmon exited from the river in August and did not return; the
individual was a grilse (i.e. one-sea-winter salmon) that had exhibited unexpected up- and
down-stream behaviour after release, first moving upriver within hours of release and
eventually moving downriver two kilometres below the initial release site prior to exiting
in August, several weeks before the spawning period. Given the movement trajectory of
that salmon, it was inferred that it had survived catch-and-release and exited the river
voluntarily, possibly to spawn in a different river. Nine salmon (23%) were reported as
having been recaptured by anglers later in the angling season, with seven of them being
harvested and two re-released. One of the seven harvested salmon was recaptured twice
before being killed. Two tagged salmon that were captured multiple times remained in
the river through the spawning season. One of the recaptured salmon was angled as a kelt
the year after tagging on June 20, 2015.

3.4.2 Spawning distribution of catch-and-release salmon

There was a strong positive correlation between the catch-and-release location
and the final spawning position (R2 = 0.74 Figure 3.2). During the spawning period, all
the salmon that were present in the river were in regions of the river known to be
spawning locations. In addition, 20 (71%) of the tagged salmon were visually identified
in spawning aggregations during the drift count. The Lakselva Landowners’ Association
counted 1341 salmon spawning in the main stem of Lakselva during the autumn
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spawning count in 2014. The drift count was conducted in 72 pools in the river, which I
summarized into 57 pools for analysis based on the locations of pools in the river and
counts from previous seasons for the purposes of continuity. According to the drift count,
most of salmon spawned below the lakes, with only ten salmon counted above
Øvrevatnet. However, there were some areas in the river that were too murky for the
counting staff to conduct the count in, making some areas of the river appear depauperate
in the count. Most notably, sections of the river between Øvrevatnet and Nedrevatnet
were not counted due to poor visibility, nor was the tributary Vuolajohka. Given that
these regions were upstream of where all the tagged salmon spawned, I suggest that this
would not affect the results.

3.4.3 Simulation tests

3.4.3.1 Free distribution

When the simulation permitted salmon to distribute themselves anywhere within
the river to spawn, salmon were predicted to move on average seven pools upriver from
the catch-and-release site (Figure 3.3). A theoretical 30 salmon released in the given
pools (Table 3.1) would therefore move on average seven pools per individual toward
spawning grounds if they were assumed to freely distribute themselves as the untagged
fish in the river did. This was mostly because most of radio-tagged fish were captured in
lower reaches of the river and would therefore be most likely to move upriver where most
of the salmon were counted during the drift count. Based on fish positions from tracking
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data from September, the tagged salmon moved on average only two pools upriver from
the release site, significantly less than expected based on the free distribution hypothesis
(P = 0.03).

3.4.3.2 Salmon only move upriver

When salmon in this null model were restricted from backtracking to downriver
spawning grounds, the simulation indicated that salmon should move on average 20 pools
upriver following release. Many fish were captured in the lower parts of the river and
would therefore be highly likely to migrate to middle or upper reaches for spawning
where the large numbers of untagged fish were found during the visual counts. However,
as noted above, the radio-tracked fish showed limited movement. In this simulation,
where downstream movements were discounted and assigned 0 values, the average
movement was two pools per individual, again a highly significant difference from the
model’s prediction (P = 0.00; Figure 3.3).

3.4.3.3 Most salmon move upriver

When the second simulation was repeated excluding all salmon that showed any
downriver movements, the simulation reduced the predicted movement per fish to only
10 pools upriver per individual. Observed movement was six pools per individual, still a
highly significant difference compared to the model’s expected movement (p = 0.01;
Figure 3.3).
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3.4.4 Seasonal differences in drift count observations

The average spawning pools in Lakselva were 30 (2011; N = 849), 25 (2013; N =
1254), 21 (2014; N = 1337), and 26 (2015; N = 832). I observed some temporal
inconsistency in the distribution of spawning salmon within Lakselva (Figure 3.4).
Indeed, there was a significant difference in the distribution of spawners across years (χ2
= 250.22, df = 3, P < 0.01). However, visual analysis (Figure 3.4) revealed consistent
shapes in the distribution of spawning salmon and indicated that most of spawning
salmon are consistently below Pool 49, which was the last pool prior to the first lake,
Nedrevatnet (Figure 3.1). Moreover, most salmon in the river spawned in pools in the
middle of the anadromous stretch of the river.
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3.5 Tables

Table 3.1 Individual data on the radio tagged salmon in the Lakselva River, Norway. Thirty-nine salmon were captured between July
13 and August 28, 2014, eight of which were recaptured later in the migration, one of which disappeared, and one of which died. One
of the recaptured salmon was re-released and remained in the river for spawning. The spawning pool was determined by radio tracking
in the fall during the spawning season and the net movement is the number of pools.
Net Movement
Capture Date

Total Length (cm)

Fate

July 13

73 Survived to Spawn

July 14

97 Recaptured

July 15

98 Recaptured

July 16

91 Recaptured

July 16

Release Pool

Spawning Pool

(# of pools)

7

18

11

90 Survived to Spawn

21

27

6

July 17

95 Survived to Spawn

1

1

0

July 17

80 Recaptured

67

July 19

95 Survived to Spawn

17

27

10

July 19

62 Disappeared

July 24

66 Survived to Spawn

1

1

0

July 26

63 Survived to Spawn

8

10

2

July 27

121 Survived to Spawn

2

2

0

July 30

111 Survived to Spawn

18

24

6

July 30

103 Recaptured

18

34

16

July 30

81 Survived to Spawn

18

14

-4

July 31

102 Survived to Spawn

2

1

-1

August 1

111 Survived to Spawn

18

18

0

August 2

109 Survived to Spawn

18

18

0

August 2

93 Survived to Spawn

18

14

-4

August 2

112 Survived to Spawn

18

14

-4

August 5

112 Survived to Spawn

21

18

-3

August 9

67 Recaptured

68

August 9

90 Died

August 10

64 Survived to Spawn

1

3

2

August 10

94 Survived to Spawn

1

2

1

August 12

94 Survived to Spawn

2

3

1

August 13

99 Survived to Spawn

2

10

8

August 13

69 Survived to Spawn

14

20

6

August 14

69 Survived to Spawn

1

2

1

August 14

84 Recaptured

1

13

12

August 14

91 Survived to Spawn

27

21

-6

August 15

76 Recaptured

August 15

89 Survived to Spawn

27

27

0

August 16

101 Survived to Spawn

21

24

3

August 17

102 Recaptured

August 17

112 Survived to Spawn

2

2

0

August 20

83 Survived to Spawn

21

27

6

69

August 24

77 Survived to Spawn

21

21

0

August 28

66 Survived to Spawn

1

2

1
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3.6 Figures

Figure 3.1 Lakselva in Porsanger, Finnmark, Norway. The river incorporates two major
lakes, Øvrevatnet and Nedrevatnet. Atlantic salmon return to the river from the ocean
through the Porsangerfjord throughout the summer and migrate upriver to spawning
grounds. For this study, salmon released by anglers were tagged at various points in the
river. Note that the river flows south to north.
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Figure 3.2 Relationship between the release location and spawning position of 30 salmon released by anglers. Discrete spawning pools
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are assigned based on locations where spawning counts occurred in September 2014. The dashed line indicates a 1:1 relationship
between release pool and spawning pool (i.e. no upriver movement). Points are jittered to reduce overlap. R2 = 0.74.
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Figure 3.3 Simulated test statistic distributions for the mean number of pools moved for Atlantic salmon under alternative null hypothesis
of no effect of catch-and-release on post release movements and final choice of spawning pool. The black circles indicate the observed
mean number of pools moved from the release location to the spawning location among the tagged salmon and the grey distributions
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are the results of the simulations. The left panel provides the simulated distribution for the free distribution of salmon, the centre panel
shows the distribution for the upriver movement only simulation, and right-hand panel the distribution for the upriver movement
simulation that excludes all salmon that spawned at or below the release site. Observed movement (black circle) in the first two panels
are based on 30 salmon whereas the right panel includes 15 salmon after removing individuals that spawned downriver of the release
site (see Table 3.1 for list of salmon with negative movement that were excluded).
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Figure 3.4 Violin plots of annual drift counts in Lakselva. The width of violins indicates the spawning densities at corresponding pools
of the river based on observations by drift counters. Note that across years there was some inconsistency in visibility, excluding some
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pools from the count; for example, the lower pools in the 2011 count. Only data from the 2014 count were used for the simulation
models.
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3.7 Discussion

Similar to other studies on the effects of catch-and-release angling on Atlantic
salmon, I identified high survival of the fish released by anglers. One mortality among 39
salmon represents a high probability of survival for salmon given good angling practices.
Interestingly, I calculated an exceptionally high recapture rate of salmon in Lakselva.
Generally, instances of recapture are infrequent in salmon fisheries and in Chapter 5, a
recapture rate of 18% was calculated from data in multiple Norwegian rivers (including
Lakselva) in 2012-2013. Here, 23% salmon were recaptured including one individual that
was recaptured twice (but counted in the percentage only once) and excluding one
individual that was recaptured as a kelt the following summer. This high frequency of
recapture is interesting because there have been no studies of the effects of multiple
capture on salmon during their spawning migration, possibly because it is viewed as an
infrequent occurrence. Some individuals tend to have higher vulnerability to angling than
others (Cox and Walters 2002; Tsuboi and Morita 2004), but the mechanisms are unclear,
particularly for Atlantic salmon (Chapter 5). That a relatively high proportion of salmon
released by anglers goes on to be recaptured generates questions about how effective
catch-and-release can be in some fisheries with high exploitation rates (e.g. Gudjonsson
et al. 1996; Downton et al. 2001). High recapture of salmon suggests that further research
is necessary to evaluate the physiological and behavioural effects of recapture for salmon
during a sensitive life stage. Indeed, encounters with recreational anglers are stressful for
fish in the short-term. Burst exercise during angling increases the concentration of
circulating stress hormones and results in osmoregulatory disruptions (Kieffer 2000;
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Wood 1991; Barton 2002). After release, there is an energetic burden associated with
repayment of oxygen debt (Scarabello et al. 1991) and restoration of intramuscular fuels
(Kieffer 2000).
Our simulation models indicated that the salmon released in Lakselva had shorter
migrations than expected from model inputs. Two other studies have identified reduced
migratory distances traveled by salmon as a sublethal consequence of catch-and-release
(Lennox et al. 2015 [Appendix B]; Tufts et al. 2000). However, these studies used a
reference group of radiotagged fish that had been captured using means other than
angling (traps or nets), and these capture methods could also have stressed the fish
potentially confounding their utility as controls. The novel approach presented here used
untagged fish from a passive count rather than a control group that had potentially been
subjected to stress as a method to generate a more robust estimate of expected movement
by released salmon.
A sublethal effect of angling on Atlantic salmon was observed, yet it is not clear
what the impacts of movement reductions would have on individual fitness and salmon
population dynamics. For Atlantic salmon released by anglers, reduced upriver migration
resulting from catch-and-release has the potential to decrease fitness via densitydependent egg or fry mortality (Einum and Nislow 2005) or via outbreeding effects when
salmon do not successfully reach their natal spawning destination (Heggberget et al.
1986). However, the extent of substructuring by Atlantic salmon within rivers is probably
insufficient to harm the population if some individual spawn slightly downriver (Garant
et al. 2000) particularly within smaller rivers such as Lakselva without major tributaries
(Jordan et al. 1992; Vähä et al. 2011). It could be suggested that short migrations are
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symptomatic of larger disturbances associated with stress or exhaustion given that
breeding success is influenced by physiological condition on spawning grounds (de
Gaudemar and Beall 2004; Hendry and Beall 2004). However, other studies of released
salmon have found that parr densities increased in years following catch-and-release
(Whoriskey et al. 2000; Thorstad et al. 2003), that late season catch-and-release does not
affect gamete or fry quality (Booth et al. 1995; Davidson et al. 1994), and that wild
salmon released by anglers are able to successfully reproduce (Richard et al. 2013).
Nonetheless, if reduced migration following catch-and-release corresponds to reduced
activity overall, there could be fewer reproductive encounters by released salmon
corresponding with decreased fitness. Even though salmon in this study did not travel as
far as was expected based on the simulation, every salmon (except the one that exited the
river prematurely and the one that died) was tracked at suitable spawning territory and
many were also visually observed in aggregations of spawning conspecifics during drift
counting.
An alternative explanation for the findings is that the salmon captured by anglers
never intended to continue migrating because they were in the holding phase of migration
(Økland et al. 2001). This implies that salmon are more likely to be captured by anglers at
the end of migration than during the upriver migration phase. Vulnerability to
recreational angling is a complex function of the biotic and abiotic environment (Stoner
2004), individual-level characteristics (Cooke et al. 2007), and the fisheries environment
(i.e. gear types used; Chapter 5). However, changing vulnerability to angling at different
stages of fish migration has not previously been explored. Migratory salmon behaviour
does change at different stages of the migration, which has the potential to influence
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angling vulnerability. For example, dominant males become aggressive on spawning
grounds (Hendry and Beall 2004), a behavioural change that could influence vulnerability
to angling. Therefore, behavioural vulnerability could increase when salmon arrive at
spawning grounds and indeed many fish remain in holding pools near spawning grounds
for long periods of time prior to spawning (Økland et al. 2001) meaning that salmon
spend most of their time in freshwater at or near their spawning sites. This suggests that
angling vulnerability and capture probability should both be greater on spawning grounds
than during the migration and that the shortened migration that I observed was a function
of this change in capture probability.
Combining a visual survey with the radio telemetry in this study proved important
for estimating survival of salmon after catch-and-release. I had several salmon exhibit
limited post-release movement, including some that would have been categorized as dead
using established protocols for the interpretation of electronic tagging data (Lennox et al.
2015 [Appendix B]) based on their lack of movement, which were confirmed to be alive
via visual observation. Indeed, telemetry studies can also underestimate the movement of
animals (Ovidio et al. 2000), particularly without fine-scale positioning systems (Hanson
et al. 2007). Although I am confident that the periodic tracking allowed us to accurately
identify the movements of salmon at a coarse scale (i.e. among pools), it is possible for
salmon to make forays up or downriver in short periods of time that could have been
missed (i.e. searching behaviour; Økland et al. 2001). For example, one salmon tagged in
Pool 2 was tracked once in Pool 5; however, it returned to Pool 2 before the next tracking
and remained there until spawning. These brief forays can only be detected by chance if
tracking is only periodic. Moreover, Taggart et al. (2001) noted that salmon may move up
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to 5 km between redds during the spawning season. Although I accept that the methods
may not have captured all movements caught and released salmon made, the overall trend
observed among salmon was striking because upriver movement was largely restricted
throughout the remainder of the summer and into the spawning season.
Using simulation methods to test hypotheses about salmon movement was
determined to be a useful approach to testing the hypothesis. Salmon are dynamic
animals and although well studied, their behaviour remains somewhat cryptic. Simulation
provided an analytical tool for exploring different but equally rational hypotheses to
develop models of expected movement by the released salmon. Although I found that
there was some inconsistency in the spawning distribution of salmon in Lakselva across
years, it was interesting and important to the study to note that general trends were
similar. Ultimately, the results of all three simulations were concordant allowing us to
make inferences about the population that I studied. Annual visual spawning counts of
fish similar to those that I used to generate spawning pool probabilities are available for
many rivers making this method a valuable tool for work over and beyond stock
assessment in the future.
Survival of salmon released by anglers in Lakselva is promising for salmon
conservation efforts and demonstrates the utility of catch-and-release for management of
the salmon fishery. However, the model predicted longer migrations after catch-andrelease than I observed, suggesting that the upriver migration could have been hindered
by angling, which could be a relevant sublethal effect of catch-and-release. Future
research into the behavioural vulnerability of salmon at different stages of migration are
necessary to develop a mechanistic understanding of these observations to know whether
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the catch-and-release sample is biased towards fish that have completed migrating.
Moreover, studies that monitor the fitness-related endpoints of released salmon could
provide important information about the effects of catch-and-release on reproduction
including gamete development prior to spawning and intraspecific competition for mating
opportunities or fertilization success. The fact that one of the tagged fish was recaptured
as a kelt confirms that these fish survive longer than I monitored and research efforts
must therefore extend to monitor the outmigration and return migration of salmon.
Knowledge that many salmon can be affected by recreational fisheries (Erkinaro et al.
1999) may lead managers to ensure sufficient escapement of uncaptured fish to ensure
that recreational angling does not affect spawning in upriver reaches.
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Chapter 4 Behaviour and survival of wild Atlantic salmon (Salmo salar) captured
and released while surveillance angling for escaped farmed salmon

4.1 Abstract

Many Norwegian rivers survey the spawning stock for escaped farmed salmon with
surveillance fishing by rod and reel after the recreational angling season. However, the
benefits of surveillance fishing depend on the ability for wild salmon to reintegrate the
spawning stock soon after release. To evaluate the impacts of surveillance fishing, I
captured, radio-tagged, and released wild Atlantic salmon in River Lakselva, Norway, in a
surveillance fishery occurring just prior to the spawning period. Among 39 salmon
captured, three were not released; one bleeding from the gills, one farmed, and one farmed
and bleeding. Thirty-six wild fish were tagged and released. Salmon survived surveillance
angling (95% total survival, 100% catch-and-release survival). Tagged fish were tracked
on average 1.2 ± 2.8 (SD) km from the release site at the end of the experiment during the
spawning season, not significantly different from the distanced moved by salmon radio
tagged throughout the summer during a similar interval in Chapter 3 (15 September – 24
October 2014). Total movement within three days of release was inferred to average 1.9 ±
2.1 (SD) km, excluding one individual that exited the river. Tracking data revealed an
immediate behavioural reaction of salmon to surveillance catch-and-release, the long-term
consequences of which are uncertain. Surveillance fishing may be problematic in rivers
with small and vulnerable wild stocks in which a high proportion of the spawning
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populations is sampled. Surveillance fishing completed with ample time before spawning
would be a precautious approach to minimize potential effects during spawning.

4.2 Introduction

Atlantic salmon populations have declined throughout their range and many have
been extirpated (Parrish et al. 1998). Yet, Atlantic salmon is one of the most abundant
fishes on earth because its high economic value resulted in intense cultivation and the
global proliferation of salmon aquaculture (Gross 1998). These farmed Atlantic salmon
have been subjected to artificial selection that has increased the growth rate, fat content,
and age at maturity, and reduced stamina, egg size, and genetic diversity (Gross 1998;
Ferguson et al. 2007). Farmed salmon have been developed by commercial breeding
programs since the early 1970s, and as a result, now exhibit a wide array of genetic
differences compared to wild conspecifics (Ferguson et al. 2007; Karlsson et al. 2011;
Glover et al. 2017). Nevertheless, farmed salmon may still interbreed with wild salmon,
potentially causing significant outbreeding effects (McGinnity et al. 1997, 2003; Fleming
et al. 2000; Skaala et al. 2012). Salmon that escape aquaculture facilities enter the ocean
and may aggregate with conspecifics at marine feeding areas prior to maturing and
migrating into freshwater (Hansen and Jacobsen 2003). The proportion of escaped farmed
salmon in samples of Atlantic salmon from Norwegian rivers varied between average 918% close to the spawning period during 2006-2015 (Anon. 2016a). The occurrence of
escaped farmed salmon in Norwegian rivers over many years has resulted in a significant
genetic introgression from farmed salmon in many wild populations (Glover et al. 2012,
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2013; Skaala et al. 2012; Karlsson et al. 2016). In the most recent of these studies,
Karlsson et al. (2016) reported that significant genetic introgression was observed in 77
of 147 Norwegian rivers analysed. Introgression of escapees has also been observed
beyond Norway and is considered a challenge throughout the native range of Atlantic
salmon (Crozier 1993; Clifford et al. 1997). A recent study observed that gene flow from
escaped farmed salmon has altered age and size at maturation in wild Atlantic salmon in
many Norwegian rivers (Bolstad et al. 2017).
Intrusion of non-native salmon threaten the genetic integrity and viability of wild
salmon (Fleming et al. 2000, McGinnity et al. 2003; Skaala et al. 2012). Anglers may be
able to recognize, and subsequently remove, escaped farmed salmon by identifying
morphological differences, but genetic analyses or scale reading is necessary for accurate
determination in many instances (Lund and Hansen 1991; Fiske et al. 2005). Scale
sampling programs from recreational fisheries can provide evidence about the extent of
farmed salmon intrusion in wild salmon rivers. However, farmed Atlantic salmon are
known to enter rivers later in the season than wild fish (e.g. Moe et al. 2016; Svenning et
al. 2017), and often after the recreational fishery has closed. Therefore, scale samples
obtained during the summer underestimate the extent of farmed salmon in the population.
To address this, many rivers have specialized surveys of the spawning stock for escaped
farmed fish using rod and reel in the autumn, a period when the highest number of fish
have entered the river, to collect scales from a representative sample of the spawning
population in the river. Inevitably, many wild Atlantic salmon are captured by these
surveillance fisheries, which are intended to be released unharmed so that they can return
to pre-spawning and spawning activities.
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Survival of Atlantic salmon released by rod and reel is consistently high (Chapter
6) but there is evidence that recreational angling can alter the behaviour of wild Atlantic
salmon during upriver migration (Mäkinen et al. 2000; Thorstad et al. 2003; Havn et al.
2015). Many Atlantic salmon captured in summer fisheries are captured during the
upriver movement phase of migration, which begins after river entry. Fish captured in
surveillance fisheries are likely to have completed upriver movement and be in the
holding phase of the migration, at or near the spawning destination (Økland et al. 2001).
Capture, handling (including scale removal for analysis), and release of wild Atlantic
salmon in autumn surveillance fisheries may result in mortality of released fish or elicit
similar behavioural responses such as long movements away from the holding sites.
Success of surveillance fisheries is contingent on balancing the benefits of enumerating
the intrusion of farmed salmon against the potential impacts that could be imparted on
wild salmon caught and released close to the time of spawning, which remains poorly
understood. To determine whether wild Atlantic salmon captured by autumn surveillance
fishing with rod and reel are negatively impacted by catch-and-release, I tagged salmon
with radio transmitters after capture and scale sampling and monitored in-river
movements until the spawning season.

4.3 Methods

4.3.1 Study Site
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The study was conducted in the River Lakselva, Finnmark, Norway. Lakselva
discharges into the Porsanger Fjord and has 45 km available to wild Atlantic salmon.
Most of the salmon spawn in river reaches below two lakes (Chapter 3). The recreational
fishing season for Atlantic salmon concludes on 31 August and fishing for sea trout
(Salmo trutta) concludes on 15 September. Surveillance fishing is then conducted until
approximately two weeks prior to peak spawning. For this study, surveillance fishing was
conducted between 19 September and 2 October, 2016. During this period, water
temperatures were 9.6 ± 0.6 °C (range = 8.4-10.7 °C) as measured by a water temperature
logger (HOBO Pendant Temperature/ Light Data Logger 64K-UA-002-64, Onset,
Massachusetts, USA) deployed in a shaded area of the river at 9 rkm (river kilometres;
i.e. kilometres from the river mouth) at a depth of 2 m from the surface.

4.3.2 Experiments

All tagged salmon were captured by three anglers. Sex was visually determined
by secondary sexual traits such as development of kype and colouration. Research was
conducted with 19 female (mean = 98 ± 20 cm SD TL; range = 58 – 116 cm TL) and 20
male (77 ± 21 cm TL; range = 55 – 113 cm) Atlantic salmon captured by surveillance
fishing. Five individuals (65 ± 8 cm TL; 4 males, 1 female) were considered to be freshly
entered into the river based on their silver colouration, one of which had sea lice attached
with egg strings, which indicates that it had very recently entered freshwater. Salmon
were captured by artificial flies (N = 19) and lures (i.e. metal spoons; N = 20). After
fighting for an average of 321 ± 270 s, salmon were landed in a knotless mesh landing net
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(N = 37) or tailed (N = 2) and were rapidly transferred into a water-filled PVC tube by
placing the fish into a plastic sling designed to hold fish with enough water to respire.
The fish’s eyes were covered by a damp towel in the tube to keep it calm. Each fish was
measured (cm TL), sexed if possible, assessed for colour (silver, intermediate, or brown),
and tagged. Tags were rectangular (21 × 52 × 11 mm, mass in air = 15 g) coded radio
transmitters (Advanced Telemetry Systems, Isanti, Minnesota, USA) in the frequency
range 142.144 – 142.484 MHz. The tags were attached by passing steel wire (0.8 mm)
through hypodermic needles inserted between the pterygiophore bones. A white plastic
back plate was placed on the opposite side from the tag (Chapter 3). After tagging, 5-8
scales were removed from the fish’s right side, posterior to the dorsal fin near the midline
using needle nose pliers, which were used to determine the origin of the fish as wild or
escaped farmed. Total exposure to air from landing the fish to release was 2 ± 2 s (range
= 0 – 7 s). Fish were held in water for 62 ± 82 s (range = 0 – 6 min) before they swam
away volitionally.
The position of each fish in the river was determined at 1 h, 1 d, 2 d, and 3 d after
capture as well as once weekly until 24 October. Positions were determined using a
vehicle-mounted ATS R4500CD coded receiver datalogger attached to either a dipole
antenna (Magnetic Roof-Mount Dipole, Laird Technologies, Earth City, Missouri, USA)
and a 4-element Yagi antenna for precise determination. To ensure adequate coverage of
the river and to note any fish that moved out of the tracking area, directional stationary
logging stations mounted with two 6-element Yagi antennas each were also established
near the confluence of the river with the fjord at 4 rkm and at 20 rkm, beyond which
access by road is limited. Fine-scale positioning permitted the identification of upstream
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movement of fish, confirming survival and also to calculate movement from the capture
site after sampling. Observation by snorkeling or sudden position movements provoked
by snorkeling were used to confirm survival (on 6 and 23 October 2016) for fish that
were not recorded to move upstream between tracking surveys.

4.3.3 Data Analysis

Catch-and-release mortality was calculated as the percentage of fish determined to
have died based on the tracking after release. Fish that moved up river immediately after
release required an additional upriver movement occurring more than 2 d after release to
be considered a survivor. Snorkel surveys were conducted to verify survival of any
salmon for which there was doubt about survival. Total mortality was calculated by
adding delayed mortality and immediate mortality (i.e. the sample fish that were killed
due to extensive bleeding).
Tracking data were imported into ArcGIS software (ESRI 2011) to calculate the
distance from the river mouth of each position in rkm. Positions for each fish were then
used to determine the extent of downriver movement immediately after release and the
final position in the river relative to the release location. Because fish were tracked at
fixed intervals in the first 3 d, I could infer the minimum movement in this period by
summing the absolute values of the changes in position of fish in the river from each
tracking point. Final positions of fish compared to the release site were calculated and
compared to the change in position of fish tagged in the summer recreational fishery in
2014 (Chapter 3). The 2014 data comprised 21 fish that were tracked on 24 October and
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15 September, which is a comparable period to that in 2016. However, fish in 2014 were
tagged during the summer (13 July – 29 August) and I therefore interpreted movement of
those fish as expected movement of fish during this period. I excluded one fish from 2016
that exited the river and compared the relative movement of fish in the SeptemberOctober period for salmon tagged in the two experiments with a Welch two-sample t-test
implemented with the t.test function in R (R Core Team 2016).
To determine which factors influenced movement of salmon from the release site
within the 3 d fixed interval tracking period, generalized least squares regression was
implemented with the gls function in the R package nlme (Pinheiro et al. 2014). The
model is based on 32 salmon given that four individuals had incomplete tracking records
within 3 d. The full models are presented as the final models. Generalized least squares
regression was used (gls function in nlme package) instead of multiple linear regression
because it can incorporate variance structures that account for heteroscedasticity in model
residuals (Pinheiro et al. 2014). The dependent variable, inferred distance moved within 3
d, was log transformed to account for non-normality of residuals and a varIdent variance
structure was incorporated in the model to account for heteroscedasticity of the bleeding
predictor variable, which was coded as a factor (Pinheiro et al. 2014).

4.4 Results

Among the 39 Atlantic salmon captured, there were two individuals that incurred
injury to the gills and were not released (one of farmed origin, one wild). One additional
individual was determined to be of farmed origin based on external traits and was also
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not released (farmed origin of this individual was later confirmed by expert scale
analysis); all other individuals were confirmed by scale analysis to be of wild origin.
Therefore, the sample of tagged fish consisted of 36 wild Atlantic salmon (87 ± 20 cm
TL; range = 55 – 116 cm). Every salmon that was released was confirmed to have
survived the surveillance fishing based on in-river movements made after release,
observation by snorkeling, and/or by sudden changes in radio-derived position provoked
by snorkeling. Catch-and-release survival was therefore 100%. Total survival of the fish
captured during the monitoring was 95%, considering that two individuals were killed
due to injuries. One individual (1 SW 62 cm male, brown coloured at release) was
recorded passing by the stationary logger near the river mouth 13 rkm downriver from the
release location before it disappeared from the river, and most likely did not spawn in
Lakselva. Movements by this fish were determined to be volitional, and not the passive
drifting of a fish carcass, based on the periodic up- and down-river movements recorded
by the stationary logger.
Three of the fish that were released were bleeding slightly, two of which were
captured by lures and one by a fly. One of the bleeding fish shook the hook out while in
the net, indicating that it was not likely lodged in a critical location, one was hooked in
both the upper and lower jaws simultaneously, and one was hooked in the corner of the
jaw.
Within one hour of release, salmon were on average 0.04 ± 0.12 rkm downriver
from the release site (range = -0.52 – 0.17 rkm; Table 4.1), although 17 (47%) were
approximately in the same position (± 20 m) as where they were released and 75% were
within ± 100 m (Figure 4.1). One day after release, 33% were within ± 100 m of the

92

release location; one moved upriver 2.5 rkm and another moved down 2.5 rkm (Figure
4.2). After two days, only 15% were within ± 100 m and after day three, 19% were
within ± 100 m. The final position of salmon, taken at the end of October, was on average
upriver of the release location by 1.23 ± 2.80 rkm (range = -2.98 – 11.11 rkm) and only
one individual (3%) was within 100 m of release (Figure 4.3). More fish moved upriver
more than downriver from the release site, suggesting that movements were volitional
rather than the result of being swept down current. The net change in position was not
significantly different for the 2016 fish captured by surveillance fishing compared to fish
captured in the summer recreational fishery in 2014 (t = -0.89, df = 36.84, P = 0.38;
Figure 4.4). The farthest point recorded from the release site was on average 2.19 ± 2.87
rkm although the median was 0.96 rkm.
The inferred distance moved within 3 d of release was on average 1.93 ± 2.11 km.
Silver coloured fish moved more than brown coloured fish, but the difference was weakly
significant (Table 4.2). No other predictors were significant in the model (Table 4.2).
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4.5 Tables

Table 4.1 Summary of distance (river km) moved by Atlantic salmon (Salmo salar)
released by surveillance fishing. Each fish was tracked 1 h, 1 d, 2 d, and 3 d after release,
Mean, median, standard deviation (SD), and range of relative distances and absolute
distances from the release site are presented. Number of fish tracked in each sample is also
included because some positions were not available due to tracking error. For the final
positions, one fish that exited the river is excluded from the total.

Timepoint N

Mean (km)

SD

Median (km)

Range (km)

1 hr

36 -0.04

0.12

0.00

-0.52-0.17

1d

36 0.15

0.92

0.00

-2.50-2.50

2d

34 0.33

1.86

0.12

-4.74-5.23

3d

32 0.23

1.86

0.12

-6.38-3.47

Final

35 1.23

2.79

0.29

-2.98-11.11

1 hr

36 0.07

0.11

0.00

0.00-0.52

1d

36 0.58

0.71

0.27

0.00-2.50

Absolute 2 d

34 1.20

1.44

0.58

0.00-5.23

3d

32 1.13

1.48

0.50

0.00-6.38

Final

35 1.82

2.44

0.76

0.02-11.11

Relative
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Table 4.2 Generalized least squares regression of log-transformed movement within 3 d by
Atlantic salmon (Salmo salar) released by surveillance anglers during the autumn fishing
season. P-values are relative to the reference levels of categorical variables (reference
levels for each factor: Gear = Fly, Sex = Female, Colour = Brown, Bleeding = Negative).

Fixed Effect

Estimate ± SE

t-value

p-value

(Intercept)

-11.83 ± 16.35

-0.72

0.48

Length

0.01 ± 0.02

0.54

0.60

Fight Time

0.00 ± 0.00

0.14

0.89

Recovery Time

0.00 ± 0.00

-0.71

0.49

Release Date

0.04 ± 0.06

0.60

0.55

Gear (Lure)

0.25 ± 0.47

0.53

0.60

Sex (Male)

1.30 ± 0.70

1.86

0.08

Colour (Intermediate)

-0.55 ± 0.86

-0.64

0.53

Colour (Silver)

1.37 ± 0.70

1.97

0.06

Bleeding (Positive)

1.41 ± 0.88

1.59

0.13
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4.6 Figures
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Figure 4.1 Changes in position of individual Atlantic salmon caught by surveillance fishing in Lakselva. Positions were recorded by
manual tracking one hour, one day, two days, and three days after release. Distances are presented relative to the river mouth (rkm).

97

98

Figure 4.2 Proportion of Atlantic salmon (Salmo salar) positioned below, within, or above the release location in Lakselva by 100 m
after 1 h, 1 d, 2 d, 3 d, and at the end of the study.
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Figure 4.3 Plot of the relative distances traveled by Atlantic salmon (Salmo salar) captured in a surveillance fishery. The colour scale
indicates the temporal change in position of fish in the river based on fixed interval tracking and logging station data in days after
tagging. The asterisk demarcates the fish that exited the river prior to spawning. Date is the day after release.
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Figure 4.4 Violin plots of positions of Atlantic salmon (Salmo salar) released from a summer recreational fishery (N2014 = 21) and
surveillance fishery (N2016 = 35 having excluded one fish that exited prior to spawning). Positions for the 2014 fish are taken on October
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24, 2014 and are relative to positions taken on September 15, 2014. Positions for 2016 are the final positions in the river taken on 2224 October relative to the release site.
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4.7 Discussion

Physical and physiological impacts of capture and handling result in some
mortality of fish captured in fisheries (Arlinghaus et al. 2007; Chapter 6). It is therefore
expected that the surveillance fishery would result in the mortality of some wild fish, and,
similar to other studies of Atlantic salmon, that this mortality would be infrequent.
Immediate mortality of salmon in the surveillance fishery, resulting from damage caused
by the hook, was similar to that in other studies (3-10%; Havn et al. 2015; Lennox et al.
2015 [Appendix B], 2016 [Chapter 3]). Delayed mortality of salmon in the surveillance
fishery was null, which is consistent with other assessments using telemetry that have
generally identified infrequent post-release mortality, with high water temperature being
the most consistent predictor of post-release mortality (Chapter 6). Water temperatures in
September and October are cooler than during the summer and therefore warm water
temperature is not likely to be a risk factor for surveillance fishing mortality. This does
not preclude the occasional immediate mortality event such as I observed here but in
general, mortality in fall surveillance fisheries would appear to be negligible.
Capture and handling are known to cause biochemical disturbances in fish (see
Thorstad et al. 2003 for data on Atlantic salmon blood analyses in response to angling),
which can manifest as behavioural anomalies or impairment (Mäkinen et al. 2000;
Thorstad et al. 2003; Havn et al. 2015). Even though all released salmon survived the
surveillance fishery, most of them were beyond 0.10 rkm from where they were holding
in preparation of spawning. This is suggestive of an acute disturbance caused by capture
and handling, which is similar to the behavioural responses of salmon to catch-and-
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release in the summer recreational fisheries. Radio tracking of salmon released from an
experimentally extended recreational fishery in the Dee River also identified high
survival of fish captured later in the season and with similar up- and downriver
movement away from the release site (Dee River Trust 2010). Radio tagged salmon
caught in bag nets in the fjord and released in July moved 0.36 rkm (males) or 0.80 rkm
(females) between 11October and 1 November in the River Alta, which is close to
Lakselva, (Økland et al. 1995). Although these surveys were performed later in Alta than
the study in Lakselva, the total distances were inferred from more frequent tracking
surveys. Salmon that are holding position prior to spawning are likely maintaining a
position near their eventual spawning site and not necessarily on it (Økland et al. 2001;
Richard et al. 2014). Movement away from holding pools therefore does not necessarily
suggest a loss of territory, especially given that individuals move among pools during the
spawning season anyways (Taggart et al. 2001) and a comparison to the movement
exhibited by salmon in 2014 indicated no major differences in displacement during a
similar period.
It is notable that five salmon captured in the surveillance fishery were silver in
colour, suggesting that they had recently entered the river. Most salmon enter rivers
weeks or months before spawning to stage near spawning grounds (Økland et al. 2001;
Quinn et al. 2015). Silver salmon moved more than brown salmon, which is sensible
given that these fish would be more likely to be in the active migration phase, on the way
to spawning grounds, than holding near spawning territories (Økland et al. 2001).
However, the movements made by the silver salmon were not unidirectional towards
upriver territory and included downstream running. Downstream running (i.e. fallback)
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and erratic movement are believed to be symptoms of a stress response by salmon
(Mäkinen et al. 2000; Havn et al. 2015). Although Thorstad et al. (2007) identified no
differences in behavioural responses or survival after catch-and-release of silver and
brown salmon, salmon might have differences in the stress responsiveness at different
stages of reproductive maturity. For example, Raby et al. (2013) described an attenuated
stress response of Pacific salmons (Oncorhynchus gorbuscha, O. keta) on spawning
grounds, suggesting a change in physiological pathways later in migration as fish prepare
for spawning.
Escaped farmed Atlantic salmon represent an immediate and growing threat to the
conservation of wild salmon populations (Karlsson et al. 2016; Forseth et al. 2017;
Glover et al. 2017). Scale sampling revealed that 5% of the salmon captured during
surveillance fishing were of farmed origin, which is concerning given that there are no
farms in the immediate vicinity. The genetic integrity of the Lakselva population was
recently characterized as being of moderate quality due to genetic introgression of farmed
salmon in the wild population (Anon. 2016b; Karlsson et al. 2016). Maintaining records
of farmed salmon in rivers can assist with long-term tracking of trends in wild salmon
conservation, particularly in prioritizing conservation efforts towards rivers where
intrusion by farmed salmon is most frequent.
Given that the objective of any monitoring activity should be to minimize impacts
on wild fish, other methods could be compared to sampling with rod and reel. However,
surveillance fishing appears to be a relatively low-impact method of surveying the
spawning stock for farmed fish. Although I observed 100% survival of fish that were
released, there was some immediate mortality of fish captured in the surveillance fishery
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and I observed acute disturbances to the behaviour, specifically movement away from the
release location that is probably beyond the normal activity that salmon engage in during
this period. In addition, one fish exited the river and was probably lost from the spawning
population. Ultimately, the net change to position from September to spawning in the end
of October was not different from expected movement based on fish tagged in the early
season in 2014, suggesting that most salmon released by surveillance fisheries can return
to the spawning population. Future research should make a more direct comparison with
a control group to determine what the expected movement of fish is during the autumn
and establish to what extent they move within the river. Research should also shift to a
more direct quantification of fitness by assessing the spawning success of fish released
from the surveillance fishery. Chronic stressors have repeatedly been linked to
reproductive suppression or failure in salmonids (Weiner 1986; Pickering et al. 1987;
Campbell et al. 1992). Recreational angling, however, is an acute stressor and there is
evidence to suggest that fish exposed to acute stressors, even proximate to spawning, can
restore homeostasis relatively quickly, which would attenuate any longer-term effects.
Pickering et al. (1987) measured decreasing androgenic hormones in the blood of brown
trout (Salmo trutta), which recovered within 24 h in captivity. Correspondingly,
Davidson et al. (1994) and Booth et al. (1995) calculated high hatching success of eggs
laid and fertilized by Atlantic salmon subjected to simulated late-season angling.
Although this is the best available evidence as to whether salmon captured in surveillance
fisheries would likely contribute viable progeny, impacts of long-term survival are
unknown and deserve further consideration given that hatching success is not an ultimate
measure of offspring fitness (e.g. for birds; Berntsen and Bech 2016).
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In the absence of direct measurements of fitness impairments caused by
surveillance fishing, an appropriate precaution would be to maintain a buffer period
between the end of surveillance fishing and the initiation of spawning to provide salmon
with time to recover. Future studies incorporating a control group will assist with
defining an appropriate buffer period, including physiological (e.g. Raby et al. 2015) and
behavioural assessments (e.g. Whitney et al. 2016) of the recovery time of salmon after
exercise. In general, longer buffer periods will be best but this must be considered against
the run timing of farmed fish to ensure a representative sample (Moe et al. 2016;
Svenning et al. 2017). Farmed salmon also tend to have different distribution within the
river than wild fish and have been observed migrating farther upriver than wild fish (Moe
et al. 2016), therefore efforts to refine surveillance fishing methods may be necessary to
further ensure representative sampling.
Despite the behavioural disturbance observed among the salmon in Lakselva,
capture and release of a small population sample for surveillance fishing is unlikely to
affect the spawning in rivers with large stocks. Indeed, any negative impacts may be
offset by benefits provided by collecting important information about escaped farmed
salmon intrusion that allows for remediation or restoration and contributes to good
fisheries management and long-term sustainability. Where rivers are considered to have
vulnerable stocks (e.g. small spawning biomass), surveillance fishing could be more
damaging to the population, because it is required to sample a relatively large proportion
of the spawning populations in such rivers to obtain a statistically justifiable sample size
compared to rivers with large wild stocks. Caution should be exercised when
implementing surveillance fisheries with river-specific conservation needs and objectives
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of foremost consideration, particularly in balancing the expected gains in terms of
information about the intrusion of escaped farmed salmon in rivers.
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Chapter 5 Influence of gear switching on recapture of Atlantic salmon (Salmo salar)
in catch-and-release fisheries

5.1 Abstract

Anglers that release Atlantic salmon in recreational fisheries do so with the intention that
the fish will survive and contribute to subsequent generations. In some instances, salmon
that are released may be recaptured, but mechanisms associated with recapture are unclear.
To test whether gear avoidance influences recapture rates, I analyzed data from tagging
programs in major Norwegian Atlantic salmon fishing rivers to determine how frequently
salmon were recaptured by different gear than that which they were initially captured (i.e.
gear switch). Among 339 salmon captured, externally tagged, and released in 2012 and
2013, 46 (14%) were recaptured; 70% of these recaptured salmon exhibited gear switch.
To test whether this gear switch percentage could be expected in the absence of gear
avoidance, a simulation was conducted, which accounted for variation in catch probability
among rivers and across time with different gear types based on comprehensive catch data.
Each simulation step provided a simulated rate of gear switch under the null hypothesis of
no gear avoidance. A distribution was generated, which described the probability that I
would observe 70% gear switch. The simulated results indicated that this rate of gear switch
was highly unlikely (P = 0.003) if recapture gear is assumed to be independent of initial
capture gear, suggesting that salmon avoided familiar gear types. Changes to behaviour
after release, including learned hook avoidance, may explain the observation of gear
avoidance by recaptured salmon.
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5.2 Introduction

Recreational angling is a popular activity and may represent a considerable
component of many regional economies (Arlinghaus and Cooke 2009; Cowx et al. 2010).
Fishing can exert substantial pressure on fish stocks and persistent effort from anglers
may result in a large proportion of fish from a stock or population being captured (e.g.
Gudjonsson et al. 1996; Downton et al. 2001). Individual differences in catchability occur
within fish populations, meaning that certain individuals have traits that predispose them
to being captured by anglers (Cox and Walters 2002). In some instances, behavioural or
physiological traits that increase catchability have a genetic basis (Consuegra et al. 2005;
Philipp et al. 2009; Klefoth et al. 2013). It follows that individuals that are predisposed to
capture by recreational fishers may be captured and released multiple times (Tsuboi and
Morita 2004), potentially reducing the positive effects conferred by catch-and-release to
some extent (Bartholomew and Bohnsack 2005). However, prior investigations into fish
recapture by anglers have indicated that some species or individuals become difficult to
recapture over time (Askey et al. 2006; Beukema and de Vos 1974; Kuparinen et al.
2010).
Recreational Atlantic salmon angling is an economically and culturally important
activity throughout coastal regions along the North Atlantic coast (Aas et al. 2011;
Verspoor et al. 2008). Depending on local regulations, anglers are permitted to fish for
salmon using a variety of terminal tackle, which may include artificial flies, lures, or live
bait. To compensate for declining stock sizes in many rivers (Parrish et al. 1998), salmon
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fisheries are increasingly using catch-and-release as a management tool (Lennox et al.
2016b [Appendix B]). In rivers that permit harvest, some anglers may nonetheless
practice voluntary catch-and-release as a result of conservation ethic (Stensland et al.
2013; Gargan et al. 2015). Theoretically, catch-and-release maintains a higher number of
fish available to anglers to catch so long as fish survive and return to the population of
vulnerable fish.
Efforts to understand factors that influence mortality of salmon in catch-andrelease fisheries have confirmed that the released fish do survive and therefore become
available to anglers to catch again (Chapter 6). Many of these fish also proceed to be
recaptured, with rates reported in the literature varying between 4% and 11% (Webb
1998; Gowans et al. 1999; Whoriskey et al. 2000; Thorstad et al. 2003; Richard et al.
2013). Salmon evidently re-enter the vulnerable population but there appear to be
mechanisms influencing the propensity with which fish are recaptured (Lennox et al.
2017b [Appendix D]). Gear avoidance or selectivity has been demonstrated to affect
catch rates in recreational fisheries (e.g. Beukema, 1970; Beukema and de Vos 1974),
and it is possible that recapture rates in some salmon fisheries are likewise affected by
gear avoidance. If that were the case, it would be expected that salmon would be unlikely
to be recaptured by the same fishing gear multiple times, a phenomenon termed gear
switching. For instance, salmon caught by flies would be more likely to be recaptured by
lures or worms rather than flies, or vice versa. In this study, I analyzed recapture trends of
tagged salmon in Norwegian recreational fisheries by testing whether the gear that a
salmon was captured by a second time was independent of the gear that it was captured
by initially.
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5.3 Methods

During the angling seasons (June 1 – September 15 in most rivers) of 2012 and
2013, adult Atlantic salmon returning to Norwegian rivers Gaula, Lakselva, Orkla, and
Otra from the ocean were captured by recreational anglers and externally tagged with
either radio transmitters or t-bar anchor tags. Radio tagged salmon were typically landed
in knotless landing nets and transferred to a water-filled PVC tube (to ensure adequate
gill ventilation) for tagging (Chapter 3). External radio tagging methods followed those
of Økland et al. (2001), in which rectangular radio transmitters (dimensions = 21 × 52 ×
11 mm, model F2120 from Advanced Telemetry Systems, Minnesota, USA) were
attached by steel wire through the dorsal musculature beneath the dorsal fin. For all other
tagged fish, anchor tags (Floy Manufacturing, Washington, USA) were inserted into the
dorsal musculature in pairs (to limit the effects of tag loss) with a cartridge-fed applicator
(Dell 1968). Participating anglers were instructed on how to properly apply anchor tags to
salmon including appropriate placement points for the tags, and best practices for salmon
handling, such as the need to limit air exposure in order to maximize post-release
survival. Details about the capture location and time, size and sex of the fish, release
methods, and capture gear were recorded as available. If a fish that had been tagged was
later recaptured during the same fishing season, the individual was identified from its tag
number. A relatively high reward (500 NOK) was offered to anglers in order to increase
the probability of reporting recaptured salmon (Pollock et al. 2001). To ensure ease of
reporting, a cellular phone and email address were printed on tags. The phone number
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and email address were dedicated exclusively to monitoring for reports of recaptures.
Anglers that reported recaptured fish provided details about the date, time, and location
of capture, as well as the gear that they had used to capture the fish. All handling and
tagging was conducted according to the Norwegian regulations for treatment and welfare
of animals and approved by the Norwegian Animal Research Authority.

5.3.1 Data Analysis

To test for gear avoidance using recapture data, it was necessary to compare the
observed frequency of gear switch to the expected frequency of gear switch given no gear
avoidance. If gear catch probabilities (i.e. probability that a fish would be captured by a
fly, lure, or worm) were equal across space (rivers) and time (month of a given year) in
this study, the expected probability of gear switch would be 2/3 (because three different
gear types were used). However, the probability that salmon would be captured by a
given gear type varies in different rivers and over time because of different effort
expended by anglers with each gear type (i.e. most anglers use flies) and due to changing
river conditions (i.e. clarity, temperature, flow) during the season that may affect the
efficiency of each gear type.
To account for the large variation in gear catch probability, I developed a
simulation in which each tagged and recaptured salmon, according to the null hypothesis
of no gear avoidance, was assigned gear catch probabilities based on the river, year, and
month in which it was recaptured. Gear catch probability was estimated by the proportion
of the total angling catch landed by each gear type in the space (i.e. river) and time (i.e.
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month) of interest, which were calculated from publicly available catch logs registered in
each river. For example, two tagged salmon were recaptured in River Gaula in August
2012. In this river in August 2012, 68% of salmon were captured by flies, 17% by lures,
and 15% by worms; for the simulation these values were assigned as gear catch
probabilities for each of the two recaptured salmon.
Once gear catch probabilities were assigned to each recaptured salmon, the
simulation was conducted. In each simulation step, every recaptured salmon was
multinomially assigned a gear type using the respective gear catch probabilities. At the
end of the simulation step, the percentage of fish for which simulated recapture gear type
differed from tagging capture gear type (i.e. a gear switch had occurred) was calculated.
To obtain the distribution of gear switching frequency under the null hypothesis of no
gear avoidance, the simulation was repeated 10,000 times. By comparing the observed
percentage of gear switches to this simulated null distribution, it was possible to calculate
the P-value of the hypothesis test; the P-value being the probability of observing an equal
or greater number of gear switches than I did.
To test whether initial capture gear affected distance or time between capture and
recapture, an analysis of variance (ANOVA) was conducted. To determine whether gear
switching was associated with time to be recaptured or distance traveled between the
capture and recapture site, two-tailed Student’s t-tests were conducted comparing mean
time elapsed and mean distance traveled between gear switching salmon and non-gearswitching salmon. Descriptive statistics of time and distance between capture and
recapture are presented as means ± one standard deviation. Statistics and figures were
generated using the open-source statistical computing software R (R Core Team 2014).
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5.4 Results

In 2012 and 2013, external tags were affixed to 339 Atlantic salmon (Table 5.1).
Among the tagged salmon, most were initially caught on flies (67%), followed by worms
(18%), and lures (15%). Later in the season, 46 (14%) of the tagged salmon were
recaptured and reported by anglers (Table 5.1). Among these 46 salmon recaptured in
Gaula, Lakselva, Otra, and Orkla, 32 (70%) exhibited gear switch (Figure 5.1). The
simulated null distribution of the percentage of gear switches for the 46 recaptured
salmon (Figure 5.2) had a mean percentage of gear switches of 52% (24 of 46). Given
that I observed 70% of salmon exhibiting gear switch, gear switch occurred significantly
more frequently than expected if salmon did not have any gear preference (P = 0.003;
Figure 5.2).
There were no differences among initial capture gear types in terms of distance or
time elapsed between capture and recapture (distance: F2,42 = 0.46, P = 0.63; time: F2,43 =
0.62, P = 0.54). On average, salmon were recaptured 22 ± 17 days after initial capture
(range = 0 – 78 days). There was no difference in distance from location of initial release
to recapture (t = 0.36, df = 23.50 P = 0.72) nor in the time elapsed from initial release to
recapture (t = 1.19, df = 34.33, P = 0.24) between gear switching salmon and those that
did not switch gear. Salmon were recaptured 10 ± 16 km upriver of the initial release
location (range = -10 – 50 km), however, 11 of the 46 salmon were recaptured below the
initial release site and 18 were recaptured within one km upriver or downriver of the
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initial release site. One salmon was recaptured in a different river than the release river
and was excluded from the distance comparison.
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5.5 Tables

Table 5.1 Total salmon catches in the Norwegian study rivers in 2012 and 2013. Salmon catches were downloaded from the publicly
available catch databases. Salmon tagging data encompasses radio and anchor tags. For the total salmon catch, percentages of fish
captured on different gears are given. The percentage of captured fish released in these two years in these rivers is also given. Recapture
rates are calculated from the number of tags returned by anglers from salmon tagged during the same angling season.

River

2012/2013 Catch Data
Total Catch Fly

Lure

Worm

Tagging Data
Released

Total tagged

Recaptured

Gaula

7422

50%

21%

29%

30%

99

25%

Lakselva

3520

93%

6%

1%

36%

77

8%

Orkla

5423

56%

19%

25%

50%

67

10%

Otra

3270

41%

38%

21%

13%

96

8%

Total

19635

58%

21%

22%

38%

339

14%
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5.6 Figures

119

Figure 5.1 Number of recaptured salmon (Ntotal = 46) initially captured by flies, lures, and worms. The shaded area indicates the number
of salmon that were recaptured by a different gear than they were first captured by (i.e. exhibited gear switch).
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Figure 5.2 Simulated probability distribution of the percentage of salmon that would exhibit gear switch in the absence of gear avoidance.
The distribution represents the outcomes of 10,000 simulations, which multinomially assigned a recapture gear to 46 salmon based on
gear catch probability. Among 46 salmon recaptured in Rivers Gaula, Lakselva, Orkla, and Otra in 2012 and 2013, 32 (70%) exhibited
gear switch, represented by the black diamond.
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5.7 Discussion

The recapture rates of caught-and-released salmon observed in this study are
among the highest reported for Atlantic salmon recreational fisheries. It is apparent from
the simulation of gear switch that recapture events were driven at least in part by salmon
that were naïve to gear types that they had not previously been captured by. I therefore
demonstrated that salmon appear to avoid recapture by the same gear as they had
previously been captured by. This reveals that although salmon released by anglers do reenter the vulnerable population, the extent to which they provide successive opportunities
to anglers to catch them depends on the variation of effort with gear types within the
river.
Factors that affect the vulnerability of fish are typically attributed to either
intraspecific variation in physiological or behavioural traits (i.e. “heterogeneity”; Marten
1970) or to changes to behaviour after release that affect the availability of fish in the
river to be caught (i.e. “contagion”; Marten 1970). Learning could be considered
contagion when salmon avoid familiar gear. Learned avoidance by released salmon may
explain the observation that salmon were unlikely to be captured by the same gear type
multiple times in this study. Fish are capable of learning or changing patterns in
behaviour because of past experiences (Dill et al. 1983). Moreover, it is increasingly
evident that learning is important to behavioural development of fish (Brown et al. 2011)
and that learning to recognize future dangerous situations is adaptive (Lima and Dill
1990). Salmonids learn, and it likely plays an important role in migratory behaviour
(Dodson 1988). Raat (1985) identified declining catch per unit effort of common carp
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(Cyprinus carpio) in association with hooking and observed that the avoidance behaviour
was lost after a one-year absence of fishing effort. Salmonids have also been
demonstrated capable of discriminating against angling gear, and Askey et al. (2006)
suggested that declining catch rates of rainbow trout (Oncorhynchus mykiss) after several
days of angling resulted from released fish learning hook avoidance.
In the study, gear avoidance by salmon is consistent with observations from other
studies that describe learned hook avoidance, however, an alternative explanation for the
observed rate of gear switch is that salmon are not necessarily consciously discriminating
among gear types, but implicitly doing so by changing their migratory behaviour or
habitat selection. Huntingford and Wright (1989) described changes to habitat selection
by stickleback (Gasterosteus aculeatus) in response to predator burden. Behavioural
changes often result from catch-and-release of salmon, particularly departure from
normal migratory patterns immediately after release (i.e. fallback; Mäkinen et al. 2000;
Thorstad et al. 2007). Cox and Walters (2002) described such changes in behaviour or
habitat selection resulting from catch-and-release angling as changes to spatial
vulnerability. Similarly, recaptured salmon may have switched gear because they were in
different areas of the river after catch-and-release than before, for instance by moving to
deeper water. If released salmon seek out different areas of the river in which to recover,
gears that have better access to such areas would have disproportionate success. For
instance, if released salmon are more likely to be found in deeper habitat, they would be
more likely to be recaptured by worms or spoons, which have better access to deep water
than flies.
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Gear switching salmon were not necessarily recaptured later after initial capture
than non-gear switching salmon. The suggestion that salmon learn implies that they must
eventually also forget (e.g. Raat 1985), in which circumstance it may be expected that
gear switching salmon would be recaptured soon after catch-and-release and non-gearswitching salmon would be captured significantly longer after catch-and-release.
Correspondingly, Thorley et al. (2007) found that salmon captured early in the angling
season are most likely to be recaptured, implying some role of forgetting supporting
recapture in salmon fisheries. However, I did not identify a relationship between gear
switching and time elapsed between capture and recapture. In Thorley et al. (2007), early
run fish captured in February were most likely to be recaptured, whereas the angling
season in Norway does not begin until June. The briefer period during which salmon
could be captured may explain the differences in temporal recapture trends.
Salmon were often recaptured at or near the initial capture site, even after a long
period of time elapsing between initial capture and recapture. This may occur because the
salmon were captured the first time at spawning grounds and were therefore not likely to
continue migrating. Alternatively, catch-and-release may reduce the capacity or
motivation for salmon to continue migrating after catch-and-release. Several salmon were
recaptured below the initial capture location. Fallback, downriver movement made by
salmon after catch-and-release (Mäkinen et al. 2000; Thorstad et al. 2003) is often
attributed to stress or exhaustion from angling. Mäkinen et al. (2000) suggested that the
magnitude of fallback may be related to the degree of stress experienced based on a
comparison between gill net and rod caught salmon. However, the fitness consequences
of fallback are not well understood, particularly in terms of whether salmon that fall back
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are less likely to reach their ultimate spawning destination, reproduce successfully, or
survive over the winter.
Various factors influence the propensity of various gear types to capture fish.
Gear types may select for fish with different behavioural types and may result in different
magnitude of hooking injury and mortality (e.g. Gargan et al. 2015), which could affect
recapture rates with different gear types. Salmon may not necessarily categorize different
gears the way that I did in this study (i.e. as flies, lures, or worms), and colour, size,
shape, or depth fished may all be proximate factors that are avoided and could be further
investigated in a future study. Interestingly, olfactory cues may be an important factor
that salmon learn to avoid after capture, particularly that of earthworms, which trigger the
sense of smell whereas flies or lures do not. Garrett (2002) stated that fish may not be
able to discriminate well against live baits and Beukema (1970) found that northern pike
(Esox lucius) had difficulty learning to avoid worms relative to avoiding lures. However,
I did not identify such a trend and salmon may have less difficulty learning to avoid
worms given that they are not actively feeding during migration and therefore not
necessarily attracted to food the same way that a pike would be (Kadri et al. 1995; but see
Johansen [2001], who found that Atlantic salmon may feed opportunistically on
invertebrates during the migration).
Salmon recapture in this study was associated with gear switching, suggesting that
recapture would be most frequent in fisheries that permit the use of multiple gear types.
However, gear usage is different depending on the river or region. Depending on local
conventions, many different gears are used for catching salmon, for instance in Ireland,
Gargan et al. (2015) report that anglers target migrating salmon using live prawns, which
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are not used in Norway. In some fisheries, management strategies may limit the use of
live baits, control the use of weighted lines or flies, or otherwise restrict fishing gear in an
effort to reduce the efficiency with which anglers capture fish. Based on the findings, it
could be expected that fisheries where anglers are restricted from using many different
types of gear there would be fewer instances of recapture relative to mixed-gear fisheries
where gear switch may increase recapture rates. However, I could not identify any
empirical support for this, particularly because most rivers are open to multiple gear
types. The exception is Richard et al. (2013), which identified 5% recapture of tagged
salmon in the Escoumins River, Canada where angling is restricted to fly fishing.
Although this is a relatively low rate of recapture, Thorstad et al. (2003) calculated a
similarly low rate of recapture (4%) in River Alta, Norway, which is a mixed gear
fishery. More data would be necessary for accurately determining the effect of gear
restrictions on salmon recapture.
Capturing migrating salmon is an economically and culturally important activity
that is also relatively mysterious: neither scientists nor anglers truly understand why
salmon that do not feed while migrating are catchable. Many salmon may be captured
during the upriver migration (Gudjonsson et al. 1996), and individuals that are released
may be captured multiple times. In this study, I have demonstrated that released salmon
that are recaptured exhibited gear avoidance and were more frequently recaptured by
different gear than they were first captured by. Improved understanding about
mechanisms that underlie spatial and behavioural vulnerability of fish to angling provides
some insight into salmon behaviour during the migration and has the potential to inform
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fisheries managers about factors that influence catches in recreational fisheries
(Arlinghaus et al. 2013).
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Chapter 6 Pan-Holarctic assessment of post-release mortality of angled Atlantic
salmon Salmo salar

6.1 Abstract

Recreational Atlantic salmon fisheries are culturally and economically important, but
confronted with global population declines, catch-and-release has frequently replaced
harvest in these fisheries. Many studies have evaluated the effects of catch-and-release
angling on Atlantic salmon; however, studies typically focused on a single system and had
small sample sizes. Combining data from Atlantic salmon catch-and-release studies
conducted in 12 rivers throughout the pan-Holarctic range of wild Atlantic salmon, I
modeled delayed mortality data using logistic regression. The model was based on 512
salmon (75 ± 15 cm SD TL) captured and released with electronic tags (i.e. radio or
acoustic transmitters), which permitted the determination of fish fate after release (delayed
mortality). The percentage of salmon categorized as survivors after release was high (93%).
Salmon with longer body length tended to be played for longer durations (R2 = 0.60) but
there was no significant effect of fish length or playing time on mortality. Water
temperature at capture emerged as a significant predictor of delayed mortality of salmon.
Individuals captured by flies had significantly higher survival (96%) compared to lure
(86%) and natural bait (85%) caught salmon. Data from throughout the range of Atlantic
salmon confirm that fish captured by anglers adhering to best practices have high
probability of surviving catch-and-release angling.
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6.2 Introduction

Fisheries can have substantial and diverse impacts on ecosystems and on the
environment (Dayton et al. 1995; Chuenpagdee et al. 2003; Large et al. 2015). For some
fish that escape fisheries (Chopin and Arimoto 1995) or are released (Arlinghaus et al.
2007), interactions with fishing gear can cause physical damage, physiological stress, or
cognitive impairment that contribute to decreased fitness (Raby et al. 2014; Wilson et al.
2014). Encounters can be also be lethal. Some fish die upon capture but more may
experience delayed mortality after release arising from physical injuries or prolonged
physiological responses (Muoneke and Childress 1994; Bartholomew and Bohnsack
2005; Arlinghaus et al. 2007). For these reasons, increased adoption of catch-and-release
in recreational fisheries has been confronted by concerns arising from doubts that the
practice provides the anticipated population conservation benefits (Barnhart 1989; Spitler
1998). Therefore, substantial efforts have been made to document the effects of
recreational angling on individual fish as well as fish populations to determine the
sustainability of recreational catch-and-release fisheries and to manage their risk against
the conservation, economic, and cultural benefits (Muoneke and Childress 1994; Cooke
and Suski 2005; Arlinghaus et al. 2007).
The Atlantic salmon has a pan-Holarctic distribution and has been targeted by
fisheries for millennia (Hindar et al. 2007, 2010; Turrero et al. 2014a), with recreational
fisheries increasing in popularity during the 1800s and spreading from the British Isles to
other nations by the end of that century (Verspoor et al. 2008). Conservation concerns
resulted in catch-and-release being advocated as early as the mid-1800s (Nettle 1857).
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During the 20th century, declining salmon stocks resulted in the closure of many
commercial fisheries (Dempson et al. 2004) as well as implementation of catch-andrelease as a regulatory strategy for recreational Atlantic salmon fisheries (Barnhart 1989),
which was believed to maximize the socioeconomic value society derived from each
salmon while concurrently minimizing fishery impacts on populations (Policansky 2002).
However, Atlantic salmon catch-and-release has received specific criticism from
stakeholders (e.g. Wydoski 1976; Barnhart 1989) arising from concerns that released fish
may frequently experience delayed mortality post-release because of the capture event.
Several investigators have examined the effects of recreational angling on
individual Atlantic salmon behaviour, wounding, or survival. These include studies of
captive fish on the impacts of various hook types (Warner and Johnson 1978; Warner
1979), the short and long-term physiological effects of angling (Tufts et al. 1991; Wilkie
et al. 1996, 1997), and short-term survival in cages or pens (Booth et al. 1995; Dempson
et al. 2002). Most recently, there has been an interest in documenting the fate of fish after
release (i.e. delayed mortality) by integrating electronic tagging of fish (Donaldson et al.
2008). Electronic tagging and tracking have permitted intensive remote monitoring of
behaviour and survival of released wild salmon (Gargan et al. 2015; Havn et al. 2015;
Lennox et al. 2015 [Appendix B]; Richard et al. 2013; Thorstad et al. 2003; Webb 1998).
Most of these studies have reported that survival of salmon after release can be relatively
high (> 90%). However, individual studies have suffered from an inability to collect and
tag sufficient numbers of salmon to meet a key study objective: identify factors that can
be used to explain mortality of salmon released by anglers and potentially predict the
outcome of salmon catch-and-release events.
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By compiling the data available from a variety of published and unpublished
studies on Atlantic salmon released from recreational angling gear, I overcame the small
sample size problem to explain causes of delayed mortality in sport fisheries throughout
the Atlantic salmon’s geographic range. Data sharing is an important part of
contemporary science and integral to broad analyses (Parr and Cummings 2005;
Kowalczyk and Shankar 2011; Tenopir et al. 2011). I focused on data from telemetry
studies in which the post-release fate of free-swimming fish could be quantified over the
long-term from detection data. The data used were collated from studies conducted
throughout the distribution of wild Atlantic salmon, generally with the common goal of
calculating the post-release delayed mortality of adult salmon prior to spawning to
identify the factors contributing to mortality.

6.3 Methods

6.3.1 Data Collection

Data from telemetry studies in which wild Atlantic salmon were tagged after
being captured on recreational angling gear were shared among the authors. Data were
collected from rivers throughout the range of Atlantic salmon (Figure 6.1; graphics
created with the maptools package in R [Bivand and Lewin-Koh 2015] and ggplot2
[Wickham 2009]). All available metadata about salmon that were tagged, including fish
size, the year and location of the study, the date and water temperature when the fish
were captured, were collated (Table 6.1).
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Most data came from studies where a biologist worked alongside recreational
anglers capturing fish from riverbanks, with biologists tagging the salmon prior to
release. In the Escoumins River, fish released by anglers were marked by adipose fin
punch, verified by genetic analysis, and were then recaptured in an upstream fish ladder
and tagged then (see Richard et al. 2014). Although the anglers had a range of
experience, they were generally described as being experienced in salmon fishing and
handling. Both radio and acoustic tags were used to monitor the movement and survival
of salmon after release. In studies on Norwegian salmon, individuals that were assessed
as having life-threatening wounds were not tagged, therefore the information necessary
for modelling was not available. Fish were anaesthetized with clove oil in the Escoumins
River and in tricaine methanesulfonate in Rivers Dee and Bann. No anaesthetic was used
for tagging in the other studies. For the analysis, fishing gear types were reduced to three
categories: fly (e.g. dry fly, wet fly, tube fly, bead head nymph, fly suspended under a
float indicator), natural bait (e.g. worms, shrimp), and lures (e.g. spoons, spinners,
wobblers). Reported fork lengths of salmon were converted to total length by multiplying
fork length by 1.046; fish weight in Webb (1998) was converted to length from a
standard length-weight conversion chart developed for the River Dee (Hawkins,
unpublished data). Hooking locations were classified in two categories: superficial (e.g.
jaw/ mouth/ foul) and deep (e.g. gills, eyes, throat/ esophagus, roof of mouth, tongue).
When a multi-pronged hook was lodged in both a superficial and a deep location, the fish
was deep hooked.
Because studies were conducted independently, not all datasets were fully
complete and I encountered an analytical problem with missing data. Instead of deleting
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entries with missing data, I opted to impute missing values. Completing data sets with
imputation is useful for preserving relationships between predictor and outcome variables
without biasing regression coefficients (Harrell 2015a). The dataset was therefore
completed using multiple imputation implemented by the aregImpute function in the R
(R Core Team 2016) package Hmisc (Harrell 2014), which uses simple bootstrapping and
predictive mean matching to replace missing values based on observations from the nonmissing target variables (Harrell 2014). The aregImpute function generates values by
fitting a flexible additive model based on all non-missing observations available for that
variable. The number of knots used for continuous variables by the aregImpute function
was specified to be 0 and the number of imputations was set to 5 as recommended by the
package documentation (Harrell 2014). To provide additional information to the
imputation algorithm to predict missing water temperature values, the latitude of the
study river was included as well as an estimated mean air temperature at the closest
weather station on the date of capture.
Detections of tagged fish were used to establish the fate of Atlantic salmon that
were released using both radio and acoustic telemetry receivers (Table 6.1). Given that
the data were collected in various contexts with different study designs and limitations,
there were some differences among studies in how the endpoint of mortality of the fish
was determined (Table 6.1). Generally, observations that the tag had ceased movement
without up- or down-river movement during or after spawning was interpreted as
mortality. Fish that were recaptured by anglers were considered survivors.
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6.3.2 Data Analysis

To avoid biasing parameter estimates and to increase predictive power, a single
set of candidate predictors was established for the full model, without reduction (Harrell
2015a). Gear type, date of year (i.e. Julian day), hook location, play time, water
temperature, and total length were considered as potentially relevant fixed effects as well
as the interaction between water temperature and play time. Air exposure was not
included because data for air exposure were not consistently reported as a continuous
variable. Information on the extent of bleeding was also excluded because it was not
collected in a consistent manner and there was likely to be significant observer bias
among studies; instead, hook location was used as an index of injury. Sex was excluded
because external sex determination can be difficult for immature adult salmon (Kadri et
al. 1997) and incorrect assignment would add uncertainty to the model.
Survival was modeled by logistic regression. Each study was conducted
independently in various rivers using slightly different tagging techniques and methods of
determining survival (Table 6.1), so the study ID was initially incorporated as a random
intercept in the model in consideration of possible lack of independence. Mixed effects
logistic regression was implemented by the glmer function in the R package lme4 (Bates
et al. 2015). Continuous predictors were scaled because the original model failed to
converge due to large eigenvalue ratios. Model fit was assessed with the hoslem_gof
function in the sjstats package (Lüdecke 2016). Factors with few levels that are used as
random effects can result in small or null intercept values of random effects. Although
comparison of models fitted with random effects is possible with linear models by using
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information criteria, it is trivial for generalized linear models. The variance estimate of
the random effect was zero, indicating that the variation among studies was nominal. I
therefore opted for a fixed effects logistic regression implemented by lrm in the rms
package (Harrell 2015b). Logistic regression fitted without random effects is more
flexible for testing model fit and modeling predicted probabilities (calculated using the
Predict function in rms with continuous variables set to the mean and categorical
predictors set to the most frequent value). Index adjusted (Steyerberg et al. 2010) Brier’s
Score and Harrell’s c (equivalent to area under the curve; Harrell 2015a) were used to
evaluate predictive performance of the logistic regression model. Odds ratios are
presented to highlight the importance of predictor variables on mortality by
exponentiating regression coefficients. Model fit of the logistic regression was assessed
with the native test in the rms package, which is the le Cessie - van Houwelingen - Copas
- Hosmer unweighted sum of squares test for global goodness of fit (Hosmer et al. 1997)
at α = 0.05.

6.4 Results

I collated salmon telemetry data from 12 rivers between the 48th and 70th northern
parallel latitudes in Canada, Ireland, Scotland, Northern Ireland, and Norway (Figure
6.1). Survival data were available from 512 individuals (mean fork length 75 ± 15 cm
TL; range: 44 – 122 cm TL). The studies generating the data were conducted between
1996 and 2014 and all fish were captured between March 2 and October 15 (median date
of capture = August 9). Salmon were captured at water temperatures ranging from 7.5 –
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22 ° C (mean = 14 ± 3 °C; 176 missing values). On average, salmon were played for 9 ±
7 min (range: 2 – 70 min; 199 missing values). There was a positive correlation between
salmon size and playing time (R2 = 0.60). Most salmon were captured by artificial flies
(N = 279) with others captured on natural bait (N = 11) or lures (N = 56; 166 missing
values). Most (N = 288) salmon were hooked superficially in the jaw or mouthparts but
some were deep hooked (N = 20). Others were foul hooked (N = 9) and there were 195
missing values. Among the 512 salmon caught and released in these studies, 478 were
categorized as catch-and-release survivors (93%).

6.4.1 Regression Modelling

Total length of fish (z = 0.69, P = 0.49; Table 6.2; Figure 6.2) and playing time (z
= -1.27, P = 0.20; Table 6.1; Figure 6.3) exerted no significant effect on salmon survival.
Delayed mortality, however, was significantly influenced by water temperature at the
time of capture (z = -3.08, P < 0.01; Table 6.2). Odds of mortality increased by 1.38 for
each °C unit increase in water temperature. Model-predicted probability of mortality for
salmon captured at the mean temperature of 14 °C is 4%, and 16% at the max
temperature of 22 °C (Figure 6.4). Salmon captured by flies had higher survival (95%)
than salmon captured by lures (85%) or bait (86%). Delayed mortality of salmon caught
by flies was also significantly more frequent (z = 2.12, P = 0.03) relative to mortality of
salmon captured fishing with bait (Table 6.2). Odds of survival increased by 5.55 for flycaught fish relative to those captured by bait (z = 2.12, P = 0.03), and by 1.75 for lurecaught fish relative to bait-caught fish (z = 0.66, P = 0.51; Table 6.2; Figure 6.5). Flies
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more frequently deep hooked fish (8%) compared to bait (0%) and lures (3%). Survival
was high for fish hooked in deep (96%) and superficial (93%) anatomical locations and
was not a significant predictor of mortality (z = 0.42, P = 0.72; Table 6.2; Figure 6.6).
The model fit the data (z = 1.05, P = 0.29) and had moderate predictive performance
(Brier’s Score = 0.06; Harrell’s c = 0.73).
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6.5 Tables

Table 6.1 Summary of data collected and shared for this project including the number of salmon tagged, average length (± 1 SD),
location and average water temperature (± 1 SD) of fish capture. Studies that did not have the associated data are marked by NA. See
Figure 6.1 for a map of the study sites. Mean water temperature is “Mean Temp (°C)” and number of dead fish is the column “Mort”.

Mean
Mean
Study

Tagging Date

Year

River

Nation

Tag

Total

Type

N

Mort

Mean Length

Temp

(cm)

(°C)

Gastric

Fate

Cessation of

Radio

movement
and

Dee River
Report

observation
8 October

2008 Dee

Scotland

20

0 76 ± 9

NA

of carcass
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Gastric

Cessation of

Radio

movement
and

Dee River
Report

observation
28 September 2009 Dee

Scotland

60

3 76 ± 10

NA

Gastric

of carcass
Cessation of

Radio

movement
and

Dee River
Report

observation
1 October

2010 Dee

Scotland

60

0 73 ± 8

External

of carcass
No upstream

Radio

movement

Gargan et al.
2015

NA

of tagged
7 September

2006 Owenmore

Ireland

21

0 59 ± 7

13 ± 1 fish.
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External

No upstream

Radio

movement

Gargan et al.
2015

of tagged
17 September 2007 Owenmore

Ireland

31

1 58 ± 6

External

No upstream

Radio

movement

Gargan et al.
2015

of tagged
28 September 2006 Feale

Ireland

15

1 60 ± 6

External

movement

Gargan et al.

of tagged
26 August

2007 Mulkear

Ireland

Havn et al.
2015

14 ± 1 fish.
No upstream

Radio

2015

13 ± 1 fish.

25 July

2012 Otra

Norway

9

4 56 ± 6

11 ± 1 fish.

External

Transmitter

Radio

recorded in
52

9 68 ± 9

17 ± 1 same
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location
through
study with
no upstream
movement.
External

Transmitter

Radio

recorded in
same
location
through
study with

Havn et al.
2015

no upstream
2 August

2013 Otra

Norway

23

4 65 ± 10

Johansen et al.
unpublished

20 ± 1 movement.
Transmitter

18 July

2013 Orkla

Norway

6

0 76 ± 15

12 ± 1 recorded in

142

External

same

Radio

location
through
study with
no upstream
movement.
Transmitter

Acoustic

did not
move
through the
receiver
array and
did not enter

Kennedy et al.
unpublished

Northern
26 July

2013 Bann

Ireland

a spawning
11

5 58 ± 4

20 ± 2 tributary

143

External

Visual

Radio

confirmation
of survival
during
spawning.
One fish that

Lennox et al.

disappeared

2015

considered a

[Appendix B]

1 July

2013 Gaula

Norway

27

3 89 ± 10

External

14 ± 3 survivor.
Visual

Radio

confirmation
of survival
during
spawning.

Chapter 3

3 August

2014 Lakselva

Norway

39

1 90 ± 16

14 ± 1 One fish that
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disappeared
considered a
survivor.
Gastric

Motion

Radio

sensor in
tag. One fish
that
regurgitated

Richard et al.
2014

tag
23 June

2011 Escoumins

Canada

Svenning et

20

0 77 ± 5

15 ± 1 excluded.

Radio

Stationary

al.
unpublished

transmitter
9 July

2006 Målselva

Norway

Thorstad et al.
2003

31

0 83 ± 14

External
1 August

1999 Alta

Norway

Radio

11 ± 1
Stationary

14

0 81 ± 17

11 ± 1 transmitter
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Thorstad et al.
2003

External
25 July

2000 Alta

Norway

Thorstad et al.
2003

16

1 84 ± 24

13 ± 1 transmitter

External
22 July

2001 Alta

Norway

Thorstad et al.
2003

Radio

Stationary

Radio

Stationary
14

0 91 ± 18

14 ± 1 transmitter

External
5 July

2003 Alta

Norway

Radio

Stationary
18

1 96 ± 12

13 ± 1 transmitter

Gastric

Tag

Radio

stationary
during flow
events and
during
spawning
period.
Regurgitated

Webb 1998

6 April

1996 Dee

Scotland

25

1 69 ± 8

NA

tags
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Table 6.2 Regression coefficients, p-values, and odds ratios for logistic regression model fit to Atlantic salmon survival data from 11
studies. Odds ratios indicate odds of survival and are for a one-unit (day for Date, cm for Total Length, s for Play Time, °C for Water
Temperature) increase of continuous predictors and for a change in odds between levels of categorical predictors. The reference level
for hook location is deep hooked and for Gear the reference level is bait. Odds ratios less than 1 indicate a decrease in odds.

Estimate ± SE

z-value P-value

Odds Ratio

Intercept

4.53 ± 2.87

1.58

0.11

Date

0.00 ± 0.01

0.42

0.68

1.00

Total Length

0.01 ± 0.02

0.69

0.49

1.10

Play Time

-0.21 ± 0.16

-1.27

0.20

0.81

Water Temperature

-0.33 ± 0.11

-3.08

<0.01

0.72

Hook Location (Superficial)

0.33 ± 0.78

0.42

0.68

1.39

Gear (Fly)

1.74 ± 0.82

2.12

0.03

5.71

Gear (Lure)

0.56 ± 0.85

0.66

0.51

1.75

Water Temperature × Play Time

0.01 ± 0.01

1.06

0.29

1.01
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6.6 Figures

Figure 6.1 Geographic distribution in North America and Europe of 12 salmon rivers with catch-and-release data included in this
study. Red points indicate the location of the river where fish were sampled and electronically tagged.
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Figure 6.2 Model predicted probability of survival for Atlantic salmon released from recreational fisheries as a function of total length.
Predictions are based on a logistic regression model with continuous predictors adjusted to the mean value and categorical predictors
adjusted to the most frequent value. Shaded area corresponds to the 95% confidence interval.
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Figure 6.3 Model predicted probability of survival for Atlantic salmon released from recreational fisheries as a function of the time
played by anglers. Predictions are based on a logistic regression model with continuous predictors adjusted to the mean value and
categorical predictors adjusted to the most frequent value. Shaded area corresponds to the 95% confidence interval.
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Figure 6.4 Model predicted probability of survival for Atlantic salmon released from recreational fisheries as a function of water
temperature at capture. Predictions are based on a logistic regression model with continuous predictors adjusted to the mean value and
categorical predictors adjusted to the most frequent value. Shaded area corresponds to the 95% confidence interval.
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Figure 6.5 Model predicted probability of survival for Atlantic salmon released from recreational fisheries as a function of gear type
used for capture. Predictions are based on a logistic regression model with continuous predictors adjusted to the mean value and
categorical predictors adjusted to the most frequent value. Error bars indicate the 95% confidence interval.
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Figure 6.6 Model predicted probability of survival for Atlantic salmon released from recreational fisheries as a function of hooking
location. Predictions are based on a logistic regression model with continuous predictors adjusted to the mean value and categorical
predictors adjusted to the most frequent value. Error bars indicate the 95% confidence interval.
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6.7 Discussion

Recreational Atlantic salmon fisheries in spawning rivers can be highly
exploitative and capture a large percentage of the total adult population during their
upriver migration (Gudjonsson et al. 1996; Erkinaro et al. 1999; Downton et al. 2001).
Therefore, mortality due to catch-and-release fishing could exert significant populationscale effects on this species, particularly given that Atlantic salmon fishing is selective
for behavioural, physiological, and life history phenotypes (e.g. large fish, repeat
spawners that tend to be females, the bolder fish; Consuegra et al. 2005; Pérez et al.
2005; Hard et al. 2008). Whereas most catch-and-release mortality studies have observed
infrequent delayed mortality of released salmon ascending to spawning grounds, small
sample sizes have mostly precluded an accurate assessment of risk factors contributing to
delayed mortality. The approach has reaffirmed that survival of released salmon is
frequent in catch-and-release fisheries (93%), supporting the implementation of catchand-release as a tool for managing these fisheries. However, I also identified significant
risk factors that were important predictors of mortality. This knowledge can help guide
management of recreational salmon fisheries.
The most salient finding from the analysis was that Atlantic salmon mortality
increased when water temperature at capture increased. Water temperature had
previously been recognized as a significant risk factor in catch-and-release salmon
fisheries (Dempson et al. 2002; Wilkie et al. 1996, 1997; Havn et al. 2015). At high water
temperatures, exhausted fish have impaired ability to replenish intramuscular glycogen
and cannot restore intramuscular pH associated with high levels of lactate (Wood et al.

154

1983). Wilkie et al. (1996) found that angling at temperatures above 20 °C resulted in
complete exhaustion of anaerobic muscular fuels. Havn et al. (2015) identified fallback
and long delays before recovering upriver migration for salmon caught and released at
high water temperature (data included in this study). In the analysis, water temperature
was a significant predictor of delayed mortality. Some fisheries have adopted seasonal or
threshold-based closures as management practices to reduce fishing effort during
physiologically sensitive warm-water periods for Atlantic salmon (Dempson et al. 2001).
It is always controversial to close rivers for extended periods during angling seasons
because of the economic consequences (Bielak 1996) but it is relevant to have data that
can contribute to estimates of survival for fish captured during these periods where
fisheries experience high temperatures.
Physical injury caused by hooking is the most important predictor of post-release
fisheries mortality (Muoneke and Childress 1994). Hooks that penetrate vital organs or
tissues can cause critical damage or result in exsanguination (Muoneke and Childress
1994; Bartholomew and Bohnsack 2005). In the data, there were no differences in odds
of survival for deep hooked fish compared to those that were superficially hooked.
However, I emphasize that by focusing on delayed mortality this might underestimate the
impacts of deep hooking because those fish are not often released by anglers (see
Methods). There was only one mortality among 20 released salmon that had been deep
hooked, perhaps because fish were captured and handled by experienced anglers with the
necessary tools to remove hooks without damage. Anglers that carefully remove the
hooks may therefore release salmon that are deep hooked and expect them to survive. In
other fisheries, cutting the line rather than attempting to remove the hook has been
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demonstrated to be effective for mitigating delayed mortality of deeply hooked fish
(Fobert et al. 2009); however, similar research is lacking for Atlantic salmon and cutting
the line was not included in the analysis.
The fishing gear used by anglers can influence the hooking damage and condition
of fish captured by anglers. When allowed by local regulations, salmon anglers use a
variety of methods when targeting salmon, which I simplified to flies, lures, and bait.
Warner and Johnson (1978) demonstrated higher survival of fly-caught juvenile
landlocked salmon relative to worm-caught (bait) salmon. This was suggested to be one
of the most needed catch-and-release research priorities for Atlantic salmon by Hühn and
Arlinghaus (2011). Fly-caught fish had significantly higher post-release survival than
those captured by lures or bait. This is probably because flies tend to be fished with
smaller hooks than lures or bait, and future research should focus more specifically on the
effects of hook size to determine whether smaller hooks paired with lures would improve
post-release survival. Higher post-release survival of fish captured by flies is not
necessarily an indictment of fishing with other methods but can be a consideration when
estimating the extent of post-release mortality of salmon expected in a given fishery.
Adult Atlantic salmon body size can vary greatly depending on the number of
years an individual fish has spent feeding at sea. The analysis included data from various
rivers that hold salmon with different life history traits, including rivers Alta and
Lakselva where the fish tend to spend more time at sea than occurs for other populations
and consequently have larger body size at maturity (Thorstad et al. 2003; Chapter 3).
Larger fish tend to be more exhausted by angling due to longer playing and handling
times (Meka and McCormick 2005) and correspondingly have greater extents of
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physiological disturbance to muscular tissue (Ferguson et al. 1993; but see Booth et al.
1995) as well as greater impairment of their reproductive success (Richard et al. 2013). I
expected to see some effect of body size on catch-and-release mortality but found no
evidence that body size influenced post-release survival. Moreover, I did not find an
effect of playing time. This suggests that playing times are not of serious concern to
salmon mortality in recreational fisheries, but anglers and managers should be aware that
extended playing times arising from using incorrect methods or inexperience with
landing and handling fish may nonetheless be detrimental (Richard et al. 2013). The
effect of playing time and handling probably increase when water temperatures rise
(Gingerich et al. 2007). Although not a significant factor in the data, the interaction of
factors (particularly between water temperature and others) is an area that requires further
research for fisheries in general.
The data were collected with various methods for tagging, tracking, and
determining mortality. This can introduce variation that violates the assumption of
independence in regression models, which is why I considered modelling the data using
the mixed effects regression with study as a random intercept. However, the variance
estimate of the random effects in the mixed effects model was zero, indicating nominal
influence of the random component on the model. It could be that the variation among
studies was captured by the fixed effects. Although there were methodological
differences among studies, the studies varied mostly by the size distribution of the fish
captured, gear used in the study rivers, and water temperature in the rivers, which were
tested as fixed effects. Mixed effects modelling may differ more from logistic regression
in instances where systematic variation in vulnerability to fishing-induced mortality
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existed among populations, such as differences in thermal sensitivity. Anttila et al. (2014)
found only minor differences in thermal plasticity of Atlantic salmon between individuals
from northern and southern populations, suggesting that the species probably does not
have highly site-specific variation that would affect delayed mortality.
The fate of fish released by anglers is difficult to quantify but telemetry offers an
opportunity to study free-living fishes for this purpose (Donaldson et al. 2008). However,
proper design of telemetry studies to evaluate post-release mortality is important and
there was variation among studies in the review that imposed some statistical limitations.
Studies did not use identical criteria for assigning fates to fish that were released, based
on the implementation of different tag technology (i.e. radio or acoustic transmitters),
tracking (i.e. fixed array or active tracking), or other approaches. Moreover, transmitter
loss/ malfunction can be difficult to separate from mortality. It is important to consider
that transmitter loss has been shown to be higher for gastric radio tagging methods than
external attachment or implantation (Smith et al. 1998; Thorstad et al. 2013), which
might bias the estimation of mortality; albeit given the small number of total mortalities it
is unlikely to have introduced systematic error. Visual surveys may be necessary to
accurately classify survival (Chapter 3) or activity sensors in the tags that can be used to
infer mortality more accurately (e.g. Richard et al. 2014). In some cases, post-release
predation can contribute to fisheries mortality (Raby et al. 2014); in this study, some
mortalities registered in River Bann may have been due to seal (Phoca vitulina)
predation. Given that risk factors (i.e. water temperature, injury) that govern vulnerability
to post-release predation are not well understood (Raby et al. 2014), I opted to include
these fish in the analysis under the rationale that post-release predation is a component of

158

overall catch-and-release mortality. Nonetheless, I recognize how such challenges could
influence interpretations of models. I also acknowledge that the delayed mortality rate
presented in this study probably represents a maximum estimate given the methods used
to quantify mortality were mostly inferential rather than direct.
Logistic regression is effective for generating predictions but has lower power
than survival analysis for detecting important predictors (Murray 2006). Survival analysis
is properly suited to handling telemetry data because it allows for disappearance of some
individuals (i.e. right censoring), delayed entry (i.e. left censoring), and has more power
to detect significant predictors of survival (Murray 2006; Harrell 2015a). Survival
analysis was not possible in the study based on the nature of the sampling designs, but
small changes to the sampling design could enable future studies to implement such an
analysis by relocating fish at fixed intervals. Data-driven approaches to managing
fisheries can assist with management and facilitate emergency closures or other
restrictions to meet conservation targets. In salmon fisheries, the model suggests that
delayed mortality is sufficiently rare that it is difficult to systematically predict which
individuals are likely to die after release. Nonetheless, the identification of significant
factors is relevant for understanding how delayed mortality operates across the range of
Atlantic salmon.
Although mortality is catastrophic for individual fitness potential, catch-andrelease can also impart sublethal effects on fish that could significantly impair lifetime
fitness potential that may be underrepresented when mortality is the only metric used to
assess fishery sustainability. There is evidence for sublethal effects of catch-and-release
on Atlantic salmon migration (Chapter 2,3) and reproductive success (Richard et al.
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2013), albeit equivocal evidence of reduced reproductive output (Booth et al. 1995;
Richard et al. 2013). This study sought to analyze delayed mortality of Atlantic salmon
and confirmed that it is a relatively rare occurrence that is difficult to predict. Future
research must address questions related to the spawning activity and energetics of salmon
released by anglers and determine whether post-spawning behaviour and survival are
negatively affected.
Catch-and-release can be an effective conservation measure for recreational
fisheries. Yet, some fish die after catch-and-release; understanding why this occurs can
provide important insight for managing recreational fisheries. Although Atlantic salmon
are a well-studied species in the context of catch-and-release fisheries (Cooke and Suski
2005; Hühn and Arlinghaus 2011), it was clear from the available literature that the
relative importance of many potentially influential factors was not well understood
because of small sample size from individual studies. The collaborative approach
therefore provides improved insight into the effects of angler practices, extrinsic
conditions, and inter-individualistic differences that can be used to predict salmon
mortality in fisheries. The intention is that the predictor variables considered in this paper
will facilitate a better understanding of delayed mortality of salmon and recognition that
salmon handled using best practices are likely to survive to spawning, which will lead to
a more sustainable approach to Atlantic salmon recreational fishing.
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Chapter 7 River warming portends bioenergetic failure of adult Atlantic salmon
Salmo salar during the spawning migration

7.1 Abstract

Climate change poses a challenge to wild fishes, yet little is known about the behavioural
use and metabolic consequences of thermally heterogeneous water encountered by wild
salmon during their energetically stressful upstream spawning migration. Archival
temperature loggers revealed the thermal habitat of adult migrating Atlantic salmon, which
was used to apply bioenergetics models that estimated temperature-driven metabolic
expenditures as part of the costs of the migration. Between July 16 and August 19, the
mean water temperature experienced by salmon (tFISH) ranged from 11.5 – 18.0 °C (14.5 ±
1.2 SD °C) and closely followed the ambient surface water temperature (tRIVER) of the river
(11.5 ° - 18.5 °C; 14.8 ± 1.4 °C) such that the regression equation tFISH = 1.62 + 0.88(tRIVER)
provided an accurate index (t = 260.83, P < 0.01) of fish thermal experience. Temperature
increases project to elevate energetic costs, albeit more drastically for small (63.5 cm TL)
salmon (51% to 65%) than large (119.0 cm TL) salmon (20% to 26%). I conclude that
warming could drive the evolution of different life history phenotypes in the system, e.g.
delayed river entry or reduced probability of iteroparity, with more dire consequences for
smaller individuals.

7.2 Introduction
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Temperature constrains the distribution of species (Pörtner 2002) and influences
the timing and expression of many life history events (Walther et al. 2002) such as
breeding, aestivation/hibernation, and migration. For ectotherms such as most fishes,
temperature directly influences and can ultimately limit the rates of enzymatic, metabolic,
and cardiac processes (Fry 1971; Behrisch 1979; Farrell et al. 2009). At temperatures
beyond optimum, the tissue demands for oxygen continue to increase (Pörtner and Knust
2007) but the capacity to deliver that oxygen decreases (i.e. decline in aerobic scope;
Priede 1977) until glycolytic ATP production replaces aerobic respiration (i.e.
anaerobiosis; Pörtner 2002). Warm water temperature can be energetically taxing (Rand
et al. 2006; Katinic et al. 2015), accelerate maturation (Morbey et al. 2005), and promote
pathogen infection and development (Harvell et al. 2002).
In many rivers, water temperature is increasing due to climate change (Webb,
1996; Mote et al. 2003; Caissie 2006). This is a concern in the Arctic where water
temperatures are projected to increase at a faster pace than at lower latitudes (O’Brien et
al. 2003; Prowse et al. 2006). As water temperatures rise, the costs of freshwater
residence will be altered and ectotherm biology will be affected (Crozier et al. 2008;
Jonsson and Jonsson 2009). There are many freshwater animals in coastal zones that use
both marine and freshwater environments to complete their life history, with water
temperatures generally much warmer in freshwater. Migrants must negotiate the two
environments and allocate energy such that their rate of energy depletion does not exceed
physiological limits or energetic reserves (Hodgson and Quinn 2002; Burnett et al. 2014).
As temperatures increase, the physiology and behaviour of freshwater animals is
expected to reflect higher energetic costs of residence (Crozier and Hutchings 2014).
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Energetics models provide tools for ecologists to investigate energy allocation of
animals; energy acquisition must be balanced against depletion, which depends on the
individual’s size, activity, and the water temperature (Brett 1971; Fry 1971; Kingsolver
and Huey 2008). Individuals must allocate energy during the migration efficiently with a
goal of successfully participating in spawning and other life history events, which yields
considerable diversity in physiological and behavioural phenotypes to promote survival
(Glebe and Leggett 1981; Jonsson et al. 1997; Standen et al. 2002).
Atlantic salmon have a Holarctic distribution and rely on freshwater for spawning
and nursery grounds. Adults return from the sea to spawn at various sizes, often with an
earlier timed river entry associated with southern latitudes (Heggberget 1988; Klemetsen
et al. 2003; Thorstad et al. 2011). Freshwater residence is also briefer for many adult
salmon at the northern edge of their range, although some individuals enter more than a
year before reproducing. Timing of entry is known to depend upon river characteristics as
well as individual size (Jonsson et al. 1991a) and salmon can exhibit a refuging behaviour
during the migration as a maintenance strategy (Richard et al. 2014; Frechette et al. In
Press). When salmon enter freshwater they cease feeding, such that stored energy must
then suffice for migration, completion of sexual maturation, and spawning (Moore 1997).
Consequently, an iteroparous migrant, like the Atlantic salmon, must also preserve
enough energy after spawning for its return to the ocean where it can begin the
reconditioning process for subsequent migration and reproduction (Jonsson et al. 1991b,
1997; Halttunen et al. 2013). The Arctic is an area of relatively sparse human habitation
and impact; therefore, climate change may present one of the most salient threats to
salmon in the north. The phenotypic plasticity of salmon means that they may adjust
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either their body size through changes in maturation schedules or their behaviour by
shifting run timing to adapt to changing demands associated with climate change (Clark
et al. 2012; Otero et al. 2014; Dempson et al. 2017). Models predicting the energetic
costs of size, activity, and water temperature therefore will yield a better understanding of
Atlantic salmon migration and potential responses to climate change.
Animal size, activity, and temperature contribute simultaneously to the metabolic
rate and the energy demands upon the individual. Warming temperatures portend
bioenergetic failure of some organisms (Farrell et al. 2008; Rummer et al. 2014) and the
temperature-size rule posits that smaller organisms should be favoured in warmer
temperatures (Kingsolver and Huey 2008). Given that thermal ecology of adult Atlantic
salmon during their freshwater migration is poorly understood (Bardonnet and Baglinière
2000), I designed a study to investigate the contributions of water temperature and size,
along with swimming activity, to energetic depletion of this anadromous fish on its
spawning migration in freshwater. I hypothesized that all three variables (size, swimming
activity, temperature) would influence energy demands on individuals, which would
imply that changes due to climate warming will the rate of accelerate energy depletion of
freshwater fish during their migration.

7.3 Methods

7.3.1 Study Area
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I studied a population of Atlantic salmon in the Lakselva River in Finnmark,
Norway. Atlantic salmon enter the river from May-September (E. Liberg, Personal
Communication), but based on quantitative catch records the majority begin their
freshwater migration in July and August (www.scanatura.no). The Lakselva River flows
through two lakes, Øvrevatnet and Nedrevatnet (Figure 7.1). River discharge is measured
at Skoganvarre (69° 50'13.2" N 25° 05'07.5" E), encompassing 61% of the watershed,
which can be extrapolated to estimate total discharge (T. Havn, unpublished). Estimated
average yearly discharge from 2000-2016 was 24 ± 2.2 m3 s-1 (range = 21-33 m3 s-1). The
river also has one major tributary, which flows into Lake Nedrevatnet. Most fish hold in
in the reach of the river below the lakes (Chapter 3) until spawning begins in October (E.
Liberg, Personal Communication). After spawning, surviving Atlantic salmon may
overwinter in the river as kelts and exit the following spring to recondition at sea.
Lakselva has a catchment area of 1,536 km2 and the mainstem of the river has 45 km
available to salmon for spawning habitat. Lakselva River drains into the Porsangerfjord
within the administrative district of the municipality of Lakselv (70°03'55.2” N
24°55'43.8” E). To monitor ambient river water temperature, I deployed four HOBO
temperature loggers (HOBO Pendant Temperature/ Light Data Logger 64K-UA-002-64,
Onset, Massachusetts, USA) in the river from 17 July to 24 October 2014. One river
temperature data logger was stationed in the lower section of the river, one in Lake
Nedrevatnet, and one in the upper section of the river; all were placed approximately one
meter below the surface (Figure 7.1). The river monitoring stations recorded water
temperature every 10 min. Previous monitoring by the Lakselva Landowners Association
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observed little variability of the surface water temperatures among sites in the lower
reach of the river (E. Liberg, personal communication).

7.3.2 Sampling

I cooperated with local anglers and captured Atlantic salmon for the experiment
from July 7 – August 29, 2014. Cooperation with local anglers encouraged engagement
of locals and other stakeholders in the work and was important for ensuring that logging
tags from recaptured salmon were returned. A 500 NOK reward for returning tags was
offered to anglers that captured tagged salmon. Twenty-One Atlantic salmon (mean = 90
± 16 cm SD TL, range: 62 – 121 cm) were double-tagged with radio-transmitting tags in
the frequency range 142.114 – 142.213 (model F2120, Advanced Telemetry Systems
[ATS], Minnesota USA) and archival temperature loggers (iButton Thermochron©
Temperature Data Loggers DS1921Z-F5, Maxim Integrated, San Jose, California, USA).
The tagging methods used sterile hypodermic needles and steel wire to secure the tag
through the dorsal musculature at the base of the dorsal fin (described in Chapter 3).
Opposite the radio tag, an iButton archival temperature logger, set to record temperature
at 90 min intervals, was attached instead of the usual plastic backplate (Figure 7.2). All
participants were experienced salmon anglers and I did not tag any salmon that was in
poor condition because of angling (i.e. critical hooking, extreme bleeding; Chapter 3).
Calibration of the archival temperature loggers is described in the Supplementary
Material. All handling and tagging was conducted in accordance with the Carleton
University Animal Care and Use Committee.
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7.3.3 Archival Temperature Logger Validation

The accuracy and precision of iButton archival temperature loggers and HOBO
temperature loggers were verified by comparing water temperature measurements against
a reference Star-Oddi DST CT salinity and temperature logger (reported accuracy of ±
0.1 °C, Star-Oddi, Garðabær, Iceland). The calibration followed van Marken Lichtenbelt
et al. (2006). The temperature loggers were placed in meshed bags (1.5 cm mesh
diameter) in the middle of a 120 L water tank filled with heated water. The water tank
cooled over a period of 10.5 h from 24.5 to 8.3 °C, a range that covered the water
temperatures experienced by tagged Atlantic salmon in Lakselva (11.5 °C to 18.0 °C)
during the study period. All loggers were set to sample temperature simultaneously (± 3
s) once every minute to ensure that the measurements were comparable. Nineteen
iButtons and 31 HOBO loggers were tested, with 629 water temperature observations
recorded per logger. An aquarium air pump (AM-Top professional CR-30, AM-Top) was
placed in the tank to provide water circulation and the meshed bags allowed for water to
flow over the loggers. Linear regressions were used to assess temperature deviation
between each thermal logger and the reference logger (Donaldson et al. 2009). For each
iButton and HOBO logger, accuracy was calculated as the mean of the differences
between the temperature of the logger and that of the reference DST logger, and the
standard deviation of these differences yielded the precision. All linear regressions
between the experimental loggers and the reference DST logger were highly significant
with Pearson correlation coefficients > 0.99. For the iButtons, mean accuracy was -0.39 ±
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0.13 °C (range -0.59 to -0.19), and mean precision was 0.04 ± 0.003 °C (range 0.040.05). For the HOBO loggers, mean accuracy was 0.23 ± 0.06 °C (range 0.12-0.36) and
mean precision was 0.04 ± 0.003 °C (range 0.04-0.05). The accuracy calculated in this
experiment is better than what is reported by the manufactures of the iButtons (± 1 °C)
and the HOBO loggers (± 0.53 °C). Because of the differences in accuracy (or bias)
between iButtons and HOBO loggers I adjusted both instruments’ values when modelling
the data in this manuscript. The correctional value was calculated by increasing logged
values from iButtons by 0.39 °C to compensate for the measured accuracy and by
subtracting 0.23 °C from the HOBO logger in the river to compensate for the calculated
accuracy.

7.3.4 Data Analysis

Archival temperature loggers were recovered from 10 of the 21 salmon that were
tagged (Table 7.1). Five were recovered from salmon that were removed from the river
by harpoon on 25 September and the other five loggers were removed from salmon that
were recaptured and harvested by anglers (one was recaptured as a kelt the following
summer, June 20, 2015). As a result, the sampling intervals differed among individuals,
with some temperature records spanning several days whereas others covered much
longer periods. Modelling was implemented to determine the relationship between fish
habitat and river temperatures using linear regression in R (R Core Team 2017). In
consideration of possible differences among fish attributable to differences in fish size,
fish position in the river, or other factors, I generated a mixed effects linear model (lme
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function in R package nlme; Pinheiro et al. 2014) with fish ID as a random intercept. To
determine whether the mixed effects model fit better than the fixed effects model, the
mixed effects model was compared to a generalized least squares regression (gls function
in R package nlme) with restricted maximum likelihood estimation using Akaike
Information Criterion. Model predictions were compared to actual values measured by
the tags placed on the fish using linear regression.

7.3.5 Bioenergetics Modelling

To determine the rates of oxygen uptake of fish swum at different speeds and
temperatures, hatchery-raised adult Atlantic salmon (body mass: 2.6 ± 0.4 kg; fork
length: 60.6 ± 3.9 cm SE) were held in outdoor 4000 L circular fiberglass tanks under
ambient seawater conditions (7-11°C, dissolved oxygen > 90% saturation) and seasonal
photoperiod at the Centre for Aquaculture and Environmental Research (West
Vancouver, BC, Canada). Food was withheld for 24 h before experiments. A subset of
fish (N = 22) was instrumented to measure cardiovascular parameters (data not shown
here) while other fish were not instrumented (N = 14). Surgical protocols followed those
detailed in Eliason et al. (2013a). The fish were anesthetized in buffered tricaine
methane-sulfonate (0.1 g L-1 MS-222 and 0.1 g L-1 NaHCO3, Sigma-Aldrich, Oakville,
Ontario, Canada), weighed and transferred to a surgical table where they were maintained
under a lower dose of buffered anesthetic (0.075 g L-1 MS-222 and 0.05 g L-1 NaHCO3).
A 3 mm SB flow probe (Transonic Systems, Ithaca, NY, USA) was placed around the
ventral aorta, a PE-50 cannula was inserted into the dorsal aorta, and a PE-50 cannula or
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an oxygen probe (custom-designed, Ocean Optics, Dunedin, FL, USA) was placed in the
sinus venosus (Eliason et al. 2013a). The flow probe and cannulae/oxygen probe leads
were sutured along the dorsal ridge of the fish’s body using 2-0 silk sutures. Fish were
placed in a Brett-type swim tunnel (220 L or 400 L; described in Steinhausen et al. 2008)
and allowed to recover overnight at ambient water temperatures at low water velocity
(0.3-0.4 body lengths per second (bl s-1)). This water velocity was sufficient to orient the
fish but did not induce swimming. Similar surgeries did not impair swimming
metabolism of Pacific salmon compared to controls (Eliason et al. 2013b). The next day,
resting oxygen uptake (MO2) was measured at the ambient water temperature (ranged
from 7-12°C over the study) and then the fish underwent a standard ramp Ucrit critical
swimming challenge (Eliason et al. 2013a). Water velocity was increased every 5 min
until ~50% of the critical swimming speed (Ucrit; ~1 bl s-1) was attained. Thereafter, the
water velocity was increased in smaller velocity increments (~0.15 bl s-1) every 20 min
until fatigue was induced (defined as the fish resting at the back of the swim tunnel for >
30 s). MO2 was measured during the second half of each 20 min interval. When the fish
became fatigued, the water velocity was immediately reduced back to the resting velocity
(~0.3 bl s-1) and the fish could recover overnight. The next day, the water temperature
was acutely increased by 2 °C h-1 to the warm test temperature (10-22°C). Resting MO2
was assessed and then the fish underwent the same Ucrit protocol described above.
To account for the allometric scaling of standard metabolic rate (Brett and Glass
1973), I standardized the resting oxygen uptake for three fish sizes in the river, small
(total length = 63.5 cm, mass = 3.03 kg), medium (total length = 89.0 cm, mass = 8.34
kg), and large (total length = 119.0 cm, mass = 20.18 kg); these lengths approximately
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spanned the minimum, average, and maximum lengths encountered in Lakselva.
Corresponding weights were derived from an empirical table of length-to-weight
conversions for fish from the study site (www.lakselva.no; the table is based on fork
lengths which required total lengths be converted to fork length by dividing by 1.046).
The measured resting values of MO2 were scaled using an equation from Steffensen et al.
(1994), in which the MO2corrected = MO2initial × (Massinitial / Masscorrected)(1-exp), where the
MO2initial is the oxygen uptake of fish of Massinitial, corrected by dividing that fish’s mass
by the mass of the fish of the desired size (cm; in this case I used the three values above)
and the exp is the scaling exponent 0.80 (Winberg 1956; Steffensen et al. 1994; Clarke
and Johnston 1999; Rosewarne et al. 2016). The oxygen uptake data at temperatures
between 7 and 22 °C (above) were fit with an exponential curve for resting data and a
second order polynomial relationship for fish swimming at 1.0 bl s-1. Although oxygen
uptake was not measured at an intermediate swim speed, I estimated oxygen uptake at 0.5
and 0.7 bl s-1 by interpolating from the resting and 1.0 bl s-1 data and fit exponential
curves through the data to evaluate the internal sensitivity of the oxygen consumption
equations. For these curves, values were derived using only fish at temperatures
measured for both resting and swimming velocities.
I estimated daily oxygen uptake for fish in the river between July 13 and
December 16 based on the calculated daily average temperatures derived from the HOBO
river temperature logger. The HOBO river temperature logger was active in the river July
19 – August 19; beyond these dates the water temperatures were estimated from the
iButton archival temperature loggers by back calculation using the regression equation
(see Results). By fitting the regression equations to the water temperature data, daily
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oxygen uptake (mg O2 kg-1 min-1) was estimated for each day in the study period for three
size classes of fish and at the four swimming speeds. Daily energy consumption was then
derived by multiplying by 1440 (minutes in a day) and by the total mass of the fish
converted from the three lengths selected (2.67 kg, 7.00 kg, 17.69 kg) to calculate the mg
O2 d-1 consumed per fish of the three sizes. Values in mg O2 kg-1 min-1 were multiplied by
60 to get mg O2 kg-1 h-1 and then multiplied by 0.00325 to convert to kCal kg-1 h-1 based
on the caloric conversion for Pacific salmon (Brett 1995). Daily kilocalories for fish in
each size class were then calculated by multiplying by the weight (kg) and by 24 (h).
Energetic scope of migrants was calculated based on equations in Jonsson et al. (1997).
Energy available for migration is a function of individual length (LTOTAL); the initial
energy in kilojoules is described by the equation: E = exp(0.044 × LTOTAL + 6.99) and the
post-spawn energy described by the equation: E = exp(0.035 × LTOTAL + 6.51), and then
converted from kJ to kCal by multiplying by 0.239. Projected energy depletion was
calculated based on the initial energy available with a lower limit (i.e. threshold for life)
considered to be the post-spawn energy. Models of global temperature increase are
available to project the rate of warming, but vary based on latitude and have uncertainty
associated with the emissions scenario, along with concomitant changes in radiative
forcing, precipitation, cloud cover, albedo, ecosystem structure, etc. (Joos et al. 2001).
Instead of using specific projections, I calculated the expected energetic use for the study
period at the present water temperature and for warming scenarios of 1, 2, and 4 °C.

7.4 Results
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Of the 21 salmon that were tagged, one salmon left the river prior to the spawning
season and one salmon died immediately after release (see Chapter 3). Of the remaining
19 tagged salmon, archival temperature loggers were recovered from 10 salmon (Table
7.1). These salmon were mostly tagged in the lower reaches of the river and none of them
transited the lakes to access upper reaches of the river or the tributary Vuolajohka.
Therefore, no tagged salmon was recorded by the fixed receiver stations and given that
all tagged fish remained in this river section (N = 39; Chapter 3), only temperature
readings from the lower section of the river were used for modeling purposes (Figure
7.1).
I recorded a seasonal decline as well as daily oscillations in water temperature
(range in daily variation = 0.48 – 4.21 °C). Between July 16 and August 19, salmon were
recorded at temperatures between 11.5 °C and 18.0 °C (average: 14.5 ± 1.2 °C). By
comparison, average daily water temperatures during the same period ranged between
11.5 ° and 18.5 °C (average: 14.8 ± 1.4 °C). One salmon, which was caught by an angler
in the river in the spring after its release (fish ID 142.123-75; Table 7.1), provided a
continuous 126-day temperature log through to December 16, 2014 (Figure 7.3). This
fish had experienced temperatures as low as -0.1 °C in winter.
Comparison of the mixed effects and fixed effects models suggested a better fit of
the mixed effects model rather than the generalized least squares model (ΔAIC = 708).
There was a significant relationship between river temperature and fish habitat
temperature (t = 260.82, p < 0.01; Figure 7.4). Model-predicted values of fish habitat
temperature had a strong (model adjusted R2 = 0.94) positive relationship to actual
values. Predictions of fish habitat temperature could therefore be accurately generated
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using river surface temperature data using a regression equation: tFISH = 3.24 +
0.76(tRIVER).
Swim tunnel respirometry of hatchery Atlantic salmon was used to derive oxygen
uptake equations as a function of water temperature (Table 7.2; Figure 7.5). Based on
published equations for estimating energy content of Atlantic salmon, initial energy
content of the wild salmon in Lakselva were estimated based on their length to be 48,762,
13,026, and 4,242 kCal for salmon measuring 119.0, 89.0, and 63.5 cm, respectively,
with an expected depletion of 52, 39, and 21% of somatic energy at present temperatures
(Figure 7.6). During the 150-d modelled period (July 16 to Dec 16), large fish (119.0 cm)
were projected to deplete the most gross energy, between 10,212 (at rest) and 47,610
kCal (swimming at 1.0 bl s-1; Figure 7.7). Small salmon had the most extreme relative
energy depletion; at rest, I estimated 52% energy depletion for small salmon but only
21% for large salmon at ambient present temperatures (Figure 7.8). Projected increases in
temperature to 4 °C increased gross energy consumption to 65% and 26% for small and
large salmon, respectively. Faster swimming speeds depleted energy more rapidly than
slower speeds, demanding 169% of the somatic energy of small salmon compared to 98%
from large salmon at 1.0 bl s-1 (present temperature regime). Warmer temperature (+4 °C)
increased caloric consumption for fish swimming at 1.0 bl s-1 by 9% for small individuals
and 5% for large individuals (Figure 7.7), with less drastic effects at slower swimming
speeds. Overall, this modelling revealed that an individual’s activity accelerates energy
depletion more drastically than warming does, and the ability to moderate swimming can
effectively conserve energy across climate scenarios. Estimates also suggest that large
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fish will be more resilient to temperature increases than small fish provided they can hold
using a slow swimming speed during the migration.
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7.5 Tables

Table 7.1 Summary of fish from which iButton archival temperature loggers were
recovered. The table details the size of the salmon as well as the number of days the tags
recorded data.
Fish ID

Tagging Date

Sampling Interval (days)

Total Length (cm)

142.144-8

July 13

73

73

142.123-14

July 14

18

97

142.213-14

July 15

4

98

142.203-12

July 16

12

91

142.123-9

July 16

70

90

142.144-11

July 17

11

80

142.213-9

July 19

67

95

142.114-8

July 30

30

111

142.123-75

August 12

126

94

142.144-112

August 28

27

66
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7.6 Figures

Figure 7.1 Lakselva in Porsanger, Finnmark, Norway. The watershed incorporates two
major lakes, Øvrevatnet and Nedrevatnet. Atlantic salmon return to Lakselva from the
ocean via Porsangerfjord throughout the summer and migrate upriver to spawning grounds.
The location of the river temperature logger is located on the map. For this study, all tagged
salmon remained in Lakselva below the lakes throughout their migration.
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Figure 7.2 Double-tagging Atlantic salmon (Salmo salar) with coded radio transmitting tags (bottom) and archival temperature
loggers (top). Salmon were maintained submerged in water in a PVC tube during tagging and externally tagged prior to release.
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Figure 7.3 Fish thermal experience logged in Lakselva by salmon 142.123-75, whose logger remained active until December 16, 2014
(note that the values have been adjusted based on the regression analysis; see Supplementary Material).
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Figure 7.4 The relationship between fish temperature and the river temperature in Lakselva. Each grey line represents values from a
temperature logger of an individual salmon in the river. The solid black line is the line of identity at y = x. Linear mixed effects modelling
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supported a linear relationship between river temperature and habitat temperature of salmon during this period and the line of prediction
is illustrated by the broken black line (note that the value is adjusted based on the regression analysis; see Supplementary Material).
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Figure 7.5 Predicted somatic energy density of Atlantic salmon (Salmo salar) based on equations derived by Jonsson et al. (1997) in the
River Drammen, Norway. Both curves follow polynomial equations and represent measurements made in July (Einitial = exp(0.044 ×

182

LTOTAL + 6.99) and November, following spawning (Epost-spawn = exp(0.035 × LTOTAL + 6.51). Broken vertical lines represent the lengths
I selected for the bioenergetics modelling in this study, showing the energetic scope during the freshwater migration.
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Figure 7.6 Atlantic salmon oxygen metabolism between 7 and 22 °C at four swimming speeds. Values for the resting fish were masscorrected for three sizes using a scaling exponent of 0.80 (see Clarke and Johnston 1999). Curves are presented for three body lengths,
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near the minimum, mean, and maximum values encountered in Lakselva. Values for resting and 1.0 bl s -1 were derived from swim
tunnel respirometry (see Table 2). Values for 0.5 and 0.7 bl s-1 were interpolated from these data by averaging the oxygen uptake values.
Regression curves were fit to the plots using a polynomial (second order) equation fit to the 1.0 bl s-1 data and exponential curves fit at
other swimming speeds. Dashed portions of the curves are extrapolations made by the regression equations beyond the temperature
ranges at which oxygen uptake were measured (i.e. 0 – 7 °C).
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Figure 7.7 Predicted cumulative energetic expenditure (kCal) of Atlantic salmon measuring either 63.5, 89.0, or 119.0 cm, either resting
or swimming at 0.5, 0.7, and 1.0 bl s-1 from July 13 – December 16. Monthly ticks are the first day of the noted month. Daily temperatures
experienced were converted from measured river values with the regression equation: tFISH = 3.24 + (0.76 × tRIVER) at present river
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temperatures or given increases of 1, 2, or 4 °C. The horizontal line indicates the scope for depletion (i.e. initial energy minus postspawn energy) for each size class based on regression equations in Jonsson et al. (1997). The shaded area signifies the approximate
spawning period in Lakselva, October 10-31. Energy depletion increased at higher temperatures, faster rates of movement, and larger
body size.
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Figure 7.8 Predicted proportion of energy remaining to Atlantic salmon measuring either 63.5, 89.0, or 119.0 cm, either resting or
swimming at 0.5, 0.7, and 1.0 bl s-1 from July 13 – December 16. Monthly ticks are the first day of the noted month. Fish habitat
temperatures were calculated from the regression equation: tFISH = 1.62 + 0.88(tRIVER) at present river temperatures or given increases
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of 1, 2, or 4 °C. The horizontal line represents the expected proportion of energy remaining in a post-spawn salmon of each size based
on a regression equation in Jonsson et al. (1997). The shaded area signifies the approximate spawning period in Lakselva, October 1031. Relative energetic depletion increased at higher temperatures and for faster rates of movement but decreased with body size.
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7.5 Discussion

I derived a linear relationship between water temperature and fish habitat
temperature for an anadromous ectotherm during its spawning migration in freshwater.
The ability to predict the experienced temperature allowed us to estimate energetic
expenditure in situ. In doing so, I also provided the first equations approximating the
relationship between water temperature and oxygen uptake of Atlantic salmon at various
swimming speeds, and the first estimates of the energy metabolism of Atlantic salmon
modelled to wild fish. Climate change is an ongoing threat to all freshwater ecosystems
including in the Arctic. Understanding how key parameters, temperature, locomotion, and
body size, contribute to energy depletion is relevant across species, particularly as
oncoming changes to the global climate will require physiological and behavioural
adaptations to cope. The finding that activity is the most substantial contributor to energy
depletion suggests that animals will need to adapt their migration activity and behaviours
to adjust to the increased metabolic demands associated with warmer river temperatures.
Compared to values published for pink (Oncorhynchus gorbuscha Salmonidae)
and sockeye (Oncorhynchus nerka Salmonidae) salmon, Atlantic salmon appear to have
slower metabolism (MacNutt et al. 2006; Eliason et al. 2011). Regression validated that
ambient water temperatures could predict fish habitat temperature in this river within the
summer water temperatures range of 11.5 - 18.5 °C, which is within the reported range of
optimal temperatures of this species (Mills 1989; Booth 1998; Anttila et al. 2014;
Frechette et al. In Press). While ongoing increases in summer temperature may portend
an increasingly energetically demanding freshwater migration, I found that the varying
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effects of body size and swimming speeds will play a crucial role in energy management
for the response of anadromous fish to warming. Migrants that have stopped feeding
necessarily economize energy during the migration to ration their energy reserves for
successfully spawning (Bernatchez and Dodson 1987). This is true for today’s thermal
regime and in future years when rivers are projected to be warmer. Fleming (1998)
provided a range of 52-65% energy depletion for Atlantic salmon during the spawning
migration, like that of migratory Arctic charr (Salvelinus alpinus) in Canada (52%; Dutil
1986). Jonsson et al. (1997). However, they suggested a more extreme energy depletion
of 72% for salmon in the Norwegian River Drammen, like that of anadromous American
shad (70-80%; Glebe and Leggett 1981) but less than long-distance migrating Pacific
salmon (males: 82%, females: 92%; Bowerman et al. 2017). The disparity within Atlantic
salmon is likely related in part to body size; applying the regression equation to the
ambient temperatures in the river provided a minimal (i.e. at rest) 20% depletion of
somatic energy for large salmon (119.0 cm length) and 51% for small salmon (63.5 cm
length).
Our estimates of energy depletion do not account for a heterogeneity in swim
speeds that would include increased activity during active migration, Bowerman et al.
(2017) suggested would contribute to most of the energy depletion for Pacific salmon.
However, Pacific salmon have a much more extensive spawning migration distance (920
km) compared to the much short distance traveled by Lakselva salmon. Correspondingly,
a large proportion of the time in freshwater is spent holding because most Atlantic
salmon enter rivers weeks or months in advance of spawning (Økland et al. 2001). The
precise costs of swimming activity are presently not known because there are no long-
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term studies of migrating Atlantic salmon energetics; therefore, I generated the model at
several speeds. Speed is known to be closely linked to the life history of fishes (Glebe
and Leggett 1981; Eliason and Farrell 2016). Bernatchez and Dodson (1987) calculated
the average swimming speed of Atlantic salmon (river mouth to spawning grounds) to be
0.1 bl s-1 (using data from Belding 1934), which is consistent with observations from
telemetry that Atlantic salmon hold for long periods in slow-moving pools prior to
spawning (Økland et al. 2001; Richard et al. 2014; Chapter 3). Although fish activity has
been suggested to benefit energetically from burst-and-glide over steady-state swimming
(Weihs 1976; Hinch and Rand 2000), limitations in data availability require simulations
such as ours that assume continuous swimming (see McElroy et al. 2012). The model
revealed energy depletion was sensitive to changes in the rate of continuous swimming;
individuals at slow swimming speeds will conserve energy across water temperature
scenarios. Higher resolution data of swimming behaviour during the migration and
throughout the migration (i.e. over the winter) will contribute to more complete models
of the energy budget by identifying actual movement rates during all phases of a
spawning migration including movement within pools.
Individual size was shown to be very important to depletion of energy stores, with
larger individuals depleting less energy and hence being more resilient than small to
temperature increases and activity demands. Large size conferred considerably greater
scope for activity, likely because of their higher energy reserves, whereas smaller
individuals migrate with less stored energy and are likely to have greater sensitivity to
temperature increases that accelerate energy depletion. Based on this, large salmon may
be more resilient to climate warming and have higher fitness; however, I did not account
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for larger fish having a lower optimum temperature (Morita et al. 2010). Body size in
Atlantic salmon is genetically and phenotypically linked to environmental factors such as
the difficulty of migration and the flow regime of the natal river (Jonsson et al. 1991a).
Larger salmon also have higher fecundity and fitness (Fleming 1996; de Gaudemar et al.
2000). Warming of environmental temperature towards a species’ optimum temperature
accelerates growth and maturation, generally resulting in smaller body size at the time of
maturation (i.e. the temperature-size rule; Kingsolver and Huey 2008; Jonsson et al.
2014), which has been shown experimentally for semelparous salmon (Clark et al. 2012)
and reef fishes (Messmer et al. 2017). The temperature-size rule has received attention in
the context of climate change (e.g. Daufresne et al. 2009; Sheridan and Bickford 2011;
Cheung et al. 2013), although the validity of the underlying physiological mechanisms
requires further validation (Lefevre et al. 2017). The data suggest that migratory fish such
as salmon could compensate for climate change with a larger size, but there are
competing selective pressures. Warm ocean temperatures favour earlier maturation and
smaller body size of salmon (Jonsson et al. 2004). Indeed, Atlantic salmon from warmer
rivers at southern latitudes tend to mature at smaller body size (Jonsson et al. 2004;
Jonsson and Jonsson 2009).
As a relatively cold river, warming of the Lakselva River will increase the cost of
freshwater residence by Atlantic salmon, with possible effects on life history such as
reducing pre-spawn and post-spawn survival (such impacts have been observed in other
species, e.g. American shad Alosa sapidissima Clupeidae; Glebe and Leggett 1981;
Castro-Santos and Letcher, 2010). River temperatures and discharge are key factors
moulding the life history of Atlantic salmon populations including smolt ages, run timing,
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body sizes, and iteroparity (Power 1981; Jonsson et al. 1991a). Rivers with less annual
water discharge are generally characterized by spawning runs of younger and smaller
salmon (Jonsson et al. 1991a). Sea trout populations at high latitudes have less frequent
iteroparity than do southern populations (Jonsson and L’Abée-Lund 1993), a trend that
may also be true of the congeneric Atlantic salmon. Phenological changes such as shifts
to later run timing could also buffer energetic costs of warming water, as has been
observed for populations in Newfoundland and Labrador, Canada (Dempson et al. 2017).
Entering rivers later may decrease the accumulated thermal units during migration and
offset energetic costs of higher water temperatures (Katinic et al. 2015) and entering
earlier and swimming upriver to holding sites before temperatures become elevated will
avoid a collapse in aerobic scope (Farrell et al. 2008). Late entry is generally associated
with smaller Atlantic salmon with less somatic energy than larger individuals, and
perhaps the relationship can be explained by energy demands of migration (Shearer et al.
1990; Niemelä et al. 2006a). According to Power (1981), increased water temperature
promoted the evolution of a bimodal run timing distribution in Atlantic salmon to avoid
movement in midsummer at high temperature (i.e. an early run and a late run establish
within the same river).
Physiological acclimation to warming thermal regimes is possible when fish rear
in those conditions. Anttila et al. (2014) identified significant thermal plasticity of
Atlantic salmon originating from the nearby Alta River (69°58'06.3” N 23°22'29.5” E)
reared in warmer water, suggesting that fish from these northern populations could adjust,
to some extent, to warming conditions in freshwater depending on early life experience.
In the absence of species adaptation, the estimates of energy depletion suggest that pre-
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spawn mortality of Atlantic salmon is liable to increase in a warming world. For
survivors of a first reproduction, it will probably result in decreased survival and reduced
iteroparity (Jonsson et al. 1991b; Halttunen et al. 2013). The relationship among
temperature, size, activity, and energy use are evidently complex and require further
investigation.

7.5.1 Limitations

Although bioenergetics modelling is well established as a field of ecological
inquiry, field metabolic data for fish including adult Atlantic salmon are scarce (Cooke et
al. 2004). I used hatchery Atlantic salmon for the bioenergetic equations, an approach
that may be somewhat limited; hatchery and wild salmon (and likely wild salmon of
different origin) may have somewhat different conversion of energy to locomotion and
future research may address this. Nonetheless, the use of surrogates is relatively common
to physiological studies and surrogates of the same species should provide the most
reliable information (Cooke et al. 2017). Jonsson et al. (1997) modeled somatic energy
density of Atlantic salmon in the Drammen River (Jonsson et al. 1997), which are
generally smaller than those in Lakselva. Thus, the energy calculation for the largest
sized salmon lies beyond the data range derived for that population. Drammen is also
warmer and so the salmon there spawn several weeks later than salmon in Lakselva
(Heggberget 1988). The estimates would be improved by using oxygen uptake rates from
wild Atlantic salmon that have entered fresh water at temperatures ranging lower than
ours (min = 7 °C) instead of relying on extrapolations from hatchery fish oxygen uptake.
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Finer scale data on the cost of swimming and the logged data on swimming effort would
also improve the models (Johnstone et al. 1992; Lucas et al. 1993; Hendry and Beall,
2004), but would still contain inaccuracies because it is logistically difficult to perfectly
estimate field metabolic rates based on swim tunnel values. Such work would have to
include the oxygen debt due to anaerobic exercise (e.g. Lee et al. 2003a, b), especially
because burst-and coast swimming behaviours are likely to defer the immediate oxygen
cost of swimming.
Like Jonsson et al. (1997), I cannot predict the energy loss through the winter
months. Owing to the cold temperatures, the energy demands during this period are
predicted to be small (17.53 kCal d-1 at 0 °C at rest) compared to during the summer
(48.73 kCal d-1 at 14.5 °C at rest), as calculated for an average sized salmon (89.0 cm) for
this site. Nevertheless, salmon kelts clearly have exceedingly lower energetic reserves
prior to outmigration (Moore 1997), warranting the term ‘spent’. Consequently, warmer
winter river temperatures will accelerate energy depletion and could perhaps trigger an
earlier outmigration, possibly resulting in a mismatch of outmigration and peak ocean
productivity that is believed to facilitate reconditioning of spent Atlantic salmon, as it
does for out-migrating smolts (Otero et al. 2014).
Intersexual differences were set aside from the analysis, yet Jonsson et al.
(1991b) found somatic energy loss to be much greater for males than females (this is
different from Pacific salmon; Bowerman et al. 2017). Correspondingly, more females
survive spawning whereas males are more prone to die (Hawkins and Smith 1986;
Jonsson et al. 1991b). The minimum energy density at which salmon can live and still
spawning (i.e. threshold for life), has been calculated for semelparous sockeye and pink
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salmons and ranged between 693 kCal kg-1 (Hendry and Berg 1999) to 956 kCal kg-1
(Crossin et al. 2003, 2004). Bowerman et al. (2017) calculated an energy density of 860
(female) and 980 (male) kCal kg-1 in post-spawned chinook salmon. Jonsson et al. (1997)
provided an equation for estimating the somatic energy of a post-spawn salmon based on
length (see Methods), although their work did not identify an explicit threshold for life.
As expected, energy depletion was accelerated at higher temperatures and under
scenarios of higher activity. However, activity had a more profound impact on the rate of
energy depletion than did increases in temperature within the modeled range. This
disparity was more evident among smaller salmon than for larger individuals given that
larger individuals possess greater energetic storage. Body size of Atlantic salmon is
closely linked to reproductive success (Fleming 1996; de Gaudemar et al. 2000) and
salmon exhibit considerable variation in life history phenotypes across body sizes
(Shearer et al. 1990; Niemelä et al. 2006a). The models should inspire research into how
physiological plasticity and behavioural adaptations, especially run timing, could
compensate for warming. Ultimately, a better understanding of the behavioural and
physiological mechanisms that facilitate successful migration, associated life history
events (i.e. run timing, spawning), and physiological processes (i.e. cardiophysiology,
biochemistry, and biomechanics; Anttila et al. 2014) is necessary to understand and
manage fish in a warming Arctic and advance efforts to focus conservation initiatives on
sensitive populations.
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Chapter 8 Synthesis and Future Research Directions

This thesis investigated mechanisms of success and failure related to migration,
which is a taxonomically diverse and ecologically sensitive behaviour threatened by
environmental and anthropogenic stressors (Wilcove and Wikelski 2008; Robinson et al.
2009). Atlantic salmon was an ideal focal species because the spawning migration is
logistically easy to observe after they enter rivers and is well studied, facilitating
interpretations of potential fitness costs related to migration success and failure (e.g.
Thorstad et al. 2008). In this thesis, I evaluated success using various tools including
interception (counting at fish fence [Chapter 2], visual observations by snorkelling
[Chapter 3]), mark-and-recapture with anchor tags (Chapter 5), biotelemetry (Chapter 2,
3, 4, 5, 6), and biologging (Chapter 2, 7). Although the Atlantic salmon migration begins
at sea, the non-feeding period during which salmon are undergoing maturation occurs
during the freshwater migration (Kadri et al. 1995). Exposure to stressors during the
marine migration is also more limited with greater potential for avoidance of marine nets
or temperature isotherms, albeit increasing threats from aquaculture encroachment
(Mahlum et al. In Press).
The freshwater migration of Atlantic salmon is characterized by intense potential
for exploitation in fisheries (Erkinaro et al. 1999) but importantly the proportion of
salmon released alive is increasing (Lennox et al. 2016b [Appendix B]). I found that
stressors may interrupt the salmon migration by delaying the upriver movement phase
(Chapter 2) and potentially shortening the migration such that salmon spawn lower in the
river than they would have had they not been captured (Chapter 3). No impacts on the
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holding phase of migration were found given that the post-release movements were
similar to the expected movement during the spawning period (Chapter 4). Indeed, most
salmon survive (Chapter 2-6), continue the migration, and may be captured again by
anglers (Chapter 5). However, climate change represents an additional stressor and high
water temperatures may affect energy processing, recovery from stress (Chapter 6),
energy depletion, and migratory phenotypes of Atlantic salmon (Chapter 7).

The behaviour-physiology interface

Behaviour is applied in this thesis as a relevant endpoint with which to investigate
the impacts of stressors on the whole animal with a link to lifetime fitness potential. It is
difficult to interpret behaviour without consideration of the underlying physiological
mechanisms (Cooke et al. 2013a), which is why I also incorporated biologging tools that
provided fine-scale details about animals to add context to observations. Bioenergetics
are particularly relevant to the understanding of behaviour and the two are inextricable,
which is why biologging was incorporated into investigations in Chapters 2 and 7. In
Chapter 2, I used accelerometers to measure body action and tailbeat frequencies, which I
consider to fall along the interface between physiology and behaviour because
locomotion and holding station by tail beating is autonomous and not a behaviour per se
(Wallén and Williams 1984). Although I did not calibrate the accelerometer tags in a
swim tunnel to calculate actual oxygen consumption, this concept is consistent in
providing robust linear relationships that can be applied to convert accelerometer-derived
movement into energy consumption in bonefish (Albula vulpes) with the same sub-
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carangiform swimming as Atlantic salmon (see Murchie et al. 2011; Brownscombe et al.
2017b). Composite whole-body metrics summarized from the axes of tri-axial
accelerometers have been posited to correlate consistently with energy expenditure
(Gleiss et al. 2011) and therefore jerk, the metric chosen to describe accelerometerderived activity, could effectively be translated into values of oxygen consumption and
somatic energy depletion with the correct coefficients in future applications.
Energetics models have long been used to simulate fish resource demands,
predator-prey interactions, and nutrient cycling (Hansen et al. 1993). Questions of
energetics have been especially insightful in the migration of Pacific salmon, revealing,
for example, energy demands (Hinch and Rand 1998), predation risk (Peterson and
Kitchell 2001), and performance at fish passage structures (Burnett et al. 2014). Jonsson
et al. (1991a, 1997) provided some measurements of energy depletion of salmon during
the migration but there has still been a lack of information about the bioenergetics of
Atlantic salmon that can be applied to the study of their upriver migration. Chapter 7
presents the first published model estimating the temperature-specific oxygen
consumption of adult Atlantic salmon to develop bioenergetic models that describe the
energy depletion during the migration. This approach could be improved upon by using
wild Atlantic salmon and deriving oxygen consumption values in freshwater (Maxime et
al. 1990); however, the data were useful for the simulations and predicting how salmon
populations will be affected by climate change. As the first oxygen consumption models
for adult Atlantic salmon, this represents an important contribution to the literature that
merits further attention.
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Bioenergetic modelling of Pacific salmon migrations (Hendry and Berg 1999;
Crossin et al. 2003, 2004; Eliason et al. 2011; Katinic et al. 2015) has elucidated some of
the mechanisms of mortality. Similar potential exists with Atlantic salmon using
biologgers to study migration and spawning exertion (Tsuda et al. 2006; Karppinen and
Erkinaro 2009). Calibrating accelerometer or heart rate logging tags along with
temperature logging tags to estimate oxygen consumption will allow modelling of energy
expenditure and depletion for salmon to investigate natural mortality along the migration
route and quantify the impact of various stressors and phases of migration. This would
facilitate investigations of trade offs for large and small salmon as they compete for
access to spawning resources and provide insight into the strategies exhibited by
individuals in conserving energy for future reproduction (i.e. iteroparity). Such
approaches would also permit investigations into multiple stressors interacting during the
migration (e.g. Crain et al. 2008). Further applications of bioenergetics and research
expanding on my energy depletion work could include calculating excess post exercise
oxygen consumption (Lee et al. 2003a, b; Zhang et al. 2018), comparing energy demands
of different phases of migration (e.g. Bowerman et al. 2017), testing for changes in
oxygen uptake efficiency at different phases of maturation, or contrasting life history
strategies (run timing, spawning activity, overwinter survival).

Ultimate outcomes

Animals must overcome stressors or else their future reproductive fitness potential
is nullified (McEwen and Wingfield 2003). Survival may seem conceptually simple to
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measure but survival can be measured at different temporal scales and using various
techniques. In fisheries, short-term survival may be quantified in holding experiments
(e.g. Booth et al. 1995; Brobbel et al. 1996; Dempson et al. 2002). Holding is stressful for
fish, particularly migratory animals, therefore quantifying fitness in free living fish
released after application of a stressor may provide more representative values of survival
(Gustaveson et al. 1991; Vijayan et al. 1997). Survival rates can be calculated from
passive marks using mark-recapture or using direct estimates calculated from electronic
tags (Pollock et al. 2004). There are challenges to the interpretation of survival in some
contexts, particularly when tagged animals are predated (Gibson et al. 2015). The
potential influence of this was discussed briefly in Chapter 6 in terms of seal predation,
but it is not expected to have confounded results in this thesis. Data sharing provided an
ideal method for developing a model of survival that extends throughout the range of
Atlantic salmon and giving consideration to the high heterogeneity (i.e. rivers with
different tackle conventions, water temperature regimes, run timing, angler behaviour,
and fish sizes).
Incorporation of estimated natural mortality is necessary to determine whether
observations of fishing mortality represent compensatory or additive mortality (Allen et
al. 1998). Compensatory mortality is a well-developed concept in natural predator-prey
systems (Genovart et al. 2010; Krumm et al. 2010); however, mortality imposed by
human predators may often be additive (e.g. Sand et al. 2012). In Lennox et al. (2015
[Appendix B]), I tracked the upriver migration of Atlantic salmon in the River Gaula that
had been radio tagged in the Trondheimsfjord, Norway following capture in bag nets.
None of these salmon were determined to have suffered in-river mortality suggesting that
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delayed mortality following fisheries capture was additive. Except under
supraphysiological environmental conditions (e.g. Baisez et al. 2011), natural mortality
should be nominal during upriver migration although an invasive freshwater catfish
(Silurus glanis) that preys on adult salmon is apparently spreading through Europe
(Boulêtreau et al. 2018). Further investigation may be necessary given that larger scale
studies of Pacific salmon have observed natural mortality associated with physiological
preparedness, which is likely system-specific depending on the difficulty of migration
(Cooke et al. 2006). Nonetheless, the data that are available for Atlantic salmon suggest
that delayed mortality following catch-and-release is predominantly additive upon
individuals that would likely otherwise survive to spawn rather than compensatory. Hard
et al. (2008) reviewed cases in which salmonids have been subjected to fisheries-induced
evolution because of non-random fisheries mortality and the additive nature of en route
mortality during the spawning migration must be considered when managing these
fisheries. For example, avoiding female-biased mortality by shifting the open season of
recreational fisheries to avoid bias against female (Pérez et al. 2005) or wild (Chapter 4)
salmon that tend to enter rivers earlier when angling is most active.
Fitness is the average reproductive contribution of a phenotype to the successive
generation (Maynard Smith 1989). Fitness is therefore not an individual metric but one
that is only comparable among phenotypes. I have discussed fitness in this thesis as a
proximate explanation for the capacity for individual spawning success, with null fitness
for individuals that die and impairments to those that do not migrate to the correct
location or at the correct time. Indeed, a successful migration is necessary for migratory
animals to realize lifetime fitness (Dingle 1980). Some salmon, however, are repeat
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spawners and have already realized some lifetime fitness (Garant et al. 2001; Halttunen et
al. 2013); therefore, an unsuccessful subsequent migration would not nullify lifetime
fitness but would reduce it. The limitation of not measuring reproductive output is
discussed throughout this thesis because it is acknowledged that this quantification is
necessary to make higher resolution conclusions about the impact of stressors at the
population scale. Physiologically, acute stressors have not been demonstrated to impact
the reproductive potential of congeneric brown trout (Pickering et al. 1987).
Investigations of egg and fry viability produced by caught-and-released salmon provided
evidence that the reproductive condition is not compromised by catch-and-release, even
when the stressor is applied late in the season proximate to the time of spawning
(Davidson et al. 1994; Booth et al. 1995) as in Chapter 4. Genetic parentage analysis by
Richard et al. (2013) corroborate the reproductive viability of salmon released by anglers;
in the Escoumins River, Canada, Atlantic salmon released by anglers comprised
important parents in the spawning population and offspring numbers have correlated to
efforts to release salmon alive (Whoriskey et al. 2000; Thorstad et al. 2003). These
studies validate the approach taken in this thesis to identify the drivers of migration
success in salmon given that survival and behaviour in response to acute stressors such as
angling appears to be the most important determinant of reproductive success given that
spawning appears to be unaffected if fish continue migrating to the appropriate time and
place of spawning. Nonetheless, further research is warranted to investigate potential
impairments to spawning or offspring quality. Most literature on salmonids has focused
on the semelparous Pacific species that are resistant to stress during reproduction
(Wingfield and Sapolsky 2003; Raby et al. 2013). Environmental (e.g. drought, high
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water temperature; Chapter 7) or anthropogenic stressors (e.g. multiple stressors; Chapter
4) could result in chronic stress of Atlantic salmon that affects reproduction or is
transferred to offspring (Boonstra 2013). Intergenerational effects of such stress may be
buffered or transferred to offspring but the information must be matched with the
environment that the offspring will encounter to ensure that the endowment is adaptive
(Boonstra 2013; Sopinka et al. 2014). Experimental approaches in spawning channels
(e.g. de Gaudemar and Beall 1998; de Gaudemar et al. 2000) could be used to investigate
treatments on spawning competition, activity, and success in situ to provide different
lines of evidence for the impact of stressors on migrating Atlantic salmon.
With suitable evidence that the physiological and behavioural capacity of Atlantic
salmon to migrate is not greatly substantially compromised by acute stress such as
fisheries capture/handling, I focused on the period encompassing only the
estuarine/freshwater migration prior to spawning. The movement, searching, and holding
phases that comprise migration are behaviours during which migratory animals encounter
barriers, exploitation, and climate change effects (Wilcove and Wikelski 2008). For
Atlantic salmon, there are many factors influencing spawning success that may be
independent of stressors encountered during the migration. Early entry into freshwater
and prior residence at spawning sites confers advantages to individuals (Tantelier et al.
2016). Richard et al. (2013) showed that early entry of one-sea winter adults was an
important predictor of reproductive output, which is why delays (Chapter 2), erratic
movement (Chapter 4), truncations (Chapter 3), and recapture (Chapter 5) may represent
legitimate costs to individual fitness potential as fish ascend to spawn. Atlantic salmon
freshwater migration is disturbed in time (Chapter 2) and space (Chapter 3, 4) by
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stressors encountered during the migration and that compensation for stressors appears to
be minimal; salmon did not exhibit a recovery profile measured by jerk activity in
Chapter 2. Collectively, this suggests tolerance to stressors encountered during the
migration with adaptations to avoid further disturbance (e.g. learned hook avoidance;
Chapter 5).
Spawning in a given year is not the ultimate measure of individual lifetime fitness
for Atlantic salmon, an iteroparous species that can spawn multiple times in its life.
Although repeat spawners tend to have less fecundity than predicted by their body size
(Garant et al. 2001), the contribution of repeat spawning salmon can be significant and
the protection of kelts is increasingly recognized as essential to salmon conservation
efforts (Saunders and Schom 1985; Reid et al. 2012; Halttunen et al. 2013). There are
some data describing the behaviour of salmon following spawning, knowing that poor
condition is a predictor of early outmigration to the sea and that smaller individuals and
females are more likely to survive for outmigration (Levesque et al. 1985; Halttunen et al.
2013). There is limited understanding of the potential carryover effects of stressors
encountered during the upriver migration that may influence the long-term survival and
repeat spawning potential of salmon. Carryover effects emerged in medical literature and
acknowledged the potential for stressors to increase susceptibility to latent stressors. In
ecology, carryover effects have been explored in diverse taxa including fish. Midwood et
al. (2015) demonstrated that an autumn stressor increased overwinter mortality of
juvenile congeners, the brown trout, preparing to smolt. Such findings suggest that
further research is necessary to investigate impacts on overwintering survival of Atlantic
salmon that encounter stressors during their spawning migration. Should stressors such as
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fisheries capture, barrier passage, or climate change influence the repeat spawning
potential of captured fish, this would represent a cost to fitness potential that has not yet
been investigated and inadequately considered. I received one report of an Atlantic
salmon tagged in Lakselva in 2016 (Chapter 4) that was recaptured by an angler in the
river in 2017 on a subsequent spawning migration, indicating that it had survived
overwintering and returned to spawn a second time. Further research is needed to
quantify the contributions of repeat spawning salmon to populations and whether
stressors such as angling could have carryover effects that affect the probability of repeat
spawning. Consecutive repeat spawners have less fecundity than predicted by their body
size and their contributions to the effective population should be more accurately
quantified and given greater consideration in salmon conservation efforts (Garant et al.
2001).

The Future of Migration

Migration is an ancestral behavioural trait of animals given that it occurs
throughout the animal kingdom (Alerstam et al. 2003). Species may adopt or abandon the
migratory phenotype as the relative fitness potential value shifts (Martin et al. 2018).
Animals strive to maximize the ratio of growth/mortality (Werner and Gilliam 1984) and
the benefits of migration must outweigh costs. Stressors may alter the benefits of
migration to some species; selection against migrants may reduce the fitness of the
migratory phenotype or individuals may have plastic responses to their environment. For
an example of the latter, some species could cease migrating as climate change improves
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annual growth potential and increases the risk of mortality (Martin et al. 2018). The
phenomenon of partial migration permits individuals within populations to decide their
fate; whether to migrate or not can depend on condition (Brodersen et al. 2008; Peiman et
al. 2017; Martin et al. 2018). However, conspecific density can also affect migration
tendencies likely because it determines the extent of resource competition (Lundberg
1988; Grayson and Wilbur 2009). Selection imposed by fisheries may additionally
threaten to alter the fitness of migratory behavioural phenotypes (Consuegra et al. 2005;
Pérez et al. 2005). Modern harvest and post-release mortality ostensibly select against
migration and could increase the fitness of residents, particularly for males that have an
alternative phenotype available in precautious maturation and reproduction. However, the
fitness of the precautious phenotype depends on the success of sneaking, which declines
in the absence of anadromous males; therefore, this evolutionary stable strategy will
likely maintain migration as a highly fit phenotype in Atlantic salmon populations despite
stressors such as fisheries and climate change (Gross 1984; Hutchings and Myers 1988).
There is also intrapopulation variation in the reaction norm for expression migration
compared to maturing without migration that is probably conserved within populations
(Piché et al. 2008). Ultimately, substantial changes to the migratory tendencies of
Atlantic salmon are unlikely but smaller scale changes may occur to salmon life history
and phenology such as shifts in run timing (Chapter 7), particularly if there is directional
artificial selection (Consuegra et al. 2005; Hard et al. 2008).
Size, age, and phenology of Atlantic salmon are partially genetic and respond to
selection and are partly environmental, a source of stabilizing selection that may
counterbalance artificial selection by fisheries (Jonsson et al. 1991a). Atlantic salmon

208

populations that are overexploited exhibit smaller average body size (and therefore sea
age at maturity; Quinn et al. 2006; Turrero et al. 2014b). Similarly, fisheries-induced
evolution resulting from harvest selection against trophy-sized Atlantic salmon may have
already made any substantial impact on the average size of fish (Turrero et al. 2014b).
Indeed, Saura et al. (2010) predicted a reduction in length and weight of each generation
of salmon exposed to selection by recreational angling. In Chapter 6, I found no effect of
length on probability of post-release mortality, suggesting that live release is unlikely to
drive fisheries-induced evolution of salmon. Harvest is therefore likely to be the most
important driver (Lennox et al. 2016b [Appendix B]).
Genetic determination of migration timing (Consuegra et al. 2005) means that the
open season for angling will influence the temporal vulnerability of salmon to
exploitation and therefore has the potential to exert a selective force on salmon fisheries
(Garcia de Léaniz et al. 1992; Consuegra et al. 2005; Pérez et al. 2005). Early entry into
freshwater extends the period of exposure to stressors including fisheries and climate
change (Pérez et al. 2005); late entry into rivers may allow fish to escape fisheries and
remain in the cooler marine water longer, with benefits to spawning if pre-spawn
mortality is sufficiently buffered (Saura et al. 2010). Large fish tend to enter earlier
(Youngson et al. 1994) and Pérez et al. (2005) showed that this difference in timing was
resulting in female-biased harvest in Spanish rivers because females initiate migration
earlier than males. Advanced maturation and smaller size is a classic symptom of
overfishing and management should be very risk averse to potential fisheries-induced
evolution of salmon (Law 2007; Hutchings and Fraser 2008; Heino et al. 2015). Large
individuals have greater fitness potential and are also more resilient to disturbance
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(Chapter 7) including those that are anticipated from climate change such as drought and
temperature increases (Hutchings and Myers 1993; Anderson et al. 2008). Juvescent
populations with smaller size at reproduction have more volatile population dynamics
that are more prone to crash and more difficult to manage (Anderson et al. 2008).
However, it is important to note that selection may be most pronounced in the at-sea
interactions of salmon (Hutchings and Jones 1998). Empirical data supporting this
include evidence that sea surface temperatures influence salmon age and phenology
(Jonsson et al. 2004; Dempson et al. 2017).
Climate change will also alter the expression of migration in Atlantic salmon (see
Otero et al. 2014; Dempson et al. 2017). In Chapter 7, I showed that increases to water
temperature in an Arctic river could select for larger sized salmon that appear more
tolerant of high water temperatures than small salmon based on swimming metabolism.
However, salmon may also adjust their behaviour to enter rivers later in the season to
avoid prolonged exposure to high temperatures and energetic depletion. Larger salmon
already enter rivers earlier than small salmon and this potentially provided a mechanism
to explain this phenomenon because small fish have less somatic energy stored to survive
prolonged starvation during migration (Niemelä et al. 2006 a, b). River warming could
increase the disparity between the run timing of large and small salmon and males and
females such that females would have even greater vulnerability to angling than males
because of their availability (Consuegra et al. 2005; Pérez et al. 2005).

Applied Perspectives
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This thesis has provided some novel fundamental perspectives about the
migration biology of Atlantic salmon and the behavioural response to stressors
encountered during the freshwater phase of migration. However, much of the content also
has substantial potential for informing management of Atlantic salmon throughout its
range. Recreational Atlantic salmon fisheries stand to benefit from scientific research in
multiple ways. Some fisheries are threatened by the conservation concerns associated
with fishing for this species at risk and data are needed to understand impacts and make
informed decisions about the future of these fisheries including regulations to ensure
sustainability. Ensuring that these fisheries are sustainable also maintains high quality
angling opportunities for stakeholders including anglers, guides, and other industry
professionals that may depend on angling tourists as part of their income (Stensland and
Baardsen 2012). Governing agencies may be obligated to provide information to anglers
so that they catch and handle fish responsibly as stewards of the resource (Pomeroy and
Berkes 1997; Brownscombe et al. 2017a).
Collectively, this thesis reveals several details about the biology of Atlantic
salmon exposed to recreational angling. Importantly, I present what I believe to be the
most robust and reliable estimate of Atlantic salmon mortality in recreational fisheries in
(Chapter 6) as well as estimates that extend into the fall (Chapter 4). I have discussed the
evolutionary implications of this in the previous section, but from a management
perspective this provides important evidence that salmon released by anglers can be
expected to survive. Survival in these recreational fisheries remains one of the most
contentious issues related to the management of the fishery and the results of Chapter 6
inspired a popular media article in the Atlantic Salmon Journal (Vol. 66 No. 4; Lennox
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2018 [Appendix A]) communicating the findings to stakeholders. Indeed, debate about
survival is the reason so much effort has been expended researching this specific topic
and inspired me to collaborate on a model that could explain factors associated with
mortality throughout the range (Chapter 6). The finding that seven percent of salmon
released with electronic tags were concluded to have died following catch-and-release
provides a reliable estimate of delayed mortality that should be supplemented with local
estimates of immediate mortality that are easy to obtain from anglers. Although there was
some selection bias associated with removing fish deemed to be moribund (consistent
with local regulations in Norway), I found that hooking in critical locations and bleeding
were not significant predictors of post-release mortality and that anglers should use their
judgement when they retrieve a salmon in such condition and not assume that the fish is
destined to die. The finding that water temperature was a significant predictor of postrelease mortality was consistent with other literature on Atlantic salmon (Dempson et al.
2002; Havn et al. 2015) and can be applied by managers to develop estimates of delayed
mortality based on the temperature regime in their local river. My effort to quantify
mortality also extended to late-season angling in the Norwegian surveillance fishery
(Chapter 4). Surveillance fishing is a relatively inexpensive and low impact method of
maintaining records on the extent of farmed salmon intrusion in Norwegian rivers. In
addition to providing applications to the management of recreational fisheries, this thesis
has also provided an answer to a relevant question about the use of surveillance fishing as
a monitoring tool, demonstrating that high survival of released salmon corroborates its
implementation (Chapter 4).
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Sublethal effects of stressors are now widely contemplated in fisheries (Wilson et
al. 2014). Stressors can impart fitness, life history, or population effects such as
diminished fecundity, delayed phenology (as observed here; Chapter 2, 3), or reduced
abundance. I explored sublethal effects and discussed how these affect individual fitness
potential. From the perspective of fisheries management, it is relevant to understand that,
despite high survival, angling and other exploitative activities do have costs that must be
reconciled and mitigated (to the extent that it is possible) to achieve sustainability. One
way to do so is through regulations that limit fishing effort. A large proportion of the
migratory run can be captured by anglers (Erkinaro et al. 1999; Twardek et al. 2018) and
if sublethal effects of angling result in population-level impacts, rivers with small
populations or high availability of salmon may consider implementing regulations to
limit the vulnerability of salmon to angling.
One area I did not explore in depth was recapture of salmon in the recreational
fisheries. However, an important finding was that released salmon go on to be captured
multiple times by anglers, in some ways increasing the population of fish available to
anglers and improving the fishing experience for participants (Chapter 5). Of course,
increased abundance owing to high survival of released salmon (Chapter 6) would
suggest that catches should be greater when salmon are released. In Chapter 3, 18% of
the tagged salmon were recaptured by anglers (one of which was recaptured twice). In a
more spatially and temporally broad sample (multiple rivers in two years), 14% were
recaptured (Chapter 5). Apparently, a released salmon is more likely to be recaptured
than to suffer delayed mortality. Of course, there are unknown costs to salmon being
captured multiple times and it is uncertain whether such repeated stressors could have
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multiplicative impacts on physiology or induce a more protracted stress response. Based
on the analysis in Chapter 5, recapture is facilitated using multiple gear types given that
salmon appear to avoid recapture by familiar gear types and management could use this
information to manipulate vulnerability, which is an individual phenotype incorporating
cognitive, physiological, behavioural, and environmental variables (Lennox et al. 2017b
[Appendix D]). Fisheries management that capitalizes on understanding variable
vulnerability of fish can improve sustainability by altering catches by changing angler
behaviour. In Lennox et al. (2016b [Appendix B]), I worked with data from Norway
investigating the impact of different regulation types on the harvest rates of salmon in the
fisheries. The distinction between harvest and release was beyond the scope of this thesis.
However, it does provide relevant context to the contributions of my work to
management of the fishery.
A final note on the applied perspectives offered by this thesis must consider the
social dynamics associated with fisheries management and regulation. In recent years,
this has been an exciting and accelerating topic of research to understand stakeholder
perspectives in fisheries. Having provided relatively thorough evidence that survival from
catch-and-release is high and that angler utility can be augmented by the recapture of
released fish (Chapter 5), it is tempting to conclude that incorporating catch-and-release
should be logical for conservation. However, this would discount perspectives of human
dimensions and the utility anglers derive from different aspects of the fishing experience.
Olaussen and Liu (2011) found that the utility of Atlantic salmon to anglers in Norway
depends on their origin, with wild stocks significantly more valuable than those that have
been invaded by escaped farmed fish. Subsequently, Olaussen (2016) observed that up to
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80% of the utility of Atlantic salmon fishing may be lost to Norwegian anglers in rivers
where catch-and-release is mandatory. This is a fascinating contribution that was beyond
the scope of my own thesis but provides essential context to managers considering the
biological results of my work. As complex sociobiological systems, recreational fisheries
must reconcile the biological and economic sustainability to persist. Declines in
willingness to pay for fishing in rivers where harvest is eliminated may reduce the many
benefits that recreational fisheries are believed to have for wild salmon and other species
at risk that may become vulnerable to poaching should recreational fishing disappear
(Cooke et al. 2014).
Crossin et al. (2017) recently reviewed the contributions of telemetry to fisheries
management. One of the most relevant contributions that telemetry can make is assisting
in the calculation of key demographic parameters such as natural and fishing mortality
that are necessary to evidence-based fisheries management (e.g. Beamesderfer and North
1995). However, Young et al. (2017) discussed challenges to mobilizing knowledge from
biotelemetry studies into policy and management. In their third case study, they discussed
how knowledge of catch-and-release mortality of migratory salmonids in the Fraser
River, Canada was disfavoured compared to the “socially robust” and smaller proportion
of mortality already in place. Uncertainty about findings in biotelemetry studies is
apparently a barrier to operationalizing research such as mine into management. Crossin
et al. (2017) advocated for co-creation of research with relevant stakeholders, which I
pursued by having a close collaboration with the river manager in Lakselva, where data
for Chapters 3-7 were entirely or in part collected. This was a beneficial model because
the river manager represents the interests of landowners who are the primary stakeholders
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in the fishery. Working directly with visiting anglers to collect data for these chapters
provided opportunities to discuss the project provided access to secondary stakeholders,
an important opportunity for ensuring the project was reaching different users of the
resource.

Thesis Conclusions

According to Forseth et al. (2017), exploitation represents a stable and relatively
small threat to Atlantic salmon compared to other challenges, especially related to the
expanding aquaculture industry. Yet, there are still relatively prominent voices that
explicitly fault recreational angling as the cause of salmon declines, for example a recent
perspective in the Newfoundland and Labrador newspaper The Telegram by Memorial
University Chair of Aquaculture Programs Cyr Couturier (Couturier 2017). My thesis,
however, provides empirical evidence against long-term negative impacts of recreational
angling, especially where catch-and-release is implemented (see Lennox 2018 [Appendix
A]). In rivers where harvest is permitted, accurate demographic data and risk-averse
models can be implemented to ensure that appropriate regulations are in place to
minimize impacts. More poorly understood threats (according to Forseth et al. 2017) such
as hazardous substances, predation, introduced species, and infections could be explored
using similar approaches as applied in this thesis, at least in the fresh water phase of the
migration to evaluate whether they affect migration success or lead to failure. This thesis
therefore provides a flexible framework with which to investigate the impacts of stressors
that could be generalized to other stressors on Atlantic salmon. Indeed, the format could
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also be applied to other taxa or conservation threats to make determinations. My
approach to use metrics such as activity (measured by jerk, Chapter 2), migration timing
(Chapter 2), migration distance (Chapter 3), survival (Chapter 4, 6), and recapture
(Chapter 5) as well as bioenergetic modelling of energy depletion (Chapter 7) provides a
generalizable format for investigating the impacts of any stressor on migratory animals
using biotelemetry and biologging that could be extended to many other aquatic or even
terrestrial animals. Just as I concluded frequent survival but delayed and truncated
migrations attributable to recreational angling and energy depletion associated with
warming, so could the effect of other putative stressors such as infection be tested to
determine impacts on migration success and the ability to progress through migratory
corridors to breeding habitat of other migratory animals confronting anthropogenic
stressors. This model may also be applied to extend beyond the spawning migration to
evaluate impacts and develop robust frameworks for understanding and managing
sensitive animals globally.
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Appendix A. Atlantic Salmon Journal Article on Atlantic salmon catch-and-release
science

Few topics in recreational fisheries remain as controversial as catch-and-release, a
term that means many things to different people, from animal ethics to obeying local laws
or regulations. To scientists and managers, catch-and-release simply refers to any
component of the recreational catch that is not retained. There is catch-and-release in all
recreational fisheries, whether it is releasing fish that could be legally harvested for
conservation reasons, releasing large ones outside of a legal slot size, or releasing nontarget species. All these scenarios apply to recreational Atlantic salmon fisheries where
there may be quotas, slot limits, or other fisheries (e.g. anadromous brown trout in
Europe) that result in some salmon being released even by anglers intending to harvest
some fish.
The scientific motivation to study catch-and-release arises from the need for
informed management of salmon. Estimating the number of salmon migrating up a river,
the number that are captured by anglers, the proportion of the captured fish that are
harvested, and knowing the rate at which released salmon die because of stress or injury
from the capture event is critical to management. It is the job of scientists and managers
to work with anglers to generate these numbers to ensure that the salmon population can
withstand angling pressure in the current season so that enough reproduction occurs so
that angling, both angling for harvest and angling with the intention of releasing, can
continue in the future.
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Atlantic salmon are among the most important recreational fish species; however,
the productivity of recreational fisheries in many countries have declined. It is important
to be clear that Atlantic salmon are at risk independent of the recreational fishery;
stressors including commercial fishing, invasive species (e.g. Gyrodactylus salaris
parasite), and habitat alteration (e.g. increasing temperature and acidity, damming or
channelization of rivers, siltation) have all contributed to declines in Atlantic salmon
populations.
Recreational harvest is rarely the cause of imperilment of Atlantic salmon
populations. Nonetheless, the recreational fishing sector in most rivers is the final stressor
that Atlantic salmon encounter prior to spawning. The fish that reach the rivers have
survived the downstream migration, occasionally through dams, evaded predators and
fisheries in the ocean, and are months away from reaching spawning sites to reproduce.
As a result, the recreational fishery has the potential to substantially alter the proportion
of salmon that spawn successfully in rivers relative to the count of salmon that enter the
river.
Estimates of the number of salmon captured by anglers in recreational fisheries
are variable Gudjonsson et al. (1996) estimated that up to 70% of grilse and 85% of multi
sea winter salmon could be captured by anglers in the Icelandic River Nupsa. Whoriskey
et al. (2000) estimated that 10.4-19% of Atlantic salmon entering the Russian Ponoi
River were captured by anglers. This suggests that recreational anglers can have
significant impacts on the Atlantic salmon spawning population at such high exploitation
levels, particularly considering that it does not include salmon that are hooked and not
landed (anglers will acknowledge that there are many such fish that never make it to the
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hand!). Figures such as these suggest that studying catch-and-release is essential to the
study of Atlantic salmon and the management of their populations in rivers.
Interest in Atlantic salmon catch-and-release has endured since the 1800s when
Richard Nettle discussed the importance of returning captured salmon to the water. Lee
Wulff suggested that these gamefish are too important to be captured only one time, and
there is good evidence that many salmon that are released may be recaptured by anglers,
literally living to fight another day. Although marking salmon that are released with small
plastic tags is effective for demonstrating that salmon may survive catch-and-release, it
does not provide any accurate information about the incidence of survival of salmon
captured by anglers because many will survive but not be recaptured.
The question of Atlantic salmon survivorship in recreational fisheries has been
studied throughout the range of salmon since the 1990s using a variety of techniques,
beginning with simulations of angling and subsequent holding in submerged cages
underwater (100% in Booth et al. 1995; 88% in Brobbel et al. 1996; 88% in Dempson et
al. 2002). However, study designs that hold fish can stress them, increasing the mortality,
or may protect them from predators such as seals or birds that may take advantage of a
weakened salmon, decreasing the validity of such predictions. Electronic tagging studies
were therefore undertaken to track the migration of salmon after release by anglers.
Electronic tags transmit radio signals or acoustic beacons to receivers that detect the tag
and the unique ID code associated with the fish.
Electronic tagging is effective for studying post-release survival of fish in
recreational fisheries because the fish are free swimming, although the additional stress
caused by the tagging procedure may increase mortality. Tagged salmon that are released
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are then tracked in the river with receivers and the positions can be plotted to analyze the
movement patterns exhibited by the released salmon. Salmon that die following release
generally are tracked downstream of the release location and do not move throughout the
season. Tags that move within the river can confidently be considered to represent fish
that have survived catch-and-release. Any uncertainties about the survivors can be solved
by tracking the tag to a point in the river and snorkelling to visually confirm whether the
tag is still attached to a live salmon; I have found this technique to be highly effective to
ensure that there are accurate estimates of catch-and-release survival.
Electronic tagging studies have been carried out in rivers around the world to
determine how many released Atlantic salmon survive. These studies rely on
collaboration and cooperation with local anglers that volunteer to release fish with
electronic tags, meaning that many of the fish tagged and followed in these studies are
captured and handled by normal anglers that hook, fight, handle, and photograph their
catch in a natural setting (although it must be acknowledged that they may modify their
behaviour to some extent knowing that they are being watched by scientists). Across
studies that have used electronic tags to follow Atlantic salmon released by recreational
anglers, most Atlantic salmon survive but there is some mortality of released salmon,
generally less than 10%. This provides compelling evidence that Atlantic salmon are
resilient to catch-and-release in recreational fisheries. Further evidence of the hardiness
of Atlantic salmon to this stressor has been provided by Davidson et al. (1994) and Booth
et al. (1995), which appraised the quality of eggs and fry produced by Atlantic salmon
exposed to simulated recreational fishing compared to a group of salmon not exposed to
recreational angling, finding no difference. Richard et al. (2013) used genetic markers in
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fry in the Escoumins River to demonstrate that captured Atlantic salmon produced similar
numbers of progeny to uncaptured salmon.
The story on catch-and-release of Atlantic salmon is remarkably consistent for
recreational fisheries. However, I perceived a need for information that anglers could use
to inform their fishing and handling practices when preparing to release Atlantic salmon
and managers could use to provide evidence-based advice to anglers. I assembled a team
of scientists to compile the catch-and-release data from Atlantic salmon tagging studies
around the world to analyze the data to understand what the key risk factors were that
most frequently contributed to mortality of Atlantic salmon; my rationale being that if I
could identify factors that significantly contributed to post-release mortality in the
recreational fishery, the information could be communicated to anglers, guides, and
managers to ensure that anglers were aware of the potential hazards in capturing or
handling Atlantic salmon in recreational fisheries.
Our team included scientists from the Norwegian Institute for Nature Research,
the Quebec Ministry of Forests, Fauna, and Parks (Ministère des forêts, de la faune, et
des parcs), River Dee Trust, Belfast Agrifood and Biosciences Institute, and Inland
Fisheries Ireland to share data from studies in which Atlantic salmon were captured by
angling, tagged with electronic transmitters, released, and tracked within the river. I
collected the metadata associated with the fishing, including the time of year, water
temperature, fish size, playing time, hook location, bleeding, and fishing gear type (flies,
lures, or bait) to determine whether any of these factors contribute to the mortality of
Atlantic salmon. In my sample, I had 512 Atlantic salmon captured and tracked in 12
rivers throughout their range ranging in size from 44 to 122 cm total length. Among these
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tracked fish, only 34 died, a survival of 93%. I developed a statistical model to evaluate
whether the time of year (date), hook location (shallow or deep hooked), gear type (fly,
lure, or bait), play time, or water temperature at capture was a predictor of mortality.
Using these studies in combination allowed us to have a large sample size for a more
effective model, an advantage over any of the previous studies on Atlantic salmon catchand-release mortality in which sample size was too low individually to identify
significant predictors.
I found that there was no effect of the time of year, size, playing time, or hooking
location on mortality but that water temperature was a significant predictor of mortality,
suggesting that when water temperatures become elevated the mortality of Atlantic
salmon increased. I also found that salmon captured with bait (worms or shrimp) were
more likely to die after release than those captured by lures or flies. Although most of
these fish were lifted out of the water following capture, I did not have consistent
numbers on the duration of air exposure so I could not include it in my models. What is
known is that all fish are sensitive to air exposure to some extent and that prolonged air
exposure will result in mortality, however, the threshold is highly species specific and is
greatly affected by water temperature. Underwater photographs of Atlantic salmon are a
precautious approach to handling salmon and improving the chances of survival. Antoine
Richard included air exposure in a study of Atlantic salmon catch-and-release and found
that air exposure had a large potential impact on the reproductive output of salmon
(Richard et al. 2013).
In general, recreational fisheries that cannot sustain any post-release mortality
would be considered unsustainable and such rivers would be highly vulnerable to any
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fishing activities, whether they are harvest or catch-and-release. In rivers with small
populations that could not likely sustain harvest from recreational angling. Fisheries
managers must have accurate data in order to effectively govern salmon stocks, including
evidence of salmon survival in recreational fisheries. Understanding the likelihood of
mortality of salmon that are released can be used to estimate the total spawning stock and
is particularly useful in rivers with accurate estimates of the number of fish that enter the
river, from which the harvested salmon can be subtracted along with the proportion of
fish estimated to die from catch-and-release.
The research on this topic has been remarkably consistent across rivers, nations,
years, and size classes of Atlantic salmon, suggesting that most salmon released by
anglers can be expected to survive and also reproduce. The impacts of catch-and-release
on Atlantic salmon, however, depends greatly on the context including the population
structure of salmon in the river and the number of individuals that are harvested. The
opinion of individuals may also differ, some perhaps believing that any post-release
mortality of salmon is unacceptable on ethical grounds; these opinions are legitimate and
an important component of a civil, balanced, and fair discussion of management.
However, there must be no misinformation about the facts as it pertains to the survival of
Atlantic salmon released by recreational anglers given proper handling (i.e. seasonal
water temperatures, not bleeding from gills, brief air exposure prior to release) because it
is overwhelmingly clear that salmon do survive.
How these data are used moving forward is a topic for further discussion, one that
requires engagement with many different stakeholders with an interest in the fishery.
Generally, however, the findings about Atlantic salmon suggest that catch-and-release
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has great potential to be an effective component of an Atlantic salmon management plans
in rivers with healthy stocks throughout their native range.
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Appendix B. Abstracts of relevant Atlantic salmon publications

Lennox, R. J., Thorstad, E. B., Diserud, O.H., Økland, F., Cooke, S. J., Aasestad, I., and
Forseth, T. (In Press). Internal and external determinants of speed and behaviour of
adult Atlantic salmon transiting waterfalls. River Research and Applications, 00,
00-00.

The spawning migration of Atlantic salmon has been characterized by tracking salmon
carrying electronic tags as they ascend rivers but still little is known about how natural
obstacles such as waterfalls influence migratory behaviour and how such behaviours are
mediated by various biotic (e.g. fish size) and abiotic (e.g. discharge, water temperature,
barometric pressure) factors. The Norwegian river Numedalslågen is interrupted by natural
waterfalls ranging in height from 2 to 6 m. We tagged 113 Atlantic salmon with radio
transmitters in the estuary and used stationary radio telemetry stations to track fish. Ninetyone salmon were recorded in Numedalslågen, 39 of which remained in the river for
spawning. Large salmon moved farther and faster upriver but also delayed longer and had
lower daily probability to pass the second waterfall. Delay below and passage probability
at the final, largest waterfall was affected by water discharge, wherein passage occurred
when discharge was declining. Barometric pressure also influenced daily probability of
ascent, albeit in opposite directions for each waterfall. Importantly, we also found that
salmon with surgically implanted radio transmitters moved farther upriver on average and
delayed less time below one of the waterfalls than those with externally attached
transmitters. Although there is variance in timing arising from individual decision making,
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we showed that natural waterfalls delay progress of Atlantic salmon on their spawning
migration and that both biotic (i.e. size) and abiotic (i.e. barometric pressure, discharge)
factors influenced the salmon’s decisions to pass waterfalls that they encounter.

Lennox, R. J., Falkegård, M., Vøllestad, L. A., Cooke, S. J., and Thorstad, E. B. (2016).
Influence of harvest restrictions on angler release behaviour and size selection in a
recreational fishery. Journal of Environmental Management, 176, 139-148.

Fishing regulations such as harvest restrictions are implemented to limit the exploitation of
many fish stocks and ensure the sustainability of fisheries. In Norway, inland recreational
fisheries are co-managed by the government and by local riparian rights holders, meaning
that Atlantic salmon Salmo salar harvest restrictions differ somewhat among rivers. Data
from Norwegian rivers from 2009 to 2013 were used to test for variation in the proportion
of salmon released by anglers and the relative size of salmon harvested and released by
anglers in rivers that had varying harvest restrictions in terms of quotas, size restrictions,
and/or female harvest restrictions. The proportion of the catch released by anglers was
higher in rivers where there were harvest restrictions (proportion released = 0.09–0.24)
than in rivers with no such restrictions (proportion released = 0.01). On average, salmon
released in rivers with size restrictions larger (average mass difference between harvested
and released salmon = −1.25 kg) than those released in rivers without harvest restrictions
(difference = 0.60 kg). The proportion of the catch released was larger in rivers with
seasonal quotas (0.29) than in rivers with daily (0.07) or collective (i.e. total catch for the
river; 0.06) quotas. Rivers with low daily (one salmon per angler per day) or seasonal (<5
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salmon per angler per year) quotas had a larger proportion of salmon released (0.23, 0.38,
respectively) than rivers with moderate (0.10, 0.21) or high (0.07, 0.16) quotas. High
seasonal quotas resulted in larger individuals harvested than released (difference = 1.16
kg), on average, compared to moderate (1.22 kg) and high seasonal quotas (−0.30 kg). We
conclude that harvest restrictions influenced the extent to which fish were released and thus
the stock composition (i.e. size distribution) escaping the recreational fishery with the
potential to spawn.

Lennox, R. J., Uglem, I., Cooke, S. J., Næsje, T. F., Whoriskey, F. G., Havn, T. B.,
Ulvan, E. M., Solem, Ø., and Thorstad, E. B. (2015). Does catch-and-release
angling alter the behaviour and fate of adult Atlantic salmon during upriver
migration? Transactions of the American Fisheries Society, 144(2), 400-409.

To reproduce, Atlantic Salmon Salmo salar return to freshwater rivers and migrate upriver
to spawning areas. This migration is the basis for recreational fisheries, which for
conservation reasons are increasingly characterized by catch-and-release angling. The
effectiveness of catch and release for Atlantic Salmon conservation is contingent on the
ability of individuals to recover from angling, resume migration, and reach spawning
grounds at appropriate times. We monitored 27 caught and released Atlantic Salmon in
River Gaula in 2013, a prominent and relatively pristine Norwegian river, by affixing
external radio transmitters to them. Those fish were compared with a control group of 33
individuals caught and radio-tagged at sea in bag nets before river entry. Whereas none of
the control fish died during the study period, there were three mortalities among the caught-
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and-released fish (11%; significant difference). All mortalities were qualitatively
associated with poor angler care, emphasizing the responsibility of anglers in practicing
effective catch and release of Atlantic Salmon. Both control and caught and released
Atlantic Salmon spent similar time resting below and in transiting a large natural barrier to
migration, an 80-m gorge. The angled and released Atlantic Salmon were distributed in
similar locations throughout the river during the spawning season compared with control
fish, but those caught and released later in the season appeared to migrate shorter total
distances than control fish. Among the caught and released Atlantic Salmon, 17% were
recaptured by anglers, which was similar to the rate of recapture of the control fish (21%).
Ultimately, individual and population fitness was not likely to be significantly
compromised as a result of catch and release because individuals were recorded in
spawning areas at appropriate times. Catch and release can therefore be considered a
tenable strategy for balancing the costs and benefits associated with the recreational
fishery.
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Appendix C. Abstracts of non-thesis publications from graduate courses

Lennox, R. J., Chapman, J. M., Souliere, C. M., Tudorache, C., Wikelski, M., Metcalfe,
J. D., and Cooke, S. J. (2016). Conservation physiology of animal migration.
Conservation Physiology, 4(1), cov072.

Migration is a widespread phenomenon among many taxa. This complex behaviour enables
animals to exploit many temporally productive and spatially discrete habitats to accrue
various fitness benefits (e.g. growth, reproduction, predator avoidance). Human activities
and global environmental change represent potential threats to migrating animals (from
individuals to species) and research is underway to understand mechanisms that control
migration and how migration responds to modern challenges. Focusing on behavioural and
physiological aspects of migration can help to better understand, manage, and conserve
migratory populations. Here we highlight different physiological, behavioural, and
biomechanical aspects of animal migration that will help us to understand how migratory
animals interact with current and future anthropogenic threats. We are in the early stages
of a changing planet and our understanding of how physiology is linked to the persistence
of migratory animals is still developing. Therefore, we regard the following questions as
being central to the conservation physiology of animal migrations: Will climate change
influence the energetic costs of migration? Will shifting temperatures change the annual
clocks of migrating animals? Will anthropogenic influences have an effect on orientation
during migration? Will increased anthropogenic alteration of migration stopover
sites/migration corridors affect the stress physiology of migrating animals? Can
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physiological knowledge be used to identify strategies for facilitating the movement of
animals? Our synthesis reveals that given the inherent challenges of migration, additional
stressors derived from altered environments (e.g. climate change, physical habitat
alteration, light pollution) or interaction with human infrastructure (e.g. wind or hydrokinetic turbines, dams) or activities (e.g. fisheries) could lead to long-term changes to
migratory phenotypes. However, uncertainty remains given the complexity of biological
systems, the inherent dynamic nature of the environment, and the scale at which many
migrations occur and associated threats operate, necessitating improved integration of
physiological approaches to the conservation of migratory animals.

Lennox, R. J., Blouin-Demers, G., Rous, A. M., and Cooke, S. J. (2016). Tracking
invasive animals with electronic tags to assess risks and develop management
strategies. Biological Invasions, 18(5), 1219-1233.

Invasive species alter ecosystem structure and function when they establish in new habitats.
Although preventing or managing invasions is extremely important for maintaining
biodiversity, doing so is difficult and requires efficient intervention. Remote monitoring of
free-living animals with electronic tags (i.e. tags that transmit data remotely or log them
for future retrieval) can contribute important knowledge about invasive animal biology. A
quantitative literature review identified instances in which electronic tagging has
contributed to studying invasions. Electronic tags were generally used for one of four
purposes: (1) characterize spatial ecology; (2) identify interactions; (3) assess risk
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potential; or (4) evaluate management options. Overall, electronic tags have considerable
potential for developing, refining, and evaluating invasion management strategies that
contribute to conservation efforts. We explore the role of electronic tags as a component
of integrated control program design and implementation for invasive animals.

Lennox, R. J., Choi, K., Harrison, P. M., Paterson, J. E., Peat, T. B., Ward, T. D., and
Cooke, S. J. (2015). Improving science-based invasive species management with
physiological knowledge, concepts, and tools. Biological Invasions, 17(8), 22132227.

Biological invasions are a prominent factor contributing to global biodiversity loss. As a
result, managing invasive species is a priority for many conservation scientists and natural
resource managers. Invasive species management requires a multidisciplinary approach
and there is increasing recognition that physiology can be used to inform conservation
efforts because physiological processes underlie an individual’s response to its
environment. For example, physiological concepts and tools can be used to assess the
impacts of invasive animals on their new ecosystems, to predict which animal species are
likely to become invasive, to prevent the introduction of nonnative animals, and to control
incipient or established invasions. To evaluate whether physiology is integrated within
invasion science, the journal Biological Invasions was surveyed for a quantitative literature
review. To determine how physiology is used to inform invasion science and which
subdisciplines of physiology are particularly relevant to invasive animal management, the
broader invasion literature was also reviewed to identify examples where physiology has
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contributed to studying and managing invasive animals. Only 6 % of articles published in
Biological Invasions incorporated physiological knowledge or tools, mostly for the
purposes of identifying traits associated with species invasiveness (i.e. prediction).
However, the broader literature indicated that successful invasive species research and
management can be supported by fundamental and applied physiological research for
assessing, predicting, preventing, and controlling invasive animals. Development of new
techniques and increased availability of equipment for remote or rapid monitoring of
physiology in the field will increase opportunities for integrating physiology within
invasion science.

Chapman, J. M., Algera, D., Dick, M., Hawkins, E. E., Lawrence, M. J., Lennox, R. J.,
Rous, A. M., Souliere, C. M., Stemberger, H. J. L., Struthers, D. P., Vu, M., Ward,
T. D., Zolderdo, A. J., and Cooke, S. J. (2015). Being relevant: practical guidance
for early career researchers interested in solving conservation problems. Global
Ecology and Conservation, 4, 334-348.

In a human-altered world where biodiversity is in decline and conservation problems
abound, there is a dire need to ensure that the next generation of conservation scientists
have the knowledge, skills, and training to address these problems. So called "early career
researchers" (ECRs) in conservation science have many challenges before them and it is
clear that the status quo must change to bridge the knowledge-action divide. Here we
identify thirteen practical strategies that ECRs can employ to become more relevant. In this
context, "relevance" refers to the ability to contribute to solving conservation problems
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through engagement with practitioners, policy makers, and stakeholders. Conservation and
career strategies outlined in this article include the following: thinking 'big picture' during
conservation projects; embracing various forms of knowledge; maintaining positive
relationships with locals familiar with the conservation issue; accepting failure as a viable
(and potentially valuable) outcome; daring to be creative; embracing citizen science;
incorporating interdisciplinarity; promoting and practicing pro-environmental behaviours;
understanding financial aspects of conservation; forming collaboration from the onset of a
project; accepting the limits of technology; ongoing and effective networking; and finally,
maintaining a positive outlook by focusing on and sharing conservation success stories.
These strategies move beyond the generic and highlight the importance of continuing to
have an open mind throughout the entire conservation process, from establishing one's self
as an asset to embracing collaboration and interdisciplinary work, and striving to push for
professional and personal connections that strengthen personal career objectives.
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Appendix D. Abstracts of non-thesis publications

Lennox, R. J., Økland, F. Mitamura, H., Cooke, S. J., and Thorstad, E. B. (In Press).
European eel Anguilla anguilla compromise speed for safety in the early marine
spawning migration. ICES Journal of Marine Science, 00, 00-00.

There are substantial benefits to potential fitness conferred to animals that undertake
migrations. However, animals must make compromises to maximize survival and
compensate for the risks associated with long-distance movement. European eel (Anguilla
anguilla), a migratory catadromous fish, has undergone population declines owing to
changes in marine and freshwater habitat and interactions with human infrastructure,
instigating research to investigate the mechanisms controlling their migration. Yellowphase European eels from the local River Opo and silver-phase European eels transplanted
from River Imsa, Norway were implanted with acoustic transmitters and released within a
network of receiver stations in the Hardangerfjord, Norway. Silver-phase eels exhibited
more movement within the array than yellow-phase eels, signifying the onset of migration.
Silver-phase eels moved through the fjord nocturnally, arriving at gates predominantly at
night. Eels had slower rates of migration than expected based on models predicting
continuous movement, suggesting that movement ceased during daylight hours. Reduced
net rates of travel supported the hypothesis that eels compromise speed for safety during
the early marine migration by avoiding predators and not actively migrating during
daylight. The silver eels were capable of directed movement towards the ocean and were
not recorded by receivers in bays or dead ends. European eels must successfully transit this
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coastal zone, where their residence is prolonged because of the relatively slow speeds.
These results suggest that the early marine phase of the European eel spawning migration
be a focal period for European eel conservation efforts.

Lennox, R. J., Gallagher, A. J., Ritchie, E. G., and Cooke, S. J. (In Press). Evaluating the
efficacy of predator removal in a conflict-prone world. Biological Conservation, 00,
00-00.

Predators shape ecosystem structure and function through their direct and indirect effects
on prey, which permeate through ecological communities. Predators are often perceived as
competitors or threats to human values or well-being. This conflict has persisted for
centuries, often resulting in predator removal (i.e. killing) via targeted culling, trapping,
poisoning, and/or public hunts. Predator removal persists as a management strategy but
requires scientific evaluation to assess the impacts of these actions, and to develop a way
forward in a world where human-predator conflict may intensify due to predator
reintroduction and rewilding, along with an expanding human population. We reviewed
literature regarding predator removal and focused on identifying instances of successes and
failures. We found that predator removal was generally intended to protect domestic
animals from depredation, to preserve prey species, or to mitigate risks of direct human
conflict, corresponding to being conducted in farmland, wild land, or urban areas. Because
of the many different motivations for predator removal, there was no consistent definition
of what success entailed so we developed one with which to assess studies we reviewed.
Research tended to be retrospective and correlative and there were few controlled
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experimental approaches that evaluated whether predator removal achieved its stated
objectives, making formal meta-analysis impossible. Predator removal appeared to only be
effective for the short-term, failing in the absence of sustained predator suppression. This
means predator removal was typically an ineffective and costly approach to conflicts
between humans and predators. Improved incorporation of ecosystem perspectives that
consider the role of the predator in the ecosystem and how removal might affect prey
species and mesopredators after predator removal, species-specific approaches to
management that recognise demographic processes, use of experimental studies/simulation
modelling prior to implementation, and consideration/adoption of possible alternative
actions, all offer potential benefits for pathways towards more effective and long-term
resolution of human-predator conflict.

Lennox, R. J., Brownscombe, J. W., Cooke, S. J., and Danylchuk, A. J. (In Press). Postrelease behaviour and survival of recreationally-angled arapaima (Arapaima cf.
arapaima) assessed with accelerometer biologgers. Fisheries Research, 00, 00-00.

Recreational fisheries are increasingly important sectors of tourism-based economies. In
the last decade, new recreational fisheries have emerged that target species of varying
conservation status including vulnerable, endangered, and unassessed species. In Guyana,
catch-and-release angling tourism has begun to target arapaima, a genus of giant obligatory
air-breathing fishes. Given the uncertain conservation status of this species and that no
information is available to evaluate the sustainability of this activity, we sought to describe
the responses of arapaima to recreational angling. We harnessed tri-axial accelerometer
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biologgers around the trunk of fish that had been captured and released by recreational
anglers, allowing us to monitor post-release survival and behaviour, including surfacing,
which is essential for this air-breathing fish to recover from exhaustion. Twenty-seven
individuals were instrumented (162 ± 25 cm), 24 of which were considered survivors
(89%) during the 47 ± 35 (SD) min monitoring period. Fish that died were observed to
drown soon after release (i.e. within minutes), not surfacing to breathe air. Supervised
machine learning classification of behaviours using a random forest algorithm identified
surfacing events with 80% accuracy (i.e. out-of-bag error rate = 20%), which we applied
to unobserved data to estimate breathing frequency after release, along with overall
dynamic body acceleration (ODBA) as a proxy for activity. Neither mean breathing
frequency nor ODBA were related to body size (total length), handling time (which
incorporated facilitated recovery of individuals), nor time of capture (early or late in the
dry season spanning water temperatures of 29.3 to 34.1 °C). The precise angling-related
factors that led to arapaima mortality were unclear, but the frequency of mortality aligns
with the mortality documented in other recreational fisheries. This mortality source can be
incorporated into conservation plans and provide context to the impacts of recreational
angling relative to the costs of legal or illegal harvest.

Lennox, R. J., Twardek, W., and Cooke, S. J. (In Press). Observations of Mudpuppy
bycatch in a recreational ice fishery in northern Ontario. Canadian Field Naturalist,
00, 00-00.
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Bycatch in fisheries is a well-explored topic. Although bycatch in recreational fisheries is
relatively rare and poorly addressed, we encountered frequent bycatch of mudpuppy
Mudpuppy (Necturus maculosus), a neotenic aquatic salamander that is active in
wintertime, while targeting teleost fishes with passively baited ice fishing gear. We noted
the anatomical hook location of mudpuppies captured by two different hook types, J-hooks
and circle hooks. Our prediction was that circle hooks would reduce the frequency of deep
hooking of mudpuppies, which is often cited as an important predictor of post-release
mortality in fisheries. We found no difference in the frequency of deep hooking for
mudpuppies captured by circle or J-hooks, although a subset of mudpuppies, N = 13, held
for 24 h after captured revealed one mortality (8%). Further research may be necessary to
determine whether deeply hooked mudpuppies can pass or shed hooks and survive beyond
the 24 h period we monitored for, but our findings suggest that anglers and managers should
seriously consider refinements to the handling practices of mudpuppies captured as bycatch
because they are likely to survive if handled cautiously. These results are among the first
describing non-fish bycatch in recreational fisheries and call attention to managers and
anglers that encounter mudpuppies during recreational fishing to seek more information
and educational opportunities to improve the fate of mudpuppies, an important component
of temperate freshwater ecosystems and an ecological indicator species, that are
incidentally captured by ice angling.
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Lennox, R. J., Engler-Palma, C., Kowarski, K., Filous, A., Whitlock, R., Cooke, S. J.,
and Auger-Méthé, M. (In Press). Optimizing marine spatial plans with animal
tracking data. Canadian Journal of Fisheries and Aquatic Sciences, 00, 00-00.

Marine user-environment conflicts can have consequences for ecosystems that negatively
affect humans. Strategies and tools are required to identify, predict, and mitigate such
conflicts between marine anthropogenic activities and marine wildlife. Estimating
individual, population, and species-scale distributions of marine animals has historically
been challenging, but electronic tagging and tracking technologies (i.e. biotelemetry and
biologging) and analytical tools are emerging that can assist marine spatial planning (MSP)
efforts by documenting animal interactions with marine infrastructure (e.g. tidal turbines,
oil rigs), identifying critical habitat for animals (e.g. migratory corridors, foraging hotspots,
reproductive or nursery zones), or delineating distributions for fisheries exploitation. MSP
that excludes consideration of animals is suboptimal, and animal space-use estimates can
contribute to efficient and responsible exploitation of marine resources that harmonize
economic and ecological objectives of MSP. This review considers the application of
animal tracking to MSP objectives, presents case studies of successful integration, and
provides a look forward to the ways in which MSP will benefit from further integration of
animal tracking data.
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Lennox, R. J., Suski, C. D., and Cooke, S. J. (2018). A macrophysiology approach to
watershed science and management. The Science of the Total Environment, 626,
434-440.

Freshwaters are among the most imperiled ecosystems on the planet such that much effort
is expended on environmental monitoring to support the management of these systems.
Many traditional monitoring efforts focus on abiotic characterization of water quantity or
quality and/or indices of biotic integrity that focus on higher scale population or community
level metrics such as abundance or diversity. However, these indicators may take time to
manifest in degraded systems and delay the identification and restoration of these systems.
Physiological indicators manifest rapidly and portend oncoming changes in populations
that can hasten restoration and facilitate preventative medicine for degraded habitats.
Therefore, assessing freshwater ecosystem integrity using physiological indicators of
health is a promising tool to improve freshwater monitoring and restoration. Here, we
discuss the value of using comparative, longitudinal physiological data collected at a broad
spatial (i.e. watershed) scale (i.e. macrophysiology) as a tool for monitoring aquatic
ecosystem health within and among local watersheds to develop timely and effective
management plans. There are emerging tools and techniques available for rapid, costeffective, and non-lethal physiological sampling and we discuss how these can be
integrated into management using fish as sentinel indicators in freshwater. Although many
examples of this approach are relatively recent, we foresee increasing use of
macrophysiology in monitoring, and advocate for the development of more standard tools
for consistent and reliable assessment.
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Lennox, R. J., Alós, J., Arlinghaus, R., Horodysky, A., Klefoth, T., Monk, C. T., and
Cooke, S. J. (2017). What makes fish vulnerable to capture by hooks? A conceptual
framework and a review of key determinants. Fish and Fisheries, 18(5), 986-1010.

Considerable time and money are expended in the pursuit of catching fish with hooks (e.g.
handlining, angling, longlining, trolling, drumlining) across the recreational, commercial
and subsistence fishing sectors. The fish and other aquatic organisms (e.g. squid) that are
captured are not a random sample of the population because external (e.g. turbidity) and
underlying internal variables (e.g. morphology) contribute to variation in vulnerability to
hooks. Vulnerability is the probability of capture for any given fish in a given location at a
given time and mechanistically explains the population level catchability coefficient,
which is a fundamental and usually time-varying (i.e. dynamic) variable in fisheries science
and stock assessment. The mechanistic drivers of individual vulnerability to capture are
thus of interest to fishers by affecting catch rates, but are also of considerable importance
to fisheries managers whenever hook and-line-generated data contribute to stock
assessments. In this paper, individual vulnerability to hooks is conceptualized as a dynamic
state, in which individual fish switch between vulnerable and invulnerable states as a
function of three interdependent key processes: an individual fish’s internal state, its
encounter with the gear, and the characteristics of the encountered gear. We develop a new
conceptual framework of “vulnerability,” summarize the major drivers of fish
vulnerability, and conclude that fish vulnerability involves complex processes. To
understand vulnerability, a shift to interdisciplinary research and the integration of
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ecophysiology, fish ecology, fisheries ecology and human movement ecology, facilitated
by new technological developments, is required.

Lennox, R. J., Aarestrup, K., Cooke, S. J., Cowley, P. D., Deng, Z. D., Fisk, A. T.,
Harcourt, R. G., Heupel, M., Hinch, S. G., Holland, K. N., Hussey, N. E., Iverson,
S. J., Kessel, S. T., Kocik, J. F., Lucas, M. C., Flemming, J. M., Nguyen, V. M.,
Stokesbury, M. J. W., Vagle, S., VanderZwaag, D. L., Whoriskey, F. G., Young, N.
(2017). Envisioning the future of aquatic animal tracking: technology, science, and
application. BioScience, 67(10), 884-896.

Electronic tags are significantly improving our understanding of aquatic animal behavior
and are emerging as key sources of information for conservation and management
practices. Future aquatic integrative biology and ecology studies will increasingly rely on
data from electronic tagging. Continued advances in tracking hardware and software are
needed to provide the knowledge required by managers and policymakers to address the
challenges posed by the world's changing aquatic ecosystems. We foresee multiplatform
tracking systems for simultaneously monitoring the position, activity, and physiology of
animals and the environment through which they are moving. Improved data collection
will be accompanied by greater data accessibility and analytical tools for processing data,
enabled by new infrastructure and cyberinfrastructure. To operationalize advances and
facilitate integration into policy, there must be parallel developments in the accessibility of
education and training, as well as solutions to key governance and legal issues.
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Lennox, R. J., Filous, A., Clark Danylchuk, S., Cooke, S. J., Brownscombe, J. W.,
Friedlander, A. M., and Danylchuk, A. J. (2017). Factors influencing postrelease
predation for a catch-and-release tropical flats fishery with high predator burden.
North American Journal of Fisheries Management, 37(5), 1045-1053.

Post-release predation (PRP) of fishes released by anglers is a potentially significant
contributor to overall mortality in recreational fisheries. We quantified PRP and examined
the impacts of handling and release practices on Albula glossodonta, a species of shallowwater Pacific Bonefish that supports a recreational fishery throughout its range and is
emerging as recreationally important to the small economy in Anaa Atoll, French
Polynesia. We caught, released, and monitored the post-release movements of Bonefish on
the shallow flats of Anaa using recreational angling gear and small floats attached to the
Bonefish. Observations of PRP allowed us to test how handling practices (air exposure)
and release strategies (retained for a short period compared to immediate release)
influenced the probability of PRP using Cox Proportional Hazards regression, a semiparametric survival analysis. There was some evidence that air exposure increased
susceptibility to PRP. However, retention in a recovery bag for 30 min did not reduce PRP.
Actually, retention in the recovery bag increased the number of sharks in the release area
after 30 min suggesting that Bonefish should be released quickly to avoid aggregating
sharks. In both the handling and release practices components of the study, the number of
sharks encountered proximate to the release site was the strongest predictor of PRP.
Anglers and guides fishing in areas of high predator density such as at Anaa Atoll should
release Bonefish quickly to minimize aggregation of sharks that depredate released
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Bonefish. Avoiding fishing flats with high predator densities and frequently rotating
fishing flats may be necessary to quell PRP. Acknowledging risks and accounting for PRP
and its contribution to overall post-release mortality is essential for maintaining sustainable
recreational fisheries for this species.

Lennox, R. J., Mayer, I., Havn, T. B., Johansen, M. R., Whoriskey, K., Cooke, S. J.,
Thorstad, E. B., and Uglem, I. (2016). Effects of recreational angling and air
exposure on the physiological status and reflex impairment of European grayling
(Thymallus thymallus). Boreal Environment Research, 21, 461-470.

European grayling (Thymallus thymallus) is a popular recreational fish that may be lifted
out of the water to facilitate hook removal or for admiration. To evaluate the effects of air
exposure and angling-induced exhaustive exercise on released grayling condition, we
assessed blood physiology and reflexes of grayling after angling and air exposure in the
subarctic River Lakselva (Norway) at midsummer temperatures (i.e. 17–18 °C). Blood
samples were drawn 30 min after angling and analyzed for lactate anions, glucose, sodium
ions, and pH. Reflex impairment was determined with orientation and tail grab reflex action
assessments immediately after landing, after air exposure, and after 30 min holding. Blood
physiology did not indicate an exacerbating effect of air exposure relative to just anglinginduced exercise, but significant and prolonged reflex impairment was associated with the
120 s air exposure interval. Anglers must take care to minimize air exposure to adhere to
best handling practices.
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Lennox, R. J., Brownscombe, J. W., Cooke, S. J., Danylchuk, A. J., Moro, P. S.,
Sanches, E. A., and Garrone-Neto, D. (2015). Evaluation of catch-and-release
angling practices for the fat snook Centropomus parallelus in a Brazilian estuary.
Ocean and Coastal Management, 113, 1-7.

Recreational fisheries are developing for many iconic marine and estuarine fish species and
are generating important social and economic returns in Brazil. Fat snook is the primary
target species in southeastern Brazil and it supports a vibrant fisheries sector, including
fishing tournaments. To evaluate the impacts of recreational angling practices, we
examined external hooking injuries, secondary physiological stress responses (i.e. blood
glucose and lactate concentrations; N = 24), reflex impairment (N = 39), and overnight
survival (N = 39) of fat snook angled with and without air exposure. We also examined
physiological stress and reflex impairment of fat snook captured in a fishing tournament
(N = 43) immediately post weigh-in and 1 hr post weigh-in. Values were compared to
baseline reflexes (N = 10) and physiology (N = 8) collected from minimally stressed fat
snook. Fish captured by anglers infrequently had hooking injury but all angling and
tournament treatments resulted in significantly elevated blood glucose and lactate,
indicating a considerable physiological response to angling. Angling with air exposure and
tournament weigh-in (in a dry container) resulted in the highest blood lactate values. The
body flex reflex was occasionally impaired after angling or tournament practices, but this
was consistent with baseline reflex actions, and the body flex reflex was therefore not a
valuable indicator of fisheries stress or mortality in fat snook. Although angling and
tournament practices caused a marked physiological stress response, low mortality of
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snook indicated that the species is resilient to brief bouts of angling at moderate water
temperatures. However, high lactate values associated with air exposure suggest that
handling practices be refined, particularly during tournament weigh-in. We recommend
that anglers reduce air exposure intervals when handling snook prior to release and that
recreational tournaments adopt wet weigh-in procedures to maximize the utility of catchand-release in this fishery.

Lennox, R. J., and Cooke, S. J. (2014). State of the interface between conservation and
physiology: a bibliometric analysis. Conservation Physiology, 2(1), cou003.

Contemporary conservation science benefits from the perspectives of a variety of different
disciplines, including a recent synergy with physiology, an interface known as
'conservation physiology'. To evaluate the degree of interaction between conservation and
animal/plant physiology, we conducted three bibliometric analyses. We first pursued the
use of the term 'conservation physiology' since its first definition in 2006 to determine how
frequently it has been used and in which publications. Secondly, we evaluated the
occurrence of conservation terms in animal and plant physiology journals, physiological
terms in conservation journals, and a combination of terms in ecology journals. Thirdly,
we explored trends in a subset of conservation physiology articles published between 2006
and 2012. We identified a surge in the use of the term 'conservation physiology' in 2012,
after only a slow increase in usage between 2006 and 2011. Conservation journals tend to
have been significantly more active in publishing conservation physiology than animal
physiology, plant physiology or ecology journals. However, we found evidence that
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ecology and animal physiology journals began to incorporate more conservation
physiology after 2006, while conservation- and plant physiology-themed journals did not.
Among 299 conservation physiology articles that we identified, vertebrate taxa have been
over-represented in conservation physiology compared with their relative taxonomic
abundance, invertebrate taxa have been under-represented, and plants have been
represented in proportion to their relative taxonomic abundance; however, those findings
are reasonably consistent with publication trends in conservation biology. Diffuse
distribution of conservation physiology papers throughout the literature may have been a
barrier to the growth of the subdiscipline when the interface was emerging. The
introduction of the focused journal Conservation Physiology in 2013 may address that
deficiency. Moreover, development of a unifying framework could help to aggregate
knowledge and attract potential contributors by highlighting and facilitating access to and
application of conservation physiology.

Bliss, S. M., Lennox, R. J., Midwood, J. D., and Cooke, S. J. (2017). Temporally stable
and distinct fish assemblages between stream and earthen stormwater drain reaches
in an urban watershed. Urban Ecosystems, 20(5), 1045-1055.

Streams and rivers have essential roles in landscape connectivity; however, urban
watersheds are frequently modified to drain stormwater from urban areas. To determine
whether an earthen stormwater drain in an urban landscape provides fish habitat
temporally, we compared the fish assemblage among three reaches of a contiguous
urbanized watershed in Kanata, Ontario, Canada. Watts Creek is connected to an earthen
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municipal surface stormwater drain (herein Kizell Drain), before discharging into the
Ottawa River. We delineated transects in three reaches of the system, in Watts, in the Drain,
and below their confluence (Main) and assessed the fish community using single-pass
electrofishing repeated across eight months covering all seasons. Fish community
composition was compared among reaches using non-metric multidimensional scaling
(NMDS) and permutated multivariate analyses of variance (perMANOVA). Sign
association tests identified indicator species driving assemblage patterns among reaches.
Redundancy analysis (RDA) was used to assess the influence of physical characteristics of
the transects on fish assemblage structure. Finally, fish assemblage measures were
separated by month and temporal comparisons of fish assemblage were performed with
NMDS and perMANOVA. Over the year, fish assemblages were distinct among the three
reaches, and appear to be significantly influenced by temperature, undercut banks, and
riparian vegetation type. Biotic homogenization in the Drain can be attributed to degraded
physical features associated with channel modification in stormwater drains. Despite
management and jurisdictional differences between streams and stormwater drains,
evidence that earthen stormwater drains can maintain fish assemblages temporally
demonstrates their biological potential and need to be considered as interconnected fish
habitat elements within the overall watershed.

Bower, S. D., Lennox, R. J., and Cooke, S. J. (2015). Is there a role for freshwater
protected areas in the conservation of migratory fish? Inland Waters, 5(1), 1-6.

249

Migratory fish have been declining in number as a result of numerous processes including
hydropower development, pollution, invasive species, and climate change. Migratory fish
are important ecosystem components, and yet there are many gaps in our knowledge of
migratory fish life history and their relationship with hydrological processes.
Consequently, few mechanisms are available to promote their conservation. An emergent
tool is the Freshwater Protected Area (FPA), a zone of restricted use and access within
freshwater systems analogous to terrestrial or marine protected areas that aim to conserve
constituent resources. These protected areas are often criticized for their inability to control
pollution inputs and their tendency to be implemented only as components of terrestrial
parks, meaning that they traditionally do not reflect the importance of aquatic systems or
promote connectivity. This paper reassesses FPAs in the context of migratory fish
conservation and addresses a variety of obstacles inhibiting FPAs from being suitable for
protecting migratory fishes. Developing FPAs that encompass critical life-stage habitat for
migratory species, such as spawning and nursery areas, migratory corridors, and feeding
zones, is essential for ensuring ample interconnected habitat for migratory fishes to thrive
and ecological and evolutionary processes to occur.

Brownscombe, J. W., Lennox, R. J., Danylchuk, A. J., and Cooke, S. J. (2018). The
influence of sampling frequency on estimates of fish swimming metrics and
metabolic rates using tri-axial accelerometers. Journal of Fish Biology, 00, 00-00.

Accelerometer loggers and transmitters are useful tools for remotely measuring the
behaviour, metabolic rates, and bioenergetics of diverse animal species in both captivity
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and the wild. These devices offer a range of sampling frequencies, where higher
frequencies provide greater temporal resolution but limit tag longevity and present greater
analytical challenges. It is therefore of interest to identify optimal sampling frequencies
that will capture relevant metrics and maximize tag life. Here, we examine the influence of
sampling frequency (1-25 Hz) with tri-axial accelerometer biologgers on estimates of
overall dynamic body acceleration (ODBA), tail beat frequency, swimming speed, and
metabolic rate of bonefish (Albula vulpes) in a swim tunnel respirometer and free
swimming in a wetland mesocosm. In the swim tunnel, a 1 Hz sampling frequency was
sufficient to establish strong relationships between ODBA, swimming speed, and
metabolic rate, but linear mixed effects model coefficients were more variable below 10
Hz. As a result, ODBA-based predictions of swimming speed and metabolic rate in free
swimming bonefish in the mesocosm were less reliable below 10 Hz. While optimal
sampling frequency likely varies between species due to body size and swimming style,
this study may serve as a basis with a medium body-sized sub-carangiform teleost fish.

Cook, K. V., Lennox, R. J., Hinch, S. G., and Cooke, S. J. (2015). Fish out of water: how
much air is too much? Fisheries, 40(9), 452-461.

Exposing fish to air following capture influences postrelease survival and behavior. Air
exposure causes acute hypoxia and physical damage to the gill lamellae, resulting in
physiological stress and physical damage that increases with air exposure duration. Air
exposure duration is a relevant and easily quantified metric for both fishers and managers
and can therefore provide a definitive benchmark for improving postrelease survival. Yet,
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fishers are rarely provided with specific recommendations other than simply to “minimize”
air exposure. This is a subjective recommendation, potentially causing confusion and
noncompliance. Here we discuss and summarize the literature regarding air exposure
thresholds in both commercial and recreational fisheries, the factors influencing these
thresholds, and identify knowledge gaps limiting our understanding of tolerance to air
exposure in captured fish.

Cooke, S. J., Twardek, W. M., Lennox, R. J., Zolderdo, A. J., Bower, S. D., Gutowsky,
L. F., Danylchuk, A. J., Arlinghaus, R., and Beard, D. (2018). The nexus of fun and
nutrition: Recreational fishing is also about food. Fish and Fisheries, 00, 00-00.

Recreational fishing is a popular activity in aquatic ecosystems around the globe using a
variety of gears including rod and line and to a lesser extent handlines, spears, bow and
arrow, traps and nets. Similar to the propensity to engage in voluntary catch-and-release,
the propensity to harvest fishes strongly varies among cultures, locations, species and
fisheries. There is a misconception that because recreational fishing happens during nonwork (i.e. leisure) time, the nutritional motivation is negligible; therefore, the role of
recreational fishing in supporting nutrition (and thus food security) at regional, national or
global scales is underappreciated. We consider the factors that influence whether fish will
be harvested or released by examining the motives that underlie recreational fishing. Next,
we provide an overview of the magnitude and role of recreational fishing harvest in
supporting nutrition using regional case-studies. Then, we address issues such as
contaminants and parasites that constrain the ability of fish harvested by recreational
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fishers to be consumed. Although recreational fishing is foremost a leisure activity, the
harvest of fish for personal consumption by recreational fishers has contributed and will
continue to contribute to human nutrition by providing an accessible, affordable and
generally highly sustainable food source, notwithstanding concerns about food safety and
possibly overfishing. Attempts to better quantify the role of fish harvested by recreational
fishers and the relative contribution to overall food security and personal nutrition will
provide resource managers and policymakers the information needed to guide management
activities and policy development.

Cooke, S. J., Lennox, R. J., Bower, S. D., Horodysky, A. Z., Treml, M. K., Stoddard, E.,
Donaldson, L. A., and Danylchuk, A. J. (2017). Fishing in the dark: the science and
management of recreational fisheries at night. Bulletin of Marine Science, 93(2),
519-538.

Recreational fishing is a popular activity around the globe, generating billions of dollars in
economic benefit based on fisheries in marine and inland waters. In most developed
countries, recreational fisheries are managed to achieve diverse objectives and ensure that
such fisheries are sustainable. While many anglers fish during daylight hours, some target
fish species during the night. Indeed, sensory physiology of some species makes them
vulnerable to capture at night, while being more difficult to capture during the day.
However, night creates a number of challenges for recreational fisheries assessment and
management. In some jurisdictions, fishing is prohibited at night (through both effort and
harvest controls) or there are specific restrictions placed on night fisheries (e.g. no use of
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artificial lights). Here, we summarize the science and management of recreational fisheries
at night covering both inland and marine realms. In doing so, we also provide a review of
different angling regulations specific to night fisheries across the globe, as well as the basis
for those regulations. We discuss the extent to which there is both need and opportunity to
actively manage anglers who are targeting fish at night and how this differs from fisheries
that occur during lighted periods. We provide two case studies, one for white sturgeon
(Acipenser transmontanus Richardson, 1836) and one for walleye [Sander vitreus
(Mitchill, 1818)], for which nighttime closures have been used as a fisheries management
tool to control effort and harvest (illegal harvest in the case of the sturgeon case study).
Based on the synthesis, we conclude that natural resource management agencies should
decide if and how they need to manage recreational fisheries at night, recognizing the
practical challenges (e.g. compliance monitoring, stock assessment) with doing so in the
dark.

Cooke, S. J., Wilson, A. D., Elvidge, C. K., Lennox, R. J., Jepsen, N., Colotelo, A. H.,
and Brown, R. S. (2016). Ten practical realities for institutional animal care and use
committees when evaluating protocols dealing with fish in the field. Reviews in
Fish Biology and Fisheries, 26(1), 123-133.

Institutional Animal Care and Use Committee’s (IACUCs) serve an important role in
ensuring that ethical practices are used by researchers working with vertebrate taxa
including fish. With a growing number of researchers working on fish in the field and
expanding mandates of IACUCs to regulate field work, there is potential for interactions
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between aquatic biologists and IACUCs to result in unexpected challenges and
misunderstandings. Here we raise a number of issues often encountered by researchers and
suggest that they should be taken into consideration by IACUCs when dealing with projects
that entail the examination of fish in their natural environment or other field settings. We
present these perspectives as ten practical realities along with their implications for
establishing IACUC protocols. The ten realities are: (1) fish are diverse; (2) scientific
collection permit regulations may conflict with IACUC policies; (3) stakeholder credibility
and engagement may constrain what is possible; (4) more (sample size) is sometimes
better; (5) anesthesia is not always needed or possible; (6) drugs such as analgesics and
antibiotics should be prescribed with care; (7) field work is inherently dynamic; (8) wild
fish are wild; (9) individuals are different, and (10) fish capture, handling, and retention
are often constrained by logistics. These realities do not imply ignorance on the part of
IACUCs, but simply different training and experiences that make it difficult for one to
understand what happens outside of the lab where fish are captured and not
ordered/purchased/reared, where there are engaged stakeholders, and where there is
immense diversity (in size, morphology, behaviour, life-history, physiological tolerances)
such that development of rigid protocols or extrapolation from one species (or life-stage,
sex, size class, etc.) to another is difficult. We recognize that underlying these issues is a
need for greater collaboration between IACUC members (including veterinary
professionals) and field researchers which would provide more reasoned, rational and
useful guidance to improve or maintain the welfare status of fishes used in field research
while enabling researchers to pursue fundamental and applied questions related to the
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biology of fish in the field. As such, we hope that these considerations will be widely shared
with the IACUCs of concerned researchers.

Crawford, C., Midwood, J. D., Lennox, R. J., Bliss, S. M., Belanger, C. B., and Cooke,
S. J. (2016). Experimental displacement of longnose dace, Rhinichthys cataractae
(Actinopterygii, Cyprinidae), reveals rapid fish avoidance of a stormwater drain in
an urban watershed. Hydrobiologia, 767(1), 197-206.

Land-use change associated with human development can alter aquatic habitat and imperil
aquatic species. Fish are challenged when urban streams are altered, for example for
stormwater conveyance, but little is known about how such activities influence the space
use of individual fish. Electronic tagging and experimental displacement of fish can be
used to explore site fidelity and homing behaviour of fish and can therefore be useful for
testing hypotheses about space use and habitat selection. In this study, we used
experimental displacement to determine how longnose dace (LND, Rhinichthys
cataractae) utilize reaches within a watershed that have varying degrees of degradation.
LND were tagged using passive integrated transponders (PIT tags), transported upstream,
and released either into the natural stream reach, impaired stormwater drain reach, or at
their confluence. Fixed PIT antennas were used to monitor movement of the PIT-tagged
fish among the three reaches for a period of 3 weeks. LND exhibited dramatic and rapid
selection against the stormwater drain. No LND moved into the drain and 97% of fish
transported to the drain left within 24 h. LND were actively avoiding the stormwater drain,
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emphasizing the need for enhancement work to improve the biological connectivity of the
system.

Kerr, S. M., Ward, T. D., Lennox, R. J., Brownscombe, J. W., Chapman, J. M.,
Gutowsky, L. F., Logan, J. M., Twardek, W. M., Elvidge, C. K., Danylchuk, A. J.,
and Cooke, S. J. (2017). Influence of hook type and live bait on the hooking
performance of inline spinners in the context of catch-and-release brook trout
Salvelinus fontinalis fishing in lakes. Fisheries Research, 186, 642-647.

The objective of catch-and-release angling is for the fish to survive with minimal fitness
consequences. However, fish survival can be compromised by a number of factors,
especially anatomical hooking location. To evaluate whether hook type or bait influence
hooking outcomes, we tested different combinations of hook (treble or single siwash
hooks) and bait (hook tipped with worm or no worm) while angling for brook trout
(Salvelinus fontinalis) with inline spinner-style fishing lures. The study was conducted at
spring water temperatures (∼20 °C) in small lakes stocked with trout in southwestern
Quebec, Canada. Incidences of hooking in the interior of the mouth (i.e. internal hooking)
were uncommon (19%), did not differ significantly between hook types or bait treatments,
and occurred independently of fish size. Reflex impairments after hook removal were not
related to hook or bait treatment. Short-term mortality was quantified with 24 h holding in
net pens and was determined to be infrequent for all treatment groups (treble/worm: 6%;
treble/no worm: 5%; single/worm: 2%; single/no worm: 0%). Although no fish were
hooked in the gills, esophagus, stomach, odds of mortality increased by 14.21 when fish
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were hooked internally, which is consistent with the position that hook placement is an
important predictor of the fate of fish released by anglers. However, our finding that neither
hook nor bait type significantly increased the odds of internal hooking, bleeding, reflex
impairment, or mortality in this study suggests that restrictions imposed on the use of baited
lures or certain hook types attached to lures when fishing may have little influence on shortterm catch-and-release mortality of brook trout at these temperatures.

Lizée, T. W., Lennox, R. J., Ward, T. D., Brownscombe, J. W., Chapman, J. M.,
Danylchuk, A. J., Nowell, L. B., and Cooke, S. J. (2017). Influence of landing net
mesh type on handling time and tissue damage of angled brook trout. North
American Journal of Fisheries Management, 00, 00-00.

Recreational catch‐and‐release angling is a popular activity. Anglers often use landing nets
to shorten fight times, reduce stress on the line and rod, restrict fish movement to facilitate
dehooking of the fish, and protect fish from undue harm caused by handling or dropping.
Landing nets are constructed using a variety of netting materials that could have varied
consequences when coming in contact with fish. Salmonids are among the most targeted
fishes in the world, but little is known about how landing nets contribute to postcapture
tissue damage. We compared handling time and instances of fin fraying, scale loss, and
mucus loss sustained by Brook Trout Salvelinus fontinalis landed by four net mesh types
(i.e. large, knotless rubber mesh; knotless nylon micromesh; large, knotted polypropylene
mesh; and small, knotless rubber‐coated nylon mesh) or by using bare wet hands in a
recreational fishery. The knotted polypropylene mesh resulted in the greatest extent of fin
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fraying, whereas the bare wet hands method, knotless nylon micromesh, and rubber‐coated
nylon mesh resulted in the most scale loss. Interestingly, extended handling times were
noted for several mesh types (i.e. knotless nylon micromesh and rubber‐coated nylon mesh)
relative to bare wet hands because of hook entanglement in the netting material. However,
using bare wet hands to land Brook Trout resulted in higher odds of the fish being dropped
into the bottom of the boat. We concluded that the large, knotless rubber mesh was the least
damaging to Brook Trout. Changes to angler practices, such as using appropriate landing
tools, can benefit fish welfare in catch‐and‐release fisheries.

Nguyen, V. M., Brooks, J. L., Young, N., Lennox, R. J., Haddaway, N., Whoriskey, F.
G., Harcourt, R., and Cooke, S. J. (2017). To share or not to share in the emerging
era of big data: perspectives from fish telemetry researchers on data sharing.
Canadian Journal of Fisheries and Aquatic Sciences, 74(8), 1260-1274.

The potential for telemetry data to answer complex questions about aquatic animals and
their interactions with the environment is limited by the capacity to store, manage, and
access data across the research community. Large telemetry networks and databases exist,
but are limited by the actions of researchers to share their telemetry data. Promoting data
sharing and understanding researchers’ views on open practices is a major step toward
enhancing the role of big data in ecology and resources management. We surveyed 307
fish telemetry researchers to understand their perspectives and experiences on data sharing.
A logistic regression revealed that data sharing was positively related to researchers with
collaborative tendencies, who belong to a telemetry network, who are prolific publishers,
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and who express altruistic motives for their research. Researchers were less likely to have
shared telemetry data if they engage in radio and (or) acoustic telemetry, work for regional
government, and value the time it takes to complete a research project. We identify and
provide examples of both benefits and concerns that respondents have about sharing
telemetry data.

Patterson, D. A., Robinson, K. A., Lennox, R. J., Nettles, T. L., Donaldson, L. A.,
Eliason, E. J., Raby, G. D., Chapman, J. M., Cook, K. V., Donaldson, M. R., Bass,
A. L., Drenner, S. M., Reid, A. J., Cooke, S. J., Hinch, S. G. (2017). Review and
evaluation of fishing-related incidental mortality of Pacific salmon. Canadian
Science Advisory Secretariat Report 2017/010. 164 pp.

The number of fish that encounter fishing gear is greater than the number of fish retained
as catch. The proportion of this difference that die from the encounter is defined as fishingrelated incidental mortality (FRIM). FRIM estimates are required for improved stock
assessments, but they are difficult to attain and vary across fisheries. To cope with this
challenge we review and evaluate the scientific knowledge on FRIM. First, we review the
different mortality components of FRIM (i.e. avoidance, escape, depredation, drop-out, onboard, short-term release, and delayed mortality) in relation to how a fish responds to
different aspects of a fishery encounter (e.g. handling). To better understand how fish
respond to a fishing encounter, different fishing factors (e.g. gear type) that act in consort
with extrinsic (e.g. water temperature) and intrinsic (e.g. fish size) factors elicit different
fish responses that can lead to the different types of mortality (e.g. acute) were examined.
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A fish response to a stressor (i.e. factor) is a combination of the magnitude and duration of
the stressor itself. The initial fish response includes acute physiological stress and injury,
followed by behaviour changes, chronic stress, and increased risk of infection. Next, a
review was done to provide an up-to-date accounting of the mortality rate information
available on estimates of FRIM for Pacific salmon (Oncorhynchus spp.). We created an
interactive and searchable catalogue of evidence from predominantly primary literature
using standardized systematic mapping protocols, with a focus on coding information to
determine study reliability and relevance. Next, we synthesize the factor and mortality
information to provide recommendations on the use of five major mortality risk factors that
are linked to FRIM. Each factor (capture, handling, injury, water temperature, and
predators) is scaled to a mortality risk to provide guidance on evaluating FRIM estimates.
The recommendations from this work are focussed on addressing the current knowledge
gaps and examining FRIM in broader physiological and ecological context. Ideas for future
work include researching cumulative impacts, sub-lethal effects, drop-off mortality, and
predation. We have chosen a fish-centric hybrid approach that focusses first on
understanding factors that drive mortality, and then on mortality estimates. As such, this
paper is not meant as the definitive guide on FRIM but a transparent, defensible, and
rigorous evaluation of the primary evidence base for making future decisions about FRIM.
Further guidance on how to use the information herein is part of an accompanying CSAS
research document.
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Redfern, J. C., Cooke, S. J., Lennox, R. J., Nannini, M. A., Wahl, D. H., and Gilmour,
K. M. (2017). Effects of maternal cortisol treatment on offspring size, responses to
stress, and anxiety-related behavior in wild largemouth bass (Micropterus
salmoides). Physiology and behavior, 180, 15-24.

Cortisol, the main glucocorticoid stress hormone in teleost fish, is of interest as a mediator
of maternal stress on offspring characteristics because it plays an organizational role during
early development. The present study tested the hypothesis that maternal exposure to
cortisol treatment prior to spawn affects offspring phenotype using wild largemouth bass
(Micropterus salmoides). Baseline and stress-induced cortisol concentrations, body size
(i.e. length and mass), and behavior (i.e. anxiety, exploration, boldness, and aggression)
were assessed at different offspring life-stages and compared between offspring of control
and cortisol-treated females. Cortisol administration did not affect spawning success or
timing, nor were whole-body cortisol concentrations different between embryos from
cortisol-treated and control females. However, maternal cortisol treatment had significant
effects on offspring stress responsiveness, mass, and behavior. Compared to offspring of
control females, offspring of cortisol-treated females exhibited larger mass right after
hatch, and young-of-the-year mounted an attenuated cortisol response to an acute stressor,
and exhibited less thigmotaxic anxiety, exploratory behavior, boldness and aggression.
Thus, offspring phenotype was affected by elevated maternal cortisol levels despite the
absence of a significant increase in embryo cortisol concentrations, suggesting that a
mechanism other than the direct deposition of cortisol into eggs mediates effects on
offspring. The results of the present raise questions about the mechanisms through which
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maternal stress influences offspring behavior and physiology, as well as the impacts of
such phenotypic changes on offspring fitness.

Struthers, D. P., Bower, S. D., Lennox, R. J., Gilroy, C., MacDonald, C., Cooke, S. J.,
and Litvak, M. (2018). Short-term physiological disruption and reflex impairment
in shortnose sturgeon Acipenser brevirostrum exposed to catch-and-release angling.
North American Journal of Fisheries Management, 00, 00-00.

Sturgeons (Acipenseridae) are the most imperilled group of fishes globally. Yet, many
species remain important targets of recreational anglers. In the Saint John River, New
Brunswick, Canada, Shortnose Sturgeon Acipenser brevirostrum is a popular species
targeted by recreational anglers, while the International Union for the Conservation of
Nature has placed Shortnose Sturgeon on the Red List as “Vulnerable” and afforded
protection from harvest in Canada by the federal Species at Risk Act. Here, we evaluated
physiological stress using two principal components axes, RC1 and RC2, generated from
blood lactate, glucose and pH, hematocrit and reflex impairment of Sturgeon exposed to
exhaustive chase experiments at a hatchery and angled Sturgeon that were captured during
an annual fall competitive angling event. Physiological indicators of stress increased with
holding time for Sturgeon transferred into a tank and for Sturgeon exposed to a chase trial.
Circulating metabolite concentrations were not associated with reflex impairment. Odds of
reflex impairment increased as a function of air exposure, with a 1 min increase in air
exposure increasing odds of impairment by 1.78. All Sturgeon survived hatchery
experiments. Most of the wild Sturgeon captured in the derby (71%) exhibited reflex
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impairment and 38% had superficial injuries such as cuts or wounds. None of these factors
were associated with physiological disturbance, although ordinated stress physiology axes
were elevated both 1 and 2 h after initial sampling, which was predictive by holding time
prior to weigh-in and fish size. All fish were hooked in the mouth and each was released
alive from the derby. Taken together the evidence suggests that Sturgeon are resilient to
recreational angling interactions, yet managers could use this information to improve best
practices of catch-and-release angling.

Twardek, W. M., Lennox, R. J., Lawrence, M. J., Logan, J. M., Szekeres, P., Tremblay,
K., Morgan, G. E., Danylchuk, A. J., and Cooke, S. J. In Press. The post‐release
survival of Walleye Sander vitreus following ice angling on Lake Nipissing,
Ontario. North American Journal of Fisheries Management, 00, 00-00.

Natural resource agencies have developed catch-and-release regulations for Walleye
(Sander vitreus) of prohibited size and number to reduce mortality in many recreational
fisheries. The efficacy of such regulations is contingent upon the released fish surviving,
but survival data on Walleye captured by ice angling are lacking. We estimated the survival
of Lake Nipissing, Ontario, Canada, Walleye captured by both active and passive ice
angling methods using a variety of hook types and lures baited with Emerald Shiner
(Notropis atherinoides). We also assessed the role of de-hooking methods on the survival
of deeply-hooked Walleye. Following the angling event, Walleye (n = 260) were held for
24 h in a submerged holding pen to estimate post-release survival. Average mortality
following the 24 h holding period was 6.9%. Fewer Walleye captured by active angling
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were deeply-hooked (9.3%) than passively caught fish (50.4%) and deeply-hooked
Walleye were observed to have more frequent post-release mortality (14.8%) than shallowhooked Walleye (3.0%). There was no significant difference in Walleye mortality rates
caught by passive (9.8%) or active angling (2.8%) nor between circle (6.1%), J-hook
(8.2%), and treble hooks (5.6%). Neither air temperature nor the presence of barotrauma
had a significant effect on mortality of captured Walleye. There was also no significant
difference in survival for deeply-hooked fish that had the line cut (11.1%) or hook removed
(22.6%). Results from this study suggest relatively high incidence of Walleye survival
following catch-and-release angling through the ice.
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