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Abstract 

With total landings from global commercial fisheries in decline despite increases in fishing effort, there 

is increasing interest in enhancing fishery sustainability. Estimates suggest that bycatch, the non-target 

organisms incidentally captured in fisheries, comprises 40 percent of global catches, most of which 

dies. One means to increase the sustainability of fisheries is to limit bycatch mortality. The research 

herein uses Pacific salmon purse seine fisheries as a model system to test a series of hypotheses. 

Merging various techniques in experimental research aboard commercial vessels, I test how both the 

conditions of capture and intrinsic fish characteristics (e.g., population, sex, maturity) influence post-

release survival probability and the magnitude of physiological disruption. The relative importance of 

intrinsic fish characteristics and capture experience was context dependent, but results suggest that 

capture situations resulting in dermal injuries are particularly detrimental. In a telemetry study, severity 

of scale loss predicted mortality and in containment studies, dermal injuries were associated with 

lasting impairment of blood ion homeostasis and immune function, as indicated by gene expression in 

the gill. Intrinsic characteristics also played a role: females and less mature fish were more likely to 

sustain dermal injuries. Capture methods resulting in extended durations of air exposure and to a lesser 

extent, confinement during capture, also caused substantial cellular disruption. Air exposure led to 

widespread downregulation of stress and gill immune genes for up to 5 days, which I contend is an 

energy-saving strategy. Through evaluating physiological parameters both during and after exposure 

to capture stressors, I also identified thresholds in capacities to cope with capture stress, information 

that is valuable for informing best handling practices that could improve fish survival. Finally, through 

interviews with fishers, I revealed that increased transparency between management and fishers may 

improve compliance with suggested best handling practices. Collectively the present work improves 

fundamental knowledge of the effects of acute stress on the physiology of fish and can be directly 

applied to improving the welfare of discarded fishes, particularly in purse seine fisheries targeting 

Pacific salmon. 
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Lay Summary 

There has been increasing effort to increase the sustainability of global commercial fisheries. One 

means to do so is to improve conditions for non-target fish species that are captured and subsequently 

released. The research herein used Pacific salmon purse seine fisheries as a model system, a prolific 

mixed-species fishery that employs discarding as a conservation measure. Working aboard purse seine 

vessels, I monitored a suite of parameters evaluating external condition, stress, and immune function 

among non-target Pacific salmon species following exposure to varying severity of capture stressors. 

To better implement these scientific findings into conservation action, I also incorporated interview-

based research. Collectively, the present work improves our fundamental understanding of the effects 

of acute stress on the physiology and survival of fish and can be directly applied to improving the 

welfare of fishes discarded from fisheries. 
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Glossary 
 

Behavioural impairment: A visual impression of the presence or absence of an ability to respond to 

induced stimuli. Also referred to as ‘RAMP’ (i.e., reflex action mortality predictors) or reflex 

impairment.  

Bycatch: Any organism captured by fishing gear that is not the intended species, population or size 

class for harvest. Although some bycatch is retained, either illegally or for sale at a lesser value, most 

often bycatch is discarded (see ‘discards’ definition below).  

Capture severity: A measure of the specific capture experience of an individual fish that may include 

the duration of the entire capture process, duration of a given aspect of capture (e.g., air exposure 

time, sorting time), the magnitude of stress exposure (e.g., magnitude of crowding as determined by 

number of fish captured), or likelihood of exposure of capture stress (e.g., likelihood of becoming 

entangled and injured). The exact measure of capture severity is dependent on the context of each 

fishery and situation. Capture severity is measured either by quantifying a “fishing factor” (see 

definition below) or by classifying level of impairment or injury (see ‘vitality metrics’). 

Discards: Non-target organisms (i.e., bycatch) that are not retained by the fisher and returned to the 

water, either alive or dead.  

Disease: A state of health wherein there is an interruption, cessation, or disorder of a body, system, or 

organ structure or function. 

Escapement: Used in Pacific salmon management. The number of fish surviving to reach their natal 

spawning grounds (i.e., is not harvested by fisheries, die as a result of fisheries, or die naturally). 

Fisheries management often refers to ‘escapement targets’ or ‘escapement goals’.  

Extrinsic factor: Within this thesis, extrinsic factors refer to environmental conditions that may 

contribute variability to the fish response or fate (e.g., water temperature, salinity, dissolved oxygen) 

for a captured fish. 

Fish stock: A biologically discrete population large enough to be essentially self-reproducing, with 

members of each group having similar life history characteristics. A fish species is made up of an 

aggregate of stocks.  

Fishing factor: Within this thesis, fishing factor refers to a measurable aspect of the capture process 

that may determine characteristics of the stress coping response and fate for a captured fish (e.g., gear 

type, handling method, catch density, exposure to air, severity of crowding), many of which include a 

temporal aspect (i.e., duration of exposure).   

Fishing mortality: Any mortality occurring due to fishing activities. This includes any harvest of 

target species, populations or size classes, immediate capture-induced mortality or bycatch, and post-

release mortality of bycatch.  

Ion homeostasis Score: A score derived from a factor analysis (FA) in Chapter 4. A single factor was 

extracted that was loaded positively with plasma chloride, osmolality, and sodium and explained 

73.4% of variance among these variables. Termed the ion homeostasis score, this metric was used in 

statistical models in lieu of including all individual correlated metrics.  
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Immediate capture-induced mortality: Discards that perish prior to discard (i.e., are dead upon 

landing or die during handling)  

Infectious agents: Any parasite, including both microparasites and macroparasites (see definitions 

below), bacteria, fungi, or virus that could cause disease (see definition above).  

Intrinsic factor: Within this thesis, intrinsic factors refer to fish-specific characteristics that may 

contribute inherent and uncontrollable variability to the fish response or fate (e.g., life stage, 

population, pre-existing wounds, pre-capture disease state) for a captured fish. 

Microparasite: A microorganism that is invisible to the naked eye and completes its full life cycle 

within a host. Includes viruses, bacteria, myxozoans, and some fungi. Microparasites tend to 

reproduce rapidly and to induce lasting immunity.  

Macroparasite: A parasitic agent that is visible to the naked eye. Includes fish lice, tapeworms, 

nematodes, and some protozoans and fungal pathogens. Macroparasites tend to have low reproductive 

rates, with long generation times. The immune response may be less effective, and infestations tend 

to be persistent. 

Physiological disruption: Generally defined as a disruption of the homeostasis of any physiological 

system caused by stress. For the purpose of this thesis, physiological disruption specifically refers to 

changes to blood chemistry or gene expression resulting from capture stress.  

Post-release mortality: Non-target fish that are discarded (i.e., ‘Discards’, see definition above) alive 

and die after release. Can also be referred to as latent or delayed mortality. There often differentiation 

between short-term and long-term post-release mortality, though the timeframe distinguishing them 

varies. For the purposes of Pacific salmon management in Canada, short-term mortality refers to 

mortality occurring less than 48 hours post-release. Where a different timeframe is used, a definition 

is provided.  

Relative infection burden: A composite metric that accounts for relative diversity and load of 

infectious agents at a given time. 

Set size: Estimated number of fish captured in one seine set. 

Stressor: any stimulus, threatening environmental event, or activity that causes physiological stress 

Stress coping response: All levels of animal function that are required to overcome an acute or 

chronic physiological stressor.  

Total mortality: Encompasses natural mortality in addition to fishing mortality across all gear types 

and fisheries encountering the species. 

Vitality metrics: a visual impression of survival potential that encompasses both reflex and/or 

behavioural impairment and severity and/or presence of physical injuries. 
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Chapter 1  General Introduction 
 

1.1 Bycatch: A global plight of commercial fisheries 

The harvest of fish is a significant human enterprise, and global water bodies provide a major food 

source on which we are very reliant. Of concern, however, is that global catches have been 

consistently declining despite increases in fishing effort (Pauly et al. 2002) and for many exploited 

fish stocks, commercial fisheries are often isolated as a primary contributor to declines (Jackson et al. 

2001; Christensen et al. 2003; Hilborn et al. 2003b). In addition to attempts to target stocks, most 

commercial fisheries and their associated fishing gears also catch organisms that are not intended for 

harvest. Defined as bycatch, this is a persistent management concern for commercial fisheries 

globally.  

A large quantity and diversity of marine and freshwater fauna, including aquatic mammals, birds, 

turtles, fish, and invertebrates are captured as bycatch (Hall et al. 2000, 2017; Lewison et al. 2004). 

While some bycatch is retained, the majority is returned to the water (Hall et al. 2000), herein defined 

as ‘discards’ (i.e., bycatch not retained and returned to the water, either alive or dead). Released or 

discarded fish can be further categorized according to fate following capture. Of those that do not 

survive the encounter (i.e., discard mortalities), they can either perish prior to discard (i.e., are dead 

upon landing, herein defined as ‘immediate capture-induced mortality’) or are discarded alive and die 

after release (i.e., post-release mortality). Some discards will survive the encounter but may 

experience sub-lethal effects post-release such as, for example, behavioural impairment or reduced 

reproductive potential (Baker et al. 2013; Wilson et al. 2014).  

In fisheries where the condition of bycatch upon retrieval of the gear is so low that survival 

probability upon release is unlikely, research needs to focus on how to reduce encounter rates (Cox et 

al. 2007; Carruthers et al. 2009). Conversely, where the odds of survival to the time of release are 

high, methods to improve fish condition upon release should be investigated (Carruthers et al. 2009; 
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Poisson et al. 2014). Of all taxa incidentally captured by fisheries, fishes, the focus of the research 

herein, comprise the greatest biomass (Alverson et al. 1994; Raby et al. 2011; Zeller et al. 2018). 

Implementing fishing and handling practices that ameliorate the condition of non-target fish upon 

release to the extent practically possible, is one small but important step to improving the 

sustainability of global marine fisheries.   

 

1.2 The Importance and Challenges of Estimating Discard Mortality 

A cornerstone of fisheries management is stock assessment, in which known or estimated biological 

data on the stock of interest is used to inform its status from one fishing season to the next and 

determine sustainable harvest levels (Begg et al. 1999). A wide array of biological data are 

considered in stock assessment models including, for example, age structure, mortality rates, 

fecundity, and sex ratios. Unfortunately, stock assessment models are only as accurate as the input 

estimates of population demographics and mortality for the species in question (Begg and Waldman 

1999; Begg et al. 1999).  In particular, total mortality, encompassing natural mortality in addition to 

fishery-induced mortality across all gear types and fisheries encountering the species, is rarely 

available in detail (Magnusson and Hilborn 2007). Further confounding the accuracy of stock 

assessments models is that the magnitude of discard mortality is typically unknown, but can be 

substantial (Hilborn et al. 2003a; Coggins et al. 2007; Gilman et al. 2013). Not only does this 

ambiguity represent an unquantified and wasteful source of fishing mortality, but it presents obvious 

challenges to conservation-based management and to discard management strategies (Hall et al. 

2000; Coggins et al. 2007). 

The only means by which discard mortality can be accurately quantified is by monitoring post-release 

fate in a natural environment, for example with telemetry (Cooke et al. 2004; Donaldson et al. 2008). 

However, the costs and technical difficulties associated with obtaining formal estimates of discard 

mortality mean that such data are only available for a limited number of species and fisheries (Benoît 
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et al. 2010). Even when achieving estimates of post-release mortality is possible, their application to 

fisheries management is complicated by the need to properly reflect the diverse contexts that can 

influence mortality (Muoneke and Childress 1994; Davis 2002; Suuronen 2005; Broadhurst et al. 

2006; Benoît et al. 2010). Moreover, there is the problem of separating natural mortality from 

capture-induced mortality when assessing the long-term fate of individuals (Heupel and 

Simpfendorfer 2002; Pollock and Pine 2007). A fisheries interaction and the subsequent effects to 

discarded fish are highly context-specific to each fishery, and variable in space and time. That is, 

mortality estimates generated within one set of circumstances (e.g., aquatic environment, vessel and 

gear type, fish species, season, year) cannot be easily extrapolated to another. Although obtaining 

discard mortality estimates should nonetheless be made a priority where practical, alternative 

methodologies are also required to estimate the magnitude of effect of capture and release.  

In his seminal paper, Davis (2002) calls for researchers to enhance fundamental knowledge of the 

action of capture stressors with the focus of not only quantifying how many fish die, but why fish die, 

thus encompassing the context-dependency of a fisheries interaction. For non-target fish discarded 

from fisheries, evaluations of how condition changes under different scenarios can, for example, 

inform methods of estimating fishing-related incidental mortality rates (e.g. Patterson et al. 2017), 

assist management decisions regarding retention or release, and support best practice 

recommendations and mitigation efforts (Davis 2002; Benoît et al. 2010, 2013).  

 

1.3 Capture as an Acute Stressor 

Irrespective of method of capture, fish discarded from commercial fisheries are exposed to multiple 

acute stressors including physical trauma, confinement stress, exhaustion, and air exposure. These 

stressors, and other stimuli perceived as threats, elicit a complex and evolved suite of physiological, 

hormonal, and behavioral responses known as the ‘‘stress response’’(Wendelaar Bonga 1997; 

Romero 2004). Extensive comparative physiology research in fish has established that the duration 
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and magnitude of the stress response is proportional to the severity of the stressor (Chopin and 

Arimoto 1995). Therefore, the type and duration of a stressor during capture has consequences for the 

severity of response exhibited by the fish and recovery time required. Ultimately, mortality results 

when the magnitude and duration of the stressor overcomes the adaptive stress-coping mechanisms 

available to the individual (Barton 2002; Romero 2004; Busch and Hayward 2009). 

The stress response is highly conserved across most taxa and is considered a compensatory and/or 

adaptive mechanism that serves to facilitate an immediate and extreme physical exertion to escape 

(Wingfield et al. 1998; Sapolsky et al. 2000; Barton 2002). A predator encounter is a classic example 

where upon immediate perception, through actions of the stress response, potential prey will 

prioritize short-term survival and mobilize energy to muscles to rapidly attempt escape (Sapolsky et 

al. 2000; Slos and Stoks 2008). Humans, too, can be considered predators, and the harvest of fish 

through commercial fisheries a form of predation (Darimont et al. 2015).  

The general stress response has been described in detail for fish (Wendelaar Bonga 1997; Mommsen 

et al. 1999; Barton 2002). In short, a neuroendocrine response is initiated immediately upon stressor 

perception, and leads to adjustments at all levels of biological organization, from the molecular level 

to whole-organism function (Wendelaar Bonga 1997; Kassahn et al. 2009). These immediate 

hormonal changes mobilize the energy required for tissue-level adjustments (e.g., changes to 

respiration, osmoregulation, immune function, and cellular processes; Barton 2002). At the molecular 

level, the interaction of neural, endocrine, cellular and immune signals cause transcriptional changes 

at numerous gene loci (Aluru and Vijayan 2009; Kassahn et al. 2009). A cellular stress response 

enables the individual to temporarily tolerate or counteract the molecular damage associated with 

stress, and shifts energy allocation from cellular growth to cellular repair (Kassahn et al. 2009). With 

attempts to escape fishing gear, burst swimming and the resulting power output from locomotory 

muscles further depletes energy stores (Milligan 1996; Kieffer 2000).  Such burst swimming is fueled 

by white muscle using anaerobic metabolism, and causes an accumulation of lactic acid (Wood 
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1991). It is also common for non-target fish to be air exposed prior to release. Air exposure is acute 

hypoxia for fish and effectively impairs aerobic respiration, which, combined with the lactic acid 

released during anaerobic exercise, can further decrease blood pH (i.e., extracellular acidosis) and 

causes osmoregulatory disruption (Ferguson and Tufts 1992; Suski et al. 2004). 

Looking beyond these individual-level biological processes, the stress response can also extend to 

whole-animal performance and population-level consequences (Barton 2002; Wilson et al. 2014). For 

example, fishes discarded from fisheries may be unable to engage in normal swimming and/or 

feeding behaviours for extended periods (Olla et al. 1997; Ryer 2002; Nichol and Chilton 2006), 

severe stress exposure can divert energy away from reproductive activities (Wingfield and Sapolsky 

2003; Schreck 2010), and impair immune function (Mommsen et al. 1999; Van Rijn and Reina 2010; 

Tort 2011). Therefore, even if a discarded fish appears to be in good condition upon release, the 

potential for these sublethal effects limit confidence in the assumption that surviving discards can 

effectively contribute to future recruitment and yield (Halliday and Pinhorn 2002).  

 

1.4 Fish Vitality: A Proxy for Stressor Severity and Mortality? 

The development of reliable and minimally-invasive sampling methodologies to measure 

physiological and molecular stress in wild animals has significantly enhanced our knowledge of 

animal function in their natural environments (Wikelski and Cooke 2006; Busch and Hayward 2009). 

The effectiveness of these tools is exemplified by the robust literature detailing how physiological 

knowledge can be applied to conservation problems (Cooke et al. 2012). However, despite these 

successes, chemical measures can be poor predictors of mortality, especially among fishes discarded 

from fisheries (Davis et al. 2001; Davis and Schreck 2005). Stress indices in the blood may not peak 

until hours after the onset of the perceived stress (Cook et al. 2012; Cockrem 2013), responses likely 

differ among physiological stress and physical injury, both of which occur simultaneously in a 

fisheries interaction (Nguyen et al. 2014). As an alternative or accompanying metric, a growing body 
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of research is examining the use of indices of animal condition as a proxy for perceived stressor 

severity and/or survival probability.  

Reflex impairment, assessed by observing responsiveness to induced stimuli, integrates physiological 

and neurological trauma. Reflexes are involuntary and innate movements, a failure of which indicates 

neurological dysfunction and/or complete muscle exhaustion (Lorenz et al. 2010). During a reflex 

impairment assessment, reflexes are categorized as either present or absent. Reflex impairment 

metrics in fish are responsive to a range of fishery-induced stressors (e.g. tow time, air exposure, 

temperature shock), and have been validated as mortality predictors among several species (Davis 

2010). Reflex assessments however do not quantify physical injury, which is also important to 

survival outcomes (Campana et al. 2009; Butcher et al. 2010; Marçalo et al. 2010; Baker et al. 2013; 

Bass et al. In Press). Recent research suggests that semi-quantitative indices of animal condition best 

predict discard mortality when both reflex impairment and visible injury are combined (Benoît et al. 

2012; Uhlmann et al. 2016; Meeremans et al. 2017). I herein refer to both reflex impairment and 

injury as ‘vitality metrics’, defined as a visual impression of survival potential that encompasses both 

reflex and/or behavioural impairment and severity and/or presence of physical injuries.  

As with indices of physiological stress, decreased vitality (i.e. increased reflex impairment and 

injury) corresponds to a greater departure from homeostasis, from which recovery becomes 

decreasingly possible. The association between animal vitality and survival is intuitive. Reflex 

impairment can have fitness effects both directly (e.g., increased probability of predation; Raby et al. 

2014) and indirectly (e.g., impaired foraging or swimming abilities; Ryer 2004), as can capture-

induced injuries (Veldhuizen et al. 2018). With respect to injury, of additional concern is that the 

integument is an integral part of the immune system in fish (Mateus et al. 2017). The most ubiquitous 

fisheries-induced damage is the loss of protective mucus layers. Although mucus loss is a minor 

injury, fish mucus contains lysozymes and antibacterial proteins; its removal can therefore increase 

potential for infection (Rombout et al. 1993; Svendsen and Bøgwald 1997; Fast et al. 2002). Damage 
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to the next line of defense, the scales and skin, can provide a direct pathway for infectious pathogens 

(Udomkusonsri and Noga 2005; Caipang et al. 2011), and also compromise osmoregulatory function 

(Zydlewski et al. 2010; Olsen et al. 2012).  

Further confounding the relationships between injury and immune function is that severe stress, such 

as encountered in a fishery interaction, can also lead to immunosuppression in fish, potentially further 

increasing vulnerability to disease (Fast et al. 2008; Van Rijn and Reina 2010). Pathogens are prolific 

in wild environments and Pacific salmon are continuously exposed to new infectious agents 

throughout their migration (Miller et al. 2014; Bass et al. 2017).  The relationships between vitality, 

physiology, and capture stress are complex. However, by integrating these responses across a variety 

of capture scenarios, a holistic picture of performance can be portrayed from which we can begin to 

elucidate potential mechanisms of post-release mortality and identify key aspects of the fishing 

process that limit the survival of discarded fish. 

 

1.5 The Human Factor of Discard Mortality 

Although a primary objective of scientific research is to simply enhance fundamental knowledge, 

accompanying this is a desire for findings to lead to tangible improvements to society. A growing 

body of literature speaks to a widening disconnect between scientists conducting ecological research, 

those using science to implement regulations and make management decisions, and those influenced 

by regulations (Lauber et al. 2011; Young et al. 2013; Banks et al. 2016). This had led to intense 

debates regarding how to increase practical relevance of science (Nicolai and Seidl 2010). It is 

becoming increasingly recognized that human dimensions research is paramount to bridging the gap 

between management and science, and to achieving meaningful conservation advances (Cash et al. 

2003; Bennett et al. 2017). 
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Conservation social science research endeavours to contribute to resource management decisions, 

including through evaluating the social impacts of management actions and understanding the 

perceptions of those under management (Kaplan and McCay 2004; Drury et al. 2011; Bennett et al. 

2017). Results can help to guide management such that regulatory decisions are meaningful to fishers 

and provide incentives for cooperative behaviours. Studies of bycatch reduction strategies have 

underscored that barriers to the uptake of these strategies arise where bycatch problems are not 

perceived to exist in the first place, or where problems are perceived to be external to the fishery 

(Campbell and Cornwell 2008; Nguyen et al. 2013). Understanding the biological responses of 

discarded fish to capture stress, and the consequences of these responses upon release, are 

undoubtedly needed to support their sustainable management. However, by incorporating human 

dimensions research, these investigations are strengthened by ensuring findings are successfully 

communicated and new regulations are properly implemented.  Ultimately, any conservation-based 

framework in commercial fisheries will require the active support of harvesters; failing to consider 

social acceptance of management actions will limit their success (Grafton et al. 2006). 

 

1.6 A Commercial Fishery for Pacific Salmon as a Model System 

The research herein examines a series of hypotheses with the Pacific salmon (Oncorhynchus spp.) 

purse seine fishery, a prolific commercial fishery that presents a practical and effective model for 

studying responses to capture among discarded fish. Adult Pacific salmon undertake extraordinary 

long-distance anadromous migrations that terminate at their natal spawning grounds. Such directed 

migrations of known terminus provides a unique opportunity to quantify post-release fate in their 

natural environment [i.e., with biotelemetry; (Cooke et al. 2004; Donaldson et al. 2008)]. 

Furthermore, because Pacific salmon are semelparous, failure to reach natal spawning areas has direct 

fitness consequences (Wingfield and Sapolsky 2003; Cooke et al. 2006a).  
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Fisheries targeting Pacific salmon may encounter multiple and diverse co-migrating populations, each 

uniquely adapted to the specific requirements of their migration and rearing area (Crossin et al. 

2004b; Eliason et al. 2011). A critical management challenge in mixed-population fisheries is 

selectively and sustainably harvesting abundant populations, while simultaneously protecting less 

abundant ones (Hilborn et al. 2003b; Hutchinson 2008; Dann et al. 2013). Selectivity of fisheries can 

be increased through either avoiding capture of less abundant populations, or by releasing these non-

target fish alive from fisheries targeting more abundant populations. Accordingly, Fisheries and 

Oceans Canada (herein referred to as DFO), the agency responsible for managing Canadian 

commercial fisheries, adheres to a selective fishing policy whereby nearly all Pacific salmon fisheries 

have non-retention programs in place to protect certain populations or species (Fisheries and Oceans 

Canada 2001).  

Estimates of discard mortality among non-target Pacific salmon are often unknown, or concerns exist 

regarding their accuracy (Raby et al. 2014a, 2015c; Patterson et al. 2017b). Research is therefore 

required to refine these estimates, understand what factors of the capture process are most harmful, 

and how these effects manifest over time upon release. Of all harvest methods for Pacific salmon, 

purse seine fisheries account for the largest proportion of harvested biomass (Butler 2005; Haas et al. 

2016). Additionally, operating primarily in coastal waters, purse seine fisheries are also characterized 

by a greater mixing of co-migrating species and populations of Pacific salmon relative to gear types 

conducted closer to natal waters (Beacham et al. 2005).  

More research is undoubtedly required to advance our knowledge of discard mortality, but it is also 

important to understand the social context of study systems to achieve meaningful conservation 

advances. For example, even if through research, methods were identified that reduced discard 

mortality in a selective fishery, if they are not supported or adopted by the fishing community the 

research provides no benefit. Therefore, through collaborations with purse seine fishers, this research 

also integrates a human dimensions component. Certainly, the importance of Pacific salmon as a 
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natural resource, and the complex sociopolitical considerations for their management provides ample 

opportunity for integrative research (Scarnecchia 1988; Lackey 1999; Young et al. 2016).  

 

1.7 Synopsis of Research 

1.7.1. Methodologies and Approach 

The techniques I employed to measure fish condition and responses to capture are diverse. I use 

blood physiology to evaluate chemical responses to stress, severity of exhaustion, and identify 

potential metabolite or osmotic imbalances. On the molecular level, I use genomics to simultaneously 

evaluate the expression of dozens of genes of various functional groups, in addition to the presence 

and load of infectious agents known to be present in Pacific salmon. The result is a holistic suite of 

parameters evaluating stress, immune function, and infection burden.  

I used containment studies and biotelemetry to measure post-release fate. Temporary captivity allows 

for continued monitoring of the study population, but there are clear limitations (e.g., elimination of 

post-release predation, confinement stress; Rogers et al. 2014). Biotelemetry is another approach to 

quantify animal fate in their natural environments but unless the tagged fish can be recaptured, 

potential latent effects of capture or fish condition (e.g., presence or progression of injuries) cannot be 

verified after capture. I also used reflex impairment and semi-quantitative indices of observable 

injuries (i.e. vitality metrics) as proxies of fate, especially in containment studies where estimates of 

fate are not as realistic as those obtained in telemetry studies. Vitality metrics can also be used as 

proxies of the overall severity of capture for an individual fish. Reflex impairment was measured 

according to a standard approach, validated for use in Pacific salmon (Raby et al. 2012). For injury, a 

scoring system was developed based on observable injures (e.g. extent of scale loss) that is described 

in subsequent chapters.    
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To conduct this research, Pacific salmon purse seine fisheries were simulated using chartered 

commercial vessels, their captain, and crew. Aspects of the fishing process during both capture (e.g., 

set size, capture duration) and handling (e.g., air exposure, confinement time) were monitored and 

included in models where relevant as predictors of fish responses, condition and/or fate. 

1.7.2. Hypotheses and Objectives 

A stress coping response includes all levels of animal function that are required to overcome an acute 

or chronic stressor. Herein, I quantify stress coping through measurements of physiological 

disruption, defined as a disruption of the homeostasis of any physiological system caused by stress. I 

specifically focus on changes to blood chemistry or gene expression resulting from capture stress. 

Among discarded fish, numerous complex and entwined factors determine characteristics of the stress 

coping response and fate (Davis 2002; Broadhurst et al. 2006; Benoît et al. 2010; Raby et al. 2015b; 

Patterson et al. 2017a). Herein I categorize these factors as: 1) fishing factors, 2) intrinsic factors, and 

3) extrinsic factors, following the conceptual factor analysis provided in Patterson et al. (2017b). 

Fishing factors comprise all interactions that a fish experiences during a fishery encounter (e.g., gear 

entanglement, catch density, exposure to air). Fishing factors typically include a temporal aspect (i.e., 

duration of exposure) and because the gear is handled by a fisher, can also be influenced by human 

dimensions (e.g., willingness to comply, experience, training); combined, these fishing factors dictate 

the magnitude of capture severity, a measure of the specific capture experience for a given individual 

(Figure 1.1A).  Intrinsic factors are those fish-specific characteristics that contribute inherent and 

uncontrollable variability to the fish response (e.g., life stage, population, pre-existing wounds). 

Extrinsic factors include environmental variables (e.g. water temperature, salinity). Although I do 

acknowledge that extrinsic factors influence fish responses in all environments, given stability of the 

marine environments relative to in-river environments (where large research programs assessing 

salmonid capture/release are taking place; Bass et al., 2018; Robinson et al. 2015; Teffer et al. 2017, 

2018), extrinsic factors are not directly evaluated in this thesis.  
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My overarching hypothesis for this work is that among non-target fish landed alive (i.e., excluding 

immediate mortalities), post-release survival probability and the magnitude of physiological 

disruption are influenced by capture severity and intrinsic fish characteristics. In terms of survival 

probability, I predict a negative relationship with capture severity, and that the magnitude of 

impairment and mortality observed will vary with intrinsic fish characteristics (Figure 1.1B). In terms 

of fish response, I predict that although in many instances fish discarded from fisheries will recover 

from the event, there exist thresholds in fish responses to capture whereby after a given severity, fish 

will fail to recover and/or condition will progressively deteriorate post-release (Figure 1.1C). 
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Figure 1.1: A conceptual diagram outlining my main hypotheses and predictions. I hypothesize that 

survival probability and the magnitude of physiological disruption post-capture are influenced by 

capture severity, in addition to intrinsic fish characteristics. Capture severity, the main predictor of 

interest, is a measure of the specific capture experience of the individual that encompasses numerous 

fishing factors (i.e., measurable factors associated with the capture process that may determine 

characteristics of the stress coping response and fate for a captured fish; A). Intrinsic fish 

characteristics (B; left panel) are shown as varying condition categories, but this could be any 

intrinsic factor causing variability in vulnerability to capture. I predict that following capture, both 

vitality and survival probability will decrease with capture severity and will vary with intrinsic fish 

characteristics (B; right panel). In terms of fish response (C), I predict that although in many 

instances fish can recover from the event, there exist thresholds in fish responses to capture whereby 

after a given severity, fish condition will progressively deteriorate post-release. 
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Within the framework presented in Figure 1.1., the research presented in this thesis addresses 

multiple objectives and specific hypotheses, divided into the following components:  

1) Literature review to summarize what is known about stress processes associated with fishing 

factors (Chapter 2) 

2) Research to quantify predictors of discard mortality and evaluate their effects to individual 

stress coping responses over time (Chapters 3-5) 

3) Research to develop and/or support practical solutions that could improve the condition of 

non-target fish upon release (Chapters 6 and 7). 

Section 1 – Understanding fish responses to capture stress: This section explores the hypothesis that 

the fishing factors of gear type and method of capture within each gear type influence individual 

vitality metrics and stress coping responses. I predict that the magnitude of stress, injury, and 

impairment varies by gear type and fishing method. This section includes a literature review in which 

I describe the fish responses associated with stressors typical of the most common commercial gear 

types, outline what knowledge gaps exist, and discuss options for mitigating the severity of capture 

stressors.  

Section 2 – Predictors of mortality and their effects over time: Including three research chapters, this 

section uses my model system of Pacific salmon purse seine fisheries to address several hypotheses 

aimed to understand the effects of capture severity on fate and measures of physiological disruption,  

while also considering intrinsic fish characteristics. In chapter 3 I use biotelemetry to monitor post-

release fate and test the hypothesis that capture severity in addition to the intrinsic factor of genetic 

variability within returning coho salmon influence post release fate.  I predict that: 1) increased 

capture severity, as measured by set size, magnitude of injuries sustained, and severity of reflex 
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impairment will lead to increased post-release mortality and 2) that the magnitude of post release 

mortality will differ among genetically distinct populations.  

In chapters 4 and 5, I monitor the magnitude of duration of physiological disruptions following 

varying levels of capture severity using containment studies. With coho as a model species, in 

Chapter 4 capture severity is reflected by the extent of dermal injury and impairment observed upon 

capture.  I evaluate changes to blood chemistry over time to understand the physiological 

consequences of capture-injured dermal damage. I hypothesize that capture severity influences both 

the magnitude and duration of physiological responses to capture. I predict that severe dermal injuries 

and impairment will have a lasting effect on blood physiology but that minor dermal injuries and 

impairment will cause immediate perturbations to blood physiology, from which fish will recover. 

This prediction is conceptualized in Figure 1.1C. Chapter 5 objectives are similar, but the study 

involves experimentally-modifying fishing factors and incorporates intrinsic measures of pre-capture 

condition; response variables include the expression of stress and immune genes, and a measure of 

infection burden. My hypothesis is that capture severity and pre-capture condition influence cellular 

stress responses and immune function following capture. I predict that immune function will be 

impaired and cellular stress responses increased with increased severity of both pre-existing and 

capture-induced dermal injuries, as well as duration of exposure to capture stress. I further predict 

that these effects (i.e., impaired immune function and increased cellular stress) will lead to increases 

in infection burdens. 

Section 3 – Solutions to improve condition of non-target fish: The practical objective of this research 

is to identify measures that can reduce discard mortality among non-target Pacific salmon. In chapter 

6 I conducted a simulated purse seine fishery, experimentally modifying fishing factors with the 

objective of developing specific best handling practices. I hypothesize that the duration of exposure 

to capture stress influences the severity of behavioural impairment and injury, used as proxies of fate, 

and dictates the slope characteristics of the relationship between a given fishing factor and measure of 
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fish response. There are two predictions associated with this research. First, that behavioural 

impairment and injury will increase with duration of exposure to capture stress. Second, that 

relationships between the duration of exposure to fishing factors and physiological responses have a 

piecewise polynomial and non-linear structure. That is, physiological disruption will increase with 

duration of stress exposure only to a certain point (i.e., threshold) after which the direction of the 

predictor-response relationship will change. Such investigations are valuable because the time point 

after which severity of impairment, injury and/or physiological disruption exceeds levels known to be 

associated with mortality will be important for developing fishing and handling recommendations. 

As a concluding research chapter, I address a fishing factor receiving less attention in discard 

mortality research: human dimensions. Through semi-structured interviews, I explore the social 

contexts that modulate fisher behaviour and evaluate the effect they may have on the severity of 

capture experienced by discarded fish. I hypothesize that perceptions of validity of management 

actions among the fishing community influence likelihoods of conforming with suggested best 

practices, which have been designed to reduce impacts of capture to released fish. I predict that 

fishers having a poor perception of management or of the validity of management actions are less 

likely to comply with suggested best handling practices.  
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Chapter 2  A synthesis to understand responses to capture stressors among 

fish discarded from commercial fisheries and options for mitigating their 

severity 

2.1 Introduction 

The occurrence of bycatch in commercial fisheries is a persistent management concern globally 

(Halpern et al. 2007). It is widely acknowledged that the loss of marine life due to commercial 

fisheries discard constitutes a waste of resources and contributes to the depletion of marine 

biodiversity (Kelleher 2005; FAO 2011), yet bycatch also occurs in inland (freshwater) systems, 

however, it has been comparatively less studied (Raby et al. 2011).  A large quantity and diversity of 

marine and freshwater fauna, including aquatic mammals, birds, turtles, fish, and invertebrates are 

captured as bycatch (Hall et al. 2000). There have been numerous types of gear modifications that 

attempt to reduce bycatch (e.g., turtle/juvenile fish exclusion devices, shrimp sorting devices), as 

overall prevention of non-target species capture is certainly the best way to avoid fisheries related 

mortality (Broadhurst et al. 2008b). However, such modifications are not 100% effective, are often 

size and/or species specific, and are not found in all fisheries. Therefore, bycatch remains a 

proportion of catch in most fisheries.  

While some bycatch is retained, the majority is discarded (Hall et al. 2000), and fishes, the focus of 

this review, compose the greatest biomass discarded from commercial operations in both marine 

(Alverson et al. 1994) and freshwater (Raby et al. 2011) systems. Bycatch can be further categorized 

according to the captured animal’s fate following capture. Although many fish are dead prior to 

discard (i.e., immediate capture-induced mortality), others are discarded alive, some of which will die 

after release (i.e., post-release mortality). Here, we outline the causes of mortality attributed to 

various fishing methods among fishes captured in commercial fisheries, with the aim of informing 

mitigation options and management decisions on how to minimize the negative effects of capture.  
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Discarding fish is controversial from ecological, economic, and ethical standpoints. Discarding 

occurs due to regulatory measures for conservation, license or sharing agreements, market 

considerations, or, less commonly, logistical constraints (e.g. lack of appropriate storage); Hall et al. 

(2017) provide a thorough review of bycatch situations and why they occur. Often body size will 

inform discard decisions. Size-selectivity can be employed to increase yields, either by allowing 

individuals to reach sexual maturity for at least one reproduction event (Halliday and Pinhorn 2002; 

Hall and Mainprize 2005), or by protecting older individuals, particularly females, that typically 

demonstrate the highest fecundity in the population (Birkeland and Dayton 2005). Size selectivity can 

also take the form of ‘high grading’, where fishers only retain high-value fish, a practice that can lead 

to substantial discarding (Gillis et al. 1995). Conversely, some bycatch has such little economic value 

that there is no incentive for retention, a cause of discarding that some argue is unnecessary, as most 

fish can be used to produce marketable products such as fish meal and oils (Blanco et al. 2007).  

Indeed, in small-scale fisheries in food insecure areas nearly all fisheries products are retained and 

consumed. 

A Code of Conduct for Responsible Fisheries developed by the United Nations Food and Agriculture 

Organization (FAO) provides international principles and standards for the sustainable use of aquatic 

ecosystems. The voluntary guidelines call on signatory countries to adopt “to the extent practicable, 

the development and use of selective, environmentally safe, and cost effective fishing gear and 

techniques” (Alverson et al. 1994). Despite widespread endorsement, there is growing concern that 

fish discard mortality continues to threaten long-term sustainability of many marine and inland 

fisheries (FAO 2011). There is also an argument opposing bycatch discard, suggesting instead 

balanced exploitation practices where fishing pressure is distributed across the widest possible range 

of trophic levels, sizes, and species in proportion to their natural productivity (Garcia et al. 2012; 

Zhou et al. 2010). Some nations have begun to introduce partial or complete discard bans in marine 

waters, forcing affected fisheries to land non-target catch (Borges et al. 2016) – a major change not 
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without criticism (Heath et al. 2014; Sardà et al. 2015). For certain taxa and situations, however, live-

release may represent a simple, cost-effective measure to achieve discard management objectives 

without complete discard bans (Benoît et al. 2010). 

A major limitation to any discard management strategy is that accurately defining the effect of 

fisheries on stock status is limited without population dynamics modelling. However, these models 

are only as accurate as the estimates of population demographics and total mortality for the species in 

question (Magnusson and Hilborn 2007). In particular, total mortality, which encompasses natural 

mortality in addition to fishery-induced mortality across all gear types and fisheries encountering the 

species, is often not available in detail (Magnusson and Hilborn 2007). A prescriptive approach of 

establishing mortality estimates for each species, fishery, and ocean basin is likely unachievable due 

to the dynamic, highly context-specific nature of fisheries. Moreover, large species-specific 

differences exist in response to capture stressors and mortality estimates generated from one context 

cannot be easily extrapolated to another (Benoît et al. 2012). In his seminal paper, Davis (2002) calls 

for researchers to first enhance current fundamental knowledge of stressor action to understand why 

fish die. Such an approach encompasses the context-dependency of discard mortality and provides a 

general understanding of how fish respond to a fishery encounter under varying scenarios (Patterson 

et al. 2017a). The knowledge garnered can, for example, inform methods of estimating fishing-

related incidental mortality rates (as in Patterson et al., 2017b), assist management decisions 

regarding retention or release, and support best practice recommendations and mitigation efforts; the 

latter is the focus of this paper.  

Particularly relevant to mitigation efforts is a focused assessment of how fish respond to the physical 

factors of fishing (i.e., gear and handling), yet such synthesis is currently lacking from the primary 

literature. A better understanding of the mechanisms of mortality as they relate to fishing factors will 

advise mitigation efforts and provide the scientific information required to inform management 

decisions. Herein I identify potential mechanisms of mortality among discarded fishes from various 
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capture and handling scenarios in commercial fisheries; rather than attempting to quantify mortality, I 

take a broad and fundamental view of the potential causes of mortality. I amalgamate research 

relevant to considering the effects of commercial capture on discarded fish that is based on an 

understanding of the fish’s experience during capture, handling, and release.  

2.1.1. Approach and objectives 

The objective of this literature synthesis is to inform how fishing method, including gear type, 

deployment, and handling methods, influence probability of survival of fish discards from 

commercial fisheries through an examination of the resulting fish responses. While environmental 

(e.g., temperature, sea/lake/river conditions) and biological (e.g., life stage, size) factors (Davis 2002; 

Veldhuizen et al. 2018) are important when considering how a fish responds to a stressor, 

understanding the effects of various fishing methods has potential to steer mitigation efforts because 

gear and method variations can be more directly controlled. This is neither a review of the magnitude 

of fish discards among commercial fisheries (as done by Harrington et al. 2005; Davies et al. 2009), 

nor a review of discard mortality rates observed in commercial fisheries (as done for recreational 

fisheries in Bartholomew & Bohnsack 2005) – the findings presented here are in the context of 

mitigation and improving the condition of discarded fish. 

Our objective is to provide a synthesis of the information available to help mitigate and minimize 

capture-induced stress and injury for the most common commercial gear types that discard fish. To 

this end, I first review the general stress responses in fish invoked by capture, regardless of method, 

as well as the stressors and injuries common among commercial capture methods. I then describe the 

severity (i.e., magnitude, duration, and likelihood) of identified stressors and injuries resulting from 

each of the selected gear types. Finally, the implications for fisheries management and bycatch 

mitigation are synthesized and discussed, emphasizing methods that could lead to improved condition 

of fish discarded in commercial fisheries.  

 



21 
 

2.2 Fish stress physiology in the context of capture 

Regardless of capture method, fish discarded from commercial fisheries are exposed to multiple acute 

stressors. The initial contact with fishing gear may lead to entanglement, physical trauma, and/or 

confinement. Attempts to escape can lead to exhaustion during both capture and handling and, when 

on-board, fish are often air-exposed and face additional trauma (e.g., crushing, mechanical injury).  

The general stress response has been described in detail for fish (Wendelaar Bonga 1997; Mommsen 

et al. 1999; Barton 2002). Adaptive neuroendocrine responses are initiated the moment a stressful 

encounter is perceived and physiological adjustments are required at all levels of biological 

organization (Wendelaar Bonga 1997; Kassahn et al. 2009). Barton et al. (2002) categorized this 

progression of responses as primary, secondary, and tertiary; primary responses encompass the initial 

neuroendocrine changes, secondary responses relate to tissue-level adjustments (e.g., changes to 

respiration, osmoregulation, immune function, and cellular processes), and tertiary responses involve 

aspects of whole-animal performance.  

Acute stress in fish initially causes a rapid release of catecholamines and activates the hypothalamic-

pituitary-interrenal (HPI) axis, which culminates in an increase in circulating concentrations of 

glucocorticoid hormones (Wendelaar Bonga 1997; Barton 2002). These immediate hormonal changes 

then mobilize the energy required for secondary responses (Barton 2002). Increases in glucose and 

lactate are observed along with decreases in tissue glycogen, and changes to ion concentrations and 

hematological features (Wendelaar Bonga 1997; Barton 2002). At this stage, the innate immune 

system can also become activated, increasing lysozyme activity and antibody production (Tort 2011). 

Tertiary stress responses extend to both the organismal- and population-level. A stressed animal will 

modify its behaviour, and lasting changes to growth, performance, reproductive potential, and disease 

resistance can occur (Barton 2002). This complex cascade of processes is considered an adaptive 

mechanism that facilitates escape from challenging situations, promotes immediate survival, and 

enables the reestablishment of a homeostatic state (Wingfield et al. 1998).  
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Extensive comparative physiology research has established that the duration and magnitude of 

physiological disturbance following acute stress, such as a capture event, is proportional to the 

severity of the stressor (Chopin and Arimoto 1995). Therefore, the type and duration of a stressor has 

consequences for the severity of response exhibited by the fish and recovery time required (Kieffer 

2000). Ultimately, mortality results when the magnitude and duration of the stressor overcomes the 

adaptive stress-coping mechanisms available to the individual. 

 

2.3 Effects of common capture stressors 

Understanding the effects of stressors experienced by discarded fish during capture, handing, and 

release will better establish connections between fishing method and probability of survival, and can 

inform mitigation. In this section, I outline the fish responses to, or effects of, individual stressors 

common to commercial capture, handling, and release methods.  

It is important to note that many factors can exacerbate the response to individual stressors. While 

each stressor experienced during capture may independently elicit a general stress response, there is 

real potential for effects to be interactive (Chopin and Arimoto 1995; Crain et al. 2008), the 

cumulative effects of which are beyond the scope of this paper. Additionally, I have not provided an 

exhaustive list of all stressors potentially influencing discarded fish. Environmental conditions (e.g., 

water temperatures) and fish characteristics (e.g., size, life stage), not included in this overview of 

stressors associated with fishing method, are exceptionally important to survival outcomes for 

discarded fish and will influence the magnitude of each of the stressors chosen for this review.  

2.3.1. Hypoxia / air exposure 

Air exposure is often unavoidable in commercial fisheries and causes acute hypoxia, a deficiency in 

oxygen reaching the tissues. Although air exposure is most frequent during sorting, hypoxia may also 

occur if ventilation is restricted (i.e., the operculum cannot move), or with localized oxygen depletion 
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in crowded nets/traps (as observed in Raby et al. 2014a). When a fish is removed from water, a 

cascade of physical and physiological disturbances supervene (Figure 2.1).  Gill lamellae, the 

respiratory organs responsible for gas exchange, collapse during air exposure. Gas exchange normally 

occurring via capillaries in the gill lamella therefore stops, ceasing aerobic respiration (Ferguson and 

Tufts 1992). An oxygen debt develops and carbon dioxide accumulates, decreasing pH (i.e., 

extracellular acidosis; Ferguson and Tufts 1992; Arends et al. 1999). The longer the duration of air 

exposure, the longer it takes for fish to recover from these effects (Arends et al. 1999). 

Figure 2.1 The physiological responses occurring when fish are removed from water. Effects increase 

with the duration of air exposure. 

 

Durations of air exposure during capture and handing are variable, ranging from seconds to over an 

hour depending on method. Other variables, such as environmental conditions, species, or life history 

stage can all influence air exposure tolerance (Cook et al. 2015). Although some species can tolerate 

prolonged air exposure, most notably demersal fishes (Davis and Olla, 2002; Haukenes and Buck, 

2006), a difference of just 10 seconds was enough to influence fecundity measures in Atlantic salmon 

(Salmo salar, Richard et al., 2013).  
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2.3.2. Injury 

All capture scenarios will cause some level of injury to a fish, but the type of physical damage and 

the magnitude of effect will be a function of fishing gear, method, and fish characteristics (e.g., body 

size and shape, skin characteristics). In all fish however, longer fishing durations are associated with 

more external injuries (Veldhuizen et al. 2018). Severe crushing injuries, exsanguination, and 

puncture wounds to major organs can easily be traced back to capture and/or handling events and can 

result in immediate or short-term mortality. Less obvious injuries, such as damage to the integument, 

are more difficult to attribute to fisheries encounters but can still lead to delayed mortality.  

The most ubiquitous fisheries-induced damage is the loss of protective mucus layers that cover skin, 

scales, and gills through physical contact with gear or other fish. Integral to the immune system, 

mucus contains lysozymes and antibacterial proteins, creating the first defense against pathogens, 

thus the removal of mucus can increase the potential for infection (Svendsen and Bøgwald 1997). 

Fish will typically increase mucus production during a stressful encounter, potentially reducing the 

physical damage and latent infection risk associated with capture and handling (Fast et al. 2002). 

Mortality associated with damage to the next line of defense, the skin and scales, is also typically 

latent. Extensive scale loss and skin damage can disrupt osmoregulatory abilities (Zydlewski et al. 

2010; Olsen et al. 2012), from which recovery times increase with injury severity (Chapter 4).  

Bruising, crushing, and constriction injuries, which tend to occur in gears that crowd fish together 

(Ryer 2002; Broadhurst et al. 2008b; Veldhuizen et al. 2018), may not be immediately apparent upon 

capture, are harder to quantify, and are therefore not as well studied. Constriction injuries, such as 

those typical of gillnet encounters where the girth of the fish in squeezed during entanglement, may 

induce fatal damage to the circulatory system (Kojima et al. 2004) and/or internal organs (Broadhurst 

et al. 2008a). Most severe injuries include the puncturing of organs, which can occur by deep 

hooking or when fish interact with non-smooth deck surfaces and/or other captured organisms, 

especially those with sharp appendages (Suuronen et al. 1996a,b; Kaimmer and Trumble 1998). 
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Perhaps more common, and equally severe, are injuries to the gills that can lead to severe bleeding 

from which recovery is unlikely (Muoneke and Childress 1994; Kaimmer and Trumble 1998). Gill 

injuries can occur from puncture and crushing, but also tearing during net removal (e.g., from gill 

nets; see Section 2.5.2). Additionally, injuries such as ruptured swim bladders, exopthalmia, and 

hemorrhaging can be caused by rapid changes in pressure (i.e., barotrauma; see Section 2.4.3). Upon 

release, capture-induced injuries can also influence schooling behaviour (Olsen et al. 2012) and 

increases probability of migratory delay (Bass et al. In Press). Injuries can serve as a potential entry 

point for opportunistic bacterial or fungal agents, increasing the latent mortality risk associated with 

infectious diseases (Miller et al. 2014).  

2.3.3. Barotrauma 

Fish captured at depth can experience rapid decompression during ascent. This change in pressure 

can cause barotrauma, an internal buildup of gas that can result in potentially severe internal physical 

damage. Barotrauma is generally observed in fish captured below 20m depth but can be observed 

from capture depths of 5m (Rudershausen et al. 2007). Conspicuous evidence of barotrauma in fish 

include everted stomachs, bloated abdominal walls, and bulging eyes, while less conspicuous tissue 

damage include ruptured swim bladders, blood embolisms, and internal hemorrhaging (Humborstad 

et al. 2017). Physoclistous fishes, those with a discrete swim bladder, are more vulnerable to 

barotrauma, whereas physostomous fish, those that still retain a direct connection between the swim 

bladder and gut, can de-gas quickly during rapid ascents. Elasmobranchs, such as sharks and rays, are 

the least vulnerable to barotrauma given the absence of a swim bladder.  

Although barotrauma can result in immediate mortality, latent and indirect mortality is more 

common. With the loss of equilibrium and buoyancy control upon release, fish are more vulnerable to 

predation (including avian predation) and suboptimal surface conditions (e.g., elevated water 

temperatures), and it may take an extended time (i.e., days) before fish can return to depth (Nichol 

and Chilton 2006; Midling et al. 2012). Damage to eyes, blood embolisms, and everted stomachs can 
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also impact foraging behaviour, increase stress levels, and potentially increase infection risks 

resulting in latent mortality. 

2.3.4. Exhaustion 

There is substantial inter- and intra-specific variation in how fish respond to exhaustive exercise 

(Kieffer 2000). However, in all cases, exhaustion from excess physical activity can cause a build-up 

of metabolites that exceed the physiological capacity to be cleared from the muscle tissue in a timely 

manner. This leads to serious ion imbalances and potentially acute death, but latent mortality can also 

occur from the inability to fully recover from exhaustion (Black 1958; Kieffer 2000). Fish that do 

survive the physiological imbalances can lose equilibrium (Danylchuk et al. 2007) and exhibit 

impaired swimming abilities (Jain and Farrell 2003), both of which increase susceptibility to 

predation (See Section 2.4.5; Brownscombe et al. 2013; Raby et al. 2014b).  

2.3.5. Predation 

Predation can occur during capture or after release. Predation is a crucial factor in any fishery where 

fish are held vulnerable for extended periods. For example, in hook fisheries, fish dragged behind 

trolling vessels are exposed to highly mobile predators (Weise and Harvey 2005; Zollett and Read 

2006) and the passive counterpart, longlines, can be deployed for long periods of time, holding fish 

vulnerable to a number of predators (Nishida and Shiba 2005). Fish held captive in hanging nets can 

also be highly vulnerable to predation. Upon release, fish are especially vulnerable to predators for all 

gear types, if discarded in a state of decreased responsiveness and mobility. Not surprisingly, 

predators have learned to associate fishing vessels and gear with opportunistic feeding on weak or 

incapacitated fish (Weise and Harvey 2005). 

Predation during capture or after release is exceptionally difficult to monitor (Raby et al. 2014b). 

However, it is reasonable to assume that predation will vary extensively depending on the condition 

of the fish and abundance and consumption rates of predators in proximity to the fishery. For 
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example, discarded fish not able to equilibrate due to severe exhaustion or barotrauma are 

increasingly vulnerable to avian predators (Campbell et al. 2010), while decreased ability to maintain 

shoaling behaviour, commonly observed in stressed individuals, influences predator evasion abilities 

(Ryer 2002). 

 

2.4 Capture stressors and their mitigation potential 

The severity of stress associated with commercial fishing is directly related to gear type, fishing 

method, and handling of captured fish. Mitigation strategies need to consider how the capture process 

can be modified to minimize the magnitude, duration, or likelihood of stress and injury experienced. 

Here I outline the stressors characteristic of each of the most common commercial gear types and 

present mitigation options to reduce the impact of stressors experienced by non-target fish during 

capture, handling, and release.  

2.4.1. Seines 

Seine fisheries are characterized by a single long net wall that is manually dragged to enclose schools 

of fish. Containment is achieved by drawing the net wall toward land or vessel (beach and boat seine, 

respectively), or by cinching the bottom of a cylindrical containment area as the ends of the net are 

closed (purse seine). Fish are then sorted either on the shore (beach seine) or vessel deck. Fish 

discarded from seine fisheries will typically experience confinement stress, exhaustive exercise 

during crowding and sorting, crushing and tissue damage from capture and handling gear, and 

hypoxia throughout onboard sorting. Fish are progressively corralled into a smaller volume of water 

during containment; avoidance behaviour and exhaustive exercise increase as the net becomes more 

constricted, as do forced physical interactions with both the gear and other captured organisms. 

Dissolved oxygen levels can decrease during crowding, and in some cases result in hypoxic water 

conditions (Raby et al. 2014a). However, these low oxygen conditions can also reduce activity and 
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potentially prevent some struggling-related injuries (Schurmann and Steffensen 1994), though this 

has not been tested in the context of seine fisheries.  

During removal and onboard sorting, bouts of exhaustive exercise will likely continue, and any 

exposure to air during handling or hypoxic water conditions will accelerate physiological 

disturbances. Mucus sloughing, scale loss, and tissue damage commonly result from the forced 

physical interactions of a typical seine fishery encounter (Marçalo et al. 2010). The catch size and 

composition (e.g. body size, species), mesh type, and relative mesh size also influence the degree and 

severity of entanglement and injury (Chopin and Arimoto 1995). The injury experienced during 

handling can be exacerbated by severe crowding during pursing, crushing during ramping, contact 

with non-smooth deck surfaces, prolonged air exposure, and high activity levels of the fish brought 

aboard.  

2.4.1.1. Mitigation Options 

Reducing capture durations would directly benefit fish condition upon release by limiting exhaustive 

exercise, though large resistance to this recommendation is expected given the time required to set 

large seine nets and bring catch aboard. Reducing handling times is the most practical means to 

improve survival through a reduction in air exposure and exhaustion. Prioritizing bycatch during 

sorting (Poisson et al. 2014; Raby et al. 2014a) or before brailing (with larger bycatch species; 

Hutchinson et al. 2015; Hall et al. 2017) to expedite their release can be effective. Having the vessel 

equipped with a canvas sling is a similar solution for the safe release of large bycatch species reduces 

risk of injury (Poisson et al. 2014). Although not tested, aerating the water has been proposed to 

improve survival of discards if there are concerns of severe hypoxia due to crowding (Chopin and 

Arimoto 1995; Gilman 2011). However, reducing net constriction while holding fish for brailing is 

perhaps a simpler means to reduce hypoxia and crowding, and has been shown to improve fish 

condition (see Chapter 6). Injury reduction can be achieved through changes to mesh size (depending 

on size of non-target fish) and employing brailing methods rather than ramping the catch, which 
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increases crushing injuries (Farrell et al., 2000). Brailing small groups of fish will reduce the 

individual sorting times, and thus air exposure times. Other means to expedite sorting and reduce 

exhaustion, air exposure, and injury potential include the use of overboard wet chutes, which are 

employed in some commercial purse seine fisheries either voluntarily (see Chapter 6) or by regulation 

(e.g., tuna; Poisson et al., 2014), conveyor belts, or by providing shade and/or water spraying (Hall et 

al. 2017). Efforts to improve the design and efficiency of on-deck sorting systems will improve the 

condition of fish passing through them, but there has been little published research to substantiate 

these claims. As a novel means to eliminate brailing (and crushing injuries) in tuna purse seine 

fisheries, Hall et al. (2017) describe fish pumps that deposit live fish on deck for sorting.  

2.4.2. Hanging nets 

Hanging nets, including gill, tangle and trammel nets, hang vertically in the water column as a 

translucent wall of netting (He 2006; Uhlmann and Broadhurst 2015). Gill nets capture fish trying to 

pass through the netting by snagging their opercula (fish become ‘gilled’), preventing both their 

advancement and retreat. Tangle nets are similar, but have a smaller mesh size so that fish are 

captured by the snout rather than by the gills (Vander Haegen et al. 2004). Trammel nets consist of 

two or three layers of netting: a loosely-strung small mesh and an inner layer between two outer 

layers of large mesh within which fish will entangle. Hanging nets are all fished passively, and they 

may be ‘set nets’, fixed by means of anchors or stakes, or ‘driftnets’ which are free to drift with the 

current. 

Hanging nets are typically associated with high rates of incidental mortality among discarded fish. 

Injuries resulting from entanglement and incurred during removal are of particular concern, and have 

been associated with reduced longevity and hampered reproductive development (Baker and 

Schindler 2009). The severity and nature of injuries is dependent both on how the individual is 

entangled in the net (e.g., loosely netted by the teeth, gills enmeshed and compressed, enmeshed 

around muscular tissue, or bagged in net) and how it is removed from the net (e.g., pushed through or 
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disentangled; Veneranta et al. 2018). In particular, injuries to the gills, potentially leading to 

exsanguination, and constrictions and bruising around the body due to net encirclement have been 

linked to fatal outcomes for fish (Kojima et al. 2004; Ng et al. 2015). 

The amount of time a hanging net is deployed, or soak time, can have serious implications for both 

survival probability, and exposure to predation (Uhlmann and Broadhurst 2015; Bell and Lyle 2016). 

Severe exhaustion can also result from the need to maintain position in the hanging net (Farrell et al. 

2001a; Veneranta et al. 2018). Fish can be experience hypoxia not only during removal from the net, 

but also during capture if opercula are covered by netting, thereby suffocating fish.  

2.4.2.1. Mitigation Options 

Reducing soak times may be the most effective mitigation option for most hanging net fisheries, but 

reduced catch-per-unit-effort (CPUE) will often result (Buchanan et al. 2002; Frick et al. 2010; 

Uhlmann and Broadhurst 2015) and some species may suffer high mortality regardless of soak 

duration (Bell and Lyle 2016). Shorter deployments may be favoured in some fisheries given 

improved catch quality (Uhlmann and Broadhurst 2015), but in others, the level of damage incurred 

may be so high that reducing soak times would not sufficiently improve catch quality (Savina et al. 

2016). With the increased effort required to retrieve nets more frequently, shorter deployments are 

unlikely to be readily accepted in a commercial setting unless product quality, and value, is also 

improved.  

Changes to net mesh size, material, and tautness are potential mitigation options in net-based 

fisheries. Matching mesh size to size of fish to be discarded to ensure non-target fishes are tangled 

and not gilled can substantially reduce injuries (Vander Haegen et al. 2004; Patterson et al. 2017a). 

This is a difficult balance; even a slight difference in fish size can affect the extent of physical 

damage and subsequent mortality, as well as CPUE (Broadhurst et al. 2008a, 2009). Net material is a 

further consideration. Tissue damage may be exacerbated by monofilament gillnets compared with 

multifilament gillnets (Bettoli and Scholten 2006), while stiffer materials and/or increased tension 
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can decrease the severity of entanglement. For example, Thorpe and Frierson (2009) experimentally 

modified a gillnet by increasing mesh tension and observed a reduction in entanglement severity 

among fish bycatch, a method that was adopted because it also resulted in less damage to nets. Some 

gillnet fisheries are experimenting with the use of high-powered electric or magnetic fields to reduce 

predation on entangled fish (Forrest et al. 2009; Rigg et al. 2009). 

In gillnet fisheries, removing bycatch from the net quickly and under-water could reduce dermal 

injuries and degree of anaerobic activity (Teffer et al. 2017). Additionally, fish can be extracted by 

cutting the mesh around the fish to avoid the dermal injuries associated with forcing fish through the 

netting (Veneranta et al. 2018), but this practice means the fisher will later need to repair or replace 

the net. The use of revival boxes show promise in hanging net fisheries where non-target catch is 

often exhausted and would benefit from being protected during recovery (Farrell et al. 2001a); the 

challenge for adoption, especially in large-catch fisheries, is the on-board revival capacity relative the 

number of non-target fish caught.  

2.4.3. Trawls 

Trawling is typically a demersal capture method in which fish are concentrated in a catch ball in the 

back of the net (the codend) by a continuous forward movement of the gear. The inherent poor 

selectivity of trawl gears combined with their broad spatial deployment results in the discarding of 

large numbers of fish, especially juveniles and/or undersized fish (Bahamon et al. 2006; Broadhurst 

et al. 2006). Substantial physical damage occurs in trawl fisheries as fish are crowded and pushed 

against the codend mesh and/or other captured organisms, leading to injury and potentially anoxic 

conditions. In a beam trawl bycatch study, ~70% of flatfish experienced scale loss and bruising, the 

severity of which was associated with delayed mortality (Kaiser and Spencer 1995). 

Observational studies demonstrate fish within trawls will burst swim to maintain position within the 

gear until exhaustion, finally falling to the back of the net, increasing susceptibility to injuries 
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(Suuronen et al. 1997). Additionally, trawling can occur at depths greater than 1000m, causing 

barotrauma as fish are brought to the surface, especially in physoclists (Hall and Mainprize 2005). 

The process of catch sorting is also a concern for trawl fisheries. Injuries can result during sorting 

through interactions with the deck, conveyors, or other catch, particularly if crustaceans, benthic 

invertebrates or fishes with sharp appendages are captured (Depestele et al. 2014). Fish are also 

typically air exposed during sorting, and with large catches, sorting times can exceed 60 minutes, 

during which time fish may also be exposed to elevated air temperatures (Davis and Parker 2004).  

Trawls are conspicuous both above and below water as they are generally large and cover substantial 

distance. Predators may become concentrated around trawls, resulting in intensive predation pressure 

relative to other fisheries (Ramsay et al. 1998). Fish are also typically released in a state of reduced 

vitality (e.g., unable to maintain equilibrium, achieve neutral buoyancy), and are therefore less likely 

to escape predators (Ryer 2002, 2004).  

2.4.3.1. Mitigation options 

Survival probabilities of non-target fish captured by trawls is so low that most mitigation focuses on 

means of improving gear selectivity (reviewed for beam trawl fisheries by Wade et al. 2009), rather 

than fish condition following capture. For non-target fish that are brought aboard, total catch mass, 

catch composition, haul duration, individual fish behaviour, and handling have been identified as 

factors affecting trawl discard survival (Neilson et al. 1989; Depestele et al. 2014; Uhlmann et al. 

2016). Catch mass increases compression in the codend, and researchers have suggested that there is 

a threshold catch volume after which potentially fatal damage will increase (Mandelman and 

Farrington 2007; Enever et al. 2010; Depestele et al. 2014). Identifying such thresholds, if they exist, 

could be important for mitigation efforts, but would certainly be fishery- and species-specific. 

Reducing tow times and speed is another potential means to reduce mechanical damage to non-target 

fish. Though a reduction in overall CPUE would be expected (Uhlmann et al. 2016), the quality, and 

thus value, of target fish may increase (Wade et al. 2009).  
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Although barotrauma is a concern in trawl fisheries, current methods available to reduce the effects of 

barotrauma (e.g., reducing ascent rates and weighted descent upon release) are impractical for large 

commercial operations handling large volumes of bycatch. Minimizing handling time may be the 

most feasible option to improve survival of discards (Neilson et al. 1989; Beardsall et al. 2013), 

given there is limited opportunity to mitigate the effects of the capture method for most trawls 

fisheries. Automated sorting conveyors can expedite the sorting process and reduce air exposure and 

conducting sorting in water (Broadhurst et al., 2008b) may decrease discard mortality if air exposure 

could be eliminated. Some trawlers are equipped with seawater hoppers, tanks on the trawler deck 

that are filled with seawater, into which the catch is spilled at the end of each trawl for holding 

(Heales et al. 2003). The catch is removed from the bottom of the seawater hopper by a conveyor 

belt, reducing air exposure durations during sorting. 

Given the reduced responsiveness typical of fish released from trawls, predation is a concern, but 

there is little that can be done to directly mitigate it. The only exception would be to be increase the 

vitality of discarded fish through reductions of other stressor would help reduce rates of predation 

(Ryer 2002). 

In recent years, electric pulse trawls have replaced conventional trawls. In pulse trawls, the 

mechanical stimulation is replaced by electrical stimulation, immobilizing the fish until it enters the 

net. With reduced fuel consumption and ecosystem impacts, the use of electric pulse trawls will likely 

increase (De Haan et al. 2016). The injuries resulting from this form of capture among some non-

target fish (e.g., haemorrhages, spinal fractures) are a cause for concern and cannot be mitigated per 

traditional methods. However, recent research purports that this new method will not cause higher 

discard mortality rates than observed previously (Van Marlen et al. 2014; De Haan et al. 2016). 

2.4.4. Hook fisheries 

Trolling and longline fisheries consist of multiple hooks suspended on a mainline that are fished 

either actively in trolling, trailed behind vessel, or passively in longline fishing, where a main line 
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with multiple branching hook sets is suspended stationary. Trolling fisheries are considered to be 

relatively selective with minimal bycatch, as fishers can target species by varying hook size, lures, 

bait, troll speeds, and habitats (Alverson et al. 1994). In comparison, longline fisheries are passive 

and relatively non-selective, leading to bycatch of numerous species.  

Physical injuries associated with hooking in these fisheries are similar to those of recreational 

angling, which have been extensively studied in the context of catch-and-release (reviewed in 

Brownscombe et al., 2017). There has been considerable research on effects of various aspects of 

hooks (e.g., size, type) and other terminal gear (e.g. bait, lures) to discarded fish. Hooking injuries in 

soft tissues such as the gills, tongue, and oesophagus are the most consistent and significant 

predictors of mortality in recreational fisheries (Muoneke and Childress 1994), and have similarly 

been noted in commercial trolling fisheries for salmonids (Wertheimer 1988).  

Commercial hook fisheries typically deploy numerous lines simultaneously, each with several hooks, 

increasing durations of capture and retrieval. Although no literature has explicitly researched hook 

time in commercial operations, retrieval time is important for mortality outcomes in recreational 

fisheries due to the positive relationship with levels of exhaustion (Cooke and Schramm 2007) and 

physiological perturbations consistent with extreme exhaustion have been observed in commercial 

troll-caught Pacific salmon bycatch (Farrell et al. 2001b). Depredation is a crucial factor in most 

hook fisheries, but the duration that a fish is hooked and exposed to potential predators varies. 

Predation in longline fisheries by sharks and marine mammals can indeed account for most observed 

mortality. For example, depredation rates in Japanese tuna longline fisheries were as high as 18% 

(Nishida and Shiba 2005) and ranged from 2.5-100% per set in longline fisheries off the coast of 

Brazil (Dalla Rosa and Secchi 2007).  

2.4.4.1. Mitigation options 

Varying the terminal line, hook, and bait are the main mitigation methods available in hook-based 

fisheries. A promising mitigation method for the release of large bycatch such as sharks and/or rays is 
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the use of nylon or monofilament leaders that will break and release large animals (Favaro and Côté 

2015; Poisson et al. 2016). For bycatch species that are not able to break through line, bait selection 

has good potential to increase selectivity for target species. Gustatory responses can differ between 

target and non-target fish (Davis 2002; Løkkeborg et al. 2014) and, in recreational fisheries, artificial 

baits are less likely to cause deep hooking than natural baits (Bartholomew and Bohnsack 2005). 

While not yet considered a viable alternative for high-volume commercial fisheries (Aneesh Kumar 

et al. 2016), additional research on selective bait types could provide meaningful strides in bycatch 

reduction for hook fisheries. Adoption of circle hooks over straight-shanked “J” hooks has been 

shown to decrease deep hooking, reduce hooking in soft tissue, and increase survival in several 

species in both troll and long-line fisheries (reviewed in Serafy et al., 2012). However, there exists 

species-specific variation in CPUE between circle hooks and J-hooks (Serafy et al. 2012); for circle 

hooks to be readily adopted in commercial fisheries, there would need to be minimal change to 

CPUE. Similarly, using hooks that are easily removed (e.g., barbless) could greatly expedite 

unhooking and reduce injury, but because barbless hooks can also decrease landing success, they are 

also unlikely to be widely adopted in commercial operations (Alos et al. 2008). Using corrodible 

hooks could reduce long-term health effects and probability of infection if bitten off the line or cut 

from the line (Poisson et al. 2016) 

Modifications to fisher behaviour are more general across hook fisheries. Reducing air exposure and 

handling time is critical for bycatch survival in hook fisheries. Easy improvements to handling 

include the use of dehookers, mouth openers, and in cases where bycatch species are deeply hooked, 

using remote line cutters rather than attempting to remove the hook (Tsuboi et al. 2006; Poisson et al. 

2016; Hall et al. 2017). While slowing ascent rates is not feasible and would increase predation rates, 

slowly releasing fish to depth to allow for barotrauma recovery is a possible behavioral mitigation 

strategy in some fisheries. 
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2.4.5. Traps 

Traps represent a suite of passive containment gears that retain fish until retrieved by a fisher (Hubert 

1996). Traps have a variable volume of water in which fish can theoretically swim and even eat 

without physically touching the gear. This of course does not imply that capture is not stressful, nor 

that capture does not cause injury. The characteristics of the trap, the biology and behaviour of 

captured species, environmental conditions, and fisher behaviour all influence the potential outcome 

for discarded fish. Compared to active fishing methods, traps discard less biomass and cause less 

habitat disturbance, and are therefore thought to be more environmentally-benign (Chuenpagdee et al. 

2003; Jenkins and Garrison 2013; Meintzer et al. 2017). 

Depending on trap material and mesh size, some fish can become gilled or entangled, especially 

small fish or those with prominent dentition. However, most trapped fish are funnelled into a 

retention area where they are held until the trap is tended to. If fish behaviour while trapped results in 

significant interaction with the trap material, dermal abrasion or other injuries may occur (Colotelo et 

al., 2013a, 2013b). Depending on abundances, effectiveness of the gear, and frequency of trap 

tending, fish density can become such that interactions are forced, or local oxygen depletion occurs 

(Renchen et al., 2012). Retention may also be associated with reduced food intake or starvation, 

dependent on feeding behaviours of trapped fish and presence of preferred prey. With protracted trap 

deployments, conditions will worsen as densities within the trap increase. 

As traps are removed from the water or brought to the surface, interactions among captured fish and 

with the trap are forced, causing both minor and major injuries (Rudershausen et al. 2008). 

Barotrauma is also a concern if traps are brought up from depths quickly (Uhlmann and Broadhurst 

2015). During sorting, fish are often air exposed and will engage in high levels of activity that lead to 

exhaustion (Hopkins and Cech 1992; Colotelo et al. 2013b,a).  
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2.4.5.1. Mitigation options 

Traps are a common in small-scale fisheries in developing countries where discard mitigation 

initiatives may be irrelevant because all captured animals will be harvested (Welcomme et al., 2010). 

The best method of improving the condition of any fish discards is to check gear frequently. 

However, longer deployments do not necessarily result in greater mortality (Uhlmann and Broadhurst 

2015), and these relationships have rarely been tested (Barber and Cobb 2007). Becoming gilled 

within the trap material can be an issue for certain species regardless of deployment duration (e.g., 

Dieterman et al., 2000); it is therefore important to choose a mesh size that minimizes mortality to 

non-target species while not affecting CPUE. Where barotrauma is of concern, reducing ascent rates 

when retrieving traps may reduce effects of barotrauma, but this is not a practical solution for most 

commercial operations (Stewart 2008).  

To improve the condition of discarded crustaceans, some trap fisheries slide catch down angled 

chutes instead of directly onto the deck for sorting (Tallack 2007), or modify drop height (Grant 

2003). Though not tested for fishes, any methodology that results in gentler handling would likely 

reduce discard mortality. Cole et al., (2003) used a water tray for sorting to improve flesh quality of 

trapped fish for harvest, which would also be effective in reducing mortality among discarded fish. 

Assuming air exposure is minimized, and fish are discarded rapidly, mortality of fish discarded from 

traps may be low. 

 

2.5 Synthesis and knowledge gaps 

The objective of this literature review was to summarize what is known about stress processes 

associated with fishing factors. This review provides the background information for my overarching 

hypothesis of the thesis that among non-target fish landed alive, post-release survival probability and 

the magnitude of physiological disruption are influenced by capture severity and intrinsic fish 

characteristics.  In a fishery encounter, there are many context-specific factors at play that influence 
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the severity of a stressor in a fishery encounter. Through the review reviewing the effects of various 

stressors, I tested the hypothesis that fishing factors of gear type and method of capture within each 

gear type influence individual vitality metrics and stress coping responses. 

An important consideration is that the stressors described herein are not the only stressors that 

discarded fish are exposed to during capture, but they are the most common. These stressors will 

interact with one another, as well as with others not encompassed by this review. For instance, fishery 

encounters are linked with decreased energy availability in fish, which is exacerbated in warmer 

waters (Patterson et al. 2017a). Decreased disease resistance is yet another potential outcome, as fish 

injured and stressed from a fishing encounter may face immunosuppression, where temperature too 

plays an exacerbating role (Miller et al. 2014; Teffer et al. 2017). It is quite clear from previous work 

that biotic aspects of a fisheries interaction (e.g., fish size, health, pre-capture stress state, 

species/population, maturation state, etc.) all have the potential to modulate the effects of fisheries 

interactions (Raby et al. 2015b). 

The preceding sections reviewed the consequences of air exposure, injury, barotrauma, exhaustion, 

and predation to fish discarded from commercial fisheries, of which injury and exhaustion, inherent 

to all capture methods, are the most ubiquitous. Although magnitude and duration are quite variable 

among gear types, the likelihood of experiencing injury and/or exhaustion is high in all capture 

scenarios.  Similarly, some degree of air exposure is likely to occur during handling and sorting in 

most fisheries, though the duration is variable. Conversely, barotrauma and predation do not occur in 

all fisheries but in specific scenarios where fish are physiologically and spatially susceptible due to, 

for example, swim bladder mortality, capture depth, or abundance of predators. 



39 
 

 

Table 2.1: Assessments of severity of fish responses, and of feasibility of options for mitigating 

these responses, during both capture and release for various gear types and stressors. For stressor 

severity (i.e., magnitude, duration, and likelihood of each stressor), categories are low (green), 

variable (yellow), or high (red). For mitigation feasibility, categories include feasible (green; have 

demonstrable support in the literature and are practical), variable (yellow; have limitations such as 

no direct scientific support and/or a fishery constraint), or impractical (red). For each stressor/gear 

type combination, two red boxes represent situations of high concern. High stressor severity 

coupled with feasible mitigation potential represents most effective mitigation strategy. 

Gear Type 
Stressor 

Hypoxia Injury Exhaustion Barotrauma Predation 

S
ei

n
es

 Capture Stressor 

severity 
Low Variable Variable Low Low 

Mitigation 

potential 
Impractical Variable Impractical NA Impractical 

Handling 

and 

Release 

Stressor 

severity 
High Variable High NA Variable 

Mitigation 

potential 
Feasible Feasible Feasible NA Variable 

Synopsis Mitigation during capture is limited, but matching mesh size to size of discarded fish may 

reduce injury. Mitigation options during handling and release include: keeping the net 

loose to reduce hypoxia and injury, brailing instead of ramping, and using overboard wet 

chutes to reduce air exposure, injuries, and exhaustion. Although there are no known 

methods to directly reduce predation, improving fish condition through changes to 

handling would enhance avoidance abilities. Barotrauma is not a concern 

H
a
n

g
in

g
 n

et
s Capture Stressor 

severity 
Variable High High Low High 

Mitigation 

potential 
Impractical Variable Impractical NA Variable 

Handling 

and 

Release 

Stressor 

severity 
High High High NA Variable 

Mitigation 

potential 
Variable Variable Variable NA Variable 

Synopsis Reducing soak times would reduce extent of predator exposure and operculum restriction. 

Though severe injuries, suffocation, and exhaustion can occur rapidly. Practicality of soak 

time reduction is variable but could improve product quality. To reduce injury, matching 

mesh size to size of discarded fish and/or modifying net materials/tension can be 

effective. Electrifying nets and/or adding light deterrents can reduce predation. Cutting 

non-target fish out of nets (injury mitigation), in-water removal (air exposure mitigation) 

and recovery treatments (exhaustion mitigation) during handling could be feasible in some 

small-scale fisheries. Barotrauma is not a concern. 
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Gear Type 
Stressor 

Hypoxia Injury Exhaustion Barotrauma Predation 
T

ra
w

ls
 Capture Stressor 

severity 
Variable High High High Low 

Mitigation 

potential 
Impractical Variable Impractical Impractical Impractical 

Handling 

and 

Release 

Stressor 

severity 
High High High NA High 

Mitigation 

potential 
Feasible Variable Impractical Impractical Impractical 

Synopsis Most mitigation options during capture are impractical. Reducing tow times and/or catch 

size would reduce air exposure, injury, and severity of exhaustion at the cost of reduced 

catch-per-unit-effort (CPUE). Reducing ascent rates to minimize barotrauma is also 

impractical. Reducing tow speed to reduce injury may be feasible, but effectiveness rarely 

tested. Reducing handling times is feasible with automated sorting conveyors and/or water 

sorting trays (injury and air exposure reduction). Procedures to reinvigorate exhausted fish 

or minimize barotrauma effects are labour-intensive and impractical given the magnitude 

of bycatch. Improved handling may improve fish condition, but not to a degree such that 

released fish could effectively evade predation (i.e., full recovery treatments would be 

required but are impractical). 

H
o
o
k

s Capture Stressor 

severity 
NA Variable High Variable High 

Mitigation 

potential 
NA Variable Impractical Impractical Variable 

Handling 

and 

Release 

Stressor 

severity 
Variable High High NA Variable 

Mitigation 

potential 
Variable Variable Variable Variable Variable 

Synopsis Most means to mitigate injury and exhaustion during capture are unlikely given potential 

impacts to CPUE [e.g., matching hook size to non-target fish size and using certain hook 

types (injury mitigation), reducing capture times (exhaustion mitigation)]. Effects of hook 

design to CPUE are context dependent; such strategies may be effective in some fisheries. 

Reducing soak and fight times would reduce depredation, with the added incentive of not 

losing target catch. For barotrauma, slowing ascent rates is impractical and may increase 

predation. During handling and release, tools to facilitate hook removal can reduce air 

exposure, injury, exhaustion. Slowly releasing fish to depth to allow barotrauma recovery 

is possible in some fisheries. Recovery methods to revive exhausted fish may be an option 

with low bycatch numbers. Any combination of these mitigation options will improve fish 

condition upon release and may reduce predation.  
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Gear Type Stressor 

Hypoxia Injury Exhaustion Barotrauma Predation 
T

ra
p

s Capture Stressor 

severity 
Low Low Variable Variable Variable 

Mitigation 

potential 
Variable Feasible Variable Impractical Variable 

Handling 

and 

Release 

Stressor 

severity 
Variable Variable High NA Low 

Mitigation 

potential 
Feasible Feasible Variable Variable Variable 

Synopsis Checking traps more frequently could reduce injury and predation during capture, though 

may increase CPUE. Fewer fish captured per haul could also mitigate effects of air 

exposure, exhaustion, and injury during sorting. Selecting trap netting to ensure non-target 

fish are not entangled or gilled can also reduce injury. For barotrauma, slowing ascent 

rates is likely impractical. During handling and release, using chutes or sorting trays 

would reduce air exposure and exhaustion. For barotrauma, slowly releasing fish to depth 

may be possible in some fisheries. Improving fish condition through efficient sorting 

could reduce predation, but fish are generally released in good condition unless suffering 

from barotrauma 

 

 

 Tolerance and susceptibility to fishing related stressors are dependent on both context (e.g., species, 

water temperature, size), and magnitude of exposure. Investigations of thresholds (i.e., the duration of 

stressor exposure after which the physiological condition is irreversible, and the individual will die) 

and contexts influencing these thresholds, would be very informative. There are currently several 

good examples of such research [e.g., species-specific exhaustion in trawls: Olla et al. 1997; variable 

air exposure tolerance with size (Davis and Parker 2004), life-stage (Davis and Olla 2001), and 

species (Broadhurst et al. 2008b)]. Expanding this research area to include more species of commonly 

discarded or at-risk fish would allow for further comparative work and refinement of mitigation 
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strategies. Where fish are discarded in a state of severe exhaustion or where exposure to hypoxia is 

unavoidable, experimentation to elucidate thresholds would be most informative.  

With respect to fishing-induced injuries, there is currently little known regarding the capacity for wild 

fishes to heal (Schmidt et al. 2016; Mateus et al. 2017). New research is just beginning to unravel the 

complex and interactions between stress, injury severity, disease, and environmental context (Miller 

et al. 2014; Teffer et al. 2017). These are areas of research need, especially in the context of a rapidly 

changing climate, as evidence suggests elevated water temperatures negatively affect recovery and 

healing following a fishery interaction (Teffer et al. 2017).  

Rates of predation are also unknown in most fisheries, although it is often visually apparent that 

wildlife surrounding commercial fisheries are taking advantage of concentrated numbers of prey and 

discarded fish (Zollett and Read 2006). The exception is long-line fisheries, where the static nature of 

the fishing gear allows depredation events to be recorded. Understanding the extent and nature of 

predation occurring both during capture and after release can provide important inputs into risk 

assessments for fisheries. With newly developed predation tags that can detect when a fish has been 

eaten (Halfyard et al. 2017), understanding predation rates as well as testing net methods to repel 

habituated predators (e.g., Schakner et al. 2017) are fruitful areas of research that would greatly 

benefit our understanding of depredation and post-release mortality. Probability of recapture 

following release and the factors influencing recapture similarly remain unknown, and relatively 

unstudied, for commercial fisheries. This is important when considering stressor action as effects to 

individual fish may be cumulative with every capture event.  

Ultimately, the severity of a fisheries encounter within each gear type is context-dependent. However, 

reducing the overall encounter time, catch size and/or density (e.g., in the net) will generally reduce 

severity of injury, exhaustion, predation, and air exposure (Figure 2.2). Specific to exhaustion, 

recovery treatments have shown great promise to revitalize fish following commercial capture and are 
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consequently employed in some commercial fisheries, where practical (Farrell et al. 2001b,a). 

However, recovery treatments may cause further stress in vigorous fish and it is still unknown 

whether recovery benefits vigorous but physically-injured fish (Nguyen et al. 2014). Reductions in 

air exposure and the encouragement of gentle but efficient handling behaviour similarly translate to 

improved condition upon release. Simple tools like conveyor belts, water sorting tables, and chutes 

can be very beneficial, and affordable in many fisheries (Figure 2.2).  

It is widely understood that the successful adoption of any mitigation measure will require support 

from the fishers involved. In acknowledgment of this, a manual of best handling practices that can be 

applied on a case-by-case basis has been developed for tuna purse seine fisheries to safely discard 

elasmobranch bycatch (Poisson et al. 2014); most global commercial fisheries would benefit from 

such guidelines. In general, methods that require minimal cost and alteration to traditional gear and 

practices increase the likelihood of fisher acceptance, but there is also a notable lack of research on 

incentives for fisher uptake (Campbell and Cornwell 2008). Factors such as the economic costs 

associated with new technologies and increased work burden or risk when operating more complex 

gear, either perceived or real, serve as deterrents to fisher uptake (Sigurdardóttir et al. 2015). Most 

binding conservation and management measures fall short of gear and technology best practices, and 

compliance is probably low due to inadequate surveillance and enforcement (Gilman 2011).  
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Figure 2.2: Overview of the mitigation measures for each commercial gear type covered by this 

review that would be the most effective in reducing the severity of stress experienced by discarded 

fishes, and that could also be practically employed. 

 

 

 

Of the fishing gear discussed, trawls and hanging nets present the highest stressor exposure risk, and 

least opportunity for practical mitigation measures (Table 2.1).  Although reductions in tow or soak 

times could reduce stressor severity, such changes are impractical given likely effects to CPUE. 

Conversely, traps serve as a gear type that is regarded generally as being low impact. Trap-based 

fisheries have been shown to produce less bycatch compared to other fisheries, and because captured 

fish are free swimming within a protected space, injury and predation rates are typically low (Favaro 

et al. 2010). Traps also require less travel by fishers and thus have lower overall emissions compared 

to other gear types (Suuronen et al. 2012). As a more sustainable extraction method, many trap 

fisheries are eligible for certification by sustainability agencies and can consequently be sold at 

higher market prices (Blomquist et al. 2015). As a result, trap fisheries are being explored as 
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alternatives to more destructive methods (e.g., trawls, gillnets) for harvesting demersal fish species 

(e.g., Meintzer et al. 2017), and their use is likely to increase in response to rising fuel prices, 

environmentally-conscious consumers, and management reforms (Suuronen et al. 2012). 

The practicality and efficacy of potential mitigation measures must be explored and tested for 

individual fisheries.  Although it is often assumed that mitigation measures will negatively affect 

CPUE, or create additional workload and costs to fishers, these trade-offs are rarely explored. These 

investigations are especially worthwhile if mitigation measures could provide benefit to fishers, in the 

form of, for example, increased product quality/value or reduced predation to both target and non-

target catch.  

 

2.6 Management Implications 

Knowledge of where mitigation options are most feasible and, equally important, most unlikely, is 

key to prioritizing management resources. For example, although air exposure during handling and 

release is a considerable and extended stressor in most fisheries, there are feasible options to reduce 

the effects of air exposure in every fishery (e.g., brailing small batches of fish in seine fisheries; 

spraying fish during sorting in trawl fisheries; Figure 2.2). Conversely, for barotrauma, methods 

available to mitigate these effects are likely impractical for any commercial operation despite some 

successes in the recreational sector. Certainly, some fisheries are more amenable to mitigation than 

others. Understanding the dynamics of stressor severity and mitigation potential can speak to whether 

to employ mandatory retention or mandatory release. Those fisheries imposing severe stress with a 

limited scope for mitigation (e.g. trawl fisheries) are perhaps more suited to be selective in terms of 

space and time, avoiding discard encounters.  

Determining when it is best to keep versus discard fish is an increasingly controversial issue. For 

instance, discard bans have been put in place to eliminate discarding and ameliorate fishing behaviour 
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through increased incentive for better species selectivity (Condie et al. 2014). But many critics of this 

approach claim this policy enforces inappropriate management given that: (1) for species with high 

probabilities of survival post-release, retention may increase fishing-related mortality; (2) discards 

have become important food sources, thus discard bans export useful energy away from aquatic 

systems; and (3) such policies can generate new markets for species that were previously discarded, 

increasing demand for and fishing pressure on less-exploited species (Heath et al. 2014; Sardà et al. 

2015). There could also be additional economic drawbacks to discard bans, such as fishers being 

forced to land products with little value, and the need for costly monitoring and enforcement 

programs. Again, fisher acceptance is a critical component to the success of any of these measures 

(Campbell and Cornwell, 2008) because while support for gear technology research and development 

has generally been strong, political will to achieve broad uptake of best practices has been lacking 

(Gilman 2011).  

There are fundamental knowledge gaps hindering the development of policies to reduce discard 

mortality. Even when mitigation strategies are developed, a lack of performance standards, 

inadequate observer coverage, and incomplete data collection, can hinder assessing their efficacy 

(Gilman 2011). Data available on rates of discard mortality and of the sub-lethal effects of capture are 

limited and largely focused on North American and European fisheries, with very limited available 

data on developing, artisanal, or small-scale fisheries. Moreover, the bulk of the research available, 

and consequently reviewed herein, is concentrated on fisheries operating in marine systems, whereas 

the fate of fishes discarded from freshwater (inland) commercial fisheries remains understudied. 

Likewise, although this review was limited to the most common commercial gear types, other 

methods exist that while not common, could be exceptionally damaging to non-target fish if not 

retained (e.g., the use of grappling, wounding, or stupefying devices and harvesting machines or 

pumps).  Nonetheless, similarities exist among the stressor experience of fish released from such 

unconventional methods as those encompassed by this review. 
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Given the wide range of reasons for and against discarding, the context-specific nature of fisheries 

(Raby et al. 2015b), and the significant species-specific differences in responses to capture events 

(Davis 2002), there is unlikely to be a single uninfying management solution to address this issue. 

Rather, discard management measures need to be tailored to the specific management objectives for a 

given fishery considering impacts to both target and non-target species if they are to be effective 

(Rochet et al. 2014). More comprehensive consideration across species groups is needed to identify 

conflicts as well as mutual benefits from mitigation methods (Gilman 2011).  
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Chapter 3  Population-specific mortality in coho salmon (Oncorhynchus 

kisutch) released from a purse seine fishery 

 

3.1 Introduction 

Fisheries operating in coastal waters of British Columbia (BC, Canada) encounter several species of 

co-migrating Pacific salmon (Oncorhynchus spp.), each comprised of hundreds of reproductively 

isolated populations that are adapted to the specific requirements of their migration and rearing area 

(Crossin et al. 2004b; Eliason et al. 2011).  This genetic and phenotypic heterogeneity is a major 

contributor to their persistence, increasing their resilience to anthropogenic disturbances such as, for 

example, fisheries (Hilborn et al. 2003b).  Pacific salmon fisheries in Canada are managed by 

Fisheries and Oceans Canada (colloquially and herein referred to as DFO).  Their primary goal is to 

protect populations and species of conservation concern, and secondarily, where and when possible, 

allow for harvest of abundant populations; referred to as the 'selective fishing strategy', this is often 

achieved through species-specific mandatory release (Fisheries and Oceans Canada 2001).   

Openings for most mixed-population commercial Pacific salmon fisheries in Canada are dictated by 

numbers of non-target salmon encountered, the pre-determined level of allowable fishing mortality 

for all species encountered, the catch composition, and an estimate of assumed release mortality 

given the capture scenario (e.g., gear, location) for non-target salmon (Fisheries and Oceans Canada 

2001).  Release mortality estimates, primarily generated from short-term (<48 hour) holding studies, 

have consequently been applied to all non-target salmon species encountered in Pacific salmon 

fisheries.  The limitations of holding studies, however, are well documented (Rogers et al. 2014) and 

biotelemetry provides an appropriate alternative [but see limitations in (Donaldson et al. 2008)]. 

Mortality of caught-and-released fish is frequently unquantified (Hall et al. 2000), but the importance 

of sustainably managing these large commercial fisheries cannot be overlooked - the purse seine fleet 
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in BC produces the largest proportion of landings (Butler 2005) and is becoming the dominant gear 

type for salmon (Haas et al. 2016).  Additionally, because greater mixing of populations of Pacific 

salmon occurs with increasing distance from natal waters (Beacham et al. 2005), coastal fisheries 

inevitably encounter many genetically-distinct populations. 

The topic of release mortality has been most contentious for Fraser River coho salmon (O. kisutch).  

A crash of the Interior Fraser River (IFR) coho salmon population in the 1990s, believed to have been 

caused partly by overfishing, resulted in an unprecedented moratorium on coho salmon harvest and 

introduction of the selective fishing measures still enforced today (Chittenden et al. 2010).  Despite 

these dramatic management actions, however, IFR coho salmon remain of conservation concern 

(Fisheries and Oceans Canada 2016). 

In the Strait of Juan de Fuca, an anomalously high estimate of release mortality was applied to coho 

salmon discarded from purse seine fisheries.  The estimate, 70% mortality over 24 hours, was 

generated from a captivity study that was later criticized for excessive transport and handling of study 

fish – factors that did potentially inflate the observed mortality.  Additionally, given evidence of 

population-specific responses to capture stress among Pacific salmon (Donaldson et al. 2010, 2012) 

and that effects of capture do persist beyond the first 24 hours (Wilson et al. 2014), a rigorous 

assessment of release mortality should also account for genetic diversity and encompass long-term 

mortality.   

As a precursor to this research, an exploratory pilot-scale telemetry study paired with a marine 

holding study was conducted to evaluate mortality of coho released from purse seines in this area 

(Raby et al. 2015c).  Executed in a year of low abundances, lacking from that study was an 

evaluation of the effect of realistic fishing conditions, and sufficient sample sizes to detect potential 

population-specific differences. I therefore conducted an experimental purse seine fishery that 

simulated commercial practices, and launched a large-scale acoustic telemetry study with the 
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objective of providing realistic release mortality estimates for genetically distinct coho salmon 

populations, while also examining the role of technical factors associated with the capture process.   

 

3.2 Methods 

3.2.1. Sampling and tagging 

All fish handling was conducted in accordance with the Canadian Council of Animal Care guidelines 

and approved by University of British Columbia’s institutional Animal Care and Use Program. 

Research was executed in DFO management Area 20 in the Canadian waters of the Strait of Juan de 

Fuca (JDF; Figure 3.1) from August 26-29, 2013, aboard a commercial purse seine vessel 

[specifications in (Raby et al. 2015c)].  Fourteen sets were conducted. The vessel was modified to 

rapidly release all pink salmon (O. gorbuscha, the ‘target’ species) and other bycatch while retaining 

coho. The time elapsed from the net being deployed to closure (tow time) ranged from 20 to 41 

minutes (mean 33.5 min.) after which the net was pursed and lifted.  The median estimated number of 

salmon captured per set was 880 (min = 90, max = 3500); total time to sort the catch took from 1.5 

min. for the smallest set to 30.5 min. for the largest (median = 13 min. 20 s.). There were no fishery 

openings in Area 20 during the time of research, and therefore no risk of recapture by other vessels 

for fish released with tags. Pink salmon were nonetheless abundant.  All fishing and tagging occurred 

northwest (i.e., seaward) of the first line of acoustic receivers (‘JDF line’, Figure 3.1).  A total of 220 

coho were released with acoustic transmitters. 

Fish were transferred from the pursed net to a sorting table using an industry-standard brailer, a large 

dip net operated with a hydraulic winch.  Coho to be tagged were transferred by the crew from the 

sorting table to fish totes with circulating seawater; all other fish were immediately released via a wet 

chute. Fishing and sorting was conducted by an experienced crew; researchers were given access to 

the deck for fish processing upon completion of fishing.  Given an a priori expectation of relatively 
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low abundances of IFR coho and high abundances of enhanced populations (i.e., supplemented by 

stocking of hatchery-reared fish), the crew was instructed to prioritize selection of coho likely to be 

wild (i.e., those with intact adipose fins) during sorting.  Enhanced fish were also tagged to ensure all 

transmitters were used during the limited time available for fishing.  

Figure 3.1: Map of study area including fishing area and points of detection for tagged coho salmon 

(Oncorhynchus kisutch). The experimental purse seine fishery was conducted in DFO management Area 20, 

indicated by the shaded area in left panel. Detection points included a receiver line spanning the Strait of Juan 

de Fuca (JDF Line), two receivers near location of release (A20 receivers), clusters of receivers in the 

Admiralty (ADM) Inlet and around the San Juan Islands (SJI), and within the Fraser River. Arrows represent 

expected population-specific migration pathways and are scaled to represent the proportion of tagged fish from 

each population. 

 

 

Processing of study fish occurred in a padded, V-shaped trough continuously supplied with seawater 

immediately upon completion of sorting.  First, impairment was assessed using reflex action 

mortality predictors [RAMP; (Davis 2010)].  Five reflexes were assessed categorically (0 = 

unimpaired, 1 = impaired) and an index was assigned to each fish based on the total proportion of 
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reflexes impaired.  Reflexes, described in (Raby et al. 2012), included tail grab (TG), body flex (BF), 

head complex (HC), vestibular-ocular response (VOR), and orientation (OR). Following impairment 

assessment, injury was quantified by categorically determining the presence and severity of injuries 

including net marks, scale loss and other injuries. All injury observations were combined as a 

proportion (i.e., total value/highest possible value).  Further details of scoring of both metrics 

available in online supplement.   

Fork length (FL) was measured and a clip of tissue (~ 0.5 g) from either the adipose (when present) 

or dorsal fin was taken and stored in 95% ethanol for later determination of population via analyses 

of microsatellite loci (Beacham et al. 2011).  Non-lethal biopsies for blood and gill tissue (Cooke et 

al. 2005) were collected randomly from 80 tagged fish for a different study.  The physiological data 

resultant from the biopsies are not included in analyses.  There were no statistical differences in 

impairment, survival, or migratory behaviour among biopsied and non-biopsied fish (survival: Fisher 

Exact, p = 0.224; Impairment: Mann-Whitney-Wilcoxon, W = 5121, p = 0.941; Time to the JDF line: 

Mann-Whitney-Wilcoxon, W = 2248, p = 0.544), justifying the inclusion of biopsied fish in statistical 

models with unsampled fish. 

The acoustic transmitters (Model V8-4X; Vemco, Bedford, Nova Scotia, Canada) were affixed using 

identical methods to (Raby et al. 2015c).  Each tag transmitted a unique code every 25-65 seconds 

with an expected minimum battery life of 47 days, which is sufficient time to cover the expected 

period between release and last detection.  The maximum detection period (i.e., from release to last 

detection) was 37.5 days (mean 8 days).  

Multiple fish were tagged per set (median of 16 fish; range = 7 to 28) and study fish were inevitably 

held for variable amounts of time (median 31 min.; range = 2-78 min.). This holding time was not 

significantly correlated with indices of impairment (Spearman Rank, p = 0.209) or injury (Spearman 

Rank, p = 0.785) and thus was not considered in further analyses.   
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3.2.2. Post-release acoustic telemetry tracking 

Acoustic telemetry receivers were deployed in six distinct groups, or ’arrays’ (Figure 3.1).  The 

largest receiver array, referred to herein as the Juan de Fuca (JDF) line, was comprised of 30 

receivers spanning the width of the strait from Sheringham Point (Canada, 48°22’35.2”N, 

123°55’15.7”W) to Bonila Point (US, 48°13’22.0”N, 124°6’28.3”W).  Previous genetic testing within 

this region suggests that most coho salmon populations encountered in the fishing area will cross the 

JDF line en-route to their natal watersheds (Beacham et al. 2011; Raby et al. 2015c).  Additional 

detection points included receivers deployed northwest of the JDF line (n = 2, A20 receivers), 

dispersed in the waters surrounding the San Juan Islands (SJI, n = 10), and in the Admiralty Inlet 

(ADM) at the entrance to Puget Sound (n = 6; Figure 3.1).  Given the dispersed nature of receivers 

between the JDF line and the Fraser River, the likelihood of detection in these areas was not expected 

to be high.  The data are nonetheless valuable for determining efficiency of the JDF Line and for 

estimates of long-term mortality.  

For Fraser River populations, long-term mortality was quantified via in-river receivers, divided into 3 

groups [locations expressed as river kilometers (rkm) from river entry]. The first group includes 

receivers encountered within the Fraser River in the North (n = 4, rkm 17) and South (n = 5, rkm9) 

arms.  Subsequent upstream receivers were deployed in the Derby reach (rkm 49) and near the town 

of Mission (rkm 78).  These receiver stations have been used previously with very high detection 

efficiency (Crossin et al. 2009; Drenner et al. 2015).  

3.2.3. Data Analyses 

The mark-recapture software program MARK was used to evaluate detection probability (i.e., the 

likelihood of tag transmissions being detected as the fish pass receivers) and survival (White and 

Burnham 1999).  All other data analyses were performed with R Studio V0.99.903(R Core Team 

2018).  As applicable, both univariate and multivariate normality was checked with Shapiro-Wilk 
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tests and collinearity among response variables was tested using variance inflation factors and a cut 

off of 2.0 (Zuur et al. 2010). 

3.2.3.1. DNA 

Microsatellite analyses identified study fish to individual spawning streams.  Given the large number 

identified (n = 33), many with only a few individuals, fish were categorized by major population 

grouping (Beacham et al. 2011).  Fish for which population could not be identified (n = 7) and from 

populations not expected to encounter the deployed receivers based on their expected migratory paths 

(n = 6) were excluded from analyses.  Three fish identified as belonging to Puget Sound populations 

were detected as far as the last detection point in the Fraser River; potentially misidentified, these fish 

were also excluded. 

3.2.3.2. Migration characteristics 

Time residing within the JDF (JDF time) was calculated as the difference between release and last 

detection on JDF line receivers.  The JDF time variable could not be transformed to meet normality 

and was ranked; with no duplicate values, each fish was assigned a unique value.  JDF line receivers 

were numbered 1 (Northwest, Canada) through 30 (USA).  Using receiver position as a numerical 

value, mean receiver location was calculated for each fish.  Receivers were also clustered into North, 

North-Central, Central, South-Central, and South groupings with 6 receivers per grouping.  The mean 

number of individual fish detected on each receiver was compared among receiver groupings using a 

Kruskal-Wallis (KW) test.  Non-parametric post-hoc pairwise comparisons between receiver groups 

were performed using a Tukey-Kramer-Nemenyi test. 

3.2.3.3. Survival and detection probability 

Fish classified as mortalities for the total estimated immediate and short-term percent mortality 

include those tagged fish not detected on the JDF line as well as any untagged fish that were found 

dead prior to tagging; 95% upper and lower confidence intervals (CI) around this estimate were 
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derived from a binomial exact test of the probability of success (i.e., survival to JDF line) of the total 

number (i.e., number tagged and number of immediate mortalities) in a Bernouilli experiment. 

For tagged fish survival and detection probability was evaluated using a pool of spatially-based 

Cormack-Jolly-Seber (CJS) mark-recapture models with the objective of measuring post-release 

survival by genetically distinct population.  Population groupings, created given expected differences 

in migration pathways (and the receivers encountered), included: Fraser River, Other BC (South 

Coast of BC and the eastern shore of Vancouver Island) and Puget Sound (Table 3.1).  Models were 

also run with the Fraser River group divided into Lower Fraser River (LFR) and IFR groups, given 

known genetic differentiation and good detection histories for both groups.  Detection histories were 

created by expected migration route, resulting in variable migration pathways among groups.  

Variable migration pathways preclude traditional CJS model structuring (Lebreton et al. 1992); such 

a model structure is termed ‘nested’ (Melnychuk 2009).  Methods generally followed  (Melnychuk 

2009), except that groups shared a common release point and differed in destination. 

A pool of candidate models (n=20) with varying model structures (e.g. fully-independent or fully 

shared parameter estimates for each population grouping) were ranked based on Akaike Information 

Criterion (AIC) adjusted for sample size (AICc). Final parameter estimates were derived by model 

averaging (AICc model weighting), permitting evaluation of the most parsimonious model (Burnham 

and Anderson 2003). The CJS model produced estimates for each population grouping at each array 

(detection probability) and between each receiver interval (survival probability).  Distances between 

arrays varied considerably, ranging from an estimated average of 17 km (from release to A20 

receivers) to approximately 100 km (JDF line to SJI array).  Consequently, survival estimates were 

distance-corrected, whereby survival for each 10km migrated within each reach was calculated. 

  



56 
 

Table 3.1: Population groupings of captured, released, and tagged coho salmon (Oncorhynchus kisutch) and the 

receiver arrays encountered given expected migration pathways. Arrays each population group (Group) is 

expected to encounter is indicated by ‘X’.  Receiver arrays included those near release (Area 20; A20), the Juan 

de Fuca (JDF) line, receivers around the San Juan Islands (SJI), in the Admiralty Inlet (ADM) and in the Fraser 

River (FR). For each population, proportion (Prop.) of total sample and proportion wild is shown.  

 Group 
Expected Array Encounters 

n Population 
Prop. 

sample 

Prop. 

wild 
A20 JDF SJI ADM FR 

Puget 

Sound 
x x x x - 142 

North 0.53 0.69 

South and Central 0.08 0.52 

Hood Canal 0.04 0.89 

Fraser 

River 
x x x - x 

IFR=18; 

LFR=21 

Interior 0.08 1.00 

Lower 0.10 1.00 

Other 

BC 
x x x - - 25 

South Coast BC 0.06 0.64 

Vancouver Is. E 0.05 0.90 

Excluded from analyses 14 Various 0.06 0.4 

 

3.2.3.4. Population-specific differences in fish characteristics 

A two-way factorial MANOVA was used to explore differences in migratory characteristics (i.e., JDF 

time and mean receiver position) for survivors to the JDF line among population and origin [hatchery 

(H) or wild (W)].  Given the non-normal and ordinal nature of injury and impairment indices, 

individual KW tests were used to assess differences among population and origin.  In both cases, the 

dataset was simplified to include only population groupings with > 10 individuals (i.e., LFR, IFR, 

Puget Sound, and South Coast BC).  

Predictors of mortality – Potential predictors of mortality to the JDF line include impairment, injury, 

FL, and set size (i.e., estimated total number of fish caught).  Time to brail and sort the catch, directly 

dependent on set size, were not included.  Predictors of mortality were not explored to other detection 

points given variable migration pathways, reduced sample sizes and low detection probabilities.  All 

parameters were included in a logistic regression model with an outcome of survival to JDF line.  

Impairment and injury indices were further broken down into their individual binary components in 

an additional logistic regression model, reduced using backwards stepwise methods.  Goodness of 
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model fit was tested in all cases using a Hosmer-Lemeshow test.  Predictors of mortality were also 

tested for effects on migratory behaviour. 

 

3.3 Results 

Of the 321 coho captured during the study period, 220 were tagged.  There were 12 additional fish 

found dead prior to tagging and sampling, equating to an immediate mortality rate of 4%.  

Throughout, normally distributed values are presented as mean ± standard deviation and non-

parametric values are presented as a median with range.  

3.3.1. Condition at capture 

Most fish handled were categorized as having no injury (54%). Only three individuals were assigned 

an injury index of 1 – that is, had severe scale loss, net marks, and at least one other external injury.  

Median impairment index was 0.2 (range = 0-0.6); aside from immediate mortalities, no fish had 

impaired VOR or HC reflexes.  The most commonly impaired reflexes were TG and BF and few fish 

(8%) had impaired OR. 

3.3.2. Origin of study fish 

The majority (75%) of the tagged fish were presumed to be of wild origin (i.e., adipose fin intact).  It 

is notable however that given a preference for tagging wild fish, this ratio is not representative.  Most 

tagged fish originated from Puget Sound populations (65%) and of the 19% of study fish destined for 

the Fraser River, 46% were from IFR populations (8% of sample; Table 3.1).  Among population 

groupings, there were no significant differences in FL (ANOVA, F(3) =1.039, p = 0.377), impairment 

(KW, H(3) = 3.979, p = 0.263) or injury (KW, H(3) = 0.482, p = 0.923).  Similar results were observed 

in a comparison between hatchery and wild fish (FL: T-test, T(101) = -0.816, p = 0.417; impairment: 

KW, H(1) = 0.0770, p = 0.781; injury: KW, H(1) = 0.145, p = 0.703). 



58 
 

3.3.3. Migratory characteristics 

Migratory characteristics varied considerably among individuals.  It took a mean of 4.6 ± 4.2 days 

(min = 1.01, max = 26.8) to reach the JDF line, 43 to 63 km from release depending on location of 

release and receiver of first detection.  Among Fraser River fish, it took a mean of 13.6 ± 4.4 days to 

reach river entry.  Time within the JDF was also variable, ranging from <24 hrs to over 30 days 

(median = 79 hours).  Significant differences were observed in the number of fish detected by 

receiver grouping (KW; p < 0.001), with more fish detected by the southern receiver group than the 

central (p < 0.001) and north (p = 0.001) groupings (Figure 3.2).  Migratory characteristics (i.e., JDF 

time and mean receiver position) did not differ significantly among populations (Factorial 

MANOVA, F(3) = 1.840, p = 0.0919, Pillai’s Trace = 0.0839) or origin (i.e., hatchery/wild, F(1) = 

0.466, p = 0.629, Pillai’s Trace = 0.00740). 

Figure 3.2: Number of tagged coho salmon detected by receiver grouping within the Juan de Fuca (JDF) line. 

Center line indicates the median, top and bottom of the box represent the 25th and 75th percentile, respectively, 

and the vertical lines of the box indicate the range excluding outliers, which are shows as points. Letters denote 

statistical differences. 
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3.3.4. Survival and detection probability 

The most parsimonious CJS model (AICc weight = 0.50) suggested that survival was group-specific 

but did not vary among receiver intervals, and that detection probability was described by an 

interaction between population group and receiver interval (Table 3.2; all model combinations in 

Supplementary Data Table S1).  There was little support for combining IFR and LFR fish when 

estimating survival parameters (i.e., the highest AICc weight with the two populations combined was 

0.23 whereas was 0.50 when separate), indicating that survival significantly differed between these 

two populations. 

Table 3.2: A subset of the pool of Cormac-Jolly-Seber (CJS) survival models (n = 20) fit to acoustic data from 

tagged coho salmon (Oncorhynchus kisutch) evaluating survival (S) and detection probability (p)  as a function 

of population and acoustic receiver array. Survival modes were modelled as a function of fish stock (STK, a. 

Interior Fraser, b. Lower Fraser, c. Other BC and d. Puget), cluster of stocks (CLUS, a. all Fraser River fish, b. 

Other BC, and c. Puget) and acoustic receiver array (ARRAY).   

Model 
S 

pooled1 

p 

pooled2 
AICc ΔAICc 

AICc 

Weights 
nPar 

S (STK) p(CLUS * ARRAY) No Yes 755.7 0.0 0.50 13 

S(CLUS * ARRAY) p(CLUS * 

ARRAY) 

Yes Yes 757.3 1.5 0.23 17 

S(STK) p(CLUS * ARRAY) No No 757.9 2.2 0.17 17 

S(STK * ARRAY) p(CLUS * 

ARRAY) 

Yes Yes 760.8 5.1 0.04 22 

S(CLUS) p(CLUS * ARRAY) No Yes 762.1 6.3 0.02 12 

S(CLUS * ARRAY) p(CLUS * 

ARRAY) 

No Yes 763.6 7.8 0.01 21 

S(CLUS)p(CLUS * ARRAY) No No 764.2 8.4 0.01 16 

S(STK) p(STK * ARRAY) No Yes 764.3 8.6 0.01 17 
1 - Pooled only in first two intervals ('Release' to 'Area 20' and 'Area 20' to 'JDF'), 2 - Pooled only for first two 

receiver stations ('Area 20' and 'JDF'). 
 

Model averaged parameter estimates suggest that detection probability at the JDF line and within the 

Fraser River was 100% for all groups (i.e., no fish passed undetected). Detection probability at the 

A20 group, comprised only of 2 receivers in a large area, was expectedly poor for all populations (< 

15%).  For those expected to encounter the ADM and SJI receiver groupings, detection probability 

was estimated at less than 50%. Exact detection probabilities by group at each detection location is 

provided in Supplementary Data Table S2. 
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Of the 209 fish expected to cross the JDF line, 141 were detected there.  Estimated immediate and 

short-term mortality for coho captured in this fishery was 36.1% (LCI = 29.9%, UCI = 42.9%) over a 

median of 4.6 days.  Given 100% detection efficiency at the JDF line for all populations, this estimate 

can be interpreted as accurate.  The raw percentage of fish detected on the JDF line following release 

was highest among the IFR population (77%), followed by Puget Sound (68%), South BC 

populations (64%) and was lowest for LFR fish (57%).  This pattern of survival being highest for IFR 

fish and lowest for LFR fish held true for the entire migration in terms of both cumulative proportion 

surviving (Figure 3.3C) as well as proportion surviving within each reach [Figure 3.3A,B (distance-

corrected); raw model estimates in Supplementary Data Table S2].  Estimated cumulative survival 

between release and the last receiver array (Mission, B.C.) was 42.3% and 14.2% for IFR and LFR 

populations, respectively.  Estimates were consistently similar among other BC and Puget Sound 

populations, being higher than those for LFR and lower than those for IFR.  Most mortality occurred 

prior to reaching the JDF line.  While accounting for the large distances between the JDF line and 

Fraser River, estimated reach-specific survival was quite high for all groups (i.e., >95% per 10 km 

travelled; Figure 3.3).  Survival to JDF was similar among wild (62%) and hatchery (65%) fish. 
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Figure 3.3: Reach-specific and cumulative survival by population determined by nested Cormak-Jolly-Seber 

(CJS) modeling. Distance-corrected reach-specific survival by population grouping through the Strait of Juan 

de Fuca (A) is provided for intervals between release (REL), receivers in the fishing area (A20), the Juan de 

Fuca line (JDF), and receivers around the San Juan Islands (SJI).  Within the Fraser River (B), detections 

occurred at river entry (FR), Derby (DRB) and Mission (MIS).  Error bars represent 95% CI. High error around 

‘Other BC’ is a result of low detection efficiencies, small sample sizes, and relatively high mortality. 

Cumulative proportion surviving by distance from release (C) was determined by multiplying population- and 

reach- specific estimates; errors are not multiplicative and thus were not carried though. 

 

 

3.3.5. Predictors of survival 

Both impairment and injury were significant predictors of survival to the JDF line (Table 3.3).  

Analysis of individual predictors revealed that scale loss and BF were the only individual condition 

metrics that were significant (p-value’s < 0.01,Table 3.3; Appendix A: Complete statistical results 

(Chapter 3)).  Model predicted survival ranged from 86 ± 3.5% for fish in the best condition (i.e. 

unimpaired BF and no scale loss) to 25 ± 8.8% for fish in the worst condition (i.e. impaired BF and 

severe scale loss) and scale loss had the strongest effect on survival.  The prevalence of scale loss 

differed among populations overall (chi-square, p = 0.0387; Figure 3.4), but these differences were 
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small and post-hoc comparisons were insignificant.  There were no differences among populations in 

impairment of the BF reflex. 

Table 3.3: Results from logistic regressions evaluating predictors of mortality among tagged coho salmon to the 

first line of detecting, the Juan de Fuca (JDF) line. Model 1 (top) includes all expected predictors of mortality. 

Model 2 (bottom, condition predictors) includes all categorical condition parameters collected, reduced with 

backwards stepwise methods (reduced model shown). 

Model Parameters Estimate SE Z-value Sig. OR LCI UCI 

Overall 

Mortality 

Predictors  

(full model) 

Overall Model 4.656 2.026 2.298 0.0216 - - - 

Fork Length 0.005 0.003 -1.424 0.154 0.995 0.999 1.000 

Injury -2.944 0.743 -3.960 <0.0001 0.053 0.0115 0.216 

Impairment -2.985 0.892 -3.345 <0.001 0.051 0.0083 0.280 

Set size 0.0001 0.0002 0.433 0.665 1.000 0.990 1.000 

Condition 

Mortality 

Predictors  

(Reduced) 

Overall Model 1.849 0.293 6.276 <0.0001 - - - 

Scale Loss 1 -1.262 0.382 -3.304 <0.001 0.283 0.132 0.597 

Scale Loss 2 -1.971 0.508 -3.880 <0.001 0.139 0.0487 0.365 

BF -0.985 0.338 -2.918 <0.01 0.373 0.190 0.716 

 

Figure 3.4: Proportion of coho salmon (Oncorhynchus kisutch) surviving to the Juan de Fuca (JDF) line given 

population and scale loss classification. Survival is indicated as 1 (survivor) or 0 (mortality) and the magnitude 

of scale loss observed, categorized as little to none (<5%), moderate, or severe (>50%). 
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Migration time to the JDF line differed significantly with injury (KW, H(3) = 9.945, p = 0.02) and 

scale loss categories (KW, H(2) = 11.065, p = 0.00396) but not reflex impairment (KW, H(3) = 5.029, p 

= 0.169).  Fish with ‘little to no’ scale loss took the least about of time to reach the JDF line (n = 115, 

mean time to JDF line = 132.2 ± 14.0 hours) and times were similar among fish categorized as having 

‘moderate’ and ‘severe’ scale loss (n = 21, 189.2 ± 39.4 hours and n = 8, 174.7 ± 51.0 hours, 

respectively].  Post-hoc analyses only revealed significant differences among the ‘little to no’ and 

‘moderate’ scale loss categories (p = 0.0088).  The number classified as having ‘severe’ scale loss 

was small, only a proportion of which survived to the JDF line (n = 8).   

 

3.4 Discussion 

This chapter is the first of three with the objective of quantifying predictors of discard mortality and 

evaluating their effects to individual stress coping responses over time. The focus on this first chapter 

was on predictors of mortality. The use of telemetry provided an opportunity to definitively measure 

survival, and I was able to test the hypothesis that capture severity, in addition to the intrinsic factor 

of genetic variability within returning coho salmon, influence post release fate. Both of my 

predictions were supported to a certain degree. My first prediction was that increased capture 

severity, as measured by set size, magnitude of injuries sustained, and severity of reflex impairment 

will lead to increased post-release mortality. Although this was the case for condition classifications 

of injury and impairment, set size did not emerge as a significant predictor of mortality in statistical 

models. With survival estimates being divergent among population groupings, results did fully 

support my second prediction that the magnitude of post release mortality will differ among 

genetically distinct populations. These findings are discussed in detail below.  
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3.4.1. Post-release mortality 

The estimated rate of immediate and short-term mortality in this study of 36.1% (LCI = 29.9%, UCI 

= 42.9%), after a median of 4.6 days is lower than the 24-hr mortality estimate applied by 

management to coho salmon released from purse seines in Area 20 at the time of study (70%).  In 

response to this research and that of the (Raby et al. 2015c) precursor study, the estimate of release 

mortality used in management models to determine harvest levels was reduced in 2014 from 70% to 

50%.  Despite very similar methodology, the precursor study generated a lower estimate of mortality: 

21% to the JDF line.  This between-study discrepancy is not surprising; in the initial study sample 

sizes were small (n = 50), fishing occurred during a time of low abundances (the largest set was 83 

fish compared to a median of 880 here), and fish were brailed into a water-filled recovery tote rather 

than onto a sorting table as would occur in a commercial fishery.  The current study therefore 

provides what is, to date, the most robust mortality estimate for coho salmon released from purse 

seine fisheries.  

Still, the short-term mortality observed may not encompass the full effects of the capture event, some 

of which may be slow to develop.  Cumulative and interacting effects such as, for example, 

temperature-mediated disease progression (Miller et al. 2014) and the impact of capture-induced 

injuries on spawning success (Baker and Schindler 2009; Baker et al. 2013), are potential long-term 

effects of capture and release. (Nguyen et al. 2014) only detected an effect of injury after two weeks 

in an in-river telemetry study evaluating the relative contribution of injury and exhaustion to post-

release mortality in Pacific salmon. (Baker and Schindler 2009) observed failed reproduction in over 

half of the sockeye arriving to spawning grounds with signs of gillnet entanglement, despite having 

nearly completed the migration. Although in both these studies fish sustained gillnet injuries, 

typically more severe than those resulting from seines, results propose that latent mortality is likely to 

occur.  
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There is no established point in time after a fish is released at which its mortality can no longer be 

attributed to the fishery, but it was notable that cumulative mortality from release to last detection for 

Fraser River fish was quite high: 58% for IFR coho and 86% for LFR coho. Telemetry-tagged fish 

would have encountered a multitude of other stressors after release and throughout migration.  The 

estuarine stage of the return migration and freshwater transition is thought to be particularly difficult 

due to osmotic challenges (Shrimpton et al. 2005), exposure to warmer pathogen-rich waters (Miller 

et al. 2014), and predation pressure from pinnipeds (Wright et al. 2007).  The high mortality from 

release to last detection observed in this study is likely the result of a combination of unavoidable en-

route stressors in addition to the latent effects of capture, the relative contribution of which would be 

near impossible to evaluate. Additionally, although there were no fisheries in the area of capture, 

fisheries of various gear types were operating in the Puget Sound and Fraser River.  

3.4.2. Population-specific differences 

Mortality was consistently lowest for IFR coho, the population of greatest conservation concern.  The 

largest divergence in survival was between the two Fraser River population complexes that, despite 

some overlap in habitat use, are genetically very distinct.  Contiguous salmon spawning habitat in the 

Fraser River watershed is divided by Hell’s Gate, a narrow canyon 128 rkm from river entry.  Habitat 

used by LFR coho is limited to areas downstream of Hell’s Gate, whereas IFR coho migrate through 

the Lower Fraser to spawn mostly in the Thompson River watershed, which drains into the Fraser 

River 35 rkm upstream of Hell’s Gate.   

In sockeye salmon, populations spawning longer distances from the ocean generally have higher 

gross somatic energy densities at the onset of river migration compared to short distance migrants and 

tend expend less somatic energy per unit of migratory difficulty (Crossin et al. 2004a).  Because 

overcoming the effects of acute stress requires the use of finite energy reserves (Wendelaar Bonga 

1997), availability of additional energy resources may confer a certain resiliency.  Consistent with 

this hypothesis, two co-migrating Fraser river sockeye populations (Chilko and Adams-Shuswap) 
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were exposed to capture stress at river entry; those from the Chilko population, having the longer 

migration, were better able to cope with stressors (Donaldson et al. 2010).  Likewise, IFR coho are 

probably energetically prepared for a more challenging migration than LFR coho and may also be 

expected to have greater capacity to overcome challenges in general, including capture stress.  There 

is no clear explanation for the observed reduced survival in LFR relative to IFR coho but two not 

mutually exclusive hypotheses may apply: 1) IFR are better adapted to cope with acute stress given 

the longer and more challenging migration ahead, and 2) IFR have more capacity in the form of 

stored energy to respond to the acute stress of capture. 

3.4.3. Predictors of survival 

Post-release migratory success was largely driven by scale loss, despite being a relatively minor 

dermal injury compared to those resulting from other commercial gear types, such as gillnet injuries 

(Baker et al. 2013; Uhlmann and Broadhurst 2015).  That scale loss also influenced migration 

behaviour, with scaled fish delaying in the capture area, indicates the potential for sub-lethal fitness 

outcomes (Wilson et al. 2014).  Having been associated with reduced success in other species [e.g., 

Atlantic herring (Clupea harengus), (Olsen et al. 2012); sardine (Sardina pilchardus), (Marçalo et al. 

2010); garfish (Hyporhamphus australis), (Butcher et al. 2010)], the effects of capture-induced scale 

loss are well documented.   

The mucus and scales act as a primary line of defense in fish, without which their skin is highly 

susceptible to injury, pathogen attachment and infection (Caipang et al. 2011).  If scale loss is severe 

enough to damage the neuromasts of the lateral line, swimming, schooling and predator evasion 

behaviour can also be affected (Montgomery et al. 1995; Olsen et al. 2012).  For example, 

experimentally de-scaled herring failed to maintain cohesive shoals, a behaviour important to 

avoiding predation (Olsen et al. 2012).  Scale loss is also known to compromise osmoregulatory 

function (Zydlewski et al. 2010; Olsen et al. 2012), which could be especially impactful for Pacific 

salmon upon their approach to freshwater.  Investigations of scale regeneration time have not been 
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undertaken to my knowledge in Pacific salmon but in sea bass (Dicentrarchus labrax), it is estimated 

to be 3-6 days (Guerreiro et al. 2013). In rainbow trout (O.mykiss), genomic signatures indicating 

wound healing are not present until 1-2 weeks following injury (Schmidt et al. 2016).  If dermal 

injuries persist, return migrants will be considerably more susceptible to fungal infections (e.g. 

saprolegnia spp.) and other diseases once in freshwater (Van West 2006; Baker and Schindler 2009).  

Therefore, a failure to regenerate scales prior to river entry and/or any damage resulting in 

dysfunction of the lateral line could have serious fitness consequences to salmonids (Smith and 

Monroe 2016).  

It was curious that I failed to see a relationship between set size with condition or mortality. Longer 

crowding time and higher catch densities typically result in increased stress, behavioural impairment, 

and mortality in purse seine fisheries (Marçalo et al. 2010; Tenningen et al. 2012).  Salmon seine 

vessels in B.C. are required to brail a few hundred fish at a time onto a sorting table, rather than 

employing the faster but more damaging method of hauling the catch over the stern (Farrell et al. 

2000).  It is possible that, even in the larger sets, the brailing method minimized the relationship 

between catch size and mortality.  However, with only 14 sets of which there was great variability in 

catch volume, statistical power was limited; the effect of set size and composition warrants further 

study for this fishery.   

3.4.4. Limitations to mortality estimates 

Several uncontrolled factors inevitably influenced results.  First, rates of natural mortality among 

Pacific salmon are largely unknown [though see (Martins et al. 2011)] and unreported fishery 

removals may have occurred.  I received tag returns from hatcheries and recreational fishers from the 

Puget Sound area, but none from Canadian waters.  Fisheries were closed in the study area, meaning 

tag reporting biases were not a factor in the short-term mortality estimates, but are a relevant 

consideration for estimates derived from receivers beyond the JDF line.  However, with Area 20 
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fisheries closed, released fish were not exposed to the repeated capture that could occur during 

openings.   

Unquantified mortality could also be attributed to researcher handling and/or transmitter presence.  

External tags do create drag, potentially influencing swimming performance (Mellas and Haynes 

1985) and a fish losing its tag would have appeared as a mortality, over-inflating estimates. There is 

very little published on loss rates for externally-mounted tags but where documented, tag loss has not 

occurred until weeks after attachment (Sutton and Benson 2003).  The so-called “observer effect” is 

another well-known limitation to bycatch research (Benoît and Allard 2009).  I replicated a 

commercial opening to the best of our abilities, but the crew was not under the same pressures as in a 

typical fishery where efficiency is maximized, and careful handling of bycatch may not be prioritized.  

Additionally, vessels effects (Stram and Ianelli 2015) including differences in infrastructure (e.g., 

brailer size, presence of sorting table and/or chute), crew experience, or handling protocols were not 

accounted for. 

 

3.5 Management implications 

The release of fish following fisheries capture can be a valuable conservation tool in commercial 

fisheries, but properly accounting for mortality is essential.  Findings of reduced release mortality 

relative to levels currently used in management models is promising, and instinctively suggests that 

harvests of target species in the area could be increased.  However, low abundances of IFR coho 

persist despite aggressive management actions following their decline (Fisheries and Oceans Canada 

2016), and recovery is known to be slow among exploited fish populations following a dramatic 

reduction (Hutchings and Reynolds 2004).  

As a result, fisheries encountering coho in both the U.S. and Canada are conservatively managed to 

minimize fishing mortality of IFR coho.  Release mortality estimates, along with expected total coho 
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encounters, fishing effort, and the expected proportion of IFR coho, are all considered in bilateral 

models that estimate fishing mortality given various harvest scenarios (Fisheries and Oceans Canada 

2017). However, currently lacking from these models is consideration of temporal variability in the 

monitoring of fishery-induced mortality (Patterson et al. 2017a). Adopting 24-hr mortality estimates 

has become standard practice, but the low observed long-term survival may challenge this practice.  

Moreover, behavioural data suggests that coho salmon may hold in the fishing area, enhancing the 

probability of recapture given a commercial opening.  Such fishery context-specific information is 

also not considered in management models (Patterson et al. 2017a). Little is known regarding the 

effects of repeated capture, but it would inevitably induce further injury and impairment, reducing the 

probability of survival with every capture event.  Addressing these issues will improve our 

understanding fishery impacts in general and especially to populations of conservation concern such 

as IFR coho.  

 

3.6 Conclusions  

Through employing telemetry and simulating a commercial fishery without experimentally modifying 

fishing or handling practices (i.e., no capture treatments), I was able to test hypotheses under 

conditions representative of actual fishing practices. This approach ensures results are relevant to 

management and sets the stage for more detailed and experimental approaches in subsequent 

chapters. I hypothesized that capture severity, in addition to the intrinsic factor of genetic variability 

within returning coho salmon, influences post release fate. The importance of injury and impairment 

to post-release fate was apparent, and that both metrics predicted mortality validates their use as 

proxies of capture severity. Both injury and impairment will remain focal metrics in the following 

chapters.  
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Chapter 4  Dermal injuries caused by a purse seine capture result in 

lasting physiological disturbances in coho salmon 
 

4.1 Introduction 

When fish escape or are discarded from fisheries, the stress and exhaustion they experience can be 

severe (Davis 2002). Quantifying physiological responses is one way to assess the impact of the 

encounter with the fishery on the fish’s vitality and can reveal potential precursors to mortality. The 

neuroendocrine stress response involves elevated circulation of stress hormones, which lead to a 

cascade of changes, including the mobilization of energy reserves (Barton 2002). Depending on the 

extent to which fish are exercised (Kieffer 2000) or asphyxiated (in a net or via air exposure), they 

can develop blood and intracellular acidosis [respiratory and metabolic acidosis (Ferguson and Tufts 

1992) that can be lethal or require an extended and energetically costly recovery period. 

Effects of fisheries capture on fish vitality can be estimated through assessments of reflex 

impairment, a reliable predictor of post-release mortality among various fish species and capture 

methods (Davis and Ottmar 2006; Davis 2007; Humborstad et al. 2009; Barkley and Cadrin 2012), 

including coho salmon (Oncorhynchus kisutch) released from purse seines (Raby et al. 2015c). The 

magnitude of injury sustained during capture is likewise important to survival (Baker and Schindler 

2009; Butcher et al. 2010; Marçalo et al. 2010; Baker et al. 2013). The integument in fish is 

metabolically active, adapts rapidly adapt to changes in the external environment, and acts as a 

defensive barrier (Mateus et al. 2017). Any external injury may cause stress, compromise 

osmoregulatory function (Zydlewski et al. 2010; Olsen et al. 2012), and provide a pathway for 

infectious pathogens (Udomkusonsri and Noga 2005; Van West 2006).  

Vitality metrics (i.e., a visual impression of survival potential) have been developed to reflect fish 

responses to capture (Davis, 2010). Predictions of post-release mortality based on semi-quantitative 

vitality metrics have been fine-tuned with assessments that combine reflex impairment and visible 

injury  (Benoît et al. 2012; Uhlmann et al. 2016; Meeremans et al. 2017). Reflex impairment, 
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assessed by observing responsiveness to induced stimuli, integrate physiological and neurological 

trauma. Conversely, classification of the extent of injury encompasses external physical damage. 

Lacking from the research in this area, however, is an assessment of the physiological adjustments 

required for fish to maintain or regain homeostasis as a function of distinct levels of injury and 

impairment. Such information may elucidate the physiological mechanisms that lead to post-release 

mortality and help explain why vitality assessments can be used to predict survival probability.  

In British Columbia (BC), Canada, fisheries targeting Pacific salmon (Oncorhynchus spp.) aim to 

harvest abundant species while avoiding inflicting fishing mortality on others. Referred to as selective 

fishing, this is achieved in part through species-specific mandatory release (Fisheries and Oceans 

Canada 2001). Coho salmon are one of the least abundant species of Pacific salmon, and include a 

threatened population [Interior Fraser River population (COSEWIC 2002)] that must be released 

when caught incidentally (Fisheries and Oceans Canada 2017).  As part of a larger acoustic telemetry 

tracking study aimed to quantify post-release mortality of coho salmon bycatch (Chapter 3), I 

conducted on-board holding studies during an experimental purse seine fishery. Dermal injury and 

reflex impairment were assessed upon capture, and blood samples were drawn at capture and after 

different durations of captivity in an on-board tank. This approach allowed us to evaluate whether the 

severity of dermal injuries and reflex impairment elicited by the fishery encounter influenced 

physiological recovery for up to 84 hours after capture.  

The telemetry study found that scale loss was the vitality metric most predictive of post-release 

mortality. There is evidence that scale loss in marine fishes can lead to osmoregulatory deficiencies 

(Suuronen et al. 1996a; Butcher et al. 2010; Zydlewski et al. 2010; Olsen et al. 2012). Dermal 

injuries may be particularly impactful to coho salmon when they are caught and released in marine 

waters because at that point in their migration they are not reproductively mature [i.e., silver; not 

showing skin thickening and colouring that accompanies sexual maturation (Sandercock 1991)] and 
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therefore more vulnerable to scale loss. I predicted that fish with severe dermal injuries would exhibit 

evidence of physiological dysfunction during the days following release into a holding environment.  

 

4.2 Methods 

The study took place in the Canadian waters of the Strait of Juan de Fuca off the west coast of 

Vancouver Island (British Columbia) from August 30 to September 8, 2013 aboard a commercial 

purse seine vessel [specifications in Chapter 3]. Fishing occurred as in a true commercial fishery with 

the exception that the vessel was modified to rapidly release pink salmon (O. gorbuscha) and other 

bycatch while retaining coho salmon. Fish were transferred from the pursed net to a sorting table 

using an industry-standard brailer, a large dip net operated with a hydraulic winch. A total of 43 sets 

were conducted. Time to brail the fish from the net (i.e., brailing time) was variable, ranging from 13 

to 44 minutes (mean = 26.6 minutes). Capture times were primarily dependent on the number of fish 

captured (i.e., set size), which ranged from 45 to 3500 fish (mean = 704). Coho salmon to be used in 

the study were transferred from the sorting table to adjacent plastic tanks with flow-through seawater; 

all other fish were immediately released overboard. Several fish were processed from each set, 

resulting in a range of times between landing and initial sampling (mean = 34.1, range = 2.2 to 105.1 

minutes). This time was considered in subsequent analyses.  

Coho salmon were processed in a padded, V-shaped trough continuously supplied with seawater. 

First, reflex action mortality predictors were assessed (RAMP; Davis, 2010). Five reflexes were 

assessed categorically (0 = unimpaired, 1 = impaired) and an index was calculated for each fish based 

on the proportion of reflexes that were impaired. Reflexes, measured as per Raby et al. (2012), 

included tail grab (is the fish capable of burst swimming?), body flex (does the fish fight on a flat 

surface?), head complex (does the fish exhibit regulation ventilation patterns?), vestibular-ocular 

response (does the fish’s eye track the handler?), and orientation (can the fish maintain orientation in 

water?).  
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Following the reflex assessment, injury was quantified visually by scoring the presence and severity 

of dermal injuries including net marks (i.e., dark contusion lines with focused rings of scale loss; 

present = 1, absent = 0), scale loss (as a percentage of the entire dermal area: > 50% = 2, < 50% = 1, 

< 5% = 0; Figure 4.1), and other injuries (e.g., torn operculum, severely split fins, predator wounds; 

present = 1, absent = 0). The same three researchers processed all fish, and for each a consensus was 

reached regarding all injury scores. As with reflex impairment, injury scores were combined as a 

proportion (i.e., total score/highest possible score). After the vitality assessment, approximately 

1.5mL of blood was collected by caudal puncture using 3mL lithium-heparinized vacutainers (B.D. 

Vacutainer, Franklin Lakes, NJ) with 21-gauge, 1.5″ needles while the fish was supine in the 

sampling trough. The entire assessment and sampling procedure took less than two minutes per fish; 

no anesthesia was used.  

  



74 
 

Figure 4.1: Depiction of scale loss classifications. Scale loss was classified as the percentage of entire dermal 

surface missing scales according to 3 categories: > 50% (top), < 50% (middle), <5% (bottom). A final injury 

score included scale loss scores as well as classification of the presence of net marks or other external injuries 

as either present or absent.  

 

 

 

Analyses included blood samples taken from 60 fish retained for captive observation and 70 fish 

selected at random among 220 that were tagged and released in a concurrent survival study (Chapter 

3). In both groups, blood was collected immediately following capture; samples are herein referred to 

as time zero (T0) samples.  

Whole blood was stored on ice for no more than 3 hours. Processing involved centrifugation for 5 

min at 10,000 g (Compact II Centrifuge, Clay Adams, Parsippany, NJ); plasma was then collected 

and stored at -80°C. Samples were analyzed for indicators of stress (cortisol; Neogen enzyme-linked 

immunosorbent assay with Spectramax 240PC plate reader, Molecular Devices, Sunnyvale, CA) and 

osmoregulatory status [chloride (Haake Buchler digital chloridometer), sodium and potassium (Cole-

Palmer, model 410 single-channel flame photometer), and osmolality (Advanced Instruments 3320 
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freezing-point osmometer)]. Plasma lactate and glucose (YSI 2300 Stat Plus analyser) concentrations 

were measured to assess exhaustion and as a secondary stress indicator, respectively. Detailed 

methods are provided in Farrell et al., (2000).  

The on-board holding pen (1.8 m wide x 1.4 m long x 3 m deep) consisted of an aluminum frame 

lined with 70-mm diamond soft nylon mesh. It was designed to hold up to 30 fish and was built to fit 

within a larger below-deck tank. A pump provided a continuous supply of seawater, and oxygen was 

bubbled through a diffusion plate as needed to maintain saturation between 85–115%. The tank was 

kept covered and in darkness during the entire holding period. Fishing operations were able to 

continue throughout the period while fish were held below deck. Two back-to-back iterations of the 

holding experiment each lasted up to four days. Environmental conditions (e.g., water and air 

temperatures, sea conditions) were similar across the two holding experiments. Water temperatures 

ranged from 8.5 °C to 10.6 °C (mean = 9.1 °C) during the first holding period and 8.8°C to 10.3°C 

(mean = 9.4°C) during the second. In-tank water temperatures were consistent with those recorded 

overboard. Pens were checked at least every six hours and any moribund (i.e., loss of equilibrium and 

unresponsive but still ventilating) or dead fish were removed. Sub-samples of fish were removed at 

approximately 48-, 72-, and 84-hours post-capture (Table 4.1). This time-course was selected with 

the objective of assessing longer-term condition [i.e., >24-hrs, the typical duration of for holding 

studies with Pacific salmon (Raby et al. 2015c)]. A second and repeated blood sample was taken 

from each removed fish, tagged with individuals IDs, using identical methodology as T0 samples. 

After collection of a second blood sample, fish were released. 
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Table 4.1: Number of coho salmon (Oncorhynchus kisutch) sampled at each time period during onboard 

holding studies Two samples were taken from each fish: once at capture (T0) and then subsets of fish were 

removed for a second sampling. Samples taken at random from 70 fish included in a larger telemetry study 

assessing post-release survival were included in analyses of T0 samples. 

Sampling Period Live Removals Moribund Removals Remaining Telemetry-tagged 

T0: Capture NA NA 60 70 

T2: 48-hrs 16 10 34 NA 

T2: 72-hrs 16 4 14 NA 

T3: 84-hrs 13 1 0 NA 

 

No survival analyses or assessments of fate were executed. Fish tagged and released for the telemetry 

study provide a more realistic estimation of mortality for this population; a comprehensive survival 

analysis can be found in Chapter 3.  

4.2.1. Data Analyses 

The measured physiological parameters were highly correlated and thus reduced in a Factor Analysis 

(FA). Kaiser-Meyer-Olkin (KMO) values identified any problematic variables (i.e. KMO < 0.6; 

Child, 2006). Suitability of the resulting data matrix was tested with a Bartlett’s Test of sphericity. 

The appropriate number of factors to extract was determined through observation of a screeplot and a 

parallel analysis. Variable selection for the final factor extraction employed a factor loading cut-off of 

0.5. Assumptions of normality and homogeneity of variance were tested in all models and unless 

otherwise specified, α = 0.05 was used for significance testing. All analyses were conducted in R 

Studio (R Core Team 2018) 

4.2.1.1. Relationships between vitality metrics and blood physiology upon capture:  

A two-way MANOVA assessed differences among injury and reflex impairment scores (which are in 

effect, ordinal categories) at capture (T0) in terms of fork length (FL) and blood physiology. Due to 

the large number of post-hoc comparisons required to differentiate the multiple levels of injury and 

impairment scores, linear discriminant analyses (LDA) evaluated how well the variables supported 

vitality categories. Because LDAs provide no significance testing, univariate ANOVAs were used to 
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determine significance for each dependent variable, but not among individual categories (Bonferroni 

correction; α = 0.0125).  

4.2.1.2. Effects of injury and impairment on blood physiology over time:  

Repeated measures linear mixed effects (RM-LME) models were used to assess effects of injury and 

impairment on physiology as a function of time in survivors. Models included the fixed effects of 

time, injury score, and impairment score, and their interactions with time. Each category of injury and 

impairment was compared to uninjured and unimpaired fish, respectively. Models were first tested to 

optimize random effects structure (Zuur 2009). A restricted maximum likelihood (ReML) framework 

was used to compare models with 1) no random term, 2) random intercept, and 3) random slope and 

intercept. Optimal random effects structure was selected by comparing Akaike information criterion 

(AIC). Collinearity among predictors was tested with variance inflation factors [cut-off of 2.0; (Zuur 

2009)] 

4.2.1.3. Data suitability assessments:  

Combining T0 samples from holding and telemetry studies was justified given a non-significant 

MANOVA comparing variables between the two groups. Neither time held prior to sampling, 

handling time, nor set size differed significantly among injury or impairment categories (ANOVA, p-

values > 0.5). As expected, plasma lactate, cortisol, and osmolality concentrations at T0 did increase 

with time held in on-board tanks while awaiting sampling. However, considerable multicollinearity 

resulted when models were run with time-corrected variables (i.e., residuals of linear relationship 

between holding time and each physiological parameter). Therefore, raw physiological variables were 

used (data in Appendix B) 
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4.3 Results 

Scale loss (Figure 4.1) was the most common injury observed: 19% of fish had a scale loss score of 1 

(5 to 50% of body surface; n = 25) and 16% had a scale loss score of 2 (most severe; > 50% body 

surface; n = 21). The remainder (n = 65) suffered less than 5% scale loss. Net marks were present in 

23% of fish and 14% of fish had other external injuries. The only reflexes impaired were body flex (n 

= 74), tail grab (n = 53), and orientation (n = 3). For both injury and impairment, four ordinal 

categories resulted from scoring (injury: 0, 0.25, 0.5, 0.75; impairment: 0, 0.2, 0.4, or 0.6). To 

simplify interpretation of results for both metrics, these scores are herein referred to as 

“uninjured/unimpaired”, and “minor”, “moderate”, and “severe” injury or impairment. Total 

mortality over time in holding studies was 25%; episodic mortality is presented in Table 4.1. 

Diagnostics of the factors analysis suggested using a single factor. After applying the loading cut-off, 

the extracted factor was loaded positively with plasma chloride, osmolality, and sodium (Table 4.2) 

and explained 73.4% of variance among these variables (eigenvalue = 2.22). This factor is referred to 

herein as the ion homeostasis score and represents the actions of the values loaded upon it. The ion 

homeostasis score was used in subsequent analyses because given the level of correlation among 

measures of plasma chloride, sodium, and osmolality, inclusion of raw data in multivariate statistical 

models would break model assumptions. 

Table 4.2: Results from a factor analysis (FA) that reduced correlated plasma physiological variabilities into a 

single metric for use in subsequent analysis. The initial FA, inclusive of all variables showed low communality 

(h2) among several included variables. A final FA extracted a single factor, positively loaded with chloride, 

osmolality, and sodium. 

Plasma variable Initial FA Final FA 

Factor loadings h2 Factor loadings h2 

Chloride 0.79 0.62 0.784 0.62 

Cortisol 0.33 0.11 - - 

Glucose 0.16 0.03 - - 

Osmolality 0.89 0.79 0.904 0.82 

Potassium -0.28 0.08 - - 

Sodium 0.90 0.81 0.892 0.80 
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4.3.1. Relationships between vitality metrics and blood physiology upon capture 

There were significant differences among fish characteristics at the time of capture (FL, ion 

homeostasis score, and plasma potassium, glucose, cortisol and lactate) among injury and reflex 

impairment scores (MANOVA; injury: Pillai = 0.41, F = 3.133,120, p < 0.0001; impairment: Pillai = 

0.39, F = 2.883,120, p < 0.0001). The first linear discriminant (LD1) from both LDA models accounted 

for a high percentage of dispersion in the dataset among classifications (87.8% for injury and 84.4% 

for impairment). Distributions of LD1 differed substantially among all injury categories (Figure 4.2). 

For reflex impairment, large divergences occurred in LD1 between the severe and unimpaired 

categories. However, distributions were very similar for minor and moderate categories, suggesting 

no differences between these two levels of reflex impairment (Figure 4.3). Univariate ANOVAs 

revealed that ion homeostasis scores differed significantly among both injury and impairment scores 

(injury: F = 9.793,121, p < 0.001; impairment: F = 6.453,121, p < 0.001), FL among injury scores but not 

reflex impairment scores (injury: F = 7.043,121, p < 0.001; impairment: F = 1.11,121, p = 0.34), and 

plasma lactate among reflex impairment scores but not among injury scores (injury: F = 3.823,121, p = 

0.29; impairment: F = 15.13,121, p < 0.001). Specifically, ion homeostasis values were higher in more 

injured fish and more severe injuries tended to occur in smaller individuals (Figure 4.2). Both plasma 

lactate and the ion homeostasis score increased with greater reflex impairment (Figure 4.3). Other 

measures of blood physiology did not differ significantly among injury or impairment scores (p-

values > 0.0125). 
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Figure 4.2: Results of a linear discriminant analysis (LDA) determining separation among injury scores given 

measured fish characteristics. Distributions of Linear Discriminant 1 (LD1) are shown as a density plot. 

Variables driving the observed separation, as identified by univariate ANOVAs, include an ion homeostasis 

score extracted from a factor analysis and loaded with osmolality, sodium, and chloride (B) and fork length (C). 

Box plots show median (line within box), 25th percentile (lower edge of box), 75th percentile (upper edge of 

box), and 1.5 × interquartile range (ends of whiskers). Points represent those data outside this range. 
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Figure 4.3: Results of a linear discriminant analysis (LDA) determining separation among impairment 

categories given measured fish characteristics.  Distributions of Linear Discriminant 1 (LD1) are shown as a 

density plot. Variables driving the observed separation, as identified by univariate ANOVAs include an ion 

homeostasis score extracted from a factor analysis and loaded with osmolality, sodium, and chloride (B) and 

plasma lactate (C). Box plots show median (line within box), 25th percentile (lower edge of box), 75th 

percentile (upper edge of box), and 1.5 × interquartile range (ends of whiskers). Points represent those data 

outside this range. 

 

 

. 

4.3.2. Effects of injury and impairment on blood physiology over time 

Given results of LDA models, mid-range impairment scores were combined into a single category 

(i.e., minor/moderate) for RM-LME models. The optimal random structure was identified as a 

random slope and random intercept for all models (compared to base model; Ion homeostasis score: 

ΔAIC = 37.05, X2
(Δdf=13,16)=43.05, p < 0.0001, Lactate: ΔAIC = 1.09, X2

(Δdf=13,16)=7.96, p = 0.047, 

Potassium: ΔAIC = 4.20, X2
(Δdf=13,16)=10.20, p = 0.017; cortisol: ΔAIC = 24.43, X2

(Δdf=13,16) = 30.43, p 

< 0.0001), except for the glucose model (not improved with random structure; AIC base model = 751.4; 

AIC random effects = 752.0). The simple linear model was thus retained for plasma glucose.  
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Injury and reflex impairment had the greatest effects on ion homeostasis scores and plasma lactate 

over time. Ion homeostasis scores differed significantly among all injury and impairment categories 

when compared to uninjured/unimpaired fish (i.e., significant main effects for all condition 

classifications; Table 4.3), being higher among fish in poorer condition. There was also a significant 

interaction between injury and time in the form of an effect on ion homeostasis scores for the minor 

and moderate categories; scores increased over time in these fish relative to the uninjured group, 

which showed stable ion homeostasis scores over time (Figure 4.3).  

The ion homeostasis score is a metric that combines measured values of plasma osmolality, sodium, 

and chloride, and is representative of their combined actions. The raw values confirm this 

assumption.  Plasma osmolality (mOsm/kg; mean ± SE) was fairly consistent among uninjured fish 

ranging from 387.4 ± 2.4 at capture to 360.2 ± 7.3 at 84 hours. Values were increasingly higher and 

more variable through time among fish with minor (391.6 ± 3.4 at capture and 398.8 ± 5.9 at 72 

hours), moderate (395.5 ± 2.9 at capture and 434.0 in the one fish at 72 hours), and severe injuries 

(410.2 ± 5.4 at capture and 439.0 in the one fish at 84 hours). Plasma sodium and chloride 

concentrations (mmol/L; mean ± SE) showed similar patterns. In uninjured fish, concentrations were 

comparative low and showed littler variability through holding (e.g. sodium ranged from a low of 

172.1 ± 3.2 at 84 hours to a high of 182.5 ± 7.4 at 48 hours and chloride from 155.1 ± 0.9 at capture 

to 161.2 ± 4 at 84 hours). Conversely, in fish with minor injuries, concentrations upon capture were 

181.7 ± 1.6 (sodium) and 159.3 ± 1.2 (chloride) but increased to 188.6 ± 3.4 (sodium) and 173.5 ± 2.6 

(chloride) by 72 hours. Concentrations were higher in severely injured fish: 194.1 ± 1.7 (sodium) and 

168.3 ± 3.6 (chloride) upon capture. Sodium concentrations remained elevated at similar 

concentrations and chloride concentrations increased further, to a maximum of 198.8 at 48.  

With impairment, concentrations of osmolality, sodium, and chloride were most divergent upon 

capture. Osmolality was 381.6 ± 3.2 (uninjured), 395.4 ± 1.8 (minor/moderate injury) and 407.0 ± 4.2 

(severe injury). Sodium concentrations were 178.5 ± 1.6, 183.4 ± 0.9, and 185.9 ± 2.1, and chloride 
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concentrations 157.0 ± 1.5, 158.5 ± 0.8, and 160.9 ± 2.2 for categories of uninjured, minor/moderate 

injury, and severe injury, respectively.  

Full details of all recording blood chemistry values given time point and injury/impairment 

classifications is available in Appendix B. 

Figure 4.4: Changes in blood physiology through holding given injury classification. Samples were collected 

upon capture (T0) and after 48, 72, or 84 hours of holding in captivity. Plasma was analyzed for osmolality, 

sodium and chloride, grouped together in a FA, referred to as an ion homeostasis score (A), lactate (B), 

potassium (C), glucose (D), and cortisol (E). Mean ± SE of plasma measures are shown by injury classification 

through time. No error bars indicate an n=1. 
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Table 4.3: Results from repeated measures linear mixed effects models (RM-LME) that assessed how injury (inj.) and impairment (imp.) influence 

plasma physiology over time among coho salmon (Oncorhynchus kisutch).  Models included fixed effects of time, injury, and impairment and their 

interactions (*) with time.  Injury and impairment categories included minor, moderate (mod.), and severe. Minor and moderate impairment categories 

were combined given LDA results showing no differences among measured parameters.  

Predictor Ion homeostasis score Measured plasma parameter 

Lactate Potassium Glucose Cortisol 
 

Value ± SE  

(DF = 125,28) 

P-Value Value ± SE  

(DF = 125,28) 

P-Value Value ± SE  

(DF = 125,28) 

P-Value Value ± SE  

(DF = 125,28) 

P-Value Value ± SE  

(DF = 125,28) 

P-Value 

Intercept -0.51 ± 0.11 < 0.001 11.2 ± 0.68 < 0.0001 5.54 ± 0.40 < 0.0001 6.42 ± 0.29 < 0.0001 228.34 ± 20.92 < 0.0001 

Minor inj. 0.15 ± 0.15 0.04 0.55 ± 0.89 0.51 -0.59 ± 0.51 0.21 -0.53 ± 0.38 0.20 28.70 ± 27.21 0.29 

Mod. inj. 0.39 ± 0.16 0.03 -0.78 ± 0.97 0.53 -1.54 ± 0.55 < 0.01 -0.88 ± 0.41 0.06 6.24 ± 29.70 0.83 

Severe inj. 1.30 ± 0.25 < 0.0001 4.74 ± 1.51 0.10 -1.88 ± 0.86 0.02 1.27 ± 0.64 0.05 16.92 ± 46.23 0.72 

Minor/mod. imp. 0.47 ± 0.13 < 0.001 4.45 ± 0.76 < 0.0001 -0.75 ± 0.44 0.06 0.99 ± 0.33 <0.01 -8.36 ± 23.51 0.72 

Severe imp. 0.88 ± 0.27 < 0.01 8.43 ± 1.66 < 0.0001 -1.59 ± 0.94 0.09 -0.14 ± 0.71 0.83 -22.02 ± 50.92 0.67 

Time (t) 0.00 ± 0.01 0.92 -0.12 ± 0.01 < 0.0001 -0.03 ± 0.01 <0.001 -0.01 ± 0.01 0.29 0.63972 ± 1.00 0.53 

Minor inj. * t 0.02 ± 0.01 0.03 -0.01 ± 0.02 0.41 -0.01 ± 0.01 0.66 0.06 ± 0.01 < 0.0001 4.07 ± 1.41 0.87 

Mod. inj. * t 0.03 ± 0.01 0.03 -0.01 ± 0.03 0.76 -0.02 ± 0.02 0.15 0.00 ± 0.02 0.91 3.21 ± 2.40 0.30 

Severe inj. * t 0.03 ± 0.02 0.09 -0.00 ± 0.06 0.82 -0.03 ± 0.03 0.49 -0.01 ± 0.04 0.52 6.07 ± 2.82 0.01 

Minor/Mod. imp. * t -0.01 ± 0.01 0.08 -0.06 ± 0.02 < 0.01 0.02 ± 0.01 0.11 0.01 ± 0.01 0.83 -0.20 ± 1.20 0.19 

Severe imp. * t -0.04 ± 0.02 0.14 -0.28 ± 0.07 < 0.001 0.52 ± 0.03 0.09 0.52 ± 0.04 0.13 -4.69 ± 4.43 0.05 
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Reflex impairment and its interaction with time were significant predictors of plasma lactate, and 

there was also a main effect of time (Table 4.3). Plasma lactate concentrations recovered (decreased) 

over time regardless of initial reflex impairment (Figure 4.3). Significant interactions were reflective 

of the greater recovery required for fish with greater initial reflex impairment (and higher initial blood 

lactate levels). A similar pattern of recovery was observed among injury categories except that lactate 

concentrations did not differ among injury scores (Figure 4.3).  

The only significant effect in the cortisol model was the interaction of severe injury and time (Table 

4.3).  Plasma cortisol increased over time in severely injured fish but stayed consistent in uninjured 

fish (Figure 4.3).  

 

4.4 Discussion 

The fishing methods used in this study were designed to emulate realistic commercial purse seine 

practices and resulted in dermal injuries, reflex impairment, and physiological disturbances among 

captured coho salmon. The objective of this chapter was to monitor the magnitude of duration of 

physiological disruptions following varying levels of capture severity, as reflected by the extent of 

dermal injuries and magnitude of impairment. I hypothesized that capture severity influences both the 

magnitude and duration of physiological responses to capture. I predicted that severe dermal injuries 

and impairment will have a lasting effect on blood physiology but that minor dermal injuries and 

impairment will cause immediate perturbations to blood physiology, from which fish will recover. 

Dermal injuries caused most disruption to ion homeostasis (i.e., concentrations of sodium chloride, 

and osmolality), both immediately and over an extended period of days. As predicted, concentrations 

stayed stable in uninjured fish but progressively increased over time in injured fish. 
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Figure 4.5: Changes in blood physiology through holding given impairment classifications. Samples were 

collected upon capture (T0) and after 48, 72, or 84 hours of captive holding. Plasma was analyzed for 

osmolality, sodium and chloride, grouped together in a FA are referred to as an ion homeostasis score (A), 

lactate (B), potassium (C), glucose (D), and cortisol (E). Mean ± SE of plasma measures are shown by reflex 

impairment classification through time. No error bars indicate an n = 1. 

 

 

Reflex impairment led to perturbations in plasma lactate and ion homeostasis upon capture. Lactate 

recovered among all groups and although ion homeostasis scores did not show recovery over time, 

temporal variability in their concentrations was not influenced by impairment categories.  

The lack of recovery of ion homeostasis over time among fish with dermal injuries suggests a 

possible mechanism by which injuries may be a predictor of post-release mortality. Conversely, 

reflex impairments may be more important to immediate and short-term survival (e.g., abilities to 
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escape predation upon release; Ryer, 2002). This study provides further evidence that when taken 

together, simple vitality assessments provide a robust technique to evaluate trauma among fish 

intended for release. A further important result was that smaller fish tended to experience more severe 

dermal injury, which conforms with findings from other species and fisheries (Broadhurst et al. 

2006). Raby et al., (2015) similarly found smaller adult coho captured by purse seine to be more 

susceptible to dermal injuries, and size-dependent rates of mortality have been observed in herring 

and sardine bycatch in purse seines (Clupea Linnaeus; Olsen et al., 2012; Tenningen et al., 2012; 

Sardina pilchardus, Marçalo et al., 2010), cases in which dermal injuries and scale loss were also 

strongly related to mortality. 

4.4.1. Physiology of injury and impairment: osmoregulatory control, stress, and exhaustion  

Of all blood parameters measured, lactate and the ion homeostasis score showed the largest 

differences among vitality scores. During anaerobic exhaustive exercise, lactate accumulates in white 

muscle and a portion leaks into the blood stream (Milligan 1996; Kieffer 2000). The finding here that 

elevated plasma lactate was associated with increased reflex impairment serves to replicate previous 

findings (Raby et al. 2013, 2015c; McArley and Herbert 2014). Plasma lactate concentrations 

recovered among all groups by 48 hours, with the significant interactions with time simply reflect the 

greater recovery required among more exhausted fish.  

With exhaustion, the osmotic pressure created by intracellular metabolic acidosis causes water to 

move from plasma into white muscle cells, thereby increasing plasma concentrations of ions and 

osmolality (Milligan 1996; Kieffer 2000). Accordingly, ion homeostasis scores were elevated upon 

capture in all fish. However, fish with reflex impairment but without injuries recovered their ion 

concentrations over time, whereas injured fish did not. If osmotic perturbations in injured fish were 

due to stress and exhaustion alone, recovery would be expected by 48 hours (normal concentrations 

are typically restored in coho salmon following exhaustive swimming in seawater within 24-h; Farrell 

et al., 2001).  



88 
 

Osmoregulatory dysfunction that occurs with dermal injuries could be attributed to leakage of body 

water  (Suuronen et al. 1995; Butcher et al. 2010; Zydlewski et al. 2010; Olsen et al. 2012; Raby et 

al. 2015c). In fish, both the integument and mucus layer play a role in ion regulation (Shephard 1994; 

Marshall and Bellamy 2010), and removal of the epidermis and the superficial dermis reduces the 

efficiency of the skin’s barrier function (Mateus et al. 2017). However, chronic stress can also alter 

osmoregulatory abilities (Davis 2006), and has been associated with the development of ulcerations 

in fish (Udomkusonsri and Noga 2005). Chronic stress can also suppress local immune responses to 

scale removal, impairing wound healing processes (Mateus et al. 2017). In a study that executed 

experimental de-scaling of herring, a massive cortisol response was observed in scaled fish relative to 

untreated controls, suggesting the proximate cause of mortality was a secondary stress response 

caused by scale loss (Olsen et al. 2012).  

Although plasma cortisol did increase over time in injured relative to uninjured fish, the only 

significant effect in the cortisol model was an interaction between injury and time in the severely 

injured group, which also had the smallest sample size. Adult Pacific salmon present unique 

challenges when interpreting changes in plasma cortisol. Baseline cortisol shows exceptional inter-

individual variability in returning adults (Baker and Vynne 2014; Cook et al. 2014b), increasing to 

“stressed” levels naturally with migratory challenges (Flores et al. 2012). The raw cortisol values 

measured among the groups of injured fish do not indicate exceptionally high stress given the 

available context. Average cortisol concentrations from samples taken after T0 for all fish classified 

as having some injury were 506 ± 78 ng mL-1 (range: 46 - 987 ng mL-1), well below those recorded 

among severely exhausted coho (i.e., 1271 ± 75.4 ng mL-1; Farrell et al., 2001). Among sockeye 

salmon (O. nerka) caught at river-entry and exposed to an air exposure treatment, plasma cortisol 

concentrations were 857 ± 36 ng mL-1 in a stressed state, with baseline concentrations recorded up to 

470 ng mL-1 (mean = 66 ng mL-1; Cook et al., 2014). The combination of the highly variable nature 
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of plasma cortisol concentrations in adult Pacific salmon and low sample sizes did limit abilities to 

draw clear evidence regarding the role of cortisol in post-release mortality.  

Our results generally support the notion that post-release mortality in injured fish is caused by an 

inability to control osmoregulatory processes. With few severely injured fish surviving to later 

sample periods, however, I cannot rule out the idea that dermal injuries led to lethal levels of stress, 

as suggested by Olsen et al. (2012).  It is also unknown if the results observed here would differ 

considerably had the fish been released back into their natural environment. Confinement stress is a 

known limitation to holding studies (Rogers et al. 2014) and dermal injuries may have also been 

worsened by encounters with the netting of the holding pen (though smaller, soft, knotless nylon 

mesh was used).  

4.4.2. Study Limitations 

Perhaps more conclusive findings would have resulted from a holding study of longer duration, 

which was not possible given the cost and logistical constraints of at-sea fishing charters. Following 

external injury, an inflammatory response is typically observed for 3–4 days, and wound areas 

subsequently decrease (Ceballos-Francisco et al. 2017). Zydlewski et al., (2010) observed descaling 

resulted in osmoregulatory deficiencies in Atlantic salmon (Salmo salar) smolts in seawater for the 

first three days after injury, after which descaled fish did not differ from controls. Therefore, the time 

course of the study only encompasses this inflammatory period, and fish were not held long enough 

to document potential healing processes.  

Although not investigated here, the potential role of bacterial and fungal infections also warrants 

recognition. Following a simulated gillnet encounter, diminished immune responses, increased 

productivity of infectious disease agents, and osmoregulatory failure was observed in sockeye salmon 

that died prematurely (Teffer et al. 2017). In the present study, it is unknown how infectious agents 

may have influenced the finding of increased osmoregulatory dysfunction among injured fish.    
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4.5 Management implications 

The consequences of fishing-induced stressors and injuries for released fish are largely determined by 

their severity in relation to species-specific tolerances. Some species have traits that increase 

vulnerability to injuries during catch-and-release (i.e., fish with deciduous scales; Suuronen et al., 

1996b; Butcher et al., 2010). Likewise, vulnerability to injury can vary with many factors, including, 

for example, species, sex, life stage, water quality, location on the body, and general health status 

(Ceballos-Francisco et al. 2017). Specific to Pacific salmon, return migrants are more vulnerable to 

scale loss during their ocean silver (i.e., not reproductively mature) phase (Raby et al. 2015b), and 

there is anecdotal evidence that coho salmon are particularly sensitive.  

The timing with which salmon are caught in coastal waters and the potential for dermal injuries 

impairing osmoregulatory capacity is significant. Adult Pacific salmon remodel their osmoregulatory 

physiology in preparation for freshwater entry, a process that begins long before river-entry 

(Shrimpton et al. 2005). I failed to find evidence for a return to ion homeostasis after 84 hours of 

holding in fish with dermal injuries. Although fish may recover faster in the wild than when held in 

captive, any latent effects of dermal injuries on osmoregulatory capacity during this period, likely a 

time of high natural mortality (Cooke et al. 2006b), could have a substantial impact on migration 

success. 

 

4.6 Conclusions 

Through simulating a commercial fishery without experimentally modifying fishing or handling 

practices (i.e., no capture treatments), I was able to test hypotheses under conditions representative of 

actual fishing practices. In the previous chapter I employed telemetry to quantify fate, here, through 

containment studies and by repeatedly sampling individuals, I was able to monitor changes in blood 

physiology over time. The previous chapter also validated the used of dermal injury and reflex 
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impairment metrics as proxies of survival probability. My hypothesis that capture severity influences 

both the magnitude and duration of physiological responses to capture, was supported. However, 

dermal injuries appeared to cause more physiological disruption than reflex impairment, having 

lasting effects on plasma concentrations of sodium, chloride, and osmolality.  
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Chapter 5  Capture stress and injury is associated with variable expression 

of immune genes in chum salmon 

 

5.1 Introduction 

Fisheries capture constitutes an extreme stress event that induces an interaction of neural, endocrine, 

cellular and immune signals, causing chemical disturbances and transcriptional changes at a large 

number of gene loci (Aluru and Vijayan 2009; Kassahn et al. 2009). Exhaustion, asphyxia, and injury 

are key components of a fishery encounter. Captured fish will exhaust themselves fighting against 

restraint, and can be subject to rapid environmental changes and oxygen deprivation through 

exposure to hypoxic water conditions or direct exposure to air (Davis 2002). Injuries range from 

minor mucus and scale loss to bruising, large wounds and crushing injuries (Veldhuizen et al. 2018). 

Measuring these stressors and quantifying resulting physiological responses is a robust means to 

assess the impact of an encounter, can reveal predictors of mortality, and is informative for refining 

fishing and handling practices.  

In a worst-case scenario for non-target and released fish, capture is lethal; however, capture can also 

lead to chronic levels of stress and/or physical injury that require extended recovery periods, 

potentially having long-term consequences. Physical trauma can damage the integument of a fish, 

which is an integral component of the immune system and acts as a defensive barrier. Any damage 

serves as a potential entry point for pathogens (Ellis 2001; Udomkusonsri and Noga 2005; Caipang et 

al. 2011; Guardiola et al. 2014; Mateus et al. 2017) and will thus activate immune processes (Gomez 

et al. 2013; Schmidt et al. 2016).  Stress and immune responses are entwined such that immune genes 

are activated as part of the cellular stress response (Aluru and Vijayan 2009; Kassahn et al. 2009) and 

stress can lead to immunosuppression (Dhabhar 2002; Biro and Post 2008; Van Rijn and Reina 

2010). A holistic evaluation of responses to capture stress must therefore consider both 
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immunological and stress responses, including both immediate effects and the potential for latent 

impacts on biological function.  

In British Columbia (BC), Canada, commercial fisheries for Pacific salmon (Oncorhynchus spp.) 

typically capture co-migrating species and populations during their return migration to natal 

spawning grounds. Particularly, coastal purse seine fisheries that operate the farthest from terminal 

salmon spawning areas encounter broad geographic aggregates of stocks and species (Beacham et al. 

2005). Not all intercepted populations are sufficiently abundant to sustain commercial harvest 

(Shaklee et al. 1999) and thus mandatory live release as been implemented as a conservation measure 

(Fisheries and Oceans Canada 2001). Such conservation measures are certainly required since many 

populations of Pacific salmon have  experienced marked declines over recent decades, with no single 

causal agent identified (Hoekstra et al. 2007; Sobocinski et al. 2018).  

Recently, the potential effects of infectious disease agents have emerged at the forefront of 

investigations into the survival of wild salmon (Miller et al. 2014; Madhun et al. 2015; Kibenge et al. 

2016; Morton et al. 2017; Di Cicco et al. 2018; Teffer et al. 2018; Tucker et al. 2018). Pathogens are 

prolific in wild environments and Pacific salmon are continuously exposed to new microparasites and 

diseases throughout their migration (Miller et al. 2014; Bass et al. 2017). Given the stress and injury 

typical of a gear encounter, it is probable that discarded fish will be more vulnerable to infectious 

disease and that this vulnerability will increase with the severity of capture stressors, as will the 

potential for delayed mortality (Donaldson et al. 2011; Teffer et al. 2017).  

A high-throughput molecular nanofluidics monitoring approach has been recently developed that can 

measure the loads of dozens of infectious agents in salmon (Miller et al. 2016), as well as 

simultaneously measure host gene expression (Miller et al. 2014). The platform has identified 

genomic signatures within Pacific salmon that are predictive of viral disease development across a 

range of salmon host species and viruses (Miller et al. 2017), and of migration fate of returning wild 

adult sockeye salmon (Miller et al. 2014). This platform can be used to elucidate the magnitude of the 
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cellular stress response (Feder and Hofmann 1999; Kültz 2005), characterize the molecular basis of 

cellular damage (Jeffries et al. 2012b), and can be highly sensitive to the detection of early stage 

disease (Woods et al. 2013; Miller et al. 2017). 

Working with a purse seine fishery operating on the North Coast of BC that typically discards chum 

salmon (O. Keta), I experimentally modified the severity of capture stressors and scored observations 

of injuries among encountered chum salmon. Study fish were held in at-sea net pens and underwent 

repeated non-lethal sampling of gill tissue to quantify the loads of infectious agents and expression of 

an array of relevant host genes in gill. This approach allowed us to test the hypothesis that the 

severity of capture stress and capture-induced injuries influence the magnitude and duration of 

physiological responses, and vulnerability to infection.  Our objectives were to: 1) evaluate how 

severity of capture stress and injuries affect the progression of infection burdens over time; 2) 

identify predictors of mortality, and 3) quantify the extent to which capture stress, injury, and 

infection burdens influence genomic responses during and in the days following capture.  

 

5.2 Methods 

5.2.1. Fish capture, sampling, and holding 

An in-season experimental purse seine fishery was conducted aboard a chartered commercial vessel 

in Whale Chanel, within the northern coastal regions of BC (53.068934, -129.101469) from July 19 

to Aug. 12, 2015. Operations simulated commercial fisheries to the extent possible, providing a 

representative capture experience. Chartered vessels were modified to rapidly release captured 

individuals not required for study. Chum abundances in the area were high during the study period. 

Fish were captured using a 549m long and 55m deep seine net with 100-mm bunt mesh. Following 

industry standards, nets were brought aboard with a drum (a cylindrical device that wraps the net, 

bringing it aboard mechanically) until just the bag of the net was alongside the boat with all captured 

fish. Fish were then transferred to a sorting table on deck using brailers (a large dip-net operated with 
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the assistance of a hydraulic winch). Once on the vessel, handling of fish varied by designated 

treatment. Water temperatures ranged between 12.6°C and 15.4°C.  

Handling treatments under study included variable durations of confinement (i.e., time fish spent 

pursed in the net prior to being brought onboard) and air exposure (i.e., time spent on deck, out of 

water). Simulating the time fish would be held within the net while the catch is sorted, captured fish 

were confined in the pursed net prior to brailing for a range of representative times (4 - 43 min). 

Recording of air exposure time began once fish were first dropped on the sorting table and ranged 

between 1 and 10 min. Fish classified as having zero air exposure were still subjected to a short 

duration for brailing (~20 s) but not to any additional air on deck. The numbers of fish exposed to 

extreme durations of air (> 6 min) were limited (6% of total sample). Following capture treatment, 

study fish were held in industry-standard recovery totes (0.6 x 0.7 x 1.2 m) with a high velocity 

continuous flow of seawater according to treatment until further processing. Densities did not exceed 

six fish per tote. 

Sampling of individual fish was completed immediately following capture in a foam-lined trough 

with flow-through water. First, study fish were biopsied for ~0.5 mg of gill tissue (2-3 gill filament 

tips) using sterile end clippers. Injury was assessed via a semi-quantitative scoring system that 

classified the severities of scale loss and pre-existing wounds. Scale loss was a continuous metric that 

represented any area with scales missing and was recorded in percentage increments of ten, and then 

converted to a value between 0 and 1 for statistical analyses. Wounds were considered as any damage 

to the dermis that extended beyond the loss of scales or mucous. Wound severity, a categorical 

variable, was categorized as none (no scale loss or only minor scale loss and no skin loss), minor 

(skin loss or scale loss to the extent that skin abrasions are visible), or moderate (skin loss such that 

muscle or bones are visible).  

Upon completion of sampling and assessment, fish were tagged with a uniquely numbered spaghetti 

tag (Floy, Washington, USA) threaded through the dorsal musculature and returned to their 
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respective recovery totes. Transport to holding pens occurred concurrent to sampling. Every attempt 

was made to minimize transport time between recovery and holding but due necessary changes to 

fishing location (e.g., tidal changes), times ranged from 20 to 45 minutes.  

Study fish were held for ≤10 d in floating pens (4.6 x 1.5 x 1.5m) affixed to an anchored structure. In 

addition to sampling upon capture (Day 0), fish were sampled after 5 and 10 d of holding. For each 

post-capture sampling period, fish were removed from the net pens by dip net. Another gill sample 

was taken, and injuries re-scored. Fish were returned to respective holding pens after sampling on 

Day 5 and released after Day 10 sampling. During holding, net pens were checked at <5-h intervals. 

Individuals showing signs of morbidity (e.g., equilibrium loss) were removed by dip net and 

euthanized by cerebral percussion.  

5.2.2. Rt-qPCR for Quantification of Gene Expression 

Upon collection, tissues were preserved immediately in 1.5ml of RNAlater® solution (Qiagen, MD, 

USA), kept at room temperature for 24 h, and then frozen in liquid nitrogen for storage and transport. 

High-throughput nanofluidic qRT-PCR (Fluidigm® BioMark™ Dynamic Array, CA, USA) was used 

for quantification of relative expression of various host genes involved in stress, osmoregulation, and 

immunity (n=60), in addition to RNA expression of disease-associated infectious agents (n=12), and 

three reference genes (full gene/infectious agent names, sequences and efficiencies in Appendix C, 

Table C1). To determine which infectious agents are sufficiently abundant within samples, a pool of 

all collected gill tissue was screened for 45 infectious agents (viruses, bacteria, fungal and protozoan 

parasites) according to methodologies in (Miller et al. 2016); only those positively detected were 

measured in individual gill samples.  

Gill samples were subsampled to achieve approximately consistent tissue amounts and each was 

homogenized independently for 6–9 min in 600 μl TRI reagent (Ambion Inc., TX, USA) and 75 μl 1-

bromo-3-chloropropane in microtubes using stainless steel beads and a MM301 mixer mill (Restch 

Inc., PA, USA). Microtubes were then manually shaken for 1 min followed by 5 min at rest (repeated 
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once). Following centrifugation at 1500 g for 6.5 min, aqueous phase was transferred to 96-well 

plates.  

RNA was purified following the manufacturer’s instructions using the ‘spin method’ for Magmax™-

96 for Microarrays Kits (Albion Inc., TX, USA), with an additional DNase treatment to prevent DNA 

contamination. Extractions were performed using a Biomek FXP (Beckman-Coulter, ON, Canada) 

automated liquid handler. Quantity (A260) and quality (A260/A280 ratio) of purified RNA were 

examined via spectrophotometry. Total RNA in each sample was normalized (0.5 μg RNA per 

sample for gill) and cDNA was made using an Invitrogen™ SuperScript™ VILO™ (CA, USA) 

cDNA Synthesis Kit under PCR cycling conditions of 25°C for 10 min, 42°C for 60 min and 85°C for 

5 min. As required on the BioMark™ platform, whereby individual reactions are only 7 nL, the 

cDNA underwent a pre-amplification step consisting of a multiplex PCR including all target assay 

primers to achieve high sensitivity detections (Miller et al. 2016). Following the manufacturer’s 

protocols, a mix of forward and reverse primers corresponding to all targeted infectious agents and 

host biomarkers (200 nM primer mix; 1.3 μl total volume) was combined with 2.5 μl 

TaqMan®PreAmp Master Mix (Applied Biosystems, CA, USA) and added to 1.3 μl cDNA; PCR 

cycling commenced at 95°C for 10 min followed by 15 cycles of 95°C for 10 s and 60°C for 4 min. 

Any remaining nucleotides and primers were removed using ExoSAP-IT® PCR Product Cleanup 

(MJS BioLynx Inc., ON, Canada) cycled at 37°C for 15 min then 80°C for 15 min. Each sample was 

then diluted 5-fold with suspension buffer (TEKnova, CA, USA).  

Processing controls were incorporated among samples during extraction, pre-amplification and qPCR 

steps, including both positive (pooled cDNA from all individuals) and negative controls (suspension 

buffer); serial dilutions of pre-amplified pooled host samples and synthetic sequence clones of 

infectious agents were also included among samples on each dynamic array during the final qPCR 

(Miller et al. 2016). Infectious agent assays were run in duplicate and biomarker assays in singleton. 

Three reference genes were included to ensure viability of samples and for normalizations of 
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biomarkers. Mixes of samples (including TaqMan® Gene Expression Master Mix, GE Sample 

Loading Reagent and pre-amplified cDNA) and assays (including primer pair [9 μM], probe [2 μM], 

Assay Loading Reagent) were individually plumbed into single reaction chambers using integrated 

fluidic circuits of the IFC controller prior to the qPCR cycling. The qPCR thermal cycling profile 

followed the GE 96 X 96 Standard v1.pcl. (TaqMan®) protocol. Passive reference dye was used to 

confirm that all 9,216 wells contained substrate. Two probes were measured in each reaction 

chamber: one pertained to the target amplicon (FAM) and the other to clone controls (VIC). Any VIC 

positive sample would be suspected as contaminated by clones and removed from further analysis. 

Quantification cycle (Cq) replicates for infectious agents were averaged; any agent not positive for 

both replicates was designated a negative detection. Host genes were normalized to the average of the 

three reference genes and relative expression was calculated using the 2−ΔΔCq method (Livak and 

Schmittgen 2001). Predetermined total copy numbers of synthetic clone dilutions were used to create 

a standard curve to back calculate RNA copy numbers of infectious agents from Cq values measured 

in samples. Upon calculating copy number, any negative detection was omitted. Samples for which 

expression of the 3 reference genes was low (< 2 standard deviation of the mean), indicative of 

insufficient template available for the qPCR process, were excluded (n=5). 

Throughout the analyses herein, results are represented as relative expression for biomarkers, and 

relative infection intensity (RNA copy number), as measured by the RNA expression of each 

infectious agent. A measure of ‘relative infection burden’ (RIB) was calculated for each sample. RIB 

is a composite metric that accounts for relative diversity and load of infectious agents at a given time 

that was derived by the following equation: 

𝑅𝐼𝐵 =  ∑
𝐿𝒾

 

𝐿𝑚𝑎𝑥𝒾
 

𝓂

𝒾𝜖𝓂
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where for a given fish, the relative load of the 𝒾th infectious agent 𝐿𝒾
  is divided by the maximum load 

within the population for the 𝒾th infectious agent (𝐿𝑚𝑎𝑥𝒾
 ) and then summed across all agents (𝓂) 

infecting the given fish. RIB was log-transformed prior to analyses.  

5.2.3. Statistical analyses 

To explore dimensionality of the measured genes and to achieve variable reduction, principal 

component analyses (PCA) were conducted with an oblimin rotation, allowing resulting principal 

components (PCs) to be correlated (i.e., non-orthogonal solution). PCAs were conducted separately 

by sampling period. Genes grouped together differently through time, an attribute of the data lost if a 

single PCA were conducted on the entire dataset. Suitability of each data matrix was tested with a 

Bartlett’s Test of sphericity and a Kaiser-Meyer-Olkin (KMO) cut-off of 0.7; individual genes with 

the lowest KMO scores were dropped until it was achieved (Child 2006).  

Resulting PCs were used in principal components regression as response variables, whereby the 

actions of the extracted PCs in statistical models are representative of the genes loaded on the given 

PC (Graham 2003). The ‘principal’ function was used in Program R such that eigen vectors are 

rescaled to produce component loadings more typical of factor analysis (R Core Team 2018). First, 

the appropriate number of components to extract was determined with a screeplot, showing the 

variation explain by an initial PCA of the same number of components as variables. For all time 

periods, a set of four linear combinations of Principal Components (PC) were extracted, representing 

at least 60% of variability in the entire dataset (i.e., when the same number of components as 

variables are rotated; Day 0 = 60%, Day 5 = 64%, Day 10 = 64%). The 4th PC held little variation 

following extraction (i.e., <14%) and thus only the first three for each time period were used as 

genome-level response variables in PCR analyses. Loadings of each gene on each PC were observed 

and PCs classified according the putative functional groups of genes loaded upon it.   

In this variable reduction approach, the expression of all genes was considered in analyses (i.e, 

analyses not limited to variables with high eigenvalues; Graham 2003). However, because PCs are 
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composite scores, the biological interpretation of gene expression results is challenging (Graham 

2003). Thus, to observe the actions of individual genes, heatmaps of correlation coefficients among 

predictors and each gene were created. Within the suite of genes presented in heatmaps by sampling 

period, euclidean distance was used to obtain a distance matrix, and a complete agglomeration 

method was used for clustering (Warnes et al. 2016). Relevancy of genes within the dataset to 

predictors of interest was established using the resulting correlation coefficients: those genes having 

correlation coefficients with any predictor of ≥ |0.3| were considered most relevant in the context of 

our experimental design. The functions of these genes were examined further, as was their behaviour 

in response to predictors.  

Data were analyzed using 10 statistical models according to the various research questions (Table 

5.1). First, a repeated-measures linear mixed effects model (RM-LME) evaluated how capture 

stressors and injuries influenced RIB over time. Sample period was included as a fixed effect, and 

potential predictors included air exposure time, confinement time, scale loss, wound severity, and the 

interactions of continuous variables with sample period. The model was fit with a random intercept 

(Fish ID). Linear models (n = 9) were constructed with each of the 3 PCs from each of the 3 sampling 

periods as response variables to evaluate factors influencing gene expression.  Predictor variables 

included air exposure time (continuous), confinement time (continuous), scale loss (continuous), 

wound severity (categorical), and RIB (continuous; Table 5.1).  With a single gene often loaded on 

multiple PCs, including all PCs as response variables in a single model per sampling period would 

violate assumptions of independence. 

To determine which agents may be contributing to significant findings involving RIB, correlations 

(Pearson) between loads of individual infectious agents and those variables having significant 

associations with RIB were explored further. Unless an agent was observed as being relevant to 

observed relationships, these results are not discussed in detail; see Appendix C for all associations 
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between variables of interest and individual infectious agents. Statistical analyses were not conducted 

given the non-normal distributions of infectious agent loads and low prevalence of many agents.  

All results presented as mean ± standard deviation, unless otherwise stated.  

Table 5.1: Structures of all models employed in Chapter 5. A multi-model inference approach was adopted, 

whereby significant predictors were determined by averaging a suite of candidate models. Model types include 

repeated measures linear mixed effects models (RM-LME) and linear models (LM). Response variables 

included relative infection burden (RIB) and principal components (PC) resulting form PCAs conducted for 

each sampling period.  

Model Objective Response Predictors Fixed 

Effects 

Random 

Effects 

RM-LME Predictors of 

RIB through 

holding 

period 

RIB Air exposure, confinement time, 

wound severity, scale loss, Air 

exposure*sample period, 

confinement time*sample 

period, scale loss*sample period 

Sample 

period 

1|fishID 

Day 0 LM Effects of 

capture stress 

and injury on 

GE at each 

sampling 

period 

PC1 

PC2 

PC3 

Fate, air exposure, confinement 

time, wound severity, scale loss, 

RIB  

NA NA 

Day 5 LM PC1 

PC2 

PC3 

Fate, air exposure, confinement 

time, wound severity, scale loss, 

RIB 

NA NA 

Day 10 

LM 

PC1 

PC2 

PC3 

Air exposure, confinement time, 

wound severity, scale loss, RIB 

NA NA 

 

In all models, variables were assessed for multicollinearity by assessing R2 values and variance 

inflation factors; residuals were visually assessed and met the assumptions of normality, 

independence and heteroscedasticity (Zuur et al. 2010). Global models, structured according to 

parameters outlined in Table 5.1, were used to build candidate models (MuMIn package) from all 

combinations of variables (Barton 2018). Candidate models were compared using AICc for small 

sample sizes (Burnham and Anderson 2003).  

Top model weights were small (i.e., no single model had a weight >0.35; see Appendix C, Tables C2-

5 for all candidate model structures and weights). To account for uncertainty, a confidence set of 

models with cumulative weights summed to ≥0.95 was averaged using the natural average method, 

whereby estimates for each predictor were only averaged over models in which that predictor appears 
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(Burnham and Anderson 2003; Grueber et al. 2011). Averaging generated coefficient estimates and 

95% confidence intervals for each predictor. To allow comparison of relative effect sizes within a 

model set, coefficients were standardized so that the variances of dependent and independent 

variables equaled 1 (Cade 2015). A significant effect is considered present when 95% CIs around the 

averaged estimate do not cross zero (Grueber et al. 2011). The direction of the effect of each 

predictor on each PC represents the likely action of those genes loaded onto that PC; the greater the 

loading of the individual gene, the more representative the PC is of the gene. Where there is a 

negative effect of the predictor on a given PC, it suggests that genes positively loaded on that PC will 

be downregulated with increasing severity of the predictor. For wound severity, each category was 

compared to unwounded fish.  

 

5.3 Results 

In total, there were 286 samples included in analyses from 130 individual fish. The entire study 

population included 190 fish, but capacity is limited on Fluidigm® BioMark™ chips (one can 

accommodate 75 samples after accounting for required controls and dilutions), and not all samples 

were viable. Samples used in analyses included 103 from Day 0, 105 from Day 5, and 78 from Day 

10. Aside from loss of unviable samples, discrepancies also exist among sampling periods because: 1) 

a subset of fish (n=13) were not sampled at Day 0 to control for potential mortality due to sampling, 

2) losses due to mortality (n=14), 3) re-sampling required collecting fish by dipnet according to tag 

colour; fish were possibly missed, and 4) fish escaped (n = 3 for known escapees).  

Fish condition deteriorated over time; both scale loss and wound severity increased (Table 5.2). Scale 

loss ranged from 0 to 50%.   
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Table 5.2: Classifications of injury observations by sampling period. Scale loss was recorded as a percentage of 

increments of 10 and was scaled to a value between 0 and 1 for analyses. Wound severity was classified 

according to three severity categories. SD = standard deviation 

Metric Day 0 Day 5 Day 10 

Scale loss Mean ± SD 0.19 ± 0.16  0.22 ± 0.27 0.25 ± 0.26 

Maximum 0.6 1.0 1.0 

Wound 

depth 

(count) 

Minor n = 72 n = 18 n = 9 

Moderate n = 27 n = 58 n = 24 

Severe n = 4 n = 29 n = 45 

 

5.3.1. Infectious agents: Patterns and Predictors  

A total of 11 infectious agents were detected in gill tissue (full list in Appendix C, Table C1; 

individual loads in Appendix C, Figure C1). The most prevalent were ‘Candidatus Branchiomonas 

cysticola’, Loma salmonae, Paranucleaspora theridion, Tenacibaculum maritimum, and Kudoa 

thyrsites. Infectious agent richness (number of agents within an individual) increased through holding 

(Figure 5.1B), as did prevalence (proportion of the population infected) of most infectious agents (the 

one exception is Facilispora margolisi; Figure 5.1C). Overall RIB also increased throughout the 

holding period (Figure 5.1A).  
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Figure 5.1: Summary of infectious agents detected as positive in adult chum salmon (Oncorhynchus keta) 

captured in a marine fishery. Burden (A), represents relative infection burden (RIB), a composite metric that 

accounts for relative richness and load of infectious agents. Infectious agent richness (B) is the total number of 

agents within an individual, and prevalence (C) the proportion of the population infected. Excluded from the 

figure of prevalence is Ichthyophthirius multifiliis, which was only detected in 6 individuals at low loads.  

 

Averaging of candidate models revealed scale loss and the scale loss by sample period interaction to 

significantly predict RIB (i.e.; 95% CIs do not cross zero; Figure 5.2A). The most parsimonious 

model included these parameters along with the main effect of sample period (AICc = 1226.0; AICW = 

0.14). Importance values were 0.86 and 0.80 for scale loss and its interaction with sampling period, 

respectively (sample period as a main effect was fixed). Despite increases in the prevalence and 

richness of infectious agents over time, the effect of sampling period on RIB was not significant 
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(95% CI crossed zero for both time periods; Figure 5.2A). Overall, there was a weak negative 

relationship between RIB and scale loss. This relationship appears to have been lost in later sampling 

periods, producing positive interaction effects (Figure 5.2B). Structures of all candidate models in 

Appendix C 

In terms of individual agents, the only significant correlation was among T. maritimum loads and 

scale loss at Day 10 (Pearson correlation = 0.30df = 70, p = 0.01). Limited by sample size, a similar but 

non-significant correlation was apparent between F. margolisi loads and scale loss at Day 10 

(Pearson correlation = 0.86df = 3, p = 0.06). Also contributing to the significant scale loss by time 

interaction effect on RIB was that among fish infected with K. thyrsites there was a negative but non-

significant association between loads and scale loss at Day 0 (Pearson correlation = -0.33df = 13, p = 

0.22). Patterns of ‘Ca. B. cysticola’ loads with scale loss by sampling period were similar to those of 

RIB; those of all individual agents over time are presented in Appendix C, Figure C2. 
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Figure 5.2: Results from model averaging describing effects of sampling period, capture stressors, injuries, and 

their interactions with time on relative infection burden (RIB). Model-averaged standardised coefficients (mean 

= 0, SD = 2) with 95% confidence intervals (CI) are shown (A). Interactions with time were only evaluated for 

continuous variables. The most parsimonious model included predictors of scale loss, sampling period, and their 

interactions, all three of which have a significant effect on RIB (95% CIs around the averaged estimate do not 

cross zero; A). The relationships among these three variables is shown (B). Because RIB is a composite metric 

that accounts for relative diversity and load of infectious agents at a given time, for agents most likely contributing 

to the patterns apparent with RIB, relationships between their loads\ with scale loss at each sampling period is 

also shown (C). 

 

5.3.2. PCA Component Loadings by Sampling Period 

Three PCAs were conducted, one for each sampling period, and nine of the 12 resulting extracted 

PCs were used as response variables in subsequent analyses. Following rotation and extraction, PC1 

explained most variation in all sampling periods (i.e., >40%), and was loaded consistently with a mix 

of stress and immune genes, both from adaptive and inflammatory responses (Figure 5.3). Adaptive 
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immunity genes [e.g., T-cell receptor alpha (TCRα), clusters of differentiation (CD; e.g. CD4, CD8, 

and CD9), and major histone compatibility complex 1 (MHC-1)], were nearly exclusively loaded on 

PC1 for all sampling periods (Figure 5.3). Loadings on PC2 and PC3 varied slightly among sampling 

periods. However, a subset of genes from a panel of anti-viral genes confirmed to be responsive to 

viral infections in salmonids (Miller et al. 2017) also consistently grouped together (Figure 5.3). 

Though the individual gene loadings on each PC vary through time, for simplicity of data 

interpretation, PCs were given names consistent across time periods that are reflective of major 

functional groups of the genes loaded upon them. For example, PC1 for all time points will be 

referred to as “Adaptive and innate immunity”, though many stress and osmoregulatory genes are 

also loaded onto PC1. The other two PCs in each sampling period will herein be referred to as 

“Inflammatory response” (PC2 at Day 0, PC3 at Day 5 and 10), and “Anti-viral response” (P3 at Day 

0, PC2 at Days 5 and 10; Figure 5.3). Given these broad categorizations, genes with the highest 

loadings are identified (below), and individual genes most responsive to predictors of interest are also 

discussed.  
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Figure 5.3: Loadings resulting from PCAs conducted by sampling period inclusive of all 60 biomarkers. Three PCs were extracted from each for use in 

subsequent analyses as response variables. Loadings on extracted PCs are shown. Genes having loadings < 0.4 are not presented but have not been excluded 

from analyses.  Categorizations of PCs reflect major trends consistent across time periods, though the genes loaded onto each PC are variable through time. 

Percent variation encompassed by the PC presented in the top right corner. 
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At Day 0, PC2 held 24% variation and was loaded with inflammatory, stress, and osmoregulatory 

genes. Genes with high loadings included Na+/K+ ATPases (NKA, enzymes involved in active ion 

transport across cell membranes) NKA-α1c, NKA-β1, and NKA-α1β, Selenoprotein 1 (SeP1, 

involved in redox regulation), mitogen-activated protein kinase 14 (MAP3k14, a cytokine), and 

interleukin (IL) 11. Both matrix metalloproteinases (MMPs, which degrade extracellular proteins) are 

also loaded on this PC. Of note for this PC at Day 0 is that osmoregulatory genes had higher loadings 

than in subsequent sampling periods and a viral response gene, Interferon (IFN)-induced protein 44 

(IFI44α), was negatively loaded. PC3 (18% variation) was loaded with eight anti-viral genes, CC 

chemokine 4 (CCL4, an inflammatory gene) and NKAα1α. 

At Day 5 PC2 held 28% of variation and most genes with the highest loading were anti-viral genes, 

though the PC was also loaded with various inflammation and stress genes. Aside from the panel of 

anti viral genes, those with the highest loadings included Tubulin α1A-chain (TUBα1a, a structural 

protein), MAP3k14, and a heat shock protein (HSP90αβ1). PC3 from the Day 5 PCA held 16% of 

variation and was positively loaded with inflammatory, stress, and osmoregulatory genes, many of 

the same that were loaded onto PC2 at Day 0. Notable genes include IL-1β, 8, and 11, IFI44α 

(negatively loaded), both MMPs, and SeP1. 

At Day 10 anti-viral genes were loaded on PC2 (26% variation) along with other inflammatory, 

osmoregulatory, and stress genes. Relative to Day 5, where anti-viral genes were also loaded onto 

PC2, weights of anti-viral genes were less. PC3, holding 19% of variation, was loaded primarily with 

inflammatory genes (IL-1β, IL-8), hepcidin, Serum amyloid protein α (SAα, involved in the acute 

inflammation phase), and transferrin (TF). PC3 was also negatively loaded with two adaptive 

immune genes:  MHC-II and Tyrosine-protein kinase ZAP-70 (Zap7).  
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5.3.3. Molecular responses to capture stressors, dermal injuries, and infection burden 

Averaging of candidate model sets derived from nine linear global models, each with a composite PC 

score as response variable (i.e., 3 PC scores for each of the 3 sampling periods), found significant 

effects of each included predictor in at least one sampling period/PC score combination. The 

significance and strength of the effects varied through time. Upon capture, gene expression was 

related to capture stressors and the presence of pre-existing wounds, but by day 10, effects of scale 

loss and RIB, both of which increased with time, were apparent (Figure 5.4). Model results and 

details of the expression of individual genes of interest are presented first for capture stressors, and 

then for dermal injuries and RIB.  

Of the 60 genes for which expression was measured in response to capture stressors and injuries, 28 

were identified as being particularly relevant within the context of this dataset (i.e., had correlation 

coefficients ≥ |0.3| with any one predictor). The functions of these genes, considered herein to be the 

most responsive to measured capture stressors and injuries, are described briefly in Table 5.3. Many 

of the selected genes are involved in the innate immune response and inflammation (n=13). However, 

several anti-viral genes (n=8) were responsive to measured capture stressors and injuries, as were a 

number of those involved in the adaptive immune response (n=4) and general stress (n=3). 
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Figure 5.4: Model-averaged standardised coefficients (mean = 0, SD = 2) with 95% confidence intervals (CI) 

from linear models describing effects of capture stressors, dermal injuries, and relative infection burden (RIB) 

on each of three principal components (PCs) extracted from a PCA conducted for each sampling period Capture 

stressors include air exposure, confinement; dermal injuries include scale loss, wound severity. Sampling 

periods include upon capture (Day 0), and after 5 and 10 days of holding. PCs are composite scores that 

represent the actions of genes loaded on them. PCs are classified according to the general putative functions of 

genes with the highest loadings. Significant effects are apparent when 95% CIs around the averaged estimate do 

not cross zero (positive effects indicated by yellow and negative by blue, as in subsequent heatmaps). 
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Table 5.3: Functions of “genes of interest” (i.e., those have correlation coefficients ≥|0.3| with any one predictor included in statistical models) as well as their 

associations with predictors at each sampling period. The expression of 60 genes was measured in response to capture stressors and injuries, 28 of which are 

included here, organised by biological function. Associations (positive or negative correlation coefficient) with predictors of air exposure time, scale loss (ScL), 

wound severity (WdSev), and relative infection burden (RIB) and each sampling period (D0 = capture; D5 = 5 days following capture; D10 = 10 days following 

capture) are provided. Wound severity is a categorical variable but was numerically coded from least to most severe to determine strength and direction of 

associations. No genes had correlation coefficients ≥ |0.3|with the predictor of confinement time.  

Functional 

Grouping 

Full name Gene 

(abbrv.) 

Summary of Biological Function Observed Response 

Inflammatory 

Response 

Complement 

factor C7 

C7 Part of the complement system, which plays a key role in both adaptive and 

innate immunity. C7 specifically involved in the membrane attack complex, 

which results in cell lysis (Boshra et al. 2006). 

+ ScL (D10);  

+ RIB (D10) 

CC chemokine 4 CCL4 Attracts leukocytes, induces an inflammatory response, and drives lymphocyte 

differentiation in fish (Hsu et al. 2013). 

− ScL (D5, D10)  

Hepcidin Hep Regulates iron homeostasis by preventing export of iron from cells into the 

blood; Induced during inflammation as part of the acute phase response 

(Nemeth et al. 2003; Wessling-Resnick 2010)  

+ ScL (D10) 

Interleukin IL-11 Pro-inflammatory cytokine; typically upregulated with bacterial and viral 

infections and inhibited by cortisol (Secombes et al. 2011) 

− Air (D0) 

IL-15 In the interleukin-2 subfamily of cytokines. Particularly important for the 

maintenance of T cell memory (Secombes et al. 2011) 

− WdSev (D10) 

IL-1β A pro-inflammatory cytokine (Schmidt et al. 2016); Promotes the T helper 17 

cell response (Skugor et al. 2008; Sutherland et al. 2014). 

+ ScL (D5, D10); 

+ RIB (D10) 

IL-8 A chemokine that regulates mobilisation of inflammatory cells (Jones et al. 

2007) 

+ ScL (D10); 

+ RIB (D10) 

Matrix 

metalloproteinase 

MMP13 Regulates break down of extracellular matrix; Primarily degrade basement 

membrane collagens and fibrillar collagens (Leeman et al. 2002) 

+ ScL (D5, D10); 

+ RIB (D10) 

MMP25 Regulates break down of extracellular matrix; Involved in proteolysis, 

inflammatory response (Drenner et al. 2017) 

+ RIB (D10) 

Protein disulfide-

isomerase A4-

like 

PDIA4 Molecular chaperone; intracellular anti-inflammatory molecule; stress 

inducible; involved in host defense against bacterial and viral infection (Sha et 

al. 2012) 

+ ScL (D10) 

Serum amyloid 

protein α 

SAα SAA proteins secreted during the acute phase of inflammation; recruit immune 

cells to inflammatory sites; activate complement pathways (Magnadóttir 2006) 

− Air (D0); 

+ ScL (D10) 

Serpin H1 

precursor 

SERPIN Play a key role in coagulation and inflammation as proteinase inhibitors, 

controlling  

proteolytic activity (Kaiserman and Bird 2005) 

− Air (D0); 

− ScL (D10) 
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Functional 

Grouping 

Full name Gene 

(abbrv.) 

Summary of Biological Function Observed Response 

Anti-viral 

Response 

ATP-dependent 

RNA helicase 

DEXH Transcriptional regulator; catalyzes unwinding of double-stranded RNA and 

DNA-RNA complexes; nuclear export of retroviral RNA (Zhang and Gui 2012) 

− WdSev (D0); 

− ScL (D5) 

Interferon (IFN)-

induced protein 

44-1 

IFI44α Interferon induced protein; regulates innate anti-viral mechanism that blocks 

cellular replication of viruses  (Zhang and Gui 2012; Miller et al. 2017) 

− ScL (D5); 

− WdSev (D10) 

IFN regulatory 

factor 1 

IRF1 Interferon regulatory factor; a transcription factor that activates interferons 

(Zhang and Gui 2012) 

− ScL (D5, D10) 

IFN-induced 

GTP-binding 

protein 

Mx Interferon induced anti-viral cytokine (Zhang and Gui 2012) − ScL (D5) 

Zinc finger 

NFX1-type 

NFX Unknown function; induced by viral infection (Krasnov et al. 2011; Miller et al. 

2017) 

− ScL (D5) 

Tyrosine-protein 

kinase FRK 

SRK2 Signal-transducer with undetermined function, but that shows consistent 

induction with viral infection (Skjesol et al. 2011; Miller et al. 2017).  

− Air (D0) 

VHSV-inducible 

protein 

VHSV.P10 VHSV (Viral hemorrhagic septicemia virus) inducible protein-10; unknown 

function (Krasnov et al. 2011; Miller et al. 2017) 

− ScL (D5) 

VHSV.P4 VHSV (Viral hemorrhagic septicemia virus) inducible protein-4; unknown 

function (Krasnov et al. 2011; Miller et al. 2017) 

−  WdSev (D0) 

Adaptive 

Immunity 

Immunoglobulin 

M 

IgMs First antibody to appear in the response to initial exposure to an antigen; 

mucosal defence (Rombout et al. 2014) 

+ ScL (D10) 

Major 

histocompatibility 

complex-2 

MHC-II Essential for the acquired immune system (T-cells) to recognize foreign agents; 

The MHC gene family comprises two subfamilies: class I and II. Both classes 

are membrane glycoproteins involved in the processing and removal of 

pathogens. Class II binds extracellular antigens typically produced by bacterial 

infections 

− WdSev (D5); 

−  ScL (D5, D10); 

−  RIB (D10) 

 T-cell receptor 

alpha 

TCRα T-cell receptor; Responsible for antigen recognition when bound to MHC 

molecules 

− ScL (D5, D10) 

Tyrosine-protein 

kinase ZAP-70 

ZAP7 T-cell receptor; Critical role in T-cell signaling T-cell activity − ScL (D5, D10); 

− WdSev (D5, D10) 

Indicators of 

Stress 

Carbonic 

anhydrase 4 

CA4 Crucial in systemic acid–base regulation by providing acid–base equivalents for 

exchange with the environment (Gilmour and Perry 2009) 

+ ScL (D5, D10); 

– Air (D10) 

Hemoglobin 

subunit α 

HBα Hemogloblin; involved in oxygen transport + Air (D10); − RIB 

(D0); + ScL (D0) 

hypoxia-inducible 

factor 1-alpha-

like 

HIF1A6 Regulates of gene expression during hypoxia in fish (Nikinmaa and Rees 2005) −  Air (D0) 
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5.3.3.1. Effects of Capture Stressors on Composite Scores of Gene Expression 

The most notable result at day 0 was the negative effects of capture stressors on PC1, representing a 

suite of mostly adaptive immune responses, and PC2, representing inflammatory responses. 

Accordingly, the most parsimonious PC1 model (adaptive immunity responses) included predictors 

of air exposure and confinement (Table 5.4), but only the effect of air exposure was significant 

(Figure 5.4). As air exposure duration increased, PC1 scores decreased. The most parsimonious PC2 

model (inflammatory response) included all predictors, except wound severity (Table 5.4), but only 

the effects of air exposure and confinement time were significant (Figure 5.4). In both cases, PC2 

scores decreased with increasing durations of air exposure and confinement. Structures of all 

candidate models in Appendix C. 

  



115 
 

 

Table 5.4: Top-ranked candidate models (Δ AICc < 2) for each response variable (i.e., PC scores resulting from 

a PCA conducted at each of 3 sampling periods). Predictors in global models included: air exposure (Air), 

confinement time (Conf.), scale loss (ScL), wound severity (Wd. Sev.), and relative infection burden. 

Significant effects are in bold. Only models for which a significant effect are included. Model averaging, used 

to determine significance and importance of each predictor included in global models, encompassed all 

candidate models with summed weights ≥ 0.95; the structure of all candidate models can be found in Appendix 

C.  

Sampling 

Period Response 

Model terms Model Support 

Air Conf. ScL 

Wd. 

Sev. RIB  AICc 

Δ 

AICc Weight 

Capture 

(Day 0) PC1: Adaptive 

immune 

responses 

X X     291.29 0 0.28 

X      292.68 1.39 0.14 

X X   X  293.05 1.76 0.12 

0.92 0.65 0.23 0.14 0.27  ←Variable Importance 

PC2: 

Inflammatory 

responses 

X X X  X  280.66 0 0.33 

X X   X  281.37 0.71 0.23 

X X X    281.68 1.02 0.2 

1 0.95 0.66 0.14 0.69   

PC3: Anti-

viral responses 

  X X   286.85 0 0.23 

   X   287.63 0.78 0.16 

X  X X   288.41 1.57 0.1 

  X X X  288.57 1.72 0.1 

0.31 0.22 0.61 1 0.25   
Day 5 

PC2: Anti-

viral responses 

  X    292.16 0 0.26 

X  X    293.27 1.11 0.15 

 X X    293.91 1.75 0.11 

0.37 0.3 1 0.17 0.24     

PC3: 

Inflammatory 

responses 

X X X  X  280.43 0 0.37 

X X X    281.44 1.01 0.23 

0.82 0.89 1 0.22 0.67     
Day 10 

PC3: 

Inflammatory 

responses 

 X X  X  182.68 0 0.35 

  X  X  184.04 1.36 0.18 

 X X X X  184.24 1.56 0.16 

0.24 0.67 1 0.27 1     

 

In samples collected at capture (Day 0), PC1 and PC2 represent a broad suite of genes, most of which 

are positively loaded (Figure 5.3). Therefore, both air exposure and confinement stress resulted in the 

downregulation of numerous stress, immune, and osmoregulatory genes. Those most downregulated 

with air exposure include known hypoxia-responsive transcription factor (HIF1A6), a viral response 
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gene (Tyrosine-protein kinase, SRK2), and genes involved in the inflammatory response (e.g., Saα, 

IL-11, and a Serpin H1 precursor; Table 5.3, Figure 5.5). A similar pattern of downregulation of 

diverse genes was apparent in response to confinement, however, no single genes had a correlation 

coefficient ≥ |0.3| with confinement time.  

Figure 5.5: Heatmap of correlation coefficients among air exposure duration and the expression of each 

measured gene by sampling period. Row colours represent broad functional groups of genes. 

 

 

Study fish were still responding to capture stressors at day 5. The most parsimonious PC3 

(inflammatory response) model at day 5 did include air exposure and confinement time (Table 5.4), 

both of which had significant negative effects on PC3 (Figure 5.4). However, the strongest effect in 
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this model was that of scale loss (described below). Although many of the same genes that were 

downregulated in response to air exposure at capture are still downregulated at Day 5, none have 

correlation coefficients ≥ |0.3|, and it is apparent in Figure 5.5 that the effect is weaker.  

After 10 days, there were no consistent responses to air exposure and confinement. However, not 

detected by model averaging, was the strong associations of HBα (upregulation) and CA4 

(downregulation), genes involved in oxygen transport and acid-base balance, respectively (Table 5.3), 

with air exposure at Day 10 (Figure 5.5). 

5.3.3.2. Effects of Dermal Injuries and RIB on Composite Scores of Gene Expression 

Both scale loss and wound severity had significant effects on several PCs, though the direction of 

relationships and the type of injuries causing a response varied through holding (Figure 5.4). Wound 

severity only had a significant effect in one instance: on PC3 in samples collected upon capture. 

Although the most parsimonious model included both scale loss and wound severity (Table 5.4), only 

the negative effect of wound severity on PC3, primarily loaded with anti-viral genes, was significant. 

Expression of the genes positively loaded on PC3 (e.g., DEXH, NFX, VHSV genes, RSAD; Figure 

5.3) is reduced in wounded fish relative to unwounded fish (Figure 5.6). PC3 scores upon capture 

were 0.20 ± 0.83 in fish with no wounds, compared to -0.37 ± 1.24 and -1.08 ± 0.63 in fish with 

minor and moderate wounds, respectively. Relative expression values of VHSV.P4, the gene most 

negatively expressed with wound severity, were considerably lower in severely wounded vs. 

unwounded fish (no wounds = 0.097 ± 0.95, minor = -0.42 ± 0.92, moderate= -0.84 ± 0.24). A group 

of genes did remain downregulated with wound severity at Day 5 and 10, but included a mix of anti-

viral, adaptive immunity, and inflammatory genes (e.g., MHC-II, ZAP7, TCRa, IFI44a, IL15; Figure 

5.6), that was not detected by model averaging. 
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Figure 5.6: Heatmap of correlation coefficients among wound severity and the expression of each measured 

gene by sampling period. Wound severity is a categorical variable but to establish direction and magnitude of 

associations with gene expression, categories were coded as (none=0, minor = 1, moderate = 2). Row colours 

represent broad functional groups of genes. 

 

 

Five days after capture, it was scale loss that had a significant negative effect on the PC primarily 

loaded with anti-viral genes (PC2; Figure 5.4). There was no effect of wound severity, and the most 

parsimonious model included scale loss as its only predictor (Table 5.4). PC2 scores for fish with the 

highest severity of scale loss at Day 5 (~50% scale loss, n=3) are -0.74 ± 0.18 and 0.35 ± 0.96 for 

those with no scale loss (n=36). The genes most negatively expressed with scale loss at Day 5 were 

largely anti-viral genes (Mx, VHSV.P10, NFX, DEHX, IFI44a, TCRa, and IRF1), but also two 

adaptive immune genes (MHC-II, ZAP7) and CCL4, involved in the inflammatory response (Table 

5.3; Figure 5.7). Structures of all averaged candidate models in Appendix C.  
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The negative effect of scale loss on the PC representing anti-viral genes was only apparent at Day 5. 

There was a trend of downregulation of many of the same genes with scale loss at Day 10 (MHC-II, 

IFR1, TCRa, CCL4, SERPIN, ZAP7; Figure 5.7), but the effect was not significant (Figure 5.4). 

Despite scale loss being the only predictor retained in the most parsimonious model with PC2 (anti-

viral genes) as a response at Day 10 (AICc= 7224.15; AICw = 0.15), it’s importance value was low 

(0.54) and the null model was similarly weighted (AICc = 7224.51; ∆ AICc = 0.36; AICw = 0.12; All 

candidate models shown in Table S3). 

Figure 5.7: Heatmap of correlation coefficients among scale loss (percent of dermal surface missing scales) and 

the expression of each measured gene by sampling period. Row colours represent broad functional groups of 

genes. 
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While adaptive immune and anti-viral genes were downregulated with scale loss, inflammatory genes 

were consistently upregulated with scale loss (Figure 5.7).  At both day 5 and day 10, inflammatory 

responses were represented by PC3, and in both cases there was a significant positive effect of scale 

loss, the magnitude of which increased through time (Figure 5.4). PC3 scores for fish with the highest 

severity of scale loss at Day 5 (~50%, n=3) are 0.87 ± 0.66 and -0.24 ± 0.86 for those with no scale 

loss (n=36). The difference increased at day 10: PC3 scores for fish with the highest severity of scale 

loss (~50%, n=4) are 2.95 ± 0.42 and -0.39 ± 0.57 for those with no scale loss (n=31). The number of 

genes involved also increased with holding time (Figure 5.7). At capture, only one gene had a 

correlation coefficient with scale loss of >0.3 (HBA). At day 5 there were four (MMP13, IL-1β, CA4, 

TF), and by Day 10 there was a very strong inflammatory response to scale loss: C7, Hep, TF, IL-1β, 

IL-8, Saα, MMP13, PDIα4, and CA4 all had correlation coefficients >0.3 (Table 5.3). A large 

divergence between adaptive (downregulation) and inflammatory (upregulation) immune responses 

with scale loss is apparent by Day 10 (Figure 5.7).  

Effects to inflammatory responses were multi-faceted. At day 5, the most parsimonious model also 

included air exposure and confinement time, the effects of which were both significant (see preceding 

section), in addition to scale loss (Table 5.4). After 10 days, the most parsimonious model included 

scale loss, RIB, and confinement time, of which scale loss and RIB both had significant positive 

effects on PC3 and importance values of 1.0 (i.e., were included in all candidate models; Table 5.4). 

Many of the same genes responding to scale loss also responded to RIB (Figure 5.8). Upregulated 

inflammatory genes include IL-8, C7, IL1B, MMP13, and MMP25; MHC-II, involved in adaptive 

immune responses, is downregulated (Table 5.3). Also notable that both upon capture and at Day 5, 

osmoregulatory, stress, and some inflammatory genes were downregulated with RIB (Figure 5.8). 

However, these are only weak correlations (e.g. > -0.30) and accordingly, this trend was not 

significant (Figure 5.4).  
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Figure 5.8: Heatmap of correlation coefficients among RIB and the expression of each measured gene by 

sampling period. Row colours represent broad functional groups of genes. 

 

 

Given the significant effect of RIB on PC3, associations between individual infectious agents and 

PC3 at day 10 were explored further. Correlations between loads of infections agents and PC3 scores 

revealed significance among Day 10 Inflammatory PC scores (i.e., PC3) and both P. theridion 

(Pearson correlation = 0.44df = 24, p = 0.02) and F. margolisi (Pearson correlation = 0.92df = 3, p = 0.03). 

Prevalence of F. margolisi at Day 10 however was low (n = 5). There were also non-significant 

positive correlations between the inflammatory PC at Day 10 and loads of C. B. cisticola (Pearson 

correlation = 0.11df = 76, p-value = 0.3) and T. maritimum (Pearson correlation = 0.10df = 70, p-value = 
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0.4). Relationships between loads of individual infectious agents and PC3 are shown in Appendix C, 

Figure C3.  

 

5.4 Discussion 

As in the previous chapter, the fishing methods used in this study were designed to emulate realistic 

commercial purse seine practices, but methods were experimentally modified. The objective of this 

work was to elucidate patterns among capture severity, the magnitude and duration of transcriptional 

changes and infection burdens, while also incorporating intrinsic measures of pre-capture condition. 

Here, capture severity was reflected by the extent of dermal injuries and duration of capture stressors 

of air exposure and confinement time. Pre-capture condition was quantified as the severity of pre-

existing wounds. My hypothesis is that capture severity and pre-capture condition influence cellular 

stress responses and immune function following capture. I predict that immune function will be 

impaired and cellular stress responses enhanced with increased severity of both pre-existing and 

capture-induced dermal injuries, as well as duration of exposure to capture stress. I further predict 

that these effects (i.e., impaired immune function and increased cellular stress) will lead to increases 

in infection burdens. 

Expression data from 60 genes was reduced into composite scores to quantify effects of factors 

relevant to fisheries bycatch: air exposure time, net confinement, the presence of wounds, scale loss, 

and relative infection burden. Results are discussed in the context of these predictors.   

5.4.1. Capture stress impacts molecular processes for up to 5 days 

Both air exposure and confinement had negative effects on several composite PCs that represent 

genes of various putative functions, indicative of the severity of physiological trauma that can result 

from capture. Over half of the measured biomarkers were downregulated with increasing severity of 

capture stressors. Transcriptional changes due to air exposure were present for at least 5 days. 
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When oxygen is limited, an important defense mechanism in animals is energy conservation 

(Hochachka and Lutz 2001). Among euryoxic fish, hypoxia leads to reduced protein synthesis and 

locomotion, suppression of cell growth and proliferation, and a diversion of energy to processes 

essential for survival (Gracey et al. 2001). Upon capture, HIF1A6 was the gene most downregulated 

with air exposure. HIF1A6, a transcription factor, is considered a “master switch” of the molecular 

response to low oxygen (Semenza 2000; Wenger 2000). When oxygen levels are high, HIF classed 

proteins are targeted for proteasomal degradation but hypoxic conditions inhibit this process and 

HIFs accumulate, activating target gene expression (Bruick 2003; Kajimura et al. 2006). Post-

transcriptionally, however, expression of HIF proteins would expected to be increase under hypoxia, 

not decrease (e.g., HIF1α; Wenger et al. 1997).  

Considering the genes grouping with HIFIA6 and those most negatively expressed with air exposure, 

diverse functions are represented including protein folding (HSP90α), innate immunity (Saα, PDIα4, 

Serpin), and iron transport (TF). At Day 5 sampling, HIF1A6 was still negatively expressed, although 

to a lesser extent. Genes most downregulated after five days included hemoglobin subunit α (HBα), 

involved in oxygen transport, MMP13 and Tubulin α1A chain (Tubα1A), involved in cellular 

structure, and innate immunity genes C3 and TF. These patterns all point to a strategy of reduction of 

abundant proteins, reorganization of red blood cell production and iron metabolism, and overall 

energy conservation, a process that has been observed in other fishes following hypoxia exposure 

(Gracey et al. 2001; Hochachka and Lutz 2001; Ton et al. 2003; Kajimura et al. 2006). At Day 10, 

the strong upregulation of HBα and downregulation of carbonic anhydrase 4 (CA4), regulating acid-

base balances (Gilmour and Perry 2009) may suggest that although strategies of energy-conservation 

have terminated, fish are still coping with the effects of hypoxia.  

The finding of extensive downregulation with air exposure in the days after exposure was 

unexpected. Therefore, the suggestion that fish entered an energy-conservation phase during holding 

is speculative, as these processes have to our knowledge not been investigated previously in wild 
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Pacific salmon. For example, like HIF proteins, expression of HB subunits should increase with 

reduced oxygen (Nikinmaa and Rees 2005), which is not what was observed here. An important 

consideration is that most research investigates transcriptional changes during hypoxia (i.e., in a 

captive environment), whereas few have evaluated the changes occurring following acute air 

exposure (i.e., the recovery period). The one example from pink and sockeye salmon found a 

transcription factor (JUNB) and an apoptosis gene (Cytochrome C) both increased expression for up 

to 4 hours following 3 minutes of forced swimming and 1 minute of air exposure, but levels returned 

to control values by 24 hours (Donaldson et al. 2014). Although these genes were not measured, most 

transcription factors and cellular stress genes were downregulated with air exposure duration, and 

effects lasted longer than 24 hours. Several factors confound effective comparisons with the 

Donaldson et al. (2014) study such as experimental design (1 minute vs. up to 12 minutes air 

exposure), environmental and life stage differences (freshwater vs. marine), and species differences, 

all factors known to influence responses to capture stressors (Raby et al. 2015b). However, despite 

differences among studies, for transcriptional changes to last for at least 5 days when Donaldson et al. 

(2014) observed recovery in < 24 hours, does elucidate the severity of trauma.  

Confinement had a significant effect on the PCs representing inflammatory genes upon capture and at 

Day 5. Nearly all research investigating the genomic responses to confinement comes from the realm 

of aquaculture, where suppression of immune responses has similarly been observed. For example, in 

sea bass, lectins present in the systemic circulation sustain a decrease of ~50% under confinement 

(Parisi et al. 2015). In another study, depression of leucocyte cytotoxic activity was observed at the 

cellular level, combined with an increase in plasma stress indices (Vazzana et al. 2002). Although we 

did not measure blood physiology through holding, it is likely that the downregulation of 

inflammatory genes with confinement observed herein was similarly associated with elevated stress.   

The capture stressors employed were severe (e.g., up to 10 minutes of air exposure and 45 minutes of 

confinement time) and it is surprising that I observed such low mortality. These results add to 
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increasing evidence that responses to capture among Pacific salmon are context-dependent (Raby et 

al. 2015b). In some cases salmonids are quite sensitive to capture stressors involving confinement 

and air exposure (Donaldson et al. 2011, 2012; Raby et al. 2015a), whereas in others capture stressors 

seem to have a negligible effects to measured response variables (Gale et al. 2011; Nguyen et al. 

2014). Notably, research conducted on mature chum salmon conclude they may be resilient to certain 

forms of capture stress; after up to 16 minutes of air exposure, although severely behaviorally 

impaired, pre-spawn mortality was similar to that occurring naturally during the study year (Raby et 

al. 2013). The low mortality I observed among these fish held captive in at-sea net pens is not 

reflective of the fate of those released to the wild given similar capture conditions. The extensive 

downregulation of multiple biological processes given exposure to typical capture stressors does 

suggest that upon release, abilities to respond to subsequent stressors (e.g., predation) would likely be 

impacted. 

5.4.2. Pre-existing wounds supress anti-viral responses at capture 

Wounded fish typically show an inflammatory response, and expression of genes encoding proteins 

involved tissue structure, cell differentiation, and growth (Skugor et al. 2008; Schmidt et al. 2016; 

Ceballos-Francisco et al. 2017). No such effect was identified at capture, though samples were 

collected from gill tissue, not at the site of damage. Instead, a suppression of anti-viral genes among 

wounded fish was observed. In a study attempting to disentangle genomic responses of parasitic 

infection and stress hormone regulation in Atlantic salmon, multiple wound healing genes were 

suppressed following experimental treatment with cortisol (Krasnov et al. 2012). Cortisol treatment 

also suppressed genes related to antigen presentation, B and T cells, and anti-viral responses 

(Krasnov et al. 2012). Downregulation of anti-viral genes has also been observed in salmonids 

infected with salmon lice, Lepeophtheirus salmonis (Tadiso et al. 2011; Sutherland et al. 2014). Anti-

viral responses are energetically expensive and in the absence of viral infection, may exert a negative 

effect on more suitable immune responses (Sutherland et al. 2014).  
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No known viruses were detected in the present study. The anti-viral response combats intracellular 

infections, while wounds are extracellular. As suggested by Sutherland et al. (2014) for fish infected 

with sea lice (extracellular), the suppression of anti-viral responses among wounded fish may be a 

general response, a trade-off to conserve energy. It is logical that suppression of anti-viral responses 

would occur not just with parasitic infections, but also other extracellular stressors requiring humoral 

immune responses and inflammation, such as severe wounding. Supporting this is that most other 

genes were upregulated with wound severity, although wound severity did not have a significant 

effect on any other PC.  

5.4.3. Scale loss is weakly associated with RIB and leads to variable immune responses 

Scale loss influenced the expression of various groups of genes at all sampling periods. Scale loss has 

been associated with fate among fishes released from commercial fisheries (Suuronen et al. 1996b; 

Butcher et al. 2010; Marçalo et al. 2010; Keefer et al. 2017), and scale-loss induced mortality has 

been attributed to osmoregulatory imbalances (Zydlewski et al. 2010; Olsen et al. 2012), stress 

(Olsen et al. 2012), or secondary infections (Baker and Schindler 2009; Keefer et al. 2017). In the 

present study, scale loss did not cause large expressional changes in osmoregulatory or stress genes, 

but did influence expression of gill immune genes, and there were weak interactive associations with 

RIB.  

The biological significance of the effects of scale loss on RIB are unclear. That scale loss had a 

slightly negative effect on RIB upon capture (i.e., fish with lower scale loss had lower RIB), was 

unexpected. The other significant effect was a positive scale loss and time interaction on RIB, for 

both Day 5 and Day 10, such that the relationship between scale loss and RIB differed compared to 

Day 0. Despite the interaction being present in both sampling periods, positive correlations among 

individual agent loads and scale loss were only present at Day 10 for T. maritimum. It is unclear if 

scale loss lead to increased susceptibility to any one agent, or vice versa (e.g., T. maritimum infection 

can lead to skin ulcerations; Avendaño-Herrera et al. 2006; Van Gelderen et al. 2009). Although 
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some degree of ulceration may have played a role, perhaps more likely in the context of the captive 

environment is that as fish were introduced to new agents not present prior to holding, probability of 

agent transmission and co-infection increased with scale loss. 

The associations between RIB and scale loss are inconclusive. Perhaps more informative are the 

changes in gene expression with scale loss through time.  For example, scale loss was associated with 

an upregulation of inflammatory genes, and the magnitude of effect increased with time. The 

inflammatory response is central to dermal healing processes, which are initiated rapidly following 

injury. At day 5, the most upregulated genes were hepcidin (HEP), IL-1β and IL-8, all of which 

mobilise inflammatory cells during the acute phase (Nemeth et al. 2003; Jones et al. 2007; Schmidt et 

al. 2016). By day 10, a strong upregulation of MMP13, involved in angiogenesis, granulation and 

tissue formation (Schmidt et al. 2016) serum amyloid protein α  (SAAα), and transferrin (TF), a 

growth stimulant (Gracey et al. 2001), suggests that wound healing was concurrent.  

Mucus and scale loss are the most ubiquitous injury associated with a fishery encounter (Patterson et 

al. 2017a). However, the damage observed herein is perhaps more similar to that characteristic of fish 

husbandry operations (Noga and Udomkusonsri 2002). Although scale loss could progress following 

release to the wild, ten days is a prolonged period for the extent of dermal injuries to still be 

increasing. Typically in other species, differentiation of scale-forming cells is complete within 1–2 

days after scale removal, the bony matrix of the scale is produced by 3–5 days, and calcification 

complete between 14–28 days (Ohira and Shimizu 2007; Guerreiro et al. 2013; Costa et al. 2017; 

Costa and Power 2018). Therefore, stress or physical abrasion associated with holding likely explains 

some unknown portion of the observed increase in wound severity. 

Th upregulation of inflammatory genes also involved in host defenses against infection at Day 10 

potentially suggests an increasing threat of disease, and both load and prevalence of many infectious 

agents did concurrently increase over time (e.g., ‘Ca. B. cysticola’, T. maritimum, K. thyrsites, L. 

salmonae, P. pseudobranciola). For example, C7 is involved in the membrane attack complex (e.g., 
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causes cell lysis; Boshra et al. 2006) and protein disulfide-isomerase α4-like (PDIA4, a molecular 

chaperone), is involved in host defenses against bacterial and viral infections (Sha et al. 2012). Day 

10 was also the only sampling period where a positive correlation between an adaptive immune gene 

(Immunoglobulin M; IgMs) and scale loss was observed. However, in a study executing experimental 

wounding results differed from those of this study: authors found IgMs was downregulated after 

seven days, coinciding with the onset of healing (Ceballos-Francisco et al. 2017). In mucosal defense, 

IgMs is typically the first antibody to appear in response to an initial exposure to an antigen (Ellis 

2001; Rombout et al. 2014). The upregulation of IgMs therefore also supports that host defenses 

against infectious agents were also activated.  

Many of the same genes whose expression was positively associated with scale loss, had similar 

relationships with RIB at Day 10 (e.g., complement factor C7, Il-1β, MMP13, MMP25) and RIB had 

a significant effect on the Day 10 inflammatory PC. Although infectious agent community 

composition differed, similar associations have been observed between immune activity and RIB 

among Pacific salmon in freshwater holding environments, where infectious agents were also 

implicated in premature mortality (Teffer et al. 2017, 2018). Here the relationship seems to be 

primarily driven by P. theridion and to a lesser extent (given low prevalence), F. margolisi. Both of 

these agents have only recently been identified in BC salmon, and little is known regarding 

distributions and potential for impact in wild Pacific salmon (Miller et al. 2014; Bass et al. 2017; 

Thakur et al. 2018). P. theridion is typically transmitted from sea lice, but Atlantic salmon have also 

been infected through waterborne spores (Sveen et al. 2012). The parasite has been suspected of 

predisposing the host to other infectious agents in salmon and therefore co-infections are common 

(Nylund et al. 2011; Thakur et al. 2018), which would increase RIB values. Atlantic salmon in 

Norway suffering from proliferative gill disease tend to be infected with P. theridion (Steinum et al. 

2010; Nylund et al. 2011), and in such case inflammation of the gill would be expected. Indeed, most 
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of the agents increasing in prevalence at Day 10 are gill parasites capable of causing local 

inflammation (e.g. L. salmonae; Lovy et al. 2007). 

Accompanying scale loss and increased inflammatory responses in later time periods was a 

downregulation of adaptive (e.g., MHC-II) and anti-viral immune responses. Notably, genes involved 

in regulation of interferon and interferon-mediated processes (e.g., Mx, IRF-1, IFI44α; Zhang and 

Gui 2012), T-cell activity (e.g., TCRα and ZAP7) and others with unknown functions, but that are 

responsive to viral infection in chum salmon (Miller et al. 2017). Genomic results paint a picture of 

scale loss leading to inflammatory and healing responses, a concurrent suppression of anti-viral gene 

expression, and at Day 10, increased immune surveillance against potential or actual infectious 

agents. The question remains: does scale loss leave fish more susceptible to infection? On one hand, 

the increased non-specific immune function may provide fish with some resistance to pathogen 

infection. Conversely, suppression of anti-viral and adaptive immune responses may leave fish more 

susceptible to more serious infectious agents, such as viruses that can cause wide-spread disease. The 

answer is inevitably dependent on context and the given infectious agent community a released fish is 

exposed to.  

Of the most common mechanisms of mortality suggested for fish with dermal injuries - 

osmoregulatory challenges, chronic stress, increased susceptibility to secondary infection - our results 

provide the most support for the latter. However, results also highlight the biological complexity 

associated with responding to dermal injuries in an environment of stress, such as that created during 

capture.   

5.4.4. Patterns of infection among captured chum salmon 

Chum are one of the least studied of Pacific salmonids and to our knowledge, this is the first 

published assessment of disease in wild adult chum.  The most prolific microbes were ‘Ca. B. 

cysticola’, a ubiquitous and likely opportunistic bacteria (Bass et al. 2017; Gunnarsson et al. 2017) 

and T. maritimum, a marine bacteria that is the etiological agent of an ulcerative disease known as 
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tenacibaculosis (Avendaño-Herrera et al. 2006; Van Gelderen et al. 2009).  Other prevalent infectious 

agents include K. thyrsites, L. salmonae, F. margolisi, P. pseudobranciola. It is interesting that no 

inflammatory response was observed among fish infected with L. salmonae, a common gill 

microsporidian of salmonids that typically leads to severe gill inflammation (Lovy et al. 2007).  

The infectious agents that were most associated with transcriptional changes in inflammatory genes 

were P. theridion and F. margolisi. A recent study describing infectious agents in Chinook salmon 

throughout their migration observed these two agents to decrease from marine to freshwater, a result 

either attributed to  microparasite-associated mortality, or poor survival of these agents in freshwater 

(Bass et al. 2017). That prevalence of F. margolisi, a relatively newly described parasite (Jones et al. 

2012), decreased through holding without mortality may imply that consequences of infection are 

low, though we know very little regarding the conditions which may lead to disease or mortality. The 

potential for mortality or disease associated with infectious agents, particularly F. margolisi and P. 

theridion, prior to or during the transition to freshwater warrants further investigation. 

5.4.5. Limitations and further considerations 

This work is exploratory in nature, serving as a dataset from which specific testable hypotheses could 

be proposed regarding associations between capture stressors, injuries, and gene expression. 

However, extrapolating the biological implications from the statistically significant effects of capture 

stressors and injuries on transcriptional changes is challenging. A limitation of all genomics research 

is that expression values do not account for protein levels in the body or downstream systematic 

modifications occurring as a result of transcriptional changes. Therefore, it is still unclear what these 

results mean in terms of animal function and behaviour. Additionally, only gill tissue was collected in 

this study and therefore results potentially only reflect local, not systematic responses. In terms of 

infectious agents, a more comprehensive representation of infection burden would have been 

achieved through multi-tissue comparisons. Using similar sampling and laboratory methodologies, 

agreement between gill and pooled tissue positive detections was relatively high overall among held 
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sockeye salmon (ranged from 69-99%; Teffer et al. 2017), but the a potential for false negatives if 

only the gill tissue is used for screening is inevitable. RNA copy numbers below the limit of detection 

of the Fluidigm® BioMark™ platform (Miller et al. 2016) or only present in isolated regions of the 

gills may produce negative detections. 

Not being able to separate the effects of holding from the effects of capture does limit our abilities to 

make concrete conclusions. However, one cannot measure individual physiology in a fish without 

first capturing that fish, and one cannot then monitor how these responses change over time without 

holding infrastructure. This is a drawback of all holding studies. The detailed sampling that can be 

conducted under conditions of holding does however inform potential mechanisms of relationships 

typically observed in wild fish (e.g., scale loss as a predictor of mortality).   

The aim of this research was to mimic realistic capture scenarios. In the future, an experimental 

approach (e.g., controlled severity of dermal injuries) may further clarify some of the relationships 

observed. Nonetheless, several genes emerged as being particularly responsive to specific capture 

stressors and injuries. In future work with wild fish, particularly if they are released and there is only 

one sampling opportunity, quantification of these responsive genes is where analytical approaches 

should focus. 

 

5.5 Management implications 

Pacific salmon are commonly released from commercial fisheries in coastal waters. It is in this 

environment where they are not yet mature, and scales are loose that they are particularly susceptible 

to dermal injuries (see Chapter 6). I showed that dermal injuries cause an upregulation of 

inflammatory responses but a downregulation of adaptive immune responses in the gill. Unknown is 

how dermal injuries may compromise a potential host in the presence of infectious agents requiring 

action of the adaptive immune response, which I show to be supressed among injured fish. 
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Understanding these relationships, and potential effects of co-infections, are particularly relevant 

when Pacific salmon transition from marine to freshwater and are exposed to a diversity of new 

microparasites (Miller et al. 2014).  

Any modification to fishing practices that could reduce dermal injuries would be beneficial to 

released fish. Using wet sorting tables and overboard chutes may reduce contact with hard surfaces 

and mechanical trauma. Additionally, if it is known that non-target species will be intercepted, 

conducting fisheries later when fish are more mature and scales have begun reabsorption may reduce 

severity of scale loss. It is interesting that the air exposure and confinement inflicted upon fish in this 

study did not lead to mortality. Survival of up to 10 minutes of direct air exposure was apparently 

possible through extensive energy-conservation (i.e., downregulation of many genes), though the 

exact mechanisms remain unknown. Among the fishing community, chum salmon are thought to be 

quite resilient relative to other Oncorhynchus species. However, North Coast chum populations have 

been in decline in recent years (Spilsted and Pestal 2009). Among released fish, the downstream 

effects of the physiological changes required to cope with capture stressors, such as acute hypoxia, 

are unknown. It is likely that these fish would suffer from reduced competitive and predator evasion 

abilities. A limitation with working with chum salmon is that they will spawn in coastal streams and 

are known to stray (Small et al. 2015); therefore, telemetry, the most robust means to monitor 

mortality among wild fish, is unavailable given relatively unknown their migratory characteristics. 

There are large knowledge gaps regarding the magnitude of post-release fate among chum salmon 

and the factors limiting their success upon release.   

 

5.6 Conclusions  

Expanding on the duration of containment from the previous chapter and using more controlled 

conditions, I was able to conduct more detailed monitoring of fish physiology and condition over 

time following a fishery interaction. I evaluated the effects of experimental capture and handling 
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practices, while also considering the presence of pre-existing wounds, with the objective of 

elucidating patterns among capture severity, dermal injuries, the magnitude and duration of 

transcriptional changes and infection burdens. The interplay between stress, immune function, and 

disease is complex, but understanding these processes plays an integral role in understanding the 

consequences of a fishery interaction. Air exposure and dermal injuries had the greatest effects to 

transcriptional changes in the gill. Air exposure (and to a lesser extent, confinement) caused 

widespread downregulation of many genes that lasted until Day 5, which I speculate is an energy-

saving mechanism. After 5 days, the effects of scale loss became apparent, leading to increased 

expression of inflammatory genes and suppression of anti-viral responses. Results also highlight 

interesting patterns with infectious agents. Scale loss was associated with RIB, potentially driven by 

infection with T. maritimimum, and RIB with inflammatory responses at Day 10, potentially driven 

by infection with P. theridion. This work sets the stage to further explore consequences of dermal 

injuries and infection dynamics among salmonids in the marine environment. In terms of 

management, I conclude that any means to reduce injury and air exposure in fishery operations will 

improve condition, and hence survival, of non-target fish.  
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Chapter 6  Experimental capture and handling of chum salmon reveal 

thresholds in injury, impairment, and physiology: best practices to 

improve bycatch survival in a purse seine fishery 
 

6.1 Introduction 

For non-target fish discarded from fisheries, evaluations of how condition changes under different 

scenarios can help determine appropriate measures to maximize probability of survival (Benoît et al. 

2012). Fish captured in fisheries incur physical injury (from minor mucus and scale loss to large 

wounds), exhaust themselves fighting against entrapment, and can be subject to rapid environmental 

changes and oxygen deprivation through exposure to hypoxic conditions or direct exposure to air 

(Davis 2002). Air exposure is arguably one of the most severe forms of acute stress that a fish can 

experience and unsurprisingly, several studies have found that reducing the time that non-target fish 

spend exposed to air has the greatest impact on their survival (e.g. Humborstad et al., 2009; Benoît et 

al., 2010). The degree of injury sustained during capture is likewise important to survival outcomes 

(Baker et al. 2013; Meeremans et al. 2017) and, when combined with the stress of capture, can lead 

to performance-altering behavioural changes (e.g. weakened swimming or predator evasion abilities; 

Davis, 2002). By quantifying the magnitude of injury sustained in addition to abilities to respond to 

stimuli (i.e. impairment, typically measured through reflex action testing; Davis, 2007), I can evaluate 

key aspects of the fishing process that limit the survival of non-target fish. 

Many interacting factors contribute to the magnitude of injury and impairment sustained by non-

target fish during capture, especially in commercial operations where capture durations may be 

protracted. Although many of these factors cannot be changed or controlled, such as the gear 

encounter itself, others can be avoided or minimized through gear and vessel modifications, or 

improved fish handling. Specific recommendations regarding aspects of handling are lacking from 

most commercial fisheries that practice discarding (for exception see Poisson et al., 2014). Subjective 

recommendations are often given to simply prioritize the return of non-target species to the water by 
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a means that minimizes harm. Although much weight can be placed on human behaviour and 

willingness to comply, sociological research has revealed greater compliance with suggested best 

handling practices given clear evidence of their effectiveness (Campbell and Cornwell 2008). 

In British Columbia (BC), Canada, coastal commercial fisheries targeting Pacific salmon 

(Oncorhynchus spp.) capture a mixture of co-migrating species and populations, some that are able to 

support exploitation and others that are of conservation concern (Shaklee et al. 1999). Those of 

conservation concern are protected in part by a program of mandatory release. Currently, the 

conditions of license for fisheries targeting Pacific salmon in Canada indicate that non-target fish are 

released with ‘the least possible harm’ [Fisheries and Oceans Canada (DFO), 2017]. However, there 

remain concerns regarding handling practices in many commercial operations and vague directives 

leave release practices open to multiple interpretations (see Chapter 7). There is thus a need for 

science-based assessments of the specific aspects of the capture process that are most harmful for 

discarded fish. Moreover, as Pacific salmon fisheries target adults on their homeward migration, 

captured fish are undergoing dramatic physiological and physical changes in preparation for 

spawning. The speculation that maturation may confer a certain resiliency to capture stressors also 

warrants investigation (Raby et al. 2013). 

Research was conducted with the purse seine fleet of BC’s North Coast. Chum salmon (O. keta), 

commonly discarded from these fisheries, were the focal species. North Coast seine fisheries 

targeting Pacific salmon are managed as mixed-stock fisheries and encounter broad geographic 

aggregates of all species. The status of North Coast chum stocks has been a concern in recent years, 

and therefore commercial fisheries targeting other salmon species typically operate under non-

retention provisions for chum (Spilsted and Pestal 2009). Seine catches are increasingly dominating 

the proportion of total salmon landings in BC (Haas et al. 2016). Therefore, with large catch volumes 

relative to other gear types, the number of discards and hence the magnitude of impact to non-target 

populations, can be high. With few large chum populations in central and northern BC, maintaining 
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abundance and diversity of small populations is critical to maintaining their resiliency (Spilsted and 

Pestal 2009).  

In an experimental purse seine fishery, I sought to understand the relative effect of various capture 

stressors on chum salmon bycatch by modifying the severity of standard capture and handling 

stressors. Through holding studies, I was able to observe latent effects of treatments. Chum salmon 

have relatively short freshwater migrations. Therefore, the maturity of those encountered in coastal 

fisheries progresses through the season thereby provide an opportunity to test the effect of maturation 

status on condition following a fishery interaction. Evaluating injury, reflex impairment, and 

physiological stress indicators immediately upon capture and observing the progression of injuries in 

the days following capture, my ultimate objective was to inform best handling practices for salmon 

incidentally captured in purse seine fisheries.  

 

6.2 Methods 

Data from two years (i.e. 2015 and 2016 fishing seasons) of research with the commercial purse seine 

fleet of BC are presented. Research was conducted within the northern coastal regions of BC, but 

locations differed by year. Study 1 was completed in DFO Management Area 6 from Jul-19 to Aug-

12, 2015, and Study 2 in DFO Management Area 3 from Jul-22 to Aug-11, 2016 (Figure 6.1). Due to 

low abundances of returning salmon in 2015, the Area 6 fishery did not open, precluding abilities to 

realistically simulate a commercial fishery. A more experimental approach (described below) was 

therefore taken in this first year of research. Area 3 was chosen for the second year for its more 

predictable fishery and relatively consistent catches. In this second study, I built upon findings from 

the first with less exploratory treatments. In both years, pink salmon (O. gorbuscha) were the target 

species of the fishery and there was a mandatory release in place for all other species, including 

chum.  
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Figure 6.1: Map of study locations across two years of research with the purse seine fleet on the northern coast 

of British Columbia, Canada. The first year of research (Study 1) was conducted on the southern end of the 

North Coast of BC, and the second year of research (Study 2) near the coastal border with Alaska (USA). 

 

 

6.2.1. Fish capture 

Experimental fisheries were conducted from chartered purse seine vessels under a scientific research 

permit operating in-season on days that study areas were closed to commercial fisheries, thereby 

providing results as representative of the actual fishery as possible. Chartered vessels were modified 

to rapidly release all pink salmon and other bycatch while retaining chum salmon for further 

investigation. Modifications simply included having a trap door and chute from the sorting table to 

facilitate easier release of pink salmon. Fish were captured using a 549m long and 55m deep seine net 

with 100-mm bunt mesh (shown deployed in Figure 6.2A). Following industry standards, nets were 

brought aboard with a drum until just the bag of the net was ‘pursed’ alongside the boat (Figure 

6.2B). Fish were then transferred to a sorting table on deck using a brailer (a large dip-net operated 
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with the assistance of a hydraulic winch; Figure 6.2C) and sorted (Figure 6.2D). Once on the vessel, 

handling of fish varied by designated treatment (described in Section 6.2.2. ). Water temperatures 

ranged from 12.6°C to 15.4°C (Study 1) and 11.2°C to 15.5°C (Study 2).  

Figure 6.2: Photo depiction of capture process. Experimental capture was conducted from commercial purse 

seine vessels and simulated standard operations. Following deployment of the seine (A), the net was brought 

aboard with a drum until just the bag of the net was ‘pursed’ alongside the boat (B). Fish were held in the 

pursed net for a pre-determined amount of time and then transferred to a sorting table on deck using a brailer 

(i.e. a large dip-net; C) and sorted according to treatment (D) 

 

 

6.2.2. Handling and Sampling 

Handling refers to activities occurring from when a fish is under control of the fisher (i.e., once the 

seine is pursed) to when it is released. Different treatments of net handling and sorting methods were 
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employed to simulate various levels of handling severity. Injury and impairment were measured in 

response to capture treatments. Injury was estimated via a semi-quantitative scoring system applied to 

each fish that classified various observations (Table 6.1). To eliminate zeros and ensure equal 

weighting, each observation was scaled to a value between 1 and 2 and summed (i.e. minimum 5 and 

maximum 10). Impairment was measured using a standardized approach of observing the presence or 

absence of reflexes that has proven effective in predicting survival in several species of fish, 

including Pacific salmon (Raby et al. 2012). The final score of impairment represents the total 

number of reflexes impaired (Table 6.1). Injury and impairment were quantified immediately 

following handling and sorting treatments. If several fish were collected at a time from each 

treatment, fish were held at low densities in totes with continuous flow-through seawater until 

processing. This holding time while awaiting processing was recorded and did not exceed 30 minutes. 

All sampling occurred in a foam-lined trough with flow-through water. 

Table 6.1: Scoring of injury and reflex impairment. Individual injury scores were all scaled to a value between 1 

and 2 for equal weighting and summed together. Impairment scores were tabulated as a proportion (i.e. scored 

value out of the total possible). 

 Observation Value Description 

Injury Scale Loss Percent in increments of 10 Any area with scales missing 

Skin Loss Percent in increments of 10 Skin loss including wound surface 

Wound Depth 0 (none); 1 (scale loss); 2 (skin loss, muscle 

visible); 3 (muscle missing); 4 (organs or 

bones visible) 

An estimate of wound severity, if 

present  

Fin Damage 0-7, representing a count of the number of 

rayed fins damaged 

Number of fins damaged; does not 

encompass damage severity 

Fin Severity 0 (no damage); 1 (minor nicks or splits); 2 

(wounds); 3 (large wounds with exposed bone) 

Categorization of severity of 

injury on the most damaged fin 

Impairment Tail grab Is the fish capable of burst swimming? 

Orientation Can the fish maintain orientation in water? 

Vestibular ocular Does the fish’s eye track the handler? 

Spontaneous flex Does the fish fight on a flat surface? 

Restrained flex Does the fish fight when restrained? 

Ventilation Does the fish exhibit regular ventilation patterns? 

 

Control fish for holding studies (i.e. minimum handling or sorting time) were dip-netted directly from 

the pursed net. In Study 1, injury and impairment assessments were not conducted on holding 

controls to reduce handling, but in Study 2, these condition assessments were completed on control 

fish. Handling treatments differed slightly between studies. In Study 1, I modified aspects of net 
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handling and air exposure duration whereas in Study 2, I kept net handling consistent, modified air 

exposure duration, and recorded fish characteristics of sex and maturity. Number of fish captured 

within the net (i.e., set size), a variable that could not be controlled, was estimated by the captain of 

the vessel for both studies. Testing for physiological thresholds was only conducted in Study 1; a 

restricted timeline for research in the second year did not allow for this.  

6.2.2.1. Net handling and sorting practices (Study 1):   

Handling treatments under study included crowding severity, time pursed (i.e., time fish spent pursed 

in the net prior to being brought onboard), and air exposure time (Table 6.2). For crowding severity, 

treatments were either crowded or not. In the crowded treatment, the net was pulled up tightly to 

restrict captured fish near the surface of the water. This practice is colloquially known as ‘drying up 

the set’, which some captains believe to facilitate faster brailing. In the uncrowded scenario, the net 

was left loose, allowing fish to swim in position. Captured fish were held in the pursed net prior to 

brailing for a range of representative times, herein referred to as ‘time pursed’. This procedure 

simulated the time fish would be held within the net while the catch is sorted and ranged from 4 to 43 

minutes. Air exposure time, ranging between 1 and 12 minutes, began once fish were first dropped on 

the sorting table. Consequently, fish classified as having zero air exposure were still subjected to a 

short duration for brailing (~20 seconds) but not to any additional air on deck. Although it would be 

usual for released fish in these fisheries to be air exposed for more than 5 minutes under standard 

protocols, an extended time course was required to detect a threshold in responses. Therefore, the 

numbers of fish exposed to extreme durations of air (> 6 min) were limited (n=23; 6% of sample). 

Experimental fishing occurred around commercial openings, resulting in three distinct capture 

periods that were categorized as ‘early’, ‘mid’, and ‘late’ (Table 6.2).  
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Table 6.2: Description of response and predictor variables resulting from holding studies and used in statistical 

models. 

Study Variable 

Type Variable Measurement 

1: Air 

exposure and 

net handling 

Response Injury Sum of numerous scored injury observations scaled to have 

equal weighting; measured immediately, after 5 days and 

10 days of holding 

Impairment Number of reflexes impaired; measured 

immediately after capture 

Lactate, chloride, 

glucose 

Plasma concentrations (mmol/L) measured in 

response to durations of air exposure and time 

pursed in the net in fish not used in holding studies 

Predictor Set size Approximate number of fish captured during each set, as 

estimated by skipper. 

Crowding severity Binary as either crowded (i.e. 'dried-up'; 1) or not crowded 

(i.e. keep loose; 0) 

Air exposure  Continuous measurement of time on deck exposed to air (1 

to 12 minutes) 

Time pursed Continuous measurement of time pursed in net (4 to 43 

minutes) 

Capture period Categorized according to date of capture as early (July 22-

24), mid (July 29-31) or late (August 5-6) 

2: Capture 

severity and 

fish 

characteristics 

Response Injury Sum of numerous scored injury observations scaled to have 

equal weighting; measured immediately and after 5 days of 

holding 

Impairment Number of reflexes impaired; measured immediately after 

capture 

Predictor Capture treatment Categorical treatment of air exposure (minutes) following 

35-45 minutes net time: 'Moderate' (1-2), 'Severe' (2.5-3.5) 

or 'Very Severe' (4-5). Control fish were immediately dip-

netted from the net. 

Maturation State Observational categorization as silver (least mature), silver 

bright, or mature (most mature) 

Set size Approximate number of fish captured during each set. 

Estimated by skipper of vessel.  

Sex Female or male 

 

6.2.2.2. Capture stressors and fish characteristics (Study 2):   

This experiment involved fewer modifications to handling. All fish were held within the net for 30-45 

minutes prior to brailing, a time chosen to simulate sorting times characteristic of a large set during 

normal fishery operations. Air exposure was modified according to three treatments (1 to 5 minutes; 

Table 6.2). The maturation state of the fish was visually classified as silver, silver-bright, or mature. 

Silver fish showed no colouration except for faint vertical stripes and scales were loose. Silver-bright 

fish were beginning to show colouration (i.e., vertical stripes present and some dark colouration on 
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the back), but scales were still loose. Mature fish were coloured and scales were mostly absorbed or 

completely absorbed. Sex was also recorded.  

6.2.3. Threshold Identification  

Physiological thresholds were evaluated for both crowding and air exposure time through the non-

lethal collection of blood (n = 132; Study 1 only). These fish were sampled onboard vessels and were 

released following sampling; they were not included in the Study 1 holding experiments. All blood 

sampling occurred on a single day, eliminating variable effects of water and air temperature. For the 

crowding treatment, fish (n=105) were removed individually from the set with a dipnet, sampled and 

released. For the air exposure treatment, fish (n=27) collected from the first brailer of two sets were 

air exposed on the sorting table prior to blood sampling. Sample sizes were increased for times where 

a threshold was thought to exist (i.e., between 3 and 6 minutes) based on prior observations of fish 

behaviour. Following blood sampling, air exposed fish were placed into totes with flowing seawater 

for recovery and then released. 

Approximately 1.5mL of blood was collected within 30 seconds by caudal puncture using 3mL 

lithium-heparinized vacutainers (B.D. Vacutainer, Franklin Lakes, NJ) with 21-gauge, 1.5″ needles. 

Vacutainers containing whole blood were stored on ice for no more than 3 hours. Processing involved 

centrifugation for 5 min at 10,000 g (Compact II Centrifuge, Clay Adams, Parsippany, NJ) after 

which plasma was collected and stored at -80°C. Plasma was analyzed in the laboratory for chloride 

(digital chloridometer [Haake Buchler Instruments, New Jersey, USA]), lactate and glucose [2300 

Stat Plus analyzer (YSI, Ohio, USA)] using methods described by Farrell et al. (2000). These metrics 

were chosen as response variables because stress induces energy mobilization (e.g. glucose) and 

compromises hydromineral balances (Wendelaar Bonga 1997). If the response becomes anaerobic, 

waste products (e.g., lactate) accumulate and water moves into the muscle, also influencing ion 

homeostasis (Wendelaar Bonga 1997; Kieffer 2000).  
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6.2.4. Fish Transport, Holding, and Repeat Sampling 

Upon completion of treatment and condition assessments, fish to be used in holding studies were 

tagged with a uniquely numbered spaghetti tag (Floy, Washington, USA) threaded through the dorsal 

musculature. Control fish were tagged immediately following removal from the net. Study fish were 

transported to holding pens in industry-standard recovery totes (0.6 x 0.7 x 1.2 m) with a high 

velocity continuous flow of seawater. Densities did not exceed 6 fish per tote. Every attempt was 

made to minimize transport time but due to fishing location, times ranged from 20 to 45 minutes. 

Study fish were held for either 5 (n= 236) or 10 (n= 123) days in floating pens (4.6 x 1.5 x 1.5m) 

affixed to an anchored structure. Pens were made of an aluminum frame fully surrounded and 

covered by 100-mm bunt mesh. Densities did not exceed 35 fish/pen and pens were checked daily for 

mortalities. Fish were removed by dip net at Day 5 (both studies) and Day 10 (Study 1 only) to 

evaluate progression of injuries. In Study 2, all fish were released after 5 days. In Study 1, fish were 

returned to the pens after sampling on Day 5 for re-sampling at Day 10. However, at each timepoint a 

subset of fish were sacrificed for a disease monitoring program (n = 40 per time point; data not 

included). With low mortality observed in both studies, fate was not analyzed as a response variable. 

6.2.5. Statistical analyses 

Measured variables differed between studies (Table 6.2), but both sought to identify factors 

contributing to injury and impairment. I tested for the effect of specific conditions of capture (Study 

1) and fish characteristics given treatment severity (Study 2) on immediate reflex impairment and 

injury severity, both immediately and over time. Repeated measures linear mixed effects (RM-LME) 

models were employed to assess changes in injury through holding. For reflex impairment, a recent 

study provides evidence for improved predictive abilities with retention of the ordinal and 

multinomial nature of the score (Meeremans et al. 2017). Therefore, proportional odds linear 

regression (POLR) models evaluated the probability of having a given impairment score as a result of 

specific capture scenarios (both studies) and with air exposure (Study 1), as in Agresti, (2002). 
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Because POLR models produce probabilities on a scale from 0 to 1, impairment scores are presented 

as number of reflexes impaired rather than the proportion value described in Davis (2007).  

Identification of physiological thresholds in response to air exposure and time pursed was tested 

using spline regression analyses for the response variables of plasma glucose, lactate, and chloride 

concentrations. 

6.2.5.1. RM-LME models with response of injury:  

A total of three RM-LME models were run separately by study. Predictor variables differed by study 

year and Study 1 had three sampling periods, whereas Study 2 only had two sampling periods. In 

Study 1, the experimental design was such that fish exposed to longer durations of air exposure were 

not subjected to the severe net handling methodologies due to a priori concerns of high mortality. 

Therefore, given uneven distribution of treatments in Study 1, separate models identified 1) the 

effects of air exposure during capture (air models) and 2) the effects of net handling (net models) on 

injury through time (Day 0, 5, and 10). Data were restricted to fish that were not air exposed for net 

models. The simplified experimental design of Study 2 allowed all predictors to be explored in one 

model structure. 

Models were first tested to optimize random effects structure and then followed a step-down 

approach as per Zuur (2009). Testing for optimal random effects used the restricted maximum 

likelihood (ReML) framework and included all fixed effects and their interactions, and compared 

models with 1) no random term, 2) a random intercept model by individual, and 3) a random slope 

and intercept model by individual over sampling period. The optimal structure of random effects was 

selected by comparing the Akaike information criterion (AIC) estimates; the model with the lowest 

AIC estimate was compared to the base model with a likelihood ratio test. Variable selection began 

with the most complex model and followed a stepdown approach with a maximum likelihood (ML) 

framework. Non-influential cases (low t-value and high p-value) were removed and stepdown 

selection continued until only significant predictors and main effects of significant interactions 
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remained. Selected predictors were included in a final model with a ReML framework. Model fit was 

assessed through observation of residuals and collinearity among selected predictors was tested with 

variance inflation factors (cut-off of 2.0). Results are reported from the most parsimonious models. 

6.2.5.2. POLR models with response of impairment:  

As with RM-LME models, separate POLR models were run to assess the effects of air exposure 

(Study 1), net handling methods (Study 1) and the interaction of fish characteristics and capture 

severity (Study 2) on the probability of having a given number of reflexes impaired. Data restrictions 

and predictor variables were identical to those used in RM-LME models. Model procedures, 

including an AIC-based variable selection method, were conducted as per Faraway, (2016), whereby 

the final model provided predicted probabilities of being in one category of impairment versus being 

in the category above it as a function of each significant independent variable.  

6.2.5.3. Spline regression modeling:  

Spline models were fit with a single knot fixed a priori (i.e. only one breaking point evaluated) at 

every possible location. AIC selection criteria determined optimal knot location (Molinari et al. 

2004). F-tests determined if the selected spline model significantly improved fit from a simple linear 

regression. When inclusion of a spline did not improve model fit, the data failed to provide a 

threshold and the linear regression model was retained, if significant. This is a new approach for 

analyzing changes in blood physiology data over a time course, but one that has been used with 

success in identifying thresholds in fish body size in tagging studies (Cook et al. 2014a; Ashton et al. 

2017) 

Fish sampled for physiological thresholds in response to air exposure were collected from two 

different sets to achieve sufficient sample size. The time these fish spent pursed in the net prior to air 

exposure treatment differed between the two sets given logistics of net handling by the crew. To test 

for the potentially confounding effect of differences in time pursed between the two sets, analyses of 

variance (ANOVA) models with main effects of time pursed, air time, and their interaction were 
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conducted for each physiological parameter. I included fish from both sets in the spline regression 

given a non-significant interaction. Even if there was a main effect of the encounter time prior to air 

exposure (i.e. time pursed) on physiology, a non-significant interaction would indicate that the 

relationship between the given physiological parameter and air exposure time did not differ between 

the two sets.  

All fish were collected from a single set to test for physiological thresholds resulting from crowding. 

Times ranged from 8 to 46 minutes and analyses were conducted as per air exposure times.  

 

6.3 Results 

Overall estimated set sizes ranged from 30 to over 2000 fish and were more consistent in Study 2 

(median = 350; range = 30-1000) than in Study 1 (median = 260; range = 30-2100). Fishing time, 

encompassing net handling times prior to researchers having access to captured fish (i.e. time to tow, 

load net onto boat, and purse the net), ranged from 28 to 52 minutes. Every attempt was made for this 

time to be as consistent as possible, but fishing procedures were influenced by factors beyond control 

(e.g. presence of marine mammals, net tangles).  

There were 21 total mortalities among the 191 fish held for Study 1 (10.9% overall mortality), 11 of 

which died immediately following air exposure of greater than 5 minutes. An additional 132 fish 

were blood-sampled and released for the physiological threshold component. A total of 169 fish were 

treated and held for Study 2, of which there were 6 mortalities (3.6% mortality). The median number 

of reflexes impaired among the 19 delayed mortalities was 3 (range = 0 - 6). No control fish died in 

either study.  

6.3.1. Capture Conditions and Progression of Injuries 

Results from RM-LME modeling revealed a consistent impact of holding time: injury increased with 

sampling period in both studies. In study 1, injury scores (mean ± SE) increased from 6.42 ± 0.04 
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upon capture to 7.36 ± 0.06 and 7.59 ± 0.05 at Day 5 and 10, respectively. Study 2 saw an increase 

from 5.76 ± 0.06 upon capture to 6.21 ± 0.07 at Day 5. All individual measures of injury increased, 

but differences were most pronounced in measures of fin damage and fin severity; patterns of injury 

progression by individual metric available in Appendix D (Figure D1).  

The RM-LME model assessing the impact of net handling methods on injury (Model 1) included the 

fixed effects of sampling period, time pursed, whether fish were crowded, capture period (early, mid, 

or late), set size, and all two-way interactions. Optimal random structure was identified as a random 

slope and random intercept (compared to base model; ΔAIC = 74.57, X2
(Δdf=3) = 80.57, p<0.0001). 

The final model included the main effect of sampling period, the interaction of time pursed and set 

size, and their non-significant main effects (Table 6.3).  After approximately 20 minutes of being held 

in the pursed net, injury scores increase with set size, a relationship that does not exist when 

considering only short holding durations (i.e., <25 minutes; Figure 6.3).  
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Table 6.3: Results from repeated measured linear mixed effects (RM-LME) and proportional odds linear 

regression (POLR) models assessing the effects of various capture stressors on injury through holding or on the 

probability of being assigned a given impairment score upon capture, respectively. Results from final models, 

but ΔAIC scores along with test statistics from likelihood ratio tests comparing final reduced models with full 

models are provided. In POLR models, intercepts are provided for each impairment category relative to that 

above it; p-values are summarized. There were 3 sampling periods (Day 0, 5, and 10) in Models 1 and 2 and in 

Model 3, 2 sampling periods (Day 0, 5). Maturity categories include silver (S), silver-bright (SB), and mature 

(M). 

Model ΔAIC X2
(Δdf) Retained model parameters 

Predictors β ± SE p-value 

RM-LME 

Model 1: Net 

handling 

8.54 3.46(6) Intercept 6.62 ± 0.18 <0.0001 

Sampling period 0.095 ± 0.0090 <0.001 

Time pursed * set size 2.2 x 10-5 ± 9.9 x 

10-6 

0.016 

Time pursed 0.01 ± 0.006 0.119 

Set Size 0.00 ± 0.00 0.193 

RM-LME 

Model 2: Air 

exposure 

2.78 5.22(4) Intercept 6.48 ± 0.038 <0.0001 

Sampling period 0.12 ± 0.0052 <0.0001 

RM-LME 

Model 3: 

Capture severity 

and fish 

characteristics 

31.16 20.84(26

) 

Intercept 4.22 ± 0.15 <0.001 

Sex -0.30 ± 0.11 0.0084 

Sampling period* Maturity (SB 

vs. S) 

-0.31 ± 0.095 0.0016 

Sampling period* Maturity (M 

vs. S) 

-0.43 ± 0.11 <0.0001 

Sampling period 0.68 ± 0.072 <0.001 

Maturity (SB vs. S) 0.25 ± 0.19 0.2 

Maturity (M vs. S) 0.29 ± 0.22 0.19 

POLR Model 1: 

Net handling 

2.47 1.53(2) Intercept NA all < 0.05 

Capture period (mid vs. early) -0.22 ± 0.45 0.062  

Capture period (late vs. early) -1.81 ± 0.61 0.0029 

Time pursed * crowding severity -0.092 ± 0.035 0.0091 

Time pursed 0.093 ± 0.028 < 0.001 

Crowding severity 2.45 ± 0.91 0.0073 

POLR Model 2: 

Air exposure 

3.22 0.78(2) Intercept NA most 

<0.001* 

Air exposure 8.64 ± 0.057 <0.0001 

POLR Model 3: 

Capture severity 

and fish 

characteristics 

22.13 5.87 (14) Intercept NA all < 0.01 

Treatment (mod vs. control) -1.05 ± 0.82 0.2 

Treatment (severe vs. control) 1.46 ± 0.63 0.02 

Treatment (very severe vs. 

control) 

1.52 ± 0.62 0.014 

* All model intercepts significant (p < 0.001) except that for 1 vs. 2 reflexes impaired (p = 0.23), suggesting 

that the probability of having one reflex impaired did not differ from the probability of having two impaired. 
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Figure 6.3: A conditioning scatter plot shows the significant interaction between set size and time pursed on 

injury scores among chum salmon (Oncorhynchus keta) captured by purse seine condition on time in the net. If 

fish are removed quickly, injury scores are consistent regardless of set size, but with longer time in the net, 

injury increases with set size. The four bars above scatterplots represent the range of net times (minutes) 

encompassed within each of the four scatterplots below showing relationships between set size and injury 

scores. The range encompassed within the bars are such that each plot has a similar number of observations 

 

 

The RM-LME model assessing the impact of air exposure on injury (Model 2) included the fixed 

effects of sampling period, air exposure time, set size, and all two-way interactions. As with the 

previous model, optimal random structure was identified as a random slope and random intercept 

(compared to base model; ΔAIC = 142.13, X2
(Δdf=-3) = 148.13, P < 0.0001). Model reduction methods 

resulted in small improvements in model fit, and although the final model was significant, the only 

retained fixed effect was sampling period (Table 6.3). Air exposure duration had no effect on injury. 

The RM-LME model for Study 2 assessing fish characteristics in addition to treatment effects (Model 

3) included the fixed effects of sampling period, maturity, capture treatment (i.e. consistent net 

handling with varying air exposure), sex, set size, and all two-way interactions. Optimal model 

random structure was identified as random intercept without random slopes (i.e. compared to base 

model; ΔAIC = 113.27, X2
(Δdf=-1) = 115.27, P < 0.0001). The final model included a fixed effect of 



150 
 

sex, the interaction of sampling period and maturity category, and their main effects, of which 

sampling period was significant and maturity category was not (Table 6.3). Results indicate that 

injury increased over time and was greater in females (Figure 6.4). The significant interaction 

between sampling period and maturity category suggests injuries accelerate faster in less mature fish. 

The difference in magnitude of injury between sampling period 1 and 2 is progressively less as 

maturity increased (Figure 6.4). 

Figure 6.4: Injury scores in chum salmon (Oncorhynchus keta) captured by purse seine. Females suffered 

greater injury than males and injur scores increased with holding time faster among less mature (i.e. silver) fish. 

Center line indicates the median, top and bottom of the box the 25th and 75th percentile, respectively, and the 

vertical lines of the box indicate the range excluding outliers, which are shows as points. Maturity was not a 

significant main effect of the RM-LME model. 

  

 

6.3.2. Causes of Impairment Following Capture  

POLR models, which used the same structures as RM-LME models, revealed a consistent effect of 

air exposure on impairment. Time pursed, crowding severity, and capture period were also predictive 

of impairment. 

The final POLR model assessing impacts of net handling methods (Model 1) included capture period, 

the interaction of time pursed and crowding, and associated main effects, which were significant 
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(Table 6.3). When fish were not crowded during pursing, the probability of obtaining a low 

impairment score (i.e. one or no reflexes impaired) decreased with time pursed, while the probability 

of having two or three reflexes impaired increased with time pursed (Figure 6.5, left panel). However, 

when fish were crowded, the predicted probabilities of each impairment score remained consistent 

with time pursed (Figure 6.5, right panel). The main effect of capture period revealed that overall, 

fewer reflexes were observed impaired in the late compared to the early capture period (Table 6.3).  

Figure 6.5: Effects of crowding and time pursed on reflex impairment scores among chum salmon 

(Oncorhynchus keta) captured by purse seine. There was a significant interaction of crowding and time pursed 

on impairment scores in a proportional odds linear regression (POLR) model. When not crowded, the 

probability of sustaining low impairment scores (blue) decreases with time pursed but the probability of 

sustaining high impairment scores (green and red) increases with time pursed. These relationships do not exist 

when fish are crowded as impairment scores are higher, regardless of time held in the net. Shaded areas indicate 

confidence intervals.  Main effects of both crowding and time pursed were also significant. The reflexes 

assessed include: tail grab, orientation, vestibular ocular response, spontaneous flex, restrained flex, and 

ventilation. 

 

 

With respect to air exposure and capture parameters, the final POLR model included a main effect of 

air exposure only (Table 6.3). The model revealed that the probability of having low reflex 

impairment (i.e., fewer than two reflexes impaired) decreased quickly between 0 and 5 minutes. 

Conversely, the probability of having three reflexes impaired peaked at 5 minutes and then decreased 

as it became more common to have four or more reflexes impaired (Figure 6.6).  
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Figure 6.6: Probability of having a given reflex impairment score following various durations of air exposure 

among chum salmon (Oncorhynchus keta) captured by purse seine. Results from proportional odds linear 

regression (POLR) models show that the probability of having fewer than two reflexes impaired (blue lines) 

decreases between 0 and 5 minutes. The probability of having 3 reflexes impaired, typically associated with 

mortality, peaks at 4 minutes and then decreases as it becomes more common to show ever greater impairment. 

Lines fit with LOESS smoothing. The reflexes assessed include: tail grab, orientation, vestibular ocular 

response, spontaneous flex, restrained flex, and ventilation. 

 

 

When assessing fish characteristics in addition to capture treatments in Study 2, the final POLR 

model included a main effect of treatment only (Table 6.3). Treatments were designed to keep fishing 

conditions (i.e. time pursed, crowding) consistent while assessing the additional effect of air 

exposure. Average air exposure durations (minutes) by treatment were 1.27 (moderate; range = 1-2), 

2.90 (severe; range = 2.5-3), and 4.15 (very severe; range = 4-5). The treatment effect showed no 

significant differences when comparing the moderate treatment to the control treatment, but 

significant differences were found between the control treatment and both the severe and very severe 

treatments (Table 6.3). Predicted probabilities suggest that 82 ± 10% of control fish will have no 

reflexes impaired, but this drops to 49 ± 5.8% and 48 ± 12% for the severe and very severe 

treatments, respectively (see Appendix D, Figure D2 for predicted probabilities by category and 

treatment).  
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6.3.3. Physiological Thresholds to Air Exposure 

Inclusion of fish from the two different sets in a single spline regression analysis for each measured 

plasma variable was justified given a non-significant interaction between time pursed and air 

exposure for all metrics (lactate: F (1) = 1.30, p = 0.27; chloride: F(1) = 1.07, p = 0.32; glucose: F (1) = 

0.48, p = 0.50). Fish were in the first set for 6 minutes prior to air exposure and for 11 minutes in the 

second set. There was a significant main effect of time pursed on both lactate and chloride plasma 

concentrations (lactate: F (1) = 17.7, p < 0.01; chloride: F (1) = 25.1, p < 0.001), where both metrics 

were higher when pursed for the longer duration. There was no effect of time pursed on glucose 

concentrations (F (1) = 0.88, p = 0.37). 

Simple linear regressions revealed that the duration of air exposure significantly predicted both 

lactate and glucose concentrations (Table 6.4). Lactate concentrations increased with air exposure 

time and the optimal threshold location was identified at 2 minutes. Although the model was 

significant with inclusion of a spline, AIC scores were not improved with the new model and thus the 

simple linear regression was retained. For glucose, optimal knot location was identified at 6 minutes. 

The spline model was significant overall and a significantly better fit than simple linear regression 

(Table 6.4). According to the spline model, glucose concentrations remained consistent and had a 

non-significant relationship with air exposure until 6 minutes of air exposure, after which 

concentrations decreased significantly with time (Figure 6.6). For chloride, optimal knot location was 

identified at 4 minutes. Chloride concentrations first decreased significantly, and then had a positive 

but non-significant relationship with air exposure after 4 minutes (Figure 6.7). However, although 

inclusion of the spline improved AIC scores, F-test results were marginally non-significant at α = 

0.05, suggesting the spline model was not a better fit statistically than the simple regression model 

(Table 6.4). Additionally, neither the spline nor the linear model was significant overall. 
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Table 6.4: Results from linear and spline regression analyses assessing the impact of both air exposure time and time pursed on blood chemistry. Plasma 

concentrations (mmol/L) of lactate, chloride, and glucose were quantified. Significance: * (p < 0.05); ** (p < 0.01); *** (p < 0.001). Where AIC scores were not 

improved with addition of the spline, results are not included. Within the spline model, p-values are provided for the relationship between time and physiological 

parameter overall and for lines on either side of the knot. Model comparisons reflect if the spline regression model significantly improved fit over linear 

regression. 

 
Response 

Variable 

Linear Regression Spline Regression Model Comparison 

F (df) Adj.R2 P Knot F (df) Adj.R2 
P-values 

ΔAIC F (df) P 
Whole Model Line 1 Line 2 

Air 

Exposure  

Lactate 43.6 (1, 33) 0.56 *** 2 23.27 (2, 32) 0.57 *** * *** < 0 NA NA 

Chloride 0.3 (1, 33) 0.02 0.57 4 2.2 (2,32) 0.06 0.13 * 0.95 2.06 3.9  (1,32) 0.06 

Glucuse 9.9 (1,33) 0.21 ** 6 8.5 (2,32) 0.30 *** 0.93 *** 3.58 5.5 (1,32) * 

Time 

Pursed 
Lactate 

50.9 

(1,102) 
0.33 *** 15 31.3 (2,101) 0.37 *** *** *** 6.01 8.1 (1,103) ** 

Chloride 7.0 (1, 100) 0.06 ** 15 8.1 (2, 98) 0.12 *** ** *** 6.55 8.7 (1, 99) ** 

Glucuse 0.4 (1, 102) 0.01 0.54 14 2.3 (2, 101) 0.02 0.11 0.05 0.57 2.25 4.2 (1, 102) * 

 

 

In air exposure treatments, control fish were available to evaluate the physiological impairment resulting from air exposure alone, above that 

occurring during capture. These comparisons were only possible for parameters significantly predicted by air exposure (i.e., lactate, glucose). 

Mean lactate values for non-air exposed fish (6.0 mmol/L) were less than those predicted by the regression line at time zero (6.3 mmol/L; Figure 

6.7). For glucose, mean values for non-air exposed fish (5.4 mmol/L) crossed the regression line at 1.6 minutes (Figure 6.7).  
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Figure 6.7:  Changes in blood physiology among chum salmon (Oncorhynchus keta) resulting from air exposure following capture by purse seine. Linear 

(dotted black line) and spline regression (solid black line) models evaluating thresholds in physiological indices in response to air exposure and time pursed 

in a seine. Significance is shown of the spline regression or, if not retained, of the linear regression by asterisks denoting a p-value of <0.0001 or non-

significance (NS). Horizontal grey line represents mean concentrations from control fish (i.e. air exposure of ‘0’, those captured but not subjected to any 

additional air exposure beyond that involved with brailing, ~20 seconds). Dotted grey lines are confidence intervals around this mean. Control fish were only 

available for air exposure experiments. 
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6.3.4. Physiological Thresholds to Time Pursed 

Simple linear regressions revealed that time pursed positively predicted both lactate and chloride 

concentrations. Optimal knot location was identified at 15 minutes for both parameters (Figure 6.7; 

Table 6.4). Additionally, models were significant with inclusion of a spline, and the spline model was 

a significantly better fit than the linear regression. Lactate and chloride concentrations showed similar 

patterns with the slope of the line being positive on both sides of the knot, but steeper before the knot. 

In all cases the slopes were significant. Similar to the lactate and chloride spline regressions, optimal 

knot location in the glucose model was identified at 14 minutes. However, although inclusion of a 

spline did improve AIC scores, neither the linear nor spline model were statistically significant 

overall (Table 6.4). This suggests that time pursed does not in this case predict plasma glucose. 

 

6.4 Discussion 

Across two years of holding studies, I evaluated the effects of capture and handling practices on 

injury and impairment in chum salmon discarded from purse seine fisheries. The main objective of 

this chapter is to identify measures that can reduce discard mortality among non-target Pacific salmon 

and provide the information required to develop best handling practices. I hypothesize that the 

duration of exposure to capture stress influences the severity of behavioural impairment and injury, 

used as proxies of fate, and dictates the slope characteristics of the relationship between a given 

fishing factor and measure of fish response. There is now substantial support for the use of indices of 

injury and impairment as proxies of mortality (Davis 2007; Benoît et al. 2010; Raby et al. 2012; 

Meeremans et al. 2017). Therefore, injury and impairment are discussed according to an assumption 

of being associated with fate. The low short-term mortality observed during did not permit the 

exploration of fate as a response variable.   

My first prediction was that behavioural impairment and injury will increase with duration of 

exposure to capture stress. Results support this prediction, but injury and impairment were each 
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associated with discrete aspects of capture. My second prediction was that relationships between the 

duration of exposure to capture stress and physiological responses have a piecewise polynomial and 

non-linear structure (i.e., I predicted a spline to better fir the data when compared to linear 

regression). This second prediction was supported in some contexts (i.e., only for select predictor-

response relationships), the details of which are discussed below.  

Reflex impairment often results from exhaustion and asphyxia - elements that cause stress but do not 

directly cause injury, and can be highly consequential if discarded fish are unable to establish 

orientation or escape predation (Ryer 2004). If impairment causes migratory delays (as in Donaldson 

et al. 2012 and as observed in Chapter 3), there is also a greater likelihood that fish will be captured 

again, intensifying physiological responses and potential for mortality with every release. Conversely, 

injuries occur through encounters with fishing gear or other captured fish, and effects are often 

delayed, influencing immune function and susceptibility to infection (Baker and Schindler 2009; 

Baker et al. 2013). However, the two responses are intertwined and survival is best predicted when 

the effects from both injury and impairment are considered together (Meeremans et al. 2017).  

Capture treatments caused both injury and impairment. Trauma was severe in some cases, such as in 

the levels of impairment observed following prolonged air exposure. Often when fishery-relevant 

stressors are applied experimentally to Pacific salmon, impaired reflexes are those attributed to 

muscular fatigue (Davis 2007; Raby et al. 2012, 2015c). However, treatments also induced a failure 

of reflexes potentially indicative of the brainstem becoming unresponsive (i.e. failure to roll eyes or 

lift operculum), that require longer recovery times (Kestin et al., 2002). With respect to injuries, 

although they were minor relative to those typical of other gear types (e.g. gill nets, trawls; Patterson 

et al., 2017), the progression of injuries that occurred through holding in both studies is notable.  

Given the experimental design, I cannot ascertain the degree of injury progression attributable to the 

stress of captivity or to interactions with holding pens. Though holding and handling likely played a 

role, there is indication from both field and laboratory research that capture-induced injuries will 

progress through migration in Pacific salmon (Baker and Schindler 2009; Teffer et al. 2017). 
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Observations in the days and weeks following capture of tissue necrosis and fungal infections are 

common (Teffer et al. 2017), and increasingly likely with severe injuries (Baker and Schindler 2009). 

With fixed endogenous energy stores that are primarily allocated to maturation and reproduction, the 

capacity for Pacific salmon to recover from injury during the return migration may be limited. In 

rainbow trout (O. mykiss), genomic signatures indicating wound healing are not present until 1-2 

weeks following injury (Schmidt et al., 2016). If this holds true for Pacific salmon, a progression of 

injuries would be expected following release, making them considerably more susceptible to fungal 

infections and disease(Van West 2006; Baker and Schindler 2009). However, in the present study I 

are unable to separate the magnitude of injury progression attributed to holding and handling from 

that attributed to capture and treatments. The potential for the severity of fishery-induced injuries to 

progress following release warrants further exploration under more natural conditions.  

6.4.1. Set Size and Net Handling 

The tightness of the net during the sorting process and the number of fish captured (set size) 

influenced impairment and, to some degree, injury. These relationships were intensified with 

handling time. While injury and impairment responded differently to the measured capture 

parameters, set size (associated with increased injury) and crowding (associated with increased 

impairment) are both measures of fish density, which has been associated with deteriorating condition 

among fish released from other commercial fisheries (Huse and Vold, 2010; Raby et al., 2015; Van 

der Reijden et al., 2017). Crowding can cause oxygen depletion (Raby et al. 2012), and captured fish 

may display escape responses (Huse and Vold 2010), behaviour that further reduces oxygen 

availability and increases likelihood of asphyxiation. The practical implications of these results are 

that in small sets, impairment can be minimal, and although some degree of harm is potentially 

unavoidable for fish held in the net during sorting of larger sets, its can be minimized if sets are kept 

loose. 
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The probability of sustaining injury due to encounters with the net or other organisms is likely to 

increase as a function of handling time and catch size (Davis 2007; Huse and Vold 2010; Marçalo et 

al. 2010; Raby et al. 2012). However, the effects of set size and time pursed on injury were not clear; 

main effects were not significant and set size only emerged as important in Study 1. It is probable that 

the magnitude of injury sustained is also related to the experience of an individual fish within the net. 

For example, those in the middle of the net are less likely to incur injury than a fish entangled in the 

mesh, both of which can occur in a purse seine irrespective of set size. In Chapter 3, I also failed to 

see an effect of set size on condition or survival among coho salmon (O. kisutch) released from a 

purse seine fishery, and work on sardines (Sardina pilchardus) was found to be inconclusive with 

respect to density effects (Marçalo et al. 2010).  

6.4.2. Physiological Effects of Restraint 

Physiological thresholds are characterized by abrupt changes in the relationship between an external 

parameter and the physiological response to that parameter (Nickerson et al. 1989). Such thresholds 

were observed in plasma lactate and chloride concentrations after 15 minutes of holding. After this 

turning point, lactate continued to increase, but at a slower rate, whereas chloride concentrations 

plateaued. In Farrell et al., (2000), coho salmon captured by purse seine and classified by authors as 

‘severely exhausted’ had plasma lactate values of 11.5 mmol/L, a value similar to that at the 

identified spline point. As observed in the spline regression, concentrations increased to over 20 

mmol/L during recovery in the Farrell et al., (2000) study. Net confinement was not a severe stressor, 

and although I would not expect full recovery to occur, fish may have begun recovering from the 

initial exercise-induced exhaustion.  

The time course of capture was initiated once the net was pursed, but the capture event began 

approximately 30 minutes prior to initiation of net towing. Each individual fish would have initiated a 

physiological stress response upon first perception of the gear, and likely began making active escape 

attempts upon perception of confinement (i.e., with pursing). The observed physiological transition 
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may indicate a point of exhaustion where captured fish ceased escape attempts using burst swimming, 

a type of exercise that can only be maintained for short periods (Kieffer 2000). That plasma chloride 

concentrations also shifted after 15 minutes of being pursed supports this suggestion. Anaerobic 

exercise typically results in an influx of ions and loss of water in marine fishes (Avella et al. 1991). 

The rapid increase observed in chloride concentrations could be the result of passive ion influx in the 

absence of energy available for active ion transport. Slowing of anaerobic activity with cessation of 

active escape attempts may have initiated a stabilization of ion homeostasis, and I would expect 

concentrations to remain high while still under stress as well as during recovery upon release (Farrell 

et al., 2000).  

For the glucose models, although the spline regression was a better fit then the linear regression, time 

pursed did not significantly predict glucose concentrations. Glucose mobilization is induced by stress 

hormones, which increase rapidly upon initial perception of a stressor (Wendelaar Bonga, 1997). 

Therefore, the timing of sampling could have been too delayed to encompass the full glucose 

response, with results mostly capturing a stabilization period.  

Our blood physiology results point to a transition point at 15-minutes of being held pursed in the net. 

If indeed this point represents the temporal limit to anaerobic exercise, ideally fish should be released 

prior to 15 minutes of being pursed to avoid reaching a point of complete exhaustion, thereby 

ensuring a greater likelihood of re-establishing themselves and avoiding post-release predation.  

6.4.3. Physiological and Physical Impairment Resulting from Air Exposure 

Impairment consistently increased with air exposure duration. In purse seine fisheries, air exposure 

occurs during brailing and sorting, the extent of which largely depends on set size and species 

composition. In the Study 2 holding experiments, significant increases in impairment occurred 

between the moderate (average of 1.2 minutes air exposure) and severe (average of 2.9 minutes air 

exposure) treatments, suggesting the time between 1 and 3 minutes is important to survival outcomes. 

Accordingly, at 2 minutes of air exposure in the Study 1 holding experiments, a fish was most likely 
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to have one or two reflexes impaired. Previous research with coho salmon released from seines 

suggests this level of impairment would be sufficient to influence survival: survival was 86% with no 

reflex impairment but ~ 60% with 1 or 2 reflexes impaired [unpublished data from Chapter 3; also see 

(Raby et al. 2012) for similar in-river survival data]. While coho and chum salmon possibly differ in 

their sensitivities to capture stressors, this provides the best surrogate data in the absence of a reliable 

impairment/survival relationship for chum.   

The length of time a fish can survive air exposure ultimately depends on its capacity for anaerobic 

energy production to meet metabolic demands. Upon exhaustion of readily available endogenous 

energy stores (and hence capacity for anaerobic energy production), the state of metabolic stress 

reaches fatal levels from which recovery is unlikely (Methling et al. 2017). A physiological threshold 

to air exposure was observed in plasma glucose. Concentrations were stable until 6 minutes, likely 

because sampling missed initial increases, and then began decreasing. Typically, plasma glucose will 

increase with hypoxia in fish (e.g. Jorgensen and Mustafa, 1980; Ishibashi et al., 2002). In one case 

where decreases were observed, Pérez-Jiménez et al., (2012) explained the unexpected results by 

suggesting that the hypoxic conditions of their study did not sufficiently limit oxygen for study fish to 

require anaerobic metabolism. However, hypoglycemia (glucose deficiency in the bloodstream) was 

accompanied by a continuous increase in plasma lactate, suggesting anaerobiosis was occurring 

(Farrell et al. 2000). As an important energy substrate, plasma glucose needs to be maintained 

between approximately 4-7 mmol/L to sustain life (Hruska et al. 2010).  The sub-optimal levels 

present after 6 minutes indicates an exhaustion of available endogenous energy and an inability to 

mobilize glucose readily; recovery from such a physiological state would be exceptionally 

challenging.  

These blood physiology results indicate that air exposure should be kept well below 6 minutes. 

Corroborating this is that 50% of mortality in Study 1 occurred to fish exposed to over 5 minutes of 

air exposure. Fortunately, exceeding this threshold would be unusual when brailing requirements are 
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followed. Impairment data are perhaps most informative for developing air exposure 

recommendations. In Study 2, impairment scores were low with an average air exposure of 1.2 

minutes, but scores known to be associated with mortality resulted when air exposure exceeded 2.5 

minutes. That glucose concentrations dropped below the average of those fish not exposed to air at 

1.5 minutes also suggests that between 1 and 2 minutes of air exposure is an important timepoint. 

This transition is potentially a precursor to the severe hypoglycemia observed later. A caveat of any 

discussion of air exposure thresholds is that at no point is any air exposure safe among non-air 

breathing fish. Other researchers suggest air exposure is safe when no reflex impairment results (e.g. 

Humborstad et al., 2009). However, even when air exposure was minimized as much as possible 

(e.g., in the net models), it was most probable that chum would have 2 reflexes impaired. 

Undoubtedly, the more that air exposure can be reduced, the more likely higher survival outcomes 

will result. There is definite concern for post-release survival when the most probable outcome of a 

capture scenario is to have two to three reflexes impaired, such as is the case when chum were 

exposed to over two minutes of air exposure.  

6.4.4. Maturity, Sex, and Other Considerations 

In accordance with the finding of injury scores differing by sex, female Pacific salmon can also suffer 

higher mortality following release from fisheries (Martins et al., 2012), a trend thought to be partially 

attributable to naturally higher cortisol levels in females having immunosuppressive effects (Jeffries 

et al. 2012a; Teffer et al. 2017). My injury metric combined injuries sustained both prior to and 

during capture. Certainly, an immunosuppressed individual would be less likely to heal injuries 

sustained prior to capture, and a state of poorer condition relative to males would make females more 

susceptible to new injuries. Injury is not a direct fitness measure, but results do highlight a potential 

mechanism for observations of higher mortality rates among females captured and released from 

fisheries.  
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Results additionally reveal less mature fish to be more susceptible to the injurious effects of capture. 

With maturity, there are pronounced changes in body morphology in both sexes, including a 

reabsorption of scales and a thickening of the skin. Accordingly, my classifications of maturity were 

based on observations of skin characteristics. To my knowledge, there are no other observations of 

skin characteristics of mature salmon conferring resiliency to capture stressors. Other researchers 

have speculated as much (Raby et al. 2013; Patterson et al. 2017a), and Benfey et al., (1989) noted 

greater scale loss following repeated handling among triploid pink salmon, which do not undergo 

physiological maturation, than diploid conspecifics that did exhibit skin thickening with maturation. 

Interestingly, in Study 1, fewer reflexes were impaired in the late compared to early capture period. 

Because maturity was not quantified in Study 1, this division of time periods was thought to 

encompass expected differences in maturity as the study progressed. My data provides no explanation 

as to why impairment would differ with maturation or capture period. Maturity was not explicitly 

measured in Study 1 and did not influence impairment in Study 2, and therefore these results may be 

spurious or explained by another unquantified factor.  

There are several factors not considered in this research that are known to contribute to the condition 

of fish upon release (Patterson et al. 2017a), many of which I do not believe to be particularly 

relevant to results. For example, although Pacific salmon are known to be sensitive to small 

temperature variations (Martins et al. 2012), the water temperatures observed during this research 

were moderate, stable, and below the range known to be deleterious. Factors such as water quality, air 

temperature, ocean conditions, and catch composition also deserve recognition (Davis 2002; Benoît et 

al. 2010). Across the two study years, environmental conditions were relatively stable and consistent, 

and therefore it is unlikely these factors affected findings.  

It is also notable that both studies saw low mortality compared to other research on Pacific salmon 

released from purse seines [e.g., (Raby et al. 2015c) and Chapter 3]. This may suggest that chum 

salmon are quite robust with respect to their abilities to overcome capture stressors. However, 
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because all fish were transported to holding in industry-standard recovery boxes, survival results 

could be as much indicative of the resiliency of the study species as it is of the effectiveness of 

recovery box treatments to facilitate their recovery (as described in Farrell et al., 2000). 

 

6.5 Management Implications 

To the extent that a fish’s reflex impairment and severity of injury influence eventual survival, my 

results are relevant for providing recommendations for suggested best practices. First, an important 

finding was that of increased injury among females and less mature fish. A cautious approach would 

be to manage fisheries according to expected impacts to females, and to avoid non-target species 

before they have started to mature. With respect to fishing methods, crowding and set size negatively 

influenced fish, but the most consistent contributor to injury and impairment was time in the net, with 

15 minutes being identified as an important threshold. While releasing fish prior to this threshold may 

be possible in small sets, sorting large sets will unavoidably exceed 15 minutes. Managing fisheries 

to reduce set sizes would effectively decrease both densities and net times but, with the increased 

effort required to maintain catch volumes, would incur additional costs to fishers. Other fisheries 

have successfully implemented catch reductions through increasing incentives, for example, by 

ensuring that smaller sets can improve product quality and yield higher prices (Hilborn et al. 2005). 

Such options could be explored, but the most practical recommendation is that fish be sorted as fast 

as possible and that nets be left loose, reducing crowding. Perhaps the most probable means to 

improve the condition of released fish in these fisheries is to minimize air exposure. Impairment data 

provided a strong indication that air exposure within the range of my Study 2 moderate treatment 

(average = 1.2 minutes; range = 1-2 minutes) will minimize impairment. Notwithstanding the 

recommendation that air exposure be reduced by the greatest extent possible, ensuring fish from each 

brailer are sorted within one minute of initiation of brailing is realistic, attainable, and tools are 

available to facilitate this. Taken together, my studies indicate that these improvements in 
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commercial fishing practices could keep incidentally-captured chum salmon (and potentially other 

salmonids) below the injury, impairment, and physiological tipping points identified herein. 

 

6.6 Conclusions  

As in the previous two chapters, I employed containment studies to monitor fish condition over time. 

Across two years of study, I evaluated the effects of experimental capture and handling practices on 

injury and impairment in chum salmon discarded from purse seine fisheries, with the objective of 

informing best handling practices. With this, I also coupled on-board blood sampling to evaluate the 

time-course of physiological responses to various capture stressors. Such investigations are valuable 

because the time point after which severity of impairment, injury and/or physiological disruption 

exceeds levels known to be associated with mortality will be important for developing fishing and 

handling recommendations. This chapter identified thresholds in physiological responses to times 

pursed in the net and air exposed on deck.  As expected, both crowding severity and set size increased 

injury and impairment, effects that were exacerbated with time pursed. However, results also 

highlight the importance of sex and maturity – injuries were more extensive in females, and 

accelerated faster in less mature fish.  
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Chapter 7  Perceptions and actions of commercial fishers in response to 

conservation measures in Canadian Pacific salmon fisheries 

 

7.1 Introduction 

A critical challenge facing fisheries management is achieving sustainable harvest of fish stocks that 

are sufficiently abundant to withstand exploitation, while simultaneously protecting those of 

conservation concern. This challenge is exacerbated in mixed-stock fisheries where multiple species 

and/or populations of a species co-inhabit an area and are consequently captured together 

(Hutchinson 2008; Schindler et al. 2010). In British Columbia (BC), Canada, several species of 

Pacific salmon, each comprised of hundreds of distinct populations of varying numbers and 

conservation status, co-migrate along the coast as they return to their natal waters. Coastal 

commercial fisheries targeting Pacific salmon therefore exemplify the challenges facing mixed-stock 

fishery management (Hilborn et al. 2003b; Dann et al. 2013).  

With increasing distance from their natal and spawning waters, there will be a greater mixing of 

species and populations of Pacific salmon migrating to diverse rivers and tributaries (Beacham et al. 

2005). Therefore, purse seine fisheries, which operate primarily in coastal waters and can harvest 

large numbers of fish, are less able to target specific populations compared to fisheries occurring 

closer to natal areas. The importance of sustainably managing these large coastal commercial 

fisheries cannot be overlooked—the purse seine fleet in BC produces the largest proportion of 

landings (Butler 2005) and is becoming the dominant gear type for salmon (Haas et al. 2016). 

There has been continued concern regarding declines of Pacific salmon populations in BC, 

particularly coho (O. kisutch), chinook (O. tshawytscha), and sockeye (O.nerka) salmon (Beamish et 

al. 1995, 2010; Peterman et al. 2012). In the mid-1990s, the crash of a population of Fraser River 

coho, believed to have been caused in part by overfishing, elicited dramatic change for Canadian 

Pacific salmon fisheries (Chittenden et al. 2010). One means protecting species of conservation 
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concern in mixed-stock fisheries is to increase selectivity through either avoiding non-target catch or 

releasing them alive. Accordingly, in response to these dramatic coho declines, Fisheries and Oceans 

Canada (referred to as DFO), the agency responsible for managing Canadian fisheries, first adopted 

requirements for improving the selective harvest of Pacific salmon in 1998. Soon after, “A Policy for 

Selective Fishing in Canada’s Pacific Fisheries” (Fisheries and Oceans Canada 2001) was 

implemented, and is still followed today.  

Regulations stemming from the selective fishing policy dramatically altered purse seining practices. 

Catch is required to be brought onboard in smaller loads to allow on-deck sorting, and fish species 

declared ‘non-retention’ due to conservation concerns are to be sorted and “released to the water with 

the least possible harm” (Fisheries and Oceans Canada 2001, 2017). However, the regulation does not 

define “least possible harm”, leaving it open to individual interpretation and making compliance 

measures more difficult. Additionally, most purse seine fisheries are ‘derby-style’, whereby fishers 

endeavour to maximize potential catch within the limited window of each fishery opening, likely 

affecting their willingness to implement any change that risks slowing operations (Fujita and Bonzon 

2005; Acheson and Gardner 2014).  

Concerns remain regarding the survival of salmon released from these fisheries, and about the 

accuracy of fish mortality estimates used in management models more generally (Raby et al. 2014a; 

Patterson et al. 2017b). While models used for management purposes have advanced significantly, 

their ability to predict mortality from fisheries is inevitably limited by the understanding and 

incorporation of the full range of factors influencing mortality, including compliance of fish 

harvesters with regulatory measures.  

Ultimately, conservation-based frameworks such as the selective fishing policy require the active 

support of harvesters; failing to consider social acceptance of management actions will limit their 

success (Mascia et al. 2003; Grafton et al. 2006). Conservation social science research endeavours to 

contribute to resource management decisions, including through evaluating the social impacts of 
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management actions and understanding the perceptions of those under management (Kaplan and 

McCay 2004; Drury et al. 2011; Bennett et al. 2017). Understanding perceptions of current 

regulations can help to guide management such that regulatory decisions are meaningful to fishers 

and provide incentives for cooperative behaviours. Studies of bycatch reduction strategies have 

underscored that barriers to the uptake of these strategies arise where bycatch problems are not 

perceived to exist in the first place, or where problems are perceived to be external to the fishery 

(Campbell and Cornwell 2008; Nguyen et al. 2013). Further, the role of social factors in resource 

management, such as trust among fishers and between fishers and management, play critical roles in 

incentivizing uptake of conservation measures (Gilmour et al. 2011).  

To assess acceptance of selective fishing practices, I interviewed fishers in the Pacific salmon purse 

seine fishery to evaluate (1) perceptions of selective fishing regulations and guidelines, (2) reasons 

for compliance or noncompliance with these, and (3) views and ideas about improving survival rates 

of released salmon.  

 

7.2 Methods  

Interviews were conducted with individuals currently and previously employed as commercial purse 

seine fishers. My only selection criteria was that participants have at least five years of experience 

working as a commercial purse seine fisher in British Columbia. Interviews were completed between 

July and December 2015.  

7.2.1. Recruitment of participants 

Recruitment of participants was initiated through email contact with known representatives in the 

purse seine community. Three participants were recruited directly in this way and interviewed. 

Through these initial participants a snowball sampling approach was used, where participants were 

asked to name other key individuals as potential participants. Several initial contacts did not meet the 

established selection criteria but were able to facilitate recruitment of additional participants.  By 
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starting with known representatives from the community, I were more likely to select highly 

experienced individuals, who in turn are likely to recommend colleagues with a similar level of 

experience (Van Meter 1990). Despite potential bias arising from inter-relationships in a small 

community, a snowball sampling recruitment approach was chosen because it increases trust between 

the participant and the researcher by introduction through a social network (Cohen and Arieli 2011). 

Given the tensions and adversarial relationships typical among fisheries stakeholders, government, 

and the fishing communities (Kaplan and McCay 2004), increasing trust was an important 

consideration.  

7.2.2. Interviews 

Semi-structured interviews were employed to prompt discussion of specific topics, but participants 

were encouraged to digress to related themes and issues. Interviews began with general questions 

regarding the participant’s experience in the industry, after which questions addressed three themes: 

perception of conservation issues, perception of management issues, and opportunities for change 

(Table 7.1; full survey in Appendix E; Table E1). A question was not asked if it was indirectly 

addressed in previous conversations in the interview. All interviews were audio-recorded with 

participants’ permission. 

The research procedures and survey were approved by the Research Ethics Boards of the University 

of British Columbia (Protocol H15-00191) and Dalhousie University (REB file #2015-3522). 

Identities of all participants were kept confidential in transcriptions, analyses, and reported results. 
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Table 7.1: Focal interview questions under each of three themes covered in interviews.  

Theme Questions 

Perception of selective 

fishing 
• On your boat, do you think the fish you release 

survive to spawn? What percentage? 

• Do you think it is necessary to have standardized 

regulations and procedures for handling by-catch?  

Reasons for compliance 

and noncompliance 
• Has DFO effectively communicated regulations 

and suggested best handling practices? 

• Do you think DFO makes regulations primarily 

considering the best interests of industry and 

fishermen, conservation, or public opinion? 

• Do you witness non-compliance with selective 

fishing regulations among other fishers? 

• Do you think that the enforcement of regulations is 

sufficient to meet conservation goals? 

Opportunities to improve 

survival of released fish 
• Can you suggest ways that bycatch mortality could 

be reduced? 

• What would be the most effective way to improve 

survival of released fish (that is having the lowest 

cost to fishers but with the most impact for 

survival)?  

 

7.2.3. Coding of interview data 

Coding is used to analyze qualitative data by assigning words or short phrases to categorize common 

responses to questions. Interviews were first transcribed and read by the researchers to determine 

recurring and important themes within participants’ responses to questions. After an initial reading, a 

codebook was developed as per a general inductive approach, whereby categories of responses 

emerge from frequent, dominant or significant themes observed in collected data, instead of through 

pre-assigned categories (Thomas 2006). Where relevant, sub-codes were also used to extract common 

patterns within participants responses. For example, when asked if regulations and suggested best 

handling practices are communicated effectively, codebook answers included categories of: a) ‘yes’, 

b) ‘no’, and c) ‘don’t know’. While the participant could have simply answered ‘no’, without further 

elaboration, more often they would provide additional information such as: ‘no, regulations are 
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vague’ or ‘no, I would like to receive more feedback on the effectiveness of our actions’; all answers 

in this example would be classified as communication not being effective, but those providing more 

information were assigned sub-codes. Participant answers to a single question could contain multiple 

responses. Where this occurred, codes were weighted so that each participant’s responses would sum 

to a total of 1 for each question. The most responses given to a question by an individual participant 

was 3.  

Additional codes were developed that noted common themes addressed throughout interviews that 

were not prompted by interview questions. Because they were not explicitly asked, where these 

unprompted themes arose they were counted as ‘mentions’ rather than ‘responses’.  

This general inductive approach to coding involved multiple readings of each interview transcript; a 

reading for code generation and a separate reading for assigning codes to interview text. Interviews 

were coded without software assistance. Two researchers coded interviews independently, then met 

to compare coded interviews. In cases of disagreement, the respective decisions were discussed until 

a consensus regarding the interpretation of the response was achieved. This technique is commonly 

used in coding of qualitative data from semi-structured interviews (Creswell 2009). Given the small 

sample sizes, a large diversity of responses, and the known limits to the non-random sampling 

procedure (i.e., snowball sampling), I do not use inferential statistics to generalize results from these 

fishers to the larger population of fishers in BC.  

 

7.3 Results 

Interviews were conducted with 21 commercial purse seine fishers, 13 of which were completed in 

person and the remainder by telephone. Interviews lasted between 30 to 40 minutes. The commercial 

salmon purse seine fleet during the year of study was approximately 60 vessels (C. Cue, Canfisco, 

personal communication, 2017), each of which usually has a crew of five. Though participant 

recruitment involved both skippers and crew of purse seine vessels, participants were primarily 
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skippers (n = 19). Skippers are responsible for operations on the boat, training crew members 

(including fish handling and release methods), and have often the most experience in the industry. 

Some crew members were unwilling to participate. It is possible that recruitment methods failed to 

reach this portion of the population, or there was perhaps a reluctance among those not working as 

skippers to act as a representative of the vessel. The study population had extensive experience; 

participants had been involved in the commercial fishing industry in British Columbia for an average 

of 46 years (range: 10 to 60 years, median: 48 years). 

7.3.1. Perceptions of bycatch survival and selective fishing regulations 

Participant perception of survival to spawning among salmon released from their vessels ranged from 

1% to 95% survival. These responses were grouped during coding as either high (> 60% survival), 

low (< 60% survival), or variable (i.e. the fisher said survival was too variable to categorize). 

However, within the high or low range of survival rates, participants also acknowledged sources of 

variability in survival. Although a greater percentage of participants believed survival of released fish 

to be high (38%, n = 8) than low (24%, n = 5), the dominant response to this question was a 

discussion of variability in survival (Figure 7.1). Regardless of categorization of high or low survival, 

86% (n = 18) of participants elaborated on factors influencing survival among released salmon. 

Variability in survival rates were attributed to environmental factors at time of release (n = 4), human 

factors during handling (n = 4), a combination of both human and environmental factors (n = 9), or 

influencing factors were not specified (n = 1). 
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Figure 7.1: Participants’ perceptions of post-release survival of fish from their vessels. Within the ‘high’ and 

‘low’ responses, several participants also qualified their response with factors that influenced variability in 

survival, as indicated by crossbars within these categories. 

 

 

Responses were diverse regarding the need for standardized regulations for handling and releasing 

bycatch beyond the current license condition to release fish with “the least possible harm”. The 

majority (85%, n = 17) had a negative response (i.e. did not perceive a need for a change in handling 

regulations; Table 7.2). Within this group, several (n = 8) thought there were sufficient regulations on 

handling and release already in place. Others thought there was too much variability among fishing 

techniques and vessels (including the size of boats and specific gears used) to implement such 

regulations (n = 7). The opinion was also expressed that, even if developed, regulations for handling 

and releasing would not be enforceable (n = 4). A portion of participants (n = 4) did not agree with 

the selective fishing strategy and thought that all catch should be retained, rather than refining the 

current regulatory structure for sorting and release. Of the minority who responded that yes, 

regulations regarding handling and release practices were needed (n = 3), it was suggested that 
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regulations for handling and release are currently too vague and/or that improvements were needed in 

the form of standardized tools for sorting. 

Table 7.2: Responses within interviews to question of whether regulations are needed to standardize handling 

and release of bycatch beyond the license condition that fish be released with ‘the least possible harm’. 

Response No. Illustrative Quote 

Further Regulations Not Needed 17  

 Regulations that already exist 

are sufficient 

5 “We have the rules in place. If people aren’t going to 

abide by them, then what’s the difference?” – 

Participant 2 

 Regulations are not 

enforceable 

3 “If DFO were to [implement standardized handling 

regulations] then fishermen would be like, ‘Whatever, 

that’s just one more thing we have to pretend to do’.” 

– Participant 17 

 Too much variability in 

fishing to regulate 

4 “…you can’t really implement something like that 

when no boat is the same.” – Participant 12 

 There is no need for selective 

fishing regulations 

3 “I don’t think there should be a release program.” – 

Participant 18 

Further Regulations Needed 4 "They should give us a notice to say, do one brailer 

and sort it then do another brailer and sort it…Or 

have a certain time limit to get it out of the sort box."- 

Participant 5 

 

 

7.3.2. Reasons for compliance and noncompliance 

A high percentage of participants (81%, n = 17) reported observing non-compliance with regulations. 

However, many participants (43%, n = 9) also believed that most of the fleet do comply and practice 

high standards of fish handling techniques, with only a small proportion of vessels exhibiting non-

compliance and/or poor handling.  Although fishers were, understandably, unwilling to discuss 

specific activities of non-compliance, several recurring themes within the interviews may provide 

explanations for non-compliance with selective fishing regulations.  

Despite not being explicitly asked about trust, 17 participants (81%) mentioned issues of trust (Figure 

7.2). Participants most commonly mentioned mistrust of those making fishery management decisions 

(62%, n = 13). For example, Participant 14 expressed the opinion that DFO does not understand the 

motivations of fishers:  
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“I don’t think they know half the time [the intent of their regulations]. They don’t like to listen to us 

because we’re all just greedy pigs that want to catch all the fish and that’s not true. We only want our 

fair share, because we want spawners [(i.e. fish to survive to reproduce)] so we can have fish again”. 

Others mentioned mistrust of other sectors, referring to the allocation process and implying that 

his/her access to the resource is limited to benefit other user groups, which creates tensions among 

these groups (e.g. recreational or First Nations fisheries; 43%, n = 9). Participant 17 discussed his/her 

perception of unfair allocations:  

“It’s a hard pill to swallow when we're fishing [commercially] in areas and we can't keep coho yet 

there are 120 sports boats around us [retaining coho]”. 

 

Figure 7.2: Mentions of mistrust, either of management, among other sectors of the fishery, or both, made 

throughout the interviews despite not being directly asked about trust between management and fishing 

communities. 

 

 

Aside from issues of mistrust, three participants expressed the view that management of fishery 

resources was unnecessary because natural variations in fish populations self-regulate according to 

fishing pressure. Additionally, it was not uncommon for participants to discuss an opinion that 

management authorities (including management science) did not have sufficient understanding or 

information to guide decision-making (43%, n = 9). Participant 2 exemplified this by stating: 

“Now we've got people that don't know anything about the fishery running the fishery. They don't 

have any science, they don't have anything, but they know better.” 
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Participants most commonly selected ‘public opinion’ (48%, n = 10; Table 7.3) as the primary 

consideration for management decisions regarding selective fishing regulations. ‘Conservation’ was 

the next most commonly selected answer (24%, n = 5), followed by ‘industry needs’ (19%, n = 4). 

Five participants mentioned more than one consideration. Four participants suggested that decisions 

are not made in the best interest of any factor. Three participants discussed considerations aside from 

the options presented, including that management decisions are made to appease another user group 

or are made in reaction to crises. 

 

Table 7.3: Responses given for primary considerations for fishery management decisions by participants. 

Consideration No. Responses % of total 

Public opinion 8 38 

Conservation 3.5 17 

Industry 3 14 

Other considerations 4 19 

Unknown 3.5 12 

 

Participants gave a range of responses on whether enforcement of regulations was effective at 

improving compliance, or whether current enforcement activities are sufficient to support compliance 

(Table 7.4). On the topic of effectiveness of enforcement at improving compliance, 24% (n = 5) 

declared the presence of fisheries officers to be an effective means for improving compliance with 

regulations and 38% (n = 8) thought that current practices in enforcement are not effective at 

improving compliance. Of those who discussed enforcement effectiveness, 35% (n = 7) suggested 

that enforcement would never be an effective means of improving compliance either because they 

perceived fishers themselves to be self-regulating (n = 4), or because handling regulations are hard to 

enforce due to subjectivity and vessel variability (n = 3). Of participants who addressed sufficiency of 

enforcement presence during fishery openings, 47% (n = 8) thought there was sufficient enforcement 

and 53% (n = 9) thought enforcement presence was lacking.  
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Table 7.4: Responses to questions regarding sufficiency of enforcement presence during fisheries and 

effectiveness of enforcement at improving compliance. Enforcement sufficiency was perceived as either 

sufficient or insufficient, and effectiveness as effective, ineffective (but could be effective with changes), or will 

never be effective at improving compliance. Several participants also mentioned the need for changes to 

enforcement to improve compliance. 

Response No. Responses % 

Responses 

Illustrative Quote 

Enforcement 

Effectiveness 

20   

 Currently 

Effective 

5 25 “We all drive cars. You see a police car at the side of 

the road: do you go faster, or do you start to think, ‘ok 

I’ve been doing 10km over [the limit] for an hour, I 

guess I better knock her back a bit’. It’s human 

nature...And I’m not saying you have to go out and 

harass everyone but just have a presence." Participant 

15 

 Currently 

Ineffective 

8 40 "When we only have a 16-hour opening sometimes they 

come and they take sometimes an hour just to check the 

paperwork...And as for enforcement they already know 

everything.  They can just punch into their computer the 

boat name and number and they find out whether we got 

a license or not.” Participant 18 

 Enforcement 

will never be 

effective at 

improving 

compliance 

7 35 

“Like I say, what’s poor handling? The whole thing is – 

‘with the least possible harm’.” Participant 7 

Enforcement 

sufficiency 

17   

 Currently 

sufficient 

8 47 “You know you’ve got 6 guys riding in a raft and you’ve 

only got a 1 day fishery…I think there’s too much, 

there’s a lot of enforcement but there’s only a small 

amount of people. What kind of enforcement do you 

need on this kind of fishery?. I think it’s overkill 

sometimes.” Participant 13 

 Currently 

insufficient 

9 53 "It’s just a matter of being there right? You don’t have 

to do anything, maybe they might have to pinch 

somebody once in a while. Just being there, a presence 

[is needed]." Participant 2 

Enforcement 

methods need to 

change 

12 57 "Sometimes there’s a bit of disconnect between writing 

the regulations, having them published, putting them in 

the conditions of license and then enforcement branch, 

the C&P [(Conservation and Protection Branch)], are 

often not that knowledgeable on the intent of the 

regulations and trying to work with people. You often 

get a lot better response when you’re trying to enforce 

the rule when you just warn them.” Participant 1 

 

Responses addressing enforcement for the fishery most often described a need for changes to 

enforcement activities to ensure compliance throughout the fleet (57%, n = 12), including the need 

for increased coverage and operational changes. Suggested operational changes included that 
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enforcement reduce emphasis on some activities such as licence checks during open fishing hours 

which are perceived to negatively impact on limited fishing time (n = 4), and increase other activities 

that discourage non-compliance including increasing the use of warnings and ticketing (n = 2), or 

simply having an increased presence during fishery openings (n = 3).  

7.3.3. Opportunities to improve survival of released fish 

When asked if communication of regulations and suggested best handling practices was effective, 

most (62%, n = 13) indicated that communication was ineffective or could be improved (Figure 7.2). 

Most commonly, participants desired information regarding the outcomes of the selective fishing 

strategy (for example, if it has been successful at rebuilding fish populations, n = 7). Participant 13 

explained: 

“Why do we throw [fish] over? Because [managers] say it’s low stocks in different areas. So, for 20 

years where’s the information coming back to say - because you’ve done this for 20 years, we’re 

going to have a fishery, that’s what really bothers me…What I can see is that you’re doing something 

to protect the stocks and there’s no information coming back about why you did it.” 

Four participants stated that the communication of regulations and/or suggested best handling 

practices are vague or unclear. Conversely, approximately one third of participants (33%, n = 7) 

believed that communication of regulations and handling practices were effective and offered no 

suggestions for improvement.  
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Figure 7.3: Summary of responses to question of whether regulations and suggested best practices are 

effectively communicated to fishers by management. The ‘ineffective’ group includes both those specifically 

saying communication is ineffective as well as those providing means by which communication could be 

improved (i.e. where suggestions for improvement to communication were provided, we categorized this as an 

implication of ineffectiveness). 

 

 

Participants were specifically asked to list ideas for changes to improve the survival of released fish 

and then, in a separate question, what the most effective single change would improve the survival of 

released fish (effectiveness was defined to participants as “having greatest impact for fish survival at 

lowest cost to fishers”). The most common response given to both questions was the installation and 

use of release chutes on all boats (Table 7.5), with 42% (n = 8) of participants listing this as the single 

most effective solution.  
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Table 7.5: Summary of responses to questions regarding fishers’ ideas to improve the survival of released fish. 

Participants were asked generally to list their ideas for solutions (‘Multiple Solutions Listed’) and were then 

asked to choose what they thought would be the most effective change to improve the survival of released fish 

(‘Most Effective Solution’). 

Suggested solution Multiple solutions listed Most effective solution 

Total mentions 

(n) 

% of 

responses 

Total mentions 

(n) 

% of 

responses 

Chute use 13 22.4 7.5 37.5 

Better handling 10 17.2 1 5 

Full retention 7 12.1 2 10 

Changes to licensing 

system 

5 8.6 0.5 2.4 

Change attitudes  5 8.6 0 NA 

Improve communication 4 6.9 2 10 

Slow down fishery 4 6.9 1 5 

More regulatory control  

or enforcement 

4 6.9 2 10 

Remove corporate control 4 6.9 2 10 

Increase research 2 3.4 0 NA 

Chute use 13 22.4 7.5 37.5 

 

Release chutes are not a regulated piece of equipment for purse seining, but have been developed 

independently by fishers as an aid for releasing fish since the introduction of selective fishing 

regulations. Chutes were reported by participants to speed the sorting and release process, with the 

additional benefit of reducing the workload required to handle live fish. Over half of the participants 

(57%, n = 12) reported using a release chute designed and built to fit their vessel by the skipper, and 

that they observed increased survival among released fish as a result (i.e. observations of fish being 

released in better condition). Several (n = 4) participants reported that though they did not use a chute 

at the time of the interview, they thought it was a useful tool to improve survival of released fish. 

Another commonly mentioned solution was improvements to fish handling (n = 10), including some 

specific suggestions such as not holding fish by the tail prior to release (n = 2), and minimizing time 

fish spend exposed to air (n = 3). Others (n = 7) advocated for full retention of all salmon species, 

with most in this category believing a better conservation strategy would be to open fisheries for 

fewer days in the absence of non-retention regulations. There were also multiple and diverse 

suggestions for changes to fishery management, including licensing changes that may slow down 
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fishing operations (e.g., adoption of a quota system in all areas, as proposed in Jones and Walker 

1997; n = 5), more enforcement coverage (n = 4), increased communication between management 

and fishers (n = 4), and removing corporate ownership of fishing licenses (n = 4; see Haas et al. 2016, 

Table 7.5).  

 

7.4 Discussion 

As with the previous chapter, the overall objective of this work was to identify measures that can 

reduce discard mortality among non-target Pacific salmon. Using interview-based approaches, this 

research sought to explore commercial fishers’ perception of, and reasons for noncompliance with, a 

selective fishing policy within BC’s purse seine salmon fishery. Opportunities to improve the survival 

of the salmon species to be released were also explored. The fishing factor of ‘human behaviour’, 

including compliance measures, is often overlooked as a contributor to mortality among discarded 

fish.  I hypothesized that perceptions of validity of management actions among the fishing 

community influence likelihoods of conforming with suggested best practices, which have been 

designed to reduce impacts of capture to released fish. I predicted that fishers having a poor 

perception of management or of the validity of management actions are less likely to comply with 

suggested best handling practices. 

Indeed, the most prominent theme was an overall lack of trust. Mistrust was identified of those 

making management decisions for the fishery, in the decision-making process, and consequently, in 

the value of the resulting regulations. Disconnects between fishers and management was also 

apparent through perceptions among fishers of the need for improved information transfer. 

Participants had numerous suggestions for both improving compliance with suggested best practices 

and reducing mortality among released fish. Herein I will explore these apparent issues of trust, 

legitimacy of regulations, and communication, and discuss potential solutions.  
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7.4.1. Mistrust and Perceptions of Legitimacy 

The success of strategies designed to reduce the ecological impacts of fisheries is limited in 

environments of distrust, or if they are not perceived as effective and worthwhile by fishers (Nielsen 

Raakjær and Mathiesen 2003; Campbell and Cornwell 2008; Gilmour et al. 2011; Eayrs et al. 2015). 

Mistrust between fishing communities and fisheries management is a common barrier to productive 

relationships and underlies unwillingness to take on new regulatory burdens (Gilden and Conway 

2002, Harms and Sylvia 2001, Gray et al. 2012). Fisheries management decision-making typically 

follows a top-down structure centered in government departments that follow highly bureaucratic 

processes. Not only can this lead to delay relative to the pace of change among fish populations 

(Shertzer and Prager 2007), the arrangement is not conducive to cultivating trusting relationships 

between those making decisions and those outside of the process (Smith et al. 1999). Comments from 

Participant 6 capture this sentiment with respect to new regulatory procedures:  

“So it’s just one more thing, one more hoop to jump through…it’s called being disillusioned with 

bureaucracy through the Department of Fisheries.” 

In such an environment of mistrust in bureaucratic processes, or if there is dislike of assessment 

results or decisions, these processes can in turn become increasingly delayed, leading to protracted 

debate and ultimately increasing probability of stock declines (Shertzer and Prager 2007). 

Several examples of mistrust between fishing and management communities were apparent. For one, 

even though the stated mandate of DFO is to ensure that the conservation of the fisheries they 

manage is a first priority, the majority of participants responded that they thought public opinion, and 

not conservation, was the primary consideration guiding decisions. Of greater concern than this 

perception of public perception being the primary influence on management decisions, was the doubt 

expressed by some fishers regarding government scientists’ understanding of the issues within the 

fishery, without this issue being explicitly prompted. Although this was a minority opinion, it is 

surprising and points to deep issues of mistrust in fisheries management processes. Participant 4 was 

blunt:  
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“I don’t think they really know whether releasing them is working or not. I don’t think they have a 

good handle on how the stocks are doing.” 

Similar patterns of fishers believing that their government is unable to revive the stocks due to flawed 

science and inept management plans have led to destructive social situations and imperilled fisheries 

(e.g. the New England groundfishery; Acheson and Gardner 2014) 

It is true that Pacific salmon forecasting models typically have large uncertainties associated with 

them (Haeseker et al. 2008) and federal fisheries management in Canada has received criticism in 

recent years (Favaro et al. 2012; Hutchings and Post 2013; Price et al. 2017). Despite this, it is 

unsubstantiated to suggest that DFO managers and scientists do not understand the science 

incorporated into management or the limitations to forecasts and models. Prior to the start of each 

annual fishing season, management agencies forecast salmon abundances by region to provide input 

to planning by managers, industry, and First Nations. Annual Integrated Fisheries Management Plans 

combine the best available science and industry data on capacity to manage each fishery of a 

particular species in a given region. Forecasts and management guidelines are published publicly, and 

regulations are adjusted in-season according to updated abundance estimates. Additionally, DFO 

Science has been actively engaged implementing new methodology to estimate and improve 

understanding of mortality among discarded Pacific salmon (Patterson et al. 2017b,a). Thus, the 

minority claim that DFO management does not understand the problems facing the fisheries they 

manage is presumably rooted in mistrust and resentment.  

What is promising within this environment of distrust, is how participants emphasized that 

noncompliance activities and poor handling is only observed in a small portion of the fleet. 

Therefore, although there clearly exists distrust of management, these sentiments have not extended 

to fellow fishers within their fleet. Using various abalone fisheries as models of trust scenarios, 

Gilmour et al. (2011) determined that perceptions of high compliance within the fleet will lead to 

greater cooperation with voluntary conservation measures. However, even with high levels of trust, 
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stewardship behaviours may not occur if no benefits of cooperation are perceived or if benefits are 

not understood (Gilmour et al. 2011). 

7.4.2. Asymmetric Information Exchange  

A disconnect between fishers and management was also apparent through the expressed lack of 

communication from authorities. Specifically, several participants desired feedback to justify 

selective fishing policy regulations, or assessments of policy outcomes with respect to improving fish 

populations. Effective communication can improve trust between fishers and management through 

familiarization with scientific assessments, the techniques used, and with the people conducting them 

(Gray et al. 2012). For example, information produced through biotelemetry science, and particularly 

findings on condition and mortality among salmon bycatch specific to purse seine fisheries has been 

identified as an opportunity for increased communication and knowledge mobilization between 

scientists and managers in Pacific salmon fisheries (Young et al. 2013). Extending communication of 

the implications of this research and its use in fishery management to those who are impacted by the 

outcomes of these decisions could improve attitudes of trust and cooperation with handling 

regulations and recommendations.  

Participants did not elaborate on specific methods of improving communication, but rather focused 

on the content of communications. There was a specific desire for information regarding whether the 

release of salmon has been successful in rebuilding their populations. Without information 

communicated on the conservation value of regulations (e.g. survival of released fish to spawning, 

positive effects to depleted populations), the validity of the regulations and benefits of compliance 

will be questioned (Nielsen and Mathiesen 2003). Introduction of the selective fishing strategy truly 

transformed the industry with the goal of protecting less abundant stocks. Clearly fishers do not want 

their actions to cause the demise of these weaker populations, but change will not occur if people do 

not believe that the goals of revolutionary transformations are achievable (Eayrs et al. 2015).  
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7.4.3. Perceptions of Effective Changes and Potential Solutions  

Several potential solutions to improve survival of released fish were suggested by participants. These 

suggestions can generally be categorized as technical solutions or changes to management and 

enforcement.   

7.4.3.1. Technical solutions: Release chutes  

Participants commonly discussed the use of chutes to increase sorting efficiency and minimize 

handling time for fish, thus decreasing both the effort required to move fish overboard and the time 

that fish spend on deck prior to release. Where chutes are currently employed, their use is voluntary, 

and they have been independently designed to each vessel. Such scenarios of fishers participating in 

the development of gear or handling adaptations encourage compliance with regulations and ensure 

that modifications are practical for fishers (Hall et al. 2007, Campbell and Cornwell 2008). Further 

development of technical aids through research can help to improve their utility and facilitate uptake 

and use on other vessels. For example, Poisson et al. (2014) provide an excellent example of such an 

approach in the development of optimal release techniques for elasmobranch bycatch in tuna purse 

seine fisheries, where scientific observations were combined with fisher knowledge.  

Encouraging wider uptake of the use of chutes could be facilitated by management through 

recognizing their effectiveness and supporting their development among the fleet, or by including 

chutes as a requirement under the conditions of license. However, if incorporating the infrastructure 

into official regulatory frameworks, close collaboration with fishers would be required. Success 

would necessitate adequate incentives for their use throughout the fleet and, due to vessel differences 

and preferences, allow for flexibility in design.  

7.4.3.2. Management and enforcement changes 

The introduction of regulations that impose costs to fishers (e.g. reduced catch or slower operations) 

without incentives to counter these lost profits can result in noncompliance or modification of 

suggested practices (Pascoe et al. 2010). In BC’s commercial salmon fisheries, fishery openings 
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create a competitive ‘race-to-fish’ environment. Such open-access fisheries present what is referred to 

as a collective-action dilemma, where individuals lack incentive to protect the fish stocks (McCay 

2002; Acheson and Gardner 2014). Compliance with selective fishing regulations and prioritizing the 

release of non-target fish in the best way possible does slow fishing operations, imposing costs on 

fishers. Under these conditions, it is most rational for each individual to take as much product as 

quickly as possible despite this not being in the best long-term interest of the collective. Participant 8 

echoes this premise:  

“If you're going to fish in a derby style fishery, you only have 12 hours to catch as much fish as you 

can. So the non-target fish are going to suffer. That is a fact.” 

 

Both economic and social incentives have been used to promote practices that may improve the 

sustainability of fisheries (Grafton et al. 2006, Condie et al. 2014). All suggested management 

changes provided by interviewees would serve to change the incentives for fishers to comply with 

selective fishing regulations and support the adoption of recommended behaviours or infrastructure to 

improve the survival of released fish. For example, more rights- or shares-based fisheries 

management approaches encourage fishers to maximize the value of their catch through good 

handling and care (Casey et al. 1995). However, incorporating the ephemeral nature of the salmon 

fisheries, uncertainties in run-size forecasting, and in-season revisions to allowable catch would likely 

still contribute to a ‘race-to-fish’ attitude (Schwindt et al. 2003). Participant 16 acknowledged this 

challenge:  

“You could put a quota on the fishery. So each boat goes out and he’s got to catch 60,000 

pounds…but even when you’re fishing for 60,000 pounds you get ‘em as fast as you can because you 

don’t know how long they’re going to be there.” 

 

Social incentives, to modify behaviour and attitudes toward bycatch, can be created where fishers 

perceive their actions to benefit the community (e.g. rebuilding depleted fish populations; Pascoe et 

al. 2010). Fishers expressed concerns regarding the status of some salmon populations and 
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emphasized the need for increased communication on the conservation intent and value of 

regulations. Participant 17 exemplified these sentiments: 

"I think they could have better transparency as to why we have to release certain stocks. I think if 

people understand that, they might be more willing to comply." 

 

Optimal enforcement of regulations requires a balance of disincentives for noncompliance as well as 

development of social incentives from moral obligation to comply with regulations (including the 

perceived legitimacy of the regulations and effectiveness of the outcome; Keane et al. 2008). 

Relationships between fishing and management communities are also shaped by interactions with 

enforcement (Moon and Conway 2016). Purse seine fishers discussed the need for changes to 

enforcement of selective fishing. These changes can be summarized as a need for increased 

enforcement presence on the water, but a reduction in interactions perceived to be unnecessary (e.g., 

license checks). This suggests that increased perception of disincentives would improve compliance, 

but that negative interactions with enforcement contribute to mistrust between the fishing and 

management communities. Sentiments raised among most participants that the majority of the fleet 

do handle released fish appropriately indicates that exploring incentives contributing to voluntary 

compliance measures in fisheries, as detailed in Whitney et al. (2016), may facilitate uptake of 

unenforceable practices (e.g. fish handling behaviour, or voluntarily using a release chute) among the 

remainder of the fleet. 

7.4.4. Limitations to findings 

Though the number of participants was low, the overall size of the fleet is relatively small, and I believe 

the perspectives reported here to be representative of those in the purse seine fishery. The use of 

snowball sampling can over-emphasise cohesiveness in social networks between respondents accessed 

and can result in selection bias in participants due to the potential for inter-relationships (Van Meter 

1990). Such biases are unavoidably present. However, the population at study is very cohesive and 

experienced, with few newcomers. Information is typically unevenly distributed among fishers, being 
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concentrated among skippers, particularly those with long careers who are especially observant and 

who keep records; these are the most influential individuals that are consequently more likely to 

represent opinions at large (Neis et al. 1999).  

This study observed the perceptions and actions of fishers within the Pacific salmon purse seine fleet 

in response to conservation actions, but these results also need to be understood within the larger picture 

of management of the entire resource. The community under study is homogenous in terms of capture 

method, but also with respect to their values and objectives. However, considering all Pacific salmon 

fishery sectors in British Columbia, we are faced with a very heterogenous collective. Such 

heterogeneity tends to lead to environments where the goals of one group provide benefit at the expense 

of other groups and ultimately, limited agreement on rules (Acheson and Gardner 2014). Extending 

similar surveys regarding the handling of bycatch to other user groups would provide a more complete 

picture. Additionally, further research to compare the perspectives presented here to those involved in 

the management of these fisheries could provide insights into ways to cooperatively address issue of 

trust both among and within the diversity of user groups invested in the Pacific salmon resource. 

 

7.5 Management implications 

Conservation-based selective fishing regulations aim to manage fishing activity using ecological 

information on the status of salmon stocks and fishing-related mortality to determine whether certain 

species and populations should be retained or released. However, even with the most robust estimates 

of stock status and mortality, social factors introduce a source of uncertainty that cannot be accounted 

for in fishing mortality estimates, and therefore management models. These interviews highlighted 

how approaches to regulation development, communication, and implementation are critical in 

shaping the perspectives and attitudes of fishers, and therefore their support of management and 

conservation actions. The development of mistrust between fishers and management regulatory 
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decisions may impede cooperation with conservation action and adherence to voluntary best practices 

such as those for selective fishing (Gilmour et al. 2011). However, results suggest that the 

cooperative development of technical solutions, such as the design and use of release chutes, is a 

feasible action likely to improve the condition and survival of released fish that would also provide a 

platform for increasing communication on management actions.  

 

7.6 Conclusions 

As a concluding chapter aimed to develop and/or support practical solutions that could improve the 

condition of non-target fish upon release, I incorporated a human dimensions aspect. Through semi-

structured interviews, I explored the social contexts that modulate fisher behaviour and evaluated the 

effect they may have on the severity of capture experienced by discarded fish. I interviewer 21 fishers 

from the commercial purse seine fleet that fish for Pacific salmon. My questions all focused around 

their perceptions of selective fishing. Results revealed that attitudes towards regulations and 

managers are a primary determinant of compliance, and that substantial trust issues exist among the 

fishing community and those making management decisions. However, I also found that greater 

incentives for selective fishing practices and improved communication among the fishing, 

management, and scientific communities would likely enhance support for management systems 

among members of the purse seine fleet.   
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Chapter 8  Synthesis and implications of findings 

As a concluding chapter, I will first review my proposed hypothesis structure and predictions. I will 

then present themes that represent the most salient and novel scientific findings resulting from this 

work and within each, discuss avenues for future research. The use of Pacific salmon purse seine 

fisheries as a model system was practical both for meeting experimental objectives, but also in terms 

of relevance to Pacific salmon management. Indeed, many of my findings have direct implications to 

the management of purse seine fisheries, and to the management of the Pacific salmon resource as a 

whole. I will therefore also discuss the practical application of my findings with specific suggestions 

to improve the management of Pacific salmon purse seine fisheries in British Columbia.  

 

8.1 Hypothesis review 

My overarching hypothesis was that among non-target fish landed alive, post-release survival and the 

magnitude of physiological disruption are influenced by the specific capture experience of the 

individual, in addition to intrinsic fish characteristics. Within this main hypothesis, each chapter had a 

more detailed hypothesis framework that focused on aspects of capture (i.e., fishing factors) and 

intrinsic fish characteristics relevant to the given study population and system. Response variables 

also differed among chapters, providing a robust assessment of coping mechanisms associated with 

stress caused by a fishery interaction.  

All chapters supported my main hypothesis, though the relative importance of intrinsic fish 

characteristics and capture experience was context dependent. For example, Chapter 3 found that 

more than capture experience, the intrinsic factor of population led to large divergences in post-

release fate; that is, some populations were able to cope with the stress of capture more so than 

others. Chapter 6 identified both capture experience and intrinsic characteristics as being important. 

Although I was not able to directly quantify fate, I found that females and less mature fish were more 
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likely to sustain dermal injuries, and that how the gear is handled (and therefore experienced by the 

fish) influenced fish vitality. These two studies also provide support for the first of my two main 

predictions: that there is a negative relationship between survival probability and capture severity, 

and that the magnitude of impairment and mortality observed varies with intrinsic fish characteristics.  

My second prediction was that thresholds exist in fish responses to capture whereby after a given 

severity, fish will fail to recover physiologically, and/or their physical condition progressively 

deteriorates post-release. Chapters 4 and 5 both present robust evidence that dermal injuries have 

lasting effects on individual physiology, supporting this prediction. However, results did differ 

slightly with respect to probable mechanisms of mortality given dermal injury. After a certain 

severity of dermal trauma, study fish seemed to fail to recover osmoregulatory control (Chapter 4) 

and showed lasting immune responses with increased severity of injury (Chapter 5). In Chapter 6, I 

applied spline regression modeling to changes in plasma metabolite and hormone concentrations 

during exposure to capture stress. This modeling technique was a novel means to analyse physiology 

data and was effective in identifying specific thresholds in responses to individual capture stressors. 

My prediction regarding fish response was focused on physiological disruptions occurring after 

capture, as shown in my conceptual diagram in Figure 1.1, but did not include changes occurring 

during the capture process. However, the spline regression modeling from Chapter 6 evaluated 

physiological disruptions occurring during capture, highlighting the importance of capture duration 

within assessments of capture severity. Capture times are extended in many fisheries, especially 

commercial fisheries: durations of gear encounter could exceed an hour in the fishery at study. 

Therefore, perhaps more accurate is to also consider the duration of each stressor experienced in my 

conceptual diagram of fish responses. In this revised conceptual diagram, my prediction regarding 

survival does not change (see Figure 1.1B) but in terms of fish response, the probably of surpassing 

the threshold into a failure to recover from the capture event will increase the longer the fish is 

exposed to capture stress (Figure 8.1). Additionally, the slope of this relationship (i.e., the rate at 
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which fish approach the threshold) will increase with the severity of the stressor. My findings from 

Chapter 6 do support this prediction: a breaking point was identified in blood physiology sooner 

among fish exposed to air (6 minutes) than among fish exposed to crowding (15 minutes). Missing 

however, and a limitation of that chapter, is that because these fish were not monitored post-capture, I 

lack evidence of fitness consequences of the observed physiological disruptions occurring during 

capture.  
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Figure 8.1: A revised conceptual diagram of my hypotheses and predictions. Capture severity, the main 

predictor of interest, is a measure of the specific capture experience of the individual that encompasses 

numerous fishing factors (i.e., measurable factors associated with the capture process that may determine 

characteristics of the stress coping response and fate for a captured fish; A). Most fishing factors will have a 

temporal aspect (e.g., duration of air exposure, entanglement, or crowding). In terms of fish response, I 

predicted that although in many instances fish can recover from the event, there exist thresholds in fish 

responses to capture whereby after a given severity, fish condition will progressively deteriorate post-release 

(B). However, my results also suggest that the duration of stress exposure during capture is important. Duration 

of stress exposure during capture may dictate the probability of a fish surpassing the threshold into a non-

recoverable state, and the rate at which this will occur is dependent on the severity of the stress (C).    
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8.2 Summary of main findings and their management implications 

Within this research, several novel findings and/or themes emerged that are important both for 

advancing our fundamental knowledge of fish biology, and improving the management of Pacific 

salmon fisheries, particularly purse seine fisheries.   

8.2.1. The severity of dermal injuries varies with intrinsic fish characteristics and causes 

lasting effects to osmoregulatory and immune function  

To conclude Chapter 2, a review, I conducted a severity assessment based on the magnitude, 

duration, and likelihood of a response for various stressors experienced by released fish among select 

commercial gear types. Exhaustion and injury were identified as the most detrimental and ubiquitous 

stressors, with few options for mitigating their severity. However, my subsequent chapters 

collectively suggest that within my model system, dermal injuries are most harmful, resulting in 

mortality and/or lasting physiological changes. In Chapter 4 I compared the effects of injuries to 

exhaustion. I concluded that while reflex impairments, indicative of exhaustion, may be more 

important to predicting immediate and short-term survival, fish with dermal injuries experience more 

prolonged physiological disruption. Likewise, in Chapter 3, the only chapter in which I was able to 

directly quantify fate in the wild, vitality assessments revealed scale loss to be a stronger predictor of 

success than reflex impairment.   

There is now a wealth of research confirming that fish released with dermal injuries have lower 

survival probabilities, which are further reduced with increasing severity of injury (Suuronen et al. 

1996b; Butcher et al. 2010; Marçalo et al. 2010; Olsen et al. 2012; Keefer et al. 2017). The research 

herein adds to this evidence, as scale loss was predictive of either fate or the magnitude of post-

capture responses in every study in which it was measured. Additionally, several novel findings 

emerged with respect to dermal injuries. For one, intrinsic factors (e.g., sex and maturity; Chapter 6) 

influenced the severity of dermal injuries whereby injuries progress faster in less mature and female 
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chum salmon. Additionally, dermal injuries caused a failure of osmoregulatory control (Chapter 4) 

and had lasting effects to immune function (Chapter 5). 

There have been previous attempts to identify mechanisms of mortality associated with dermal 

injuries, but results are inconclusive. Researchers have surmised that mortality given scale loss is 

attributed in part to resulting osmoregulatory imbalances (Zydlewski et al. 2010; Olsen et al. 2012), 

stress (Olsen et al. 2012), and/or secondary infections (Baker and Schindler 2009; Keefer et al. 

2017). My results provide support for two of these explanations. In Chapter 4, I observed a failure to 

recover ion homeostasis among injured fish. Conversely, in Chapter 5, with increasing scale loss 

inflammatory response genes become upregulated and those involved with anti-viral responses 

downregulated. Scale loss additionally predicted RIB in this study. Interestingly, I observed no 

irregularities in the expression of osmoregulatory genes with scale loss. Unfortunately, immune 

function or infection burdens were not quantified in Chapter 4. Therefore it is possible that the lack of 

osmoregulatory control could have stemmed from secondary effects of infection (Jeffries et al. 2013).  

The finding of dermal injuries potentially impairing osmoregulatory and immune processes is 

significant for Pacific salmon captured in coastal waters. Adult Pacific salmon remodel their 

osmoregulatory physiology in preparation for freshwater entry, a process that begins long before 

river-entry (Shrimpton et al. 2005). Any latent effects of dermal injuries on osmoregulatory capacity 

during this period prior and during transition to freshwater, likely also a time of high natural mortality 

(Cooke et al. 2006b), could have a substantial impact on migration success. Pacific salmon are also 

particularly susceptible to dermal injuries in the marine environment when secondary sexual 

characteristics haven’t yet developed, and scales are loose, as shown in Chapter 6. Upon transition to 

riverine environments, return migrants are exposed to a diversity of new infectious agents and 

warmer water temperatures (Miller et al. 2014); impaired immune function during this time could 

therefore also be consequential.  
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Understanding the mechanisms of mortality given dermal injury, particularly the interactive effects of 

immune function and osmoregulatory processes is a fruitful area for future research. Specifically, 

further experimentation to understand the effects of damage to the integument in marine waters 

relative to freshwater within Pacific salmon. Particularly relevant would be a comparative assessment 

of effects to immune and osmoregulatory function following dermal injury as return migrants 

transition from marine to in-river environments. 

8.2.2. Energy conservation strategies following air exposure may facilitate survival 

Air exposure was also identified as a capture stressor that caused substantial physiological 

disturbance, as covered in my Chapter 2 review. For example, exposure to hypoxia caused 

widespread downregulation of many genes that lasted for up to 5 days. Nonetheless, some chum 

salmon survived up to 12 minutes of direct air exposure (detailed in Chapter 6). This finding is novel, 

and interesting given that adult Pacific salmon have relatively high requirements for oxygen and are 

thought to have poor tolerance of anoxia (Farrell 2009). Additionally, several in-river studies have 

observed increased post-release mortality given capture scenarios involving only 1 minute of air 

exposure (Donaldson et al. 2011, 2012; Raby et al. 2015a). Despite the lack of mortality, in Chapter 6 

experimental air exposure did lead to severe impairment, with the time between 1 and 3 minutes 

identified as being important to survival outcomes, a conclusion based on relationships between 

reflex impairment and mortality derived from research with other salmonid species [for example in 

Chapter 3 and Raby et al. 2014a, 2015c]. Additionally, Chapter 6 spline regression results showing 

how blood physiology changes with air exposure were interpreted as endogenous energy stores 

having become exhausted after 6 minutes. Yet, immediate survival was high in these studies for chum 

salmon. In chapter 5, I contend that the widespread downregulation of many stress and immune genes 

was an energy-saving mechanism. This is potentially a coping mechanism that facilitated the high 

observed survival. It is unknown however how survival would compare if these fish had of been 
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released to the wild; with air exposure causing such high impairment, survival would likely be 

comparatively lower.  

The combination of high survival, compromised physical state (i.e., inability to respond to stimuli), 

and physiological disruption with air exposure leads to many fundamental research questions. The 

consequences of fishing-induced stressors and injuries for released fish are largely determined by 

their severity in relation to species-specific tolerances. Within the fishing community, chum salmon 

are anecdotally resilient relative to other Pacific salmon species; are capabilities to withstand air 

exposure species-specific? What are the long-term effects of such extensive genomic downregulation 

resulting from air exposure? Is the high survival simply a factor of fish having been released to 

captivity rather than released to the wild? These questions are all worthy of further experimentation 

in other systems.  

8.2.3. Substantial variability is inherent to estimates of post-release mortality among non-

target fish 

For most Pacific salmon fisheries in BC, openings are dictated by numbers of non-target salmon 

encountered, the pre-determined level of allowable fishing mortality for all species encountered, the 

catch composition, and an estimate of assumed release mortality for non-target species (Fisheries and 

Oceans Canada 2001).  Consequently, release mortality estimates based on available data (e.g., 

Chapter 3 mortality estimates) have consequently been applied to all non-target salmon species 

encountered in Pacific salmon fisheries for each gear type and capture location. All research chapters 

identified some factor that may add variability to these estimates including, for example, population 

(Chapter 3), sex and maturity (Chapter 6), severity of injury incurred (Chapter 4 and 5), specific 

fishing and handling methods (Chapter 6), and compliance with suggested best handling practices 

(Chapter 7). Therefore, a mortality estimate obtained in one situation for a species can not be applied 

to another context. Further research is required to understand the range of mortality expected and/or 

the factors contributing to variability in mortality estimates.  
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I was only able to directly quantify fate using telemetry in Chapter 3 where among tagged coho 

salmon, mortality estimates differed between populations by up to 20% in the short term (mean of 4 

days) and 28% over the long term (to river entry). Although mortality resulting from a fishery 

interaction is commonly compared among treatment groups of, for example, gear type (Donaldson et 

al. 2011, 2013; Bass et al. 2018), temperature (Gale et al. 2013; Teffer et al. 2018) and with sex 

(Patterson et al. 2004; Crossin et al. 2008), needed is more research in which fisheries are simulated 

to the extent realistically possible such that the range of expected mortality can be determined. 

Particularly lacking from our understanding of factors contributing to variability in mortality 

estimates include: 1) vessel-specific differences, which would encompass variability in compliance 

with suggested best handling practices, 2) the effects of capture location and/or level of maturity, 

especially during the marine to freshwater transition period, and 3) sex-specific differences when fish 

are early in their reproductive maturation (i.e., in the ocean or shortly after freshwater entry).  

 

8.3 Management implications 

Pacific salmon fisheries encounter mixed species and populations, are conducted using various gear 

types by divergent user groups, and target and release fish that undergo dramatic biological changes 

throughout their migration. Their management is thus exceptionally complex, and strategies cannot 

be generic across all fisheries and species. Nonetheless, my research has identified specific actions 

that could improve the condition of non-target salmon released from purse seines that in some 

instances, could also be extended to other gear types or systems.  

Any means to reduce injury or encounter times among non-target fish would improve post-release 

survival outcomes. Although this is an intuitive statement, my research repeatedly identified injury as 

a primary factor potentially limiting the success of released fish, and thus injury reduction should be a 

focus when considering potential improvements to handling in any fishery employing release 

measures. In general, this can often be accomplished by reducing the encounter time (and thus 
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probability and/or duration entanglement) and in net fisheries, by ensuring that mesh size is matched 

to non-target fish size to the extent practically possible such that non-target fish are not gilled (i.e., 

restrained by the operculum) or enmeshed in the netting. Specific to purse seine fisheries, practical 

tools and strategies do exist that could limit the severity of injury and duration of encounter. These 

include the use of sorting tables and release chutes, and regulating brailer size to prevent crushing, 

initiatives that are currently adopted voluntarily among some fishers. Adding these small changes to 

the conditions of license in purse seine fisheries could improve the welfare of non-target fish.     

The finding of greater dermal injury in females compared to males and that injuries progressed faster 

in less mature chum salmon also has important management implications. The potential for non-

target fish to suffer greater mortality earlier in the fishing season (i.e., when they are more likely to be 

‘silver’) is certainly a consideration that could be integrated into management models. For example, 

mortality estimates applied to non-target fish in each fishery could be adjusted to reflect increased 

vulnerability to capture early in the season and increased resiliency later in the season. The 

overarching management strategy for Pacific salmon is that managers are presented with an estimate 

of loss for a given population so that harvest levels can be adjusted to proactively reach desired 

probability of achieving escapement goals (i.e., the target number of fish surviving to reach their natal 

spawning grounds; Macdonald et al. 2010). Corroborating my finding of increased dermal injuries in 

females are several other studies showing females to be more vulnerable to the effects of capture 

(Patterson et al. 2004; Crossin et al. 2008; Jeffries et al. 2012a; Martins et al. 2012; Robinson et al. 

2013; Gale et al. 2014). A conservative management approach that considers the reproductive value 

of females would therefore be to regulate the fishery according to female-specific responses to 

capture. Presently, escapement goals are sex-neutral (i.e., there is no mention of sex-specific goals in 

regulatory frameworks; Patterson et al. 2016). However, it would certainly be possible to have sex-

specific escapement goals and apply female-based mortality estimates for discarded fish to fisheries 

for which such data are available.  
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While these strategies could improve the sustainability of Pacific salmon fisheries, it is known that a 

lack of support from resource users (i.e., fishers) will limit the success of management actions. For 

example, mortality estimates achieved through research are only applicable if fish are handled in a 

similar means during commercial operations, and high compliance with suggested best handling 

practices only occurs if such practices are believed to be effective (Campbell and Cornwell 2008; 

Gilmour et al. 2011; Acheson and Gardner 2014). Through my human dimensions work, I surmise 

that improved communication and transparency among our management systems, extending to the 

scientific community as well as those working in management and enforcement, could have a 

positive effect on the fate of released fish. An emergent theme among fishers I interviewed included a 

mistrust of management and of the rationale underpinning management actions. Increasing 

information flow through further engagement could improve support for conservation measures 

generally. This is especially applicable to strategies requiring changes to fisher behaviour, including 

updating conditions of license to include the use of sorting tables and release chutes in purse seine 

fisheries.  

 

8.4 Conclusions 

The research of this doctoral thesis added to our fundamental knowledge of chemical and molecular 

responses to stress in fish and is informative to the management of Pacific salmon released from 

purse seine fisheries. Of note, however, is that although my focus throughout has been on the survival 

of released fish, and I consequently provide recommendations of how mortality of released fish could 

be reduced, an important consideration is that releasing fish is not always an appropriate management 

action. In fisheries where the condition of non-target fish is so low that survival probability upon 

release is unlikely, research needs to instead focus on reducing encounter rates (Cox et al. 2007; 

Carruthers et al. 2009). Only if the odds of surviving capture and handling are high should methods to 

improve fish condition upon release be investigated (Carruthers et al. 2009; Poisson et al. 2014). 
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A further complexity, however, is that in most commercial fisheries, including those targeting Pacific 

salmon in BC, there exist fundamental knowledge gaps hindering the development of policies to 

reduce discard mortality. Even if strategies are developed to mitigate the trauma inflicted on non-

target fish that are based on scientifically-defensible results, a lack of performance standards, 

inadequate observer coverage, and incomplete data collection, can hinder assessing their efficacy 

(Gilman 2011). Ultimately, support from fishers is inevitably required for the successful 

implementation of policies that aim to improve fish welfare.  

The importance of human dimensions research, as evaluated in Chapter 8, cannot be overstated. 

Ultimately, our oceans are wide expanses and fisheries will always require some level of self-

regulation. Through the process of conducting this research, I became integrated within the 

commercial purse seine fleet, a small group of fishers with extensive experience in the industry. I 

developed a new appreciation for the social challenges that inhibit the transfer of scientific findings to 

effective management in this fishery, a challenge likely present in all global fisheries. However, I am 

also increasingly aware that my study system represented but one sector of the Pacific salmon 

resource; a piece of a complex puzzle of political, cultural, and ecological importance that is fueled 

by a polarized and pervasive public discourse surrounding the current state of our wild salmon stocks. 

Encouragingly, my research, as well as other studies (e.g., Donaldson et al. 2013; Nguyen et al. 2013; 

Raby et al. 2014a) have identified that fishers in Pacific salmon fisheries are open to conservation 

strategies which, when combined with accurate and defensible scientific advice and effective 

management, is an essential component of achieving sustainable fisheries .  

  



202 
 

Works Cited 
 

Acheson, J. and Gardner, R. (2014) Fishing failure and success in the Gulf of Maine: lobster and 

groundfish management. Maritime Studies 13, 1–21. 

Agresti, A. (2010) Analysis of ordinal categorical data, Second Edi. John Wiley & Sons., Hoboken, 

New Jersey. 

Alos, J., Palmer, M., Grau, A.M. and Deudero, S. (2008) Effects of hook size and barbless hooks on 

hooking injury, catch per unit effort, and fish size in a mixed-species recreational fishery in the 

western Mediterranean Sea. ICES Journal of Marine Science 65, 899–905. 

Aluru, N. and Vijayan, M.M. (2009) Stress transcriptomics in fish: a role for genomic cortisol 

signaling. General and comparative endocrinology 164, 142–50. 

Alverson, D.L., Freeberg, M.H., Pope, J.G. and Murawski, S.A. (1994) A global assessment of 

fisheries bycatch and discards: FAO Fisheries Technical Paper 339. Rome, Italy. 

Aneesh Kumar, K. V., Pravin, P. and Meenakumari, B. (2016) Bait, bait loss, and depredation in 

pelagic longline fisheries: A review. Reviews in Fisheries Science & Aquaculture 24, 295–304. 

Arends, R.J., Mancera, J.L., Munoz, S.E., Wendelaar Bonga, S. and Flik, G. (1999) The stress 

response of the Gilthead Sea Bream (Sparus aurata L.) to air exposure and confinement. Journal of 

Endocrinology, 1, 149-157. 

Ashton, N.K., Liss, S.A., Walker, R.W., et al. (2017) How low can you go? Determining a size 

threshold for implantation of a new acoustic transmitter in age-0 white sturgeon. Northwest Science 

91, 69–80. 

Avella, M., Schreck, C.B. and Prunet, P. (1991) Plasma prolactin and cortisol concentrations of 

stressed coho salmon, Oncorhynchus kisutch, in fresh water or salt water. General and Comparative 

Endocrinology 81, 21–27. 

Avendaño-Herrera, R., Toranzo, A.E. and Magariños, B. (2006) Tenacibaculosis infection in marine 

fish caused by Tenacibaculum maritimum: A review. Diseases of Aquatic Organisms 71, 255–266. 

Bahamon, N., Sardà, F. and Suuronen, P. (2006) Improvement of trawl selectivity in the NW 

Mediterranean demersal fishery by using a 40 mm square mesh codend. Fisheries Research 81, 15–

25. 

Baker, M.R. and Schindler, D.E. (2009) Unaccounted mortality in salmon fisheries: Non-retention in 

gillnets and effects on estimates of spawners. Journal of Applied Ecology 46, 752–761. 

Baker, M.R., Swanson, P. and Young, G. (2013) Injuries from non-retention in gillnet fisheries 

suppress reproductive maturation in escaped fish. PLoS ONE 8, e69615. 

Baker, M.R. and Vynne, C.H. (2014) Cortisol profiles in sockeye salmon: Sample bias and baseline 

values at migration, maturation, spawning, and senescence. Fisheries Research 154, 38–43. 

Banks, G.C., Pollack, J.M., Bochantin, J.E., Kirkman, B.L., Whelpley, C.E. and O’Boyle, E.H. 

(2016) Management’s science-practice gap: A grand challenge for all stakeholders. Academy of 

Management Journal 59, 2205–2231. 



203 
 

Barber, J.S. and Cobb, J.S. (2007) Injury in trapped dungeness crabs (Cancer magister). ICES 

Journal of Marine Science 64, 464–472. 

Barkley, A.S. and Cadrin, S.X. (2012) Discard mortality estimation of yellowtail flounder using 

Reflex Action Mortality Predictors. Transactions of the American Fisheries Society 141, 638–644. 

Bartholomew, A. and Bohnsack, J.A. (2005) A review of catch-and-release angling mortality with 

implications for no-take reserves. Reviews in Fish Biology and Fisheries 15, 129–154. 

Barton, B.A. (2002) Stress in fishes: a diversity of responses with particular reference to changes in 

circulating corticosteroids. Integrative and Comparative Biology 42, 517–525. 

Barton, K. (2018) MuMIn: Multi-model inference R package version 1.40.4. 

Bass, A.L., Hinch, S.G., Casselman, M.T., Bett, N.N., Burnett, N.J., Middleton, C.T. and Patterson, 

D.A. In Press. Visible gillnet injuries predict migration and spawning failure in adult sockeye salmon. 

Transactions of the American Fisheries Society. 

Bass, A.L., Hinch, S.G., Patterson, D.A., Cooke, S.J. and Farrell, A.P. (2018) Location-specific 

consequences of beach seine and gillnet capture on upriver-migrating sockeye salmon migration 

behavior and fate. Canadian Journal of Fisheries and Aquatic Sciences 999, 1–13. 

Bass, A.L., Hinch, S.G., Teffer, A.K., Patterson, D.A. and Miller, K.M. (2017) A survey of 

microparasites present in adult migrating Chinook salmon (Oncorhynchus tshawytscha) in 

southwestern British Columbia determined by high-throughput quantitative polymerase chain 

reaction. Journal of Fish Diseases 40, 453–477. 

Beacham, T.D., Candy, J.R., Jonsen, K.L., et al. (2005) Estimation of Stock Composition and 

Individual Identification of Chinook Salmon across the Pacific Rim by Use of Microsatellite 

Variation. Transactions of the American Fisheries Society 135, 861–888. 

Beacham, T.D., Wetklo, M., Deng, L. and MacConnachie, C. (2011) Coho salmon population 

structure in North America determined from microsatellites. Transactions of the American Fisheries 

Society 140, 253–270. 

Beamish, R.J., Riddell, B.E., Neville, C.M., Thomson, B.L. and Zang, Z. (1995) Declines in Chinook 

salmon catches in the Strait of Georgia in relation to shifts in the marine environment. Fisheries 

Oceanography 4, 243–256. 

Beamish, R.J., Sweeting, R.M., Lange, K.L., Noakes, D.J., Preikshot, D. and Neville, C.M. (2010) 

Early marine survival of coho salmon in the Strait of Georgia declines to very low levels. Marine and 

Coastal Fisheries 2, 424–439. 

Beardsall, J.W., McLean, M.F., Cooke, S.J., Wilson, B.C., Dadswell, M.J., Redden, A.M. and 

Stokesbury, M.J.W. (2013) Consequences of incidental otter trawl capture on survival and 

physiological condition of threatened Atlantic sturgeon. Transactions of the American Fisheries 

Society 142, 1202–1214. 

Begg, G.A., Friedland, K.D. and Pearce, J.B. (1999) Stock identification and its role in stock 

assessment and fisheries management: An overview. Fisheries Research 43, 1–8. 

Begg, G.A. and Waldman, J.R. (1999) A holistic approach to fish stock identification. Fisheries 

Research 43, 35–44. 



204 
 

Bell, J.D. and Lyle, J.M. (2016) Post-capture survival and implications for by-catch in a multi-species 

coastal gillnet fishery. PLoS ONE 11, e0166632. 

Benfey, T.J., Dye, H.M., Solar, I.I. and Donaldson, E.M. (1989) The growth and reproductive 

endocrinology of adult triploid Pacific salmonids. Fish Physiology and Biochemistry 6, 113–120. 

Bennett, N.J., Roth, R., Klain, S.C., et al. (2017) Conservation social science: Understanding and 

integrating human dimensions to improve conservation. Biological Conservation 205, 93–108. 

Benoît, H.P. and Allard, J. (2009) Can the data from at-sea observer surveys be used to make general 

inferences about catch composition and discards? Canadian Journal of Fisheries and Aquatic Sciences 

66, 2025–2039. 

Benoît, H.P., Hurlbut, T. and Chassé, J. (2010) Assessing the factors influencing discard mortality of 

demersal fishes using a semi-quantitative indicator of survival potential. Fisheries Research 106, 

436–447. 

Benoît, H.P., Hurlbut, T., Chassé, J. and Jonsen, I.D. (2012) Estimating fishery-scale rates of discard 

mortality using conditional reasoning. Fisheries Research 125–126, 318–330. 

Benoît, H.P., Plante, S., Kroiz, M. and Hurlbut, T. (2013) A comparative analysis of marine fish 

species susceptibilities to discard mortality: Effects of environmental factors, individual traits, and 

phylogeny. ICES Journal of Marine Science 70, 99–113. 

Bettoli, P.W. and Scholten, G.D. (2006) Bycatch rates and initial mortality of paddlefish in a 

commercial gillnet fishery. Fisheries Research 77, 343–347. 

Birkeland, C. and Dayton, P.K. (2005) The importance in fishery management of leaving the big 

ones. Trends in Ecology and Evolution 20, 356–358. 

Biro, P.A. and Post, J.R. (2008) Rapid depletion of genotypes with fast growth and bold personality 

traits from harvested fish populations. Proceedings of the National Academy of Sciences 105, 2919–

2922. 

Black, E.C. (1958) Hyperactivity as a lethal Factor in fish. Journal of the Fisheries Research Board of 

Canada 15, 573–586. 

Blanco, M., Sotelo, C.G., Chapela, M.J. and Pérez-Martín, R.I. (2007) Towards sustainable and 

efficient use of fishery resources: present and future trends. Trends in Food Science and Technology 

18, 29–36. 

Blomquist, J., Bartolino, V. and Waldo, S. (2015) Price premiums for providing eco-labelled seafood: 

Evidence from MSC-certified cod in Sweden. Journal of Agricultural Economics 66, 690–704. 

Borges, L., Cocas, L. and Nielson, K.N. (2016) Discard ban and balanced harvest: A contradiction? 

ICES Journal of Marine Science 73, 1632–1639. 

Boshra, H., Li, J. and Sunyer, J.O. (2006) Recent advances on the complement system of teleost fish. 

Fish and Shellfish Immunology 20, 239–262. 

Broadhurst, M.K., Millar, R.B. and Brand, C.P. (2009) Mitigating discard mortality from dusky 

flathead platycephalus fuscus gillnets. Diseases of Aquatic Organisms 85, 157–166. 



205 
 

Broadhurst, M.K., Millar, R.B., Brand, C.P. and Uhlmann, S.S. (2008a) Mortality of discards from 

southeastern Australian beach seines and gillnets. Diseases of Aquatic Organisms 80, 51–61. 

Broadhurst, M.K., Suuronen, P. and Hulme, A. (2006) Estimating collateral mortality from towed 

fishing gear. Fish and Fisheries 7, 180–218. 

Broadhurst, M.K., Uhlmann, S.S. and Millar, R.B. (2008b) Reducing discard mortality in an estuarine 

trawl fishery. Journal of Experimental Marine Biology and Ecology 364, 54–61. 

Brownscombe, J.W., Danylchuk, A.J., Chapman, J.M., Gutowsky, L.F.G. and Cooke, S.J. (2017) 

Best practices for catch-and-release recreational fisheries – angling tools and tactics. Fisheries 

Research 186, 693–705. 

Brownscombe, J.W., Thiem, J.D., Hatry, C., Cull, F., Haak, C.R., Danylchuk, A.J. and Cooke, S.J. 

(2013) Recovery bags reduce post-release impairments in locomotory activity and behavior of 

bonefish (Albula spp.) following exposure to angling-related stressors. Journal of Experimental 

Marine Biology and Ecology 440, 207–215. 

Bruick, R. (2003) Oxygen sensing in the hypoxic response pathway: regulation of the hypoxia-

inducible transcription factor. Genes & Development 17, 2614–2623. 

Buchanan, S., Farrell, A.P., Fraser, J., Gallaugher, P., Joy, R. and Routledge, R. (2002) Reducing gill-

net mortality of incidentally caught coho salmon. North American Journal of Fisheries Management 

22, 1270–1275. 

Burnham, K.P. and Anderson, D.R. (2003) Model selection and multi-model inference: A practical 

information-theoretic approach. Springer Science and Buisness Media, New York, NY. 

Busch, D.S. and Hayward, L.S. (2009) Stress in a conservation context: A discussion of 

glucocorticoid actions and how levels change with conservation-relevant variables. Biological 

Conservation 142, 2844–2853. 

Butcher, P.A., Broadhurst, M.K., Hall, K.C., Cullis, B.R. and Nicoll, R.G. (2010) Scale loss and 

mortality in angled-and-released eastern sea garfish (Hyporhamphus australis). ICES Journal of 

Marine Science 67, 522–529. 

Butler, C.F. (2005) More than fish: Political knowledge in the commercial fisheries of British 

Columbia. 

Cade, B.S. (2015) Model averaging and muddled multimodel inferences. Ecology 96, 2370–2382. 

Caipang, C.M.A., Lazado, C.C., Brinchmann, M.F., Rombout, J.H.W.M. and Kiron, V. (2011) 

Differential expression of immune and stress genes in the skin of Atlantic cod (Gadus morhua). 

Comparative biochemistry and physiology. Part D, Genomics & proteomics 6, 158–62. 

Campana, S.E., Joyce, W. and Manning, M.J. (2009) Bycatch and discard mortality in commercially 

caught blue sharks prionace glauca assessed using archival satellite pop-up tags. Marine Ecology 

Progress Series 387, 241–253. 

Campbell, L. and Cornwell, M. (2008) Human dimensions of bycatch reduction technology: Current 

assumptions and directions for future research. Endangered Species Research 5, 325–334. 



206 
 

Campbell, M.D., Tolan, J., Strauss, R. and Diamond, S.L. (2010) Relating angling-dependent fish 

impairment to immediate release mortality of red snapper (Lutjanus campechanus). Fisheries 

Research 106, 64–70. 

Carruthers, E.H., Schneider, D.C. and Neilson, J.D. (2009) Estimating the odds of survival and 

identifying mitigation opportunities for common bycatch in pelagic longline fisheries. Biological 

Conservation 142, 2620–2630. 

Cash, D.W., Clark, W.C., Alcock, F., et al. (2003) Knowledge systems for sustainable development. 

Proceedings of the National Academy of Sciences 100, 8086–8091. 

Ceballos-Francisco, D., Cordero, H., Guardiola, F.A., Cuesta, A. and Esteban, M.A. (2017) Healing 

and mucosal immunity in the skin of experimentally wounded gilthead seabream (Sparus aurata L). 

Fish and Shellfish Immunology 71, 210–219. 

Child, D. (2006) The essentials of factor analysis, 3rd edn. Bloomsbury Academic, New York, NY. 

Chittenden, C.M., Melnychuk, M.C., Welch, D.W. and McKinley, R.S. (2010) An investigation into 

the poor survival of an endangered coho salmon population. PLoS ONE 5, e10869. 

Chopin, F.S.S. and Arimoto, T. (1995) The condition of fish escaping from fishing gears-a review. 

Fisheries Research 21, 315–327. 

Christensen, V., Guénette, S., Heymans, J.J., et al. (2003) Hundred-year decline of North Atlantic 

predatory fishes. Fish and Fisheries 4, 1–24. 

Chuenpagdee, R., Morgan, L.E., Maxwell, S.M., Norse, E.A. and Pauly, D. (2003) Shifting gears: 

Assessing collateral impacts of fishing methods in US waters. Frontiers in Ecology and the 

Environment 1, 517–524. 

Cockrem, J.F. (2013) Individual variation in glucocorticoid stress responses in animals. General and 

Comparative Endocrinology 181, 45–58. 

Coggins, L.J., Catalano, M.J., Allen, M.S., Pine, W.E. and Walters, C.J. (2007) Effects of cryptic 

mortality and the hidden costs of using length limits in fishery management. Fish and Fisheries 8, 

196–210. 

Cohen, N. and Arieli, T. (2011) Field research in conflict environments: Methodological challenges 

and snowball sampling. Journal of Peace Research 48, 423–435. 

Cole, R.G., Alcock, N.K., Handley, S.J., et al. (2003) Selective Capture of blue cod Parapercia colias 

by potting: behavioural observations and effects of capture method on pre-mortem fatigue. Fisheries 

Research 60, 381–392. 

Colotelo, A.H., Cooke, S.J., Blouin-Demers, G., Murchie, K.J., Haxton, T. and Smokorowski, K.E. 

(2013a) Influence of water temperature and net tending frequency on the condition of fish bycatch in 

a small-scale inland commercial fyke net fishery. Journal for Nature Conservation 21, 217–224. 

Colotelo, A.H., Raby, G.D., Hasler, C.T., Haxton, T.J., Smokorowski, K.E., Blouin-Demers, G. and 

Cooke, S.J. (2013b) Northern pike bycatch in an inland commercial hoop net fishery: Effects of water 

temperature and net tending frequency on injury, physiology, and survival. Fisheries Research 137, 

41–49. 



207 
 

Condie, H.M., Grant, A. and Catchpole, T.L. (2014) Incentivising selective fishing under a policy to 

ban discards; lessons from European and global fisheries. Marine Policy 45, 287–292. 

Cook, K. V., Brown, R.S., Daniel Deng, Z., Klett, R.S., Li, H., Seaburg, A.G. and Brad Eppard, M. 

(2014a) A comparison of implantation methods for large PIT tags or injectable acoustic transmitters 

in juvenile Chinook salmon. Fisheries Research 154, 213–223. 

Cook, K. V., Crossin, G.T., Patterson, D.A., Hinch, S.G., Gilmour, K.M. and Cooke, S.J. (2014b) 

The stress response predicts migration failure but not migration rate in a semelparous fish. General 

and Comparative Endocrinology 202, 44–49. 

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, 452–461. 

Cook, K. V., O’Connor, C.M., McConnachie, S.H., Gilmour, K.M. and Cooke, S.J. (2012) Condition 

dependent intra-individual repeatability of stress-induced cortisol in a freshwater fish. Comparative 

biochemistry and physiology. Part A, Molecular & integrative physiology 161, 337–43. 

Cooke, S.J., Crossin, G.T., Patterson, D.A., et al. (2005) Coupling non-invasive physiological 

assessments with telemetry to understand inter-individual variation in behaviour and survivorship of 

sockeye salmon: Development and validation of a technique. Journal of Fish Biology 67, 1342–1358. 

Cooke, S.J., Hinch, S.G., Crossin, G.T., et al. (2006a) Mechanistic basis of individual mortality in 

Pacific salmon during spawning migrations. Ecology 87, 1575–1586. 

Cooke, S.J., Hinch, S.G., Crossin, G.T., et al. (2006b) Physiology of individual late-run Fraser River 

sockeye salmon (Oncorhynchus nerka) sampled in the ocean correlates with fate during spawning 

migration. Canadian Journal of Fisheries and Aquatic Sciences 63, 1469–1480. 

Cooke, S.J., Hinch, S.G., Donaldson, M.R., et al. (2012) Conservation physiology in practice: how 

physiological knowledge has improved our ability to sustainably manage Pacific salmon during up-

river migration. Philosophical transactions of the Royal Society of London. Series B, Biological 

sciences 367, 1757–1769. 

Cooke, S.J., Hinch, S.G., Wikelski, M., Andrews, R.D., Kuchel, L.J., Wolcott, T.G. and Butler, P.J. 

(2004) Biotelemetry: A mechanistic approach to ecology. Trends in Ecology and Evolution 19, 334–

343. 

Cooke, S.J. and Schramm, H.L. (2007) Catch-and-release science and its application to conservation 

and management of recreational fisheries. Fisheries Management and Ecology 14, 73–79. 

Cordero, H., Mauro, M., Cuesta, A., Cammarata, M. and Esteban, M.A. (2016) In vitro cytokine 

profile revealed differences from dorsal and ventral skin susceptibility to pathogen-probiotic 

interaction in gilthead seabream. Fish and Shellfish Immunology 56, 188–191. 

COSEWIC (2002) COSEWIC assessment and status report on the coho salmon Oncorhynchus 

kisutch (Interior Fraser population) in Canada. Ottawa. ON.  

Costa, R.A., Cardoso, J.C.R. and Power, D.M. (2017) Evolution of the angiopoietin-like gene family 

in teleosts and their role in skin regeneration. BMC Evolutionary Biology 17, 1–22. 

Costa, R.A. and Power, D.M. (2018) Skin and scale regeneration after mechanical damage in a 

teleost. Molecular Immunology 95, 73–82. 



208 
 

Cox, T.M., Lewison, R.L., Žydelis, R., Crowder, L.B., Safina, C. and Read, A.J. (2007) Comparing 

effectiveness of experimental and implemented bycatch reduction measures: The ideal and the real. 

Conservation Biology 21, 1155–1164. 

Crain, C.M., Kroeker, K. and Halpern, B.S. (2008) Interactive and cumulative effects of multiple 

human stressors in marine systems. Ecology Letters 11, 1304–1315. 

Creswell, J.W. (2009) Research Design: Qualitative, quantitative, and mixed methods approaches, 

3rd edition. Sage Publications, Thousand Oaks, CA. 

Crossin, G.T., Hinch, S.G., Cooke, S.J., et al. (2008) Exposure to high temperature influences the 

behaviour, physiology, and survival of sockeye salmon during spawning migration. Canadian Journal 

of Zoology 86, 127–140. 

Crossin, G.T., Hinch, S.G., Cooke, S.J., et al. (2009) Mechanisms influencing the timing and success 

of reproductive migration in a capital breeding semelparous fish species, the sockeye salmon. 

Physiological and Biochemical Zoology 82, 635–52. 

Crossin, G.T., Hinch, S.G., Farrell, A.P., Higgs, D.A. and Healey, M.C. (2004a) Somatic energy of 

sockeye salmon Oncorhynchus nerka at the onset of upriver migration: A comparison among ocean 

climate regimes. Fisheries Oceanography 13, 345–349. 

Crossin, G.T., Hinch, S.G., Farrell, A.P., Higgs, D.A., Lotto, A.G., Oakes, J.D. and Healey, M.C. 

(2004b) Energetics and morphology of sockeye salmon: Effects of upriver migratory distance and 

elevation. Journal of Fish Biology 65, 788–810. 

Dalla Rosa, L. and Secchi, E. (2007) Killer whale (Orcinus orca) interactions with the tuna and 

swordfish longline fishery off southern and south-eastern Brazil: a comparison with shark 

interactions. Journal of the Marine Biological Association of the UK 87, 135–140. 

Dann, T.H., Habicht, C., Baker, T.T., Seeb, J.E. and Fraser, D. (2013) Exploiting genetic diversity to 

balance conservation and harvest of migratory salmon. Canadian Journal of Fisheries and Aquatic 

Sciences 70, 785–793. 

Danylchuk, S.E., Danylchuk, A.J., Cooke, S.J., Goldberg, T.L., Koppelman, J. and Philipp, D.P. 

(2007) Effects of recreational angling on the post-release behavior and predation of bonefish (Albula 

vulpes): The role of equilibrium status at the time of release. Journal of Experimental Marine Biology 

and Ecology 346, 127–133. 

Darimont, C.T., Fox, C.H., Bryan, H.M. and Reimchen, T.E. (2015) The unique ecology of human 

predators. Science 349, 858–860. 

Davies, R.W.D., Cripps, S.J., Nickson, A. and Porter, G. (2009) Defining and estimating global 

marine fisheries bycatch. Marine Policy 33, 661–672. 

Davis, K.B. (2006) Management of physiological stress in finfish aquaculture. North American 

Journal of Aquaculture 68, 116–121. 

Davis, M.W. (2010) Fish stress and mortality can be predicted using reflex impairment. Fish and 

Fisheries 11, 1–11. 

Davis, M.W. (2002) Key principles for understanding fish bycatch discard mortality. Canadian 

Journal of Fisheries and Aquatic Sciences 59, 1834–1843. 



209 
 

Davis, M.W. (2007) Simulated fishing experiments for predicting delayed mortality rates using reflex 

impairment in restrained fish. ICES Journal of Marine Science 64, 1535–1542. 

Davis, M.W. and Olla, B.L. (2002) Mortality of lingcod towed in a net as related to fish length, 

seawater temperature, and air exposure: A laboratory bycatch study. North American Journal of 

Fisheries Management 22, 1095–1104. 

Davis, M.W. and Olla, B.L. (2001) Stress and delayed mortality induced in Pacific halibut by 

exposure to hooking, net towing, elevated seawater temperature and air: Implications for management 

of bycatch. North American Journal of Fisheries Management 21, 725–732. 

Davis, M.W., Olla, B.L. and Schreck, C.B. (2001) Stress induced by hooking, net towing, elevated 

sea water temperature and air in sablefish: lack of concordance between mortality and physiological 

measures of stress. Journal of Fish Biology 58, 1–15. 

Davis, M.W. and Ottmar, M.L. (2006) Wounding and reflex impairment may be predictors for 

mortality in discarded or escaped fish. Fisheries Research 82, 1–6. 

Davis, M.W. and Parker, S.J. (2004) Fish size and exposure to air: Potential effects on behavioral 

impairment and mortality rates in discarded sablefish. North American Journal of Fisheries 

Management 24, 518–524. 

Davis, M.W. and Schreck, C.B. (2005) Responses by Pacific halibut to air exposure: Lack of 

correspondence among plasma constituents and mortality. Transactions of the American Fisheries 

Society 134, 991–998. 

Depestele, J., Desender, M., Benoît, H.P., Polet, H. and Vincx, M. (2014) Short-term survival of 

discarded target fish and non-target invertebrate species in the “eurocutter” beam trawl fishery of the 

southern North Sea. Fisheries Research 154, 82–92. 

Dhabhar, F.S. (2002) Stress-induced augmentation of immune function - The role of stress hormones, 

leukocyte trafficking, and cytokines. Brain, Behavior, and Immunity 16, 785–798. 

Di Cicco, E., Ferguson, H. W., Kaukinen, et al. (2018). The same strain of Piscine orthoreovirus 

(PRV-1) is involved with the development of different, but related, diseases in Atlantic and Pacific 

Salmon in British Columbia. FACETS 3, 599-641. 

Dieterman, D.J., Baird, M.S. and Galat, D.L. (2000) Mortality of paddlefish in hoop nets in the 

Lower Missouri River, Missouri. North American Journal of Fisheries Management 20, 226–230. 

Donaldson, M.R., Arlinghaus, R., Hanson, K.C. and Cooke, S.J. (2008) Enhancing catch-and-release 

science with biotelemetry. Fish and Fisheries 9, 79–105. 

Donaldson, M.R., Hinch, S.G., Patterson, D.A., et al. (2010) Physiological condition differentially 

affects the behavior and survival of two populations of sockeye salmon during their freshwater 

spawning migration. Physiological and Biochemical Zoology 83, 446–458. 

Donaldson, M.R., Hinch, S.G., Patterson, D.A., et al. (2011) The consequences of angling, beach 

seining, and confinement on the physiology, post-release behaviour and survival of adult sockeye 

salmon during upriver migration. Fisheries Research 108, 133–141. 



210 
 

Donaldson, M.R., Hinch, S.G., Raby, G.D., Patterson, D.A., Farrell, A.P. and Cooke, S.J. (2012) 

Population-specific consequences of fisheries-related stressors on adult sockeye salmon. 

Physiological and biochemical zoology 85, 729–39. 

Donaldson, M.R., Raby, G.D., Nguyen, V.M., et al. (2013) Evaluation of a simple technique for 

recovering fish from capture stress: integrating physiology, biotelemetry, and social science to solve a 

conservation problem. Canadian Journal of Fisheries and Aquatic Sciences 70, 90–100. 

Drenner, S.M., Hinch, S.G., Furey, N.B., et al. (2017) Transcriptome patterns and blood physiology 

associated with homing success of sockeye salmon during their final stage of marine migration. 

Canadian Journal of Fisheries and Aquatic Sciences 14, cjfas-2017-0391. 

Drenner, S.M., Hinch, S.G., Martins, E.G., et al. (2015) Environmental conditions and physiological 

state influence estuarine movements of homing sockeye salmon. Fisheries Oceanography 24, 307–

324. 

Drury, R., Homewood, K. and Randall, S. (2011) Less is more: The potential of qualitative 

approaches in conservation research. Animal Conservation 14, 18–24. 

Eayrs, S., Cadrin, S.X. and Glass, C.W. (2015) Managing change in fisheries: A missing key to 

fishery-dependent data collection? ICES Journal of Marine Science 72, 1152–1158. 

Eliason, E.J., Clark, T.D., Hague, M.J., et al. (2011) Differences in thermal tolerance among sockeye 

salmon populations. Science 332, 109–112. 

Ellis, A.E. (2001) Innate host defense mechanisms of fish against viruses and bacteria. 

Developmental and Comparative Immunology 25, 827–839. 

Enever, R., Revill, A.S., Caslake, R. and Grant, A. (2010) Discard mitigation increases skate survival 

in the Bristol Channel. Fisheries Research 102, 9–15. 

Esteban, M.A. (2012) An overview of the immunological defenses in fish skin. ISRN Immunology 

2012, 1–29. 

FAO (2011) International Guidelines on bycatch management and reduction of discards. Rome, Italy. 

Faraway, J.J. (2016) Multinomial Data. In: Extending the linear model with R: Generalized linear, 

mixed effects and nonparametric regression models. CRC Press, Boca Raton, FL., p 95:112. 

Farrell, A.P. (2009) Environment, antecedents and climate change: Lessons from the study of 

temperature physiology and river migration of salmonids. Journal of Experimental Biology 212, 

3771–3780. 

Farrell, A.P., Gallaugher, P., Clarke, C., DeLury, N., Kreiberg, H., Parkhouse, W. and Routledge, R. 

(2000) Physiological status of coho salmon (Oncorhynchus kisutch) captured in commercial non-

retention fisheries. Canadian Journal of Fisheries and Aquatic Sciences 57, 1668–1678. 

Farrell, A.P., Gallaugher, P.E., Fraser, J., et al. (2001a) Successful recovery of the physiological 

status of coho salmon on board a commercial gillnet vessel by means of a newly designed revival 

box. Canadian Journal of Fisheries and Aquatic Sciences 58, 1932–1946. 



211 
 

Farrell, A.P., Gallaugher, P.E. and Routledge, R. (2001b) Rapid recovery of exhausted adult coho 

salmon after commercial capture by troll fishing. Canadian Journal of Fisheries and Aquatic Sciences 

58, 2319–2324. 

Fast, M.D., Hosoya, S., Johnson, S.C. and Afonso, L.O.B. (2008) Cortisol response and immune-

related effects of Atlantic salmon (Salmo salar Linnaeus) subjected to short- and long-term stress. 

Fish & shellfish immunology 24, 194–204. 

Fast, M.D., Sims, D.E., Burka, J.F., Mustafa, A. and Ross, N.W. (2002) Skin morphology and 

humoral non-specific defence parameters of mucus and plasma in rainbow trout, coho and Atlantic 

salmon. Comparative Biochemistry and Physiology - A Molecular and Integrative Physiology 132, 

645–657. 

Favaro, B. and Côté, I.M. (2015) Do by-catch reduction devices in longline fisheries reduce capture 

of sharks and rays? A global meta-analysis. Fish and Fisheries 16, 300–309. 

Favaro, B., Reynolds, J.D. and Côté, I.M. (2012) Canada’s weakening aquatic protection. Science 

337, 154. 

Favaro, B., Rutherford, D.T., Duff, S.D. and Côté, I.M. (2010) Bycatch of rockfish and other species 

in British Columbia spot prawn traps: Preliminary assessment using research traps. Fisheries 

Research 102, 199–206. 

Feder, M.E. and Hofmann, G.E. (1999) Heat-shock proteins, molecular chaperones, and the stress 

response: evolutionary and ecological physiology. Annual review of physiology 61, 243–82. 

Ferguson, R.A. and Tufts, B. (1992) Effects of brief air exposure in exhaustively exercised rainbow 

trout Oncorhynchus mykiss: Implications for “catch and release” fisheries. Canadian Journal of 

Fisheries and Aquatic Sciences 49, 1157–1162. 

Fisheries and Oceans Canada (2001) A policy for selective fishing in Canada’s Pacific fisheries. 

Fisheries and Oceans Canada (2017) Integrated Fisheries Management Plan: June 1, 2017 – May 31, 

2018. Salmon, Southern BC. 

Fisheries and Oceans Canada (2016) Summary of Pacific Salmon Outlook Units for 2016. Available 

at: http://www.pac.dfo-mpo.gc.ca/fm-gp/species-especes/salmon-saumon/outlook-perspective/2016-

summ-somm-eng.html [Accessed February 27, 2017]. 

Flores, A.M., Shrimpton, J.M., Patterson, D.A., et al. (2012) Physiological and molecular endocrine 

changes in maturing wild sockeye salmon, Oncorhynchus nerka, during ocean and river migration. 

Journal of Comparative Physiology B: Biochemical, Systemic, and Environmental Physiology 182, 

77–90. 

Forrest, K.W., Cave, J.D., Michielsens, C.G.J., Haulena, M. and Smith, D. V (2009) Evaluation of an 

electric gradient to deter seal predation on salmon caught in gill-net test fisheries. North American 

Journal of Fisheries Management 29, 885–894. 

Frick, L.H., Reina, R.D. and Walker, T.I. (2010) Stress related physiological changes and post-

release survival of Port Jackson sharks (Heterodontus portusjacksoni) and gummy sharks (Mustelus 

antarcticus) following gill-net and longline capture in captivity. Journal of Experimental Marine 

Biology and Ecology 385, 29–37. 



212 
 

Fujita, R. and Bonzon, K. (2005) Rights-based fisheries managements: An environmentalist 

perspective. Reviews in Fish Biology and Fisheries 15, 309–312. 

Gale, M.K., Hinch, S.G., Cooke, S.J., et al. (2014) Observable impairments predict mortality of 

captured and released sockeye salmon at various temperatures. Conservation Physiology 2, 1–15. 

Gale, M.K., Hinch, S.G. and Donaldson, M.R. (2013) The role of temperature in the capture and 

release of fish. Fish and Fisheries 14, 1–33. 

Gale, M.K., Hinch, S.G., Eliason, E.J., Cooke, S.J. and Patterson, D.A. (2011) Physiological 

impairment of adult sockeye salmon in fresh water after simulated capture-and-release across a range 

of temperatures. Fisheries Research 112, 85–95. 

Garcia, S.M., Kolding, J., Rice, J., et al. (2012) Reconsidering the Consequences of Selective Fishing. 

Science 335, 1045–1047. 

Van Gelderen, R., Carson, J. and Nowak, B. (2009) Effect of extracellular products of tenacibaculum 

maritimum in Atlantic salmon, salmo salar L. Journal of Fish Diseases 32, 727–731. 

Gillis, D.M., Peterman, R.M. and Pikitch, E.K. (1995) Implications of trip regulations for high-

grading: A model of the behavior of fishermen. Canadian Journal of Fisheries and Aquatic Sciences 

52, 402–415. 

Gilman, E., Suuronen, P., Hall, M.A. and Kennelly, S. (2013) Causes and methods to estimate cryptic 

sources of fishing mortality. Journal of fish biology 83, 766–803. 

Gilman, E.L. (2011) Bycatch governance and best practice mitigation technology in global tuna 

fisheries. Marine Policy 35, 590–609. 

Gilmour, K.M. and Perry, S.F. (2009) Carbonic anhydrase and acid-base regulation in fish. Journal of 

Experimental Biology 212, 1647–1661. 

Gilmour, P.W., Dwyer, P.D. and Day, R.W. (2011) Beyond individual quotas: The role of trust and 

cooperation in promoting stewardship of five Australian abalone fisheries. Marine Policy 35, 692–

702. 

Gomez, D., Sunyer, J.O. and Salinas, I. (2013) The mucosal immune system of fish: The evolution of 

tolerating commensals while fighting pathogens. Fish and Shellfish Immunology 35, 1729–1739. 

Gracey, A.Y., Troll, J. V and Somero, G.N. (2001) Hypoxia-induced gene expression profiling in the 

euryoxic fish Gillichthys mirabilis. Proceedings of the National Academy of Sciences of the United 

States of America 98, 1993–8. 

Grafton, R.Q., Arnason, R., Bjørndal, T., et al. (2006) Incentive-based approaches to sustainable 

fisheries. Canadian Journal of Fisheries and Aquatic Sciences 63, 699–710. 

Graham, M.H. (2003) Confronting multicollinearity in ecological multiple regression. Ecology 84, 

2809–2815. 

Grant, S.M. (2003) Mortality of snow crab discarded in Newfoundland and Labrador’s trap fishery: 

At-sea experiments on the effect of drop height and air exposure duration. Canadian Technical Report 

of Fisheries and Aquatic Sciences. Ottawa, ON. 



213 
 

Grueber, C.E., Nakagawa, S., Laws, R.J. and Jamieson, I.G. (2011) Multimodel inference in ecology 

and evolution: Challenges and solutions. Journal of Evolutionary Biology 24, 699–711. 

Guardiola, F.A., Cuesta, A., Abellán, E., Meseguer, J. and Esteban, M.A. (2014) Comparative 

analysis of the humoral immunity of skin mucus from several marine teleost fish. Fish and Shellfish 

Immunology 40, 24–31. 

Guerreiro, P.M., Costa, R. and Power, D.M. (2013) Dynamics of scale regeneration in seawater- and 

brackish water-acclimated sea bass, Dicentrarchus labrax. Fish Physiology and Biochemistry 39, 

917–930. 

Gunnarsson, G.S., Karlsbakk, E., Blindheim, S., et al. (2017) Temporal changes in infections with 

some pathogens associated with gill disease in farmed Atlantic salmon (Salmo salar L). Aquaculture 

468, 126–134. 

De Haan, D., Fosseidengen, J.E., Fjelldal, P.G., Burggraaf, D. and Rijnsdorp, A.D. (2016) Pulse trawl 

fishing: characteristics of the electrical stimulation and the effect on behaviour and injuries of 

Atlantic cod (Gadus morhua). ICES Journal of Marine Science 73, 1557–1569. 

Haas, A.R., Edwards, D.N. and Sumaila, U.R. (2016) Corporate concentration and processor control: 

Insights from the salmon and herring fisheries in British Columbia. Marine Policy 68, 83–90. 

Vander Haegen, G.E., Ashbrook, C.E., Yi, K.W. and Dixon, J.F. (2004) Survival of spring chinook 

salmon captured and released in a selective commercial fishery using gill nets and tangle nets. 

Fisheries Research 68, 123–133. 

Haeseker, S.L., Peterman, R.M., Su, Z. and Wood, C.C. (2008) Retrospective evaluation of pre-

season forecasting models for sockeye and chum Salmon. North American Journal of Fisheries 

Management 28, 12–29. 

Halfyard, E.A., Webber, D., Del Papa, J., Leadley, T., Kessel, S.T., Colborne, S.F. and Fisk, A.T. 

(2017) Evaluation of an acoustic telemetry transmitter designed to identify predation events. Methods 

in Ecology and Evolution 8, 1063–1071. 

Hall, M.A., Alverson, D.L. and Metuzals, K.I. (2000) By-catch: Problems and solutions. Marine 

Pollution Bulletin 41, 204–219. 

Hall, M.A., Gilman, E., Minami, H., Mituhasi, T. and Carruthers, E. (2017) Mitigating bycatch in 

tuna fisheries. Reviews in Fish Biology and Fisheries 27, 881–908. 

Hall, S.J. and Mainprize, B.M. (2005) Managing by catch and discards: how much progress are we 

making and how can we do better? Fish and Fisheries 6, 134–155. 

Halliday, R.G. and Pinhorn, A.T. (2002) A review of the scientific and technical bases for policies on 

the capture of small fish in North Atlantic groundfish fisheries. Fisheries Research 57, 211–222. 

Halpern, B.S., Selkoe, K.A., Micheli, F. and Kappel, C. V. (2007) Evaluating and ranking the 

vulnerability of global marine ecosystems to anthropogenic threats. Conservation Biology 21, 1301–

1315. 

Harrington, J.M., Myers, R.A. and Rosenberg, A.A. (2005) Wasted fishery resources: Discarded by-

catch in the USA. Fish and Fisheries 6, 350–361. 



214 
 

Haukenes, A.H. and Buck, C.L. (2006) Time course of osmoregulatory, metabolic, and endocrine 

stress responses of Pacific halibut following a 30-min air exposure. Journal of Applied Ichthyology 

22, 382–387. 

He, P. (2006) Gillnets: Gear design, fishing performance and conservation challenges. Marine 

Technology Society Journal 40, 12–19. 

Heales, D.S., Brewer, D.T. and Jones, P.N. (2003) Subsampling trawl catches from vessels using 

seawater hoppers: are catch composition estimates biased? Fisheries Research 63, 113–120. 

Heath, M.R., Cook, R.M., Cameron, A.I., Morris, D.J. and Speirs, D.C. (2014) Cascading ecological 

effects of eliminating fishery discards. Nature communications 5, 3893. 

Heupel, M.R. and Simpfendorfer, C.A. (2002) Estimation of mortality of juvenile blacktip sharks, 

Carcharhinus limbatus, within a nursery area using telemetry data. Canadian Journal of Fisheries and 

Aquatic Sciences 59, 624–632. 

Hilborn, R., Branch, T.A., Ernst, B., Magnusson, A., Minte-Vera, C.V., Scheuerell, M.D. and Valero, 

J.L. (2003a) State of the world’s fisheries. Annual Review of Environmental Resources 28, 1–40. 

Hilborn, R., Orensanz, J.M. and Parma, A.M. (2005) Institutions, incentives and the future of 

fisheries. Philosophical Transactions of the Royal Society B: Biological Sciences 360, 47–57. 

Hilborn, R., Quinn, T.P., Schindler, D. and Roger, D. (2003b) Biocomplexity and fisheries 

sustainability. Proceedings of the National Academy of Sciences 100, 6564–6568. 

Hochachka, P.W. and Lutz, P.L. (2001) Mechanism, origin, and evolution of anoxia tolerance in 

animals. Comparative Biochemistry and Physiology - B Biochemistry and Molecular Biology 130, 

435–459. 

Hoekstra, J.M., Bartz, K.K., Ruckelshaus, M.H., Moslemi, J.M. and Harms, T.K. (2007) Quantitative 

threat analysis for management of an imperiled species: Chinook Salmon (Oncorhynchus 

tshawytscha). Ecological Applications 17, 2061–2073.  

Hopkins, T.E. and Cech, J.J. (1992) Physiological effects of capturing striped bass in gill nets and 

fyke traps. Transactions of the American Fisheries Society 121, 819–822. 

Hruska, K.A., Hinch, S.G., Healey, M.C., Patterson, D.A., Larsson, S. and Farrell, A.P. (2010) 

Influences of sex and activity level on physiological changes in individual adult sockeye salmon 

during rapid senescence. Physiological and Biochemical Zoology 83, 663–676. 

Hsu, Y.J., Hou, C.Y., Lin, S.J., Kuo, W.C., Lin, H.T. and Lin, J.H.Y. (2013) The biofunction of 

orange-spotted grouper (Epinephelus coioides) CC chemokine ligand 4 (CCL4) in innate and 

adaptive immunity. Fish and Shellfish Immunology 35, 1891–1898. 

Hubert, W.A. (1996) Passive capture techniques: Entrapment gears. In: Fisheries Techniques. (eds 

E.E.B. Murphy and D.W. Willis), 2nd edition. American Fisheries Society, Bethesda, USA. 

Humborstad, O.B., Davis, M.W. and Løkkeborg, S. (2009) Reflex impairment as a measure of 

vitality and survival potential of Atlantic cod (Gadus morhua). Fishery Bulletin 107, 395–402. 



215 
 

Humborstad, O.B., Ferter, K., Kryvi, H. and Fjelldal, P.G. (2017) Exophthalmia in wild-caught cod 

(Gadus morhua L.): Development of a secondary barotrauma effect in captivity. Journal of Fish 

Diseases 40, 41–49. 

Huse, I. and Vold, A. (2010) Mortality of mackerel (Scomber scombrus L.) after pursing and slipping 

from a purse seine. Fisheries Research 106, 54–59. 

Hutchings, J.A. and Post, J.R. (2013) Gutting Canada’s fisheries act: No fishery, no fish habitat 

protection. Fisheries 38, 497–501. 

Hutchings, J.A. and Reynolds, J.D. (2004) Marine fish population collapses: Consequences for 

recovery and extinction risk. BioScience 54, 297–309. 

Hutchinson, M.R., Itano, D.G., Muir, J.A. and Holland, K.N. (2015) Post-release survival of juvenile 

silky sharks captured in a tropical tuna purse seine fishery. Marine Ecology Progress Series 521, 143–

154. 

Hutchinson, W.F. (2008) The dangers of ignoring stock complexity in fishery management: The case 

of the North Sea cod. Biology Letters 4, 693–695. 

Ishibashi, Y., Ekawa, H., Hirata, H. and Kumai, H. (2002) Stress response and energy metabolism in 

various tissues of Nile tilapia Oreochromis niloticus exposed to hypoxic conditions. Fisheries Science 

68, 1374–1383. 

Jackson, J.B.C., Kirby, M.X., Berger, W.H., et al. (2001) Historical overfishing and the recent 

collapse of coastal ecosystems. Science 293, 629–638. 

Jain, K.E. and Farrell, A.P. (2003) Influence of seasonal temperature on the repeat swimming 

performance of rainbow trout Oncorhynchus mykiss. Journal of Experimental Biology 206, 3569–

3579. 

Jeffries, K.M., Hinch, S.G., Martins, E.G., et al. (2012a) Sex and proximity to reproductive maturity 

influence the survival, final maturation, and blood physiology of Pacific salmon when exposed to 

high temperature during a simulated migration. Physiological and Biochemical Zoology 85, 62–73. 

Jeffries, K.M., Hinch, S.G., Sierocinski, T., et al. (2012b) Consequences of high temperatures and 

premature mortality on the transcriptome and blood physiology of wild adult sockeye salmon 

(Oncorhynchus nerka). Ecology and evolution 2, 1747–64. 

Jeffries, K.M., Hinch, S.G., Sierocinski, T., Pavlidis, P. and Miller, K.M. (2013) Transcriptomic 

responses to high water temperature in two species of Pacific salmon. Evolutionary applications 7, 

286–300. 

Jenkins, L.D. and Garrison, K. (2013) Fishing gear substitution to reduce bycatch and habitat 

impacts: An example of social-ecological research to inform policy. Marine Policy 38, 293–303. 

Jones, S.R.M., Fast, M.D., Johnson, S.C. and Groman, D.B. (2007) Differential rejection of salmon 

lice by pink and chum salmon: Disease consequences and expression of proinflammatory genes. 

Diseases of Aquatic Organisms 75, 229–238. 

Jones, S. R. M., Prosperi-Porta, G., & Kim, E. (2012). The diversity of Microsporidia in parasitic 

copepods (Caligidae: Siphonostomatoida) in the Northeast Pacific Ocean with description of 



216 
 

Facilispora margolisi ng, n. sp. and a new family Facilisporidae n. fam. Journal of Eukaryotic 

Microbiology, 59, 206–217. 

Jorgensen, J.B. and Mustafa, T. (1980) The effect of hypoxia on carbohydrate metabolism in flounder 

(Platichthys flesus L.). Utilization of glycogen and accumulation of glycolytic end products in various 

tissues. Comparative Biochemistry and Physiology Part B: Biochemistry and 67, 243–248. 

Kaimmer, S.M. and Trumble, R.J. (1998) Injury, condition, and mortality of Pacific halibut bycatch 

following careful release by Pacific cod and sablefish longline fisheries. Fisheries Research 38, 131–

144. 

Kaiser, M.J. and Spencer, B.E. (1995) Survival of by-catch from a beam trawl. Marine Ecology 

Progress Series 126, 31–38. 

Kaiserman, D. and Bird, P.I. (2005) Analysis of vertebrate genomes suggests a new model for clade 

B serpin evolution. BMC Genomics 6, 1–10. 

Kajimura, S., Aida, K. and Duan, C. (2006) Understanding hypoxia-induced gene expression in early 

development: In vitro and in vivo analysis of hypoxia-inducible factor 1-regulated zebra fish insulin-

like growth factor binding protein 1 Gene Expression. Molecular and cellular biology 26, 1142–1155. 

Kaplan, I.M. and McCay, B.J. (2004) Cooperative research, co-management and the social dimension 

of fisheries science and management. Marine Policy 28, 257–258. 

Kassahn, K.S., Crozier, R.H., Pörtner, H.O. and Caley, M.J. (2009) Animal performance and stress: 

Responses and tolerance limits at different levels of biological organisation. Biological reviews of the 

Cambridge Philosophical Society 84, 277–92. 

Keefer, M.L., Jepson, M.A., Naughton, G.P., Blubaugh, T.J., Clabough, T.S. and Caudill, C.C. 

(2017) Condition-dependent en-route migration mortality of adult Chinook Salmon in the Willamette 

river main stem. North American Journal of Fisheries Management 37, 370–379. 

Kelleher, K. (2005) Discards in the world’s marine fisheries. An update. FAO Technical Paper No. 

470. Rome, Italy. 

Kestin, S.C., van deVis, J.W. and Robb, D.H.F. (2002) Protocol for assessing brain function in fish 

and the effectiveness of methods used to stun and kill them. The Veterinary record 150, 302–307. 

Kibenge, M.J., Iwamoto, T., Wang, Y., Morton, A., Routledge, R. and Kibenge, F.S. (2016) 

Discovery of variant infectious salmon anaemia virus (ISAV) of European genotype in British 

Columbia, Canada. Virology Journal 13, 1–17. 

Kieffer, J.D. (2000) Limits to exhaustive exercise in fish. Comparative Biochemistry and Physiology 

Part A: Molecular & Integrative Physiology 126, 161–179. 

Kojima, T., Ishii, M., Kobayashi, M. and Shimizu, M. (2004) Blood parameters and 

electrocardiogram in squeezed fish simulating the effect of net damage and recovery. Fisheries 

Science 70, 860–866. 

Krasnov, A., Skugor, S., Todorcevic, M., Glover, K.A. and Nilsen, F. (2012) Gene expression in 

Atlantic salmon skin in response to infection with the parasitic copepod Lepeophtheirus salmonis, 

cortisol implant, and their combination. BMC Genomics 13. 



217 
 

Krasnov, A., Timmerhaus, G., Schiøtz, B.L., et al. (2011) Genomic survey of early responses to 

viruses in Atlantic salmon, Salmo salar L. Molecular Immunology 49, 163–174. 

Kültz, D. (2005) Molecular and evolutionary basis of the cellular stress response. Annual Review of 

Physiology 67, 225–57. 

Lackey, R.T. (1999) Salmon policy: Science, society, restoration, and reality. Renewable Resources 

Journal 17, 6–16. 

Lauber, T.B., Stedman, R.C., Decker, D.J. and Knuth, B.A. (2011) Linking knowledge to action in 

collaborative conservation. Conservation Biology 25, 1186–1194. 

Lebreton, J.D., Burnham, K.P., Clobert, J. and Anderson, D.R. (1992) Modeling survival and testing 

biological hypotheses using marked animals: A unified approach with case studies. Ecological 

Monographs 62, 67–118. 

Leeman, M.F., Curran, S. and Murray, G.I. (2002) The structure, regulation, and function of human 

matrix metalloproteinase-13. Critical Reviews in Biochemistry and Molecular Biology 37, 149–166. 

Lewison, R.L., Crowder, L.B., Read, A.J. and Freeman, S.A. (2004) Understanding impacts of 

fisheries bycatch on marine megafauna. Trends in Ecology and Evolution 19, 598–604. 

Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene expression data using real-time 

quantitative PCR and the 2-Delta Delta CT Method. Methods 25, 402–8. 

Løkkeborg, S., Siikavuopio, S.I., Humborstad, O.B., Utne-Palm, A.C. and Ferter, K. (2014) Towards 

more efficient longline fisheries: Fish feeding behaviour, bait characteristics and development of 

alternative baits. Reviews in Fish Biology and Fisheries 24, 985–1003. 

Lorenz, M., Coates, J. and Kent, M. (2010) Handbook of veterinary neurology, 5th Edition. Elsevier 

Saunders, St. Louis, Missouri. 

Lovy, J., Wright, G. M., & Speare, D. J. (2007). Ultrastructural examination of the host inflammatory 

response within gills of netpen reared Chinook salmon (Oncorhynchus tshawytscha) with 

Microsporidial Gill Disease. Fish and Shellfish Immunology, 22(1), 131–149.  

Macdonald, J.S., Patterson, D.A., Hague, M.J. and Guthrie, I.C. (2010) Modeling the influence of 

environmental factors on spawning migration mortality for sockeye salmon fisheries management in 

the Fraser River, British Columbia. Transactions of the American Fisheries Society 139, 768–782. 

Madhun, A.S., Karlsbakk, E., Isachsen, C.H., et al. (2015) Potential disease interaction reinforced: 

Double-virus-infected escaped farmed Atlantic salmon, Salmo salar L., recaptured in a nearby river. 

Journal of Fish Diseases 38, 209–219. 

Magnadóttir, B. (2006) Innate immunity of fish (overview). Fish and Shellfish Immunology 20, 137–

151. 

Magnusson, A. and Hilborn, R. (2007) What makes fisheries data informative? Fish and Fisheries 8, 

337–358. 

Mandelman, J.W. and Farrington, M.A. (2007) The estimated short-term discard mortality of a 

trawled elasmobranch, the spiny dogfish (Squalus acanthias). Fisheries Research 83, 238–245. 



218 
 

Marçalo, A., Marques, T.A., Araújo, J., Pousão-Ferreira, P., Erzini, K. and Stratoudakis, Y. (2010) 

Fishing simulation experiments for predicting the effects of purse-seine capture on sardine (Sardina 

pilchardus). ICES Journal of Marine Science 67, 334–344. 

Van Marlen, B.H., Wiegerinck, J.A.M., van Os-Koomen, E. and van Barneveld, E. (2014) Catch 

comparison of flatfish pulse trawls and a tickler chain beam trawl. Fisheries Research 151, 57–69. 

Marshall, W.S. and Bellamy, D. (2010) The 50-year evolution of in vitro systems to reveal salt 

transport functions of teleost fish gills. Comparative Biochemistry and Physiology - A Molecular and 

Integrative Physiology 155, 275–280. 

Martins, E.G., Hinch, S.G., Patterson, D.A., et al. (2011) Effects of river temperature and climate 

warming on stock-specific survival of adult migrating Fraser River sockeye salmon (Oncorhynchus 

nerka). Global Change Biology 17, 99–114. 

Martins, E.G., Hinch, S.G., Patterson, D.A., et al. (2012) High river temperature reduces survival of 

sockeye salmon (Oncorhynchus nerka) approaching spawning grounds and exacerbates female 

mortality. Canadian Journal of Fisheries and Aquatic Sciences 69, 330–342. 

Mascia, M.B., Brosius, J.P., Dobson, T. A., Forbes, B.C., Horowitz, L., McKean, M. A. and Turner, 

N.J. (2003) Conservation and the Social Sciences. Conservation Biology 17, 649–650. 

Mateus, A.P., Anjos, L., Cardoso, J.R. and Power, D.M. (2017) Chronic stress impairs the local 

immune response during cutaneous repair in gilthead sea bream (Sparus aurata, L.). Molecular 

Immunology 87, 267–283. 

McArley, T.J. and Herbert, N.A. (2014) Mortality, physiological stress and reflex impairment in sub-

legal Pagrus auratus exposed to simulated angling. Journal of Experimental Marine Biology and 

Ecology 461, 61–72. 

McCay, B.J. (2002) Emergence of institutions for the commons: contexts, situations and events. In: 

The Drama of the Commons. (eds E. Ostrom, T. Dietz, N. Dolsak, P.C. Stern, S. Stonich and E.U. 

Weber). National Academy Press, Washington, DC, pp 361–402. 

Meeremans, P., Yochum, N., Kochzius, M., Ampe, B., Frank, A., Tuyttens, M. and Uhlmann, S.S. 

(2017) Inter-rater reliability of categorical versus continuous scoring of fish vitality: Does it affect the 

utility of the reflex action mortality predictor (RAMP) approach? PloS one 12, e0179092. 

Meintzer, P., Walsh, P. and Favaro, B. (2017) Will you swim into my parlour? In situ observations of 

Atlantic cod (Gadus morhua) interactions with baited pots, with implications for gear design. PeerJ 5, 

e2953. 

Mellas, E.J. and Haynes, J.M. (1985) Swimming performance and behavior of rainbow trout and 

white perch: effects of attaching telemetry transmitters. Canadian Journal of Fisheries and Aquatic 

Sciences 42, 488–493. 

Melnychuk, M.C. (2009) Estimation of survival and detection probabilities for multiple tagged 

salmon stocks with nested migration routes, using a large-scale telemetry array. Marine and 

Freshwater Research 60, 1231–1243. 

Van Meter, K.M. (1990) Methodological and design issues: Techniques for assessing the 

representatives of snowball samples. NIDA Research monograph 98, 31–34. 



219 
 

Methling, C., Skov, P. V. and Madsen, N. (2017) Reflex impairment, physiological stress, and 

discard mortality of European plaice Pleuronectes platessa in an otter trawl fishery. ICES Journal of 

Marine Science 74, 1660–1671. 

Midling, K.O., Koren, C., Humborstad, O.B. and Saether, B.S. (2012) Swimbladder healing in 

Atlantic cod (Gadus morhua) after decompression and rupture in capture-based aquaculture. Marine 

Biology Research 8, 373–379. 

Miller, K.M., Gardner, I.A., Vanderstichel, R., et al. (2016) Report on the performance evaluation of 

the Fluidigm® BioMark™ Platform for high-throughput microbe monitoring in salmon. DFO 

Canadian Science Advisory Secretariat Research Document 2016/038. Ottawa, ON. 

Miller, K.M., Günther, O.P., Li, S., Kaukinen, K.H. and Ming, T.J. (2017) Molecular indices of viral 

disease development in wild migrating salmon. Conservation Physiology 5, 1–32. 

Miller, K.M., Li, S., Kaukinen, K.H., et al. (2011) Genomic signatures predict migration and 

spawning failure in wild Canadian salmon. Science 331, 214–7. 

Miller, K.M., Teffer, A.K., Tucker, S., et al. (2014) Infectious disease, shifting climates, and 

opportunistic predators: Cumulative factors potentially impacting wild salmon declines. Evolutionary 

Applications 7, 812–855. 

Milligan, C.L. (1996) Metabolic recovery from exhaustive exercise in rainbow trout. Comparative 

Biochemistry and Physiology Part A: Physiology 113, 51–60. 

Molinari, N., Durand, J.F. and Sabatier, R. (2004) Bounded optimal knots for regression splines. 

Computational Statistics and Data Analysis 45, 159–178. 

Mommsen, T.P., Vijayan, M.M. and Moon, T.W. (1999) Cortisol in teleosts: Dynamics, mechanisms 

of action, and metabolic regulation. Reviews in Fish Biology and Fisheries 9, 211–268. 

Montgomery, J., Coombs, S. and Halstead, M. (1995) Biology of the mechanosensory lateral line in 

fishes. Reviews in Fish Biology and Fisheries 5, 399–416. 

Morton, A., Routledge, R., Hrushowy, S., Kibenge, M. and Kibenge, F. (2017) The effect of exposure 

to farmed salmon on piscine orthoreovirus infection and fitness in wild Pacific salmon in British 

Columbia, Canada. PLoS ONE 12, 1–18. 

Müller, A., Sutherland, B.J.G., Koop, B.F., Johnson, S.C. and Garver, K.A. (2015) Infectious 

hematopoietic necrosis virus (IHNV) persistence in Sockeye Salmon: Influence on brain 

transcriptome and subsequent response to the viral mimic poly. BMC Genomics 16, 1–19. 

Muoneke, M.I. and Childress, W.M. (1994) Hooking mortality: A review for recreational fisheries. 

Reviews in Fisheries Science 2, 123–156. 

Neilson, J.D., Waiwood, K.G. and Smith, S.J. (1989) Survival of Atlantic halibut (Hippoglossus 

hippoglossus) caught by longline and otter trawl. Canadian Journal of Fisheries and Aquatic Sciences 

46, 887–897. 

Nemeth, E., Valore, E. V., Territo, M., Schiller, G., Lichtenstein, A. and Ganz, T. (2003) Hepcidin, a 

putative mediator of anemia of inflammation, is a type II acute-phase protein. Blood 101, 2461–2463. 



220 
 

Ng, E.L., Fredericks, J.P. and Quist, M.C. (2015) Effects of Gill-net trauma, barotrauma, and deep 

release on post release mortality of lake trout. Journal of Fish and Wildlife Management 6, 265–277. 

Nguyen, V.M., Martins, E.G., Robichaud, D., et al. (2014) Disentangling the roles of air exposure, 

gill net injury, and facilitated recovery on the post capture and release mortality and behavior of adult 

migratory sockeye salmon (Oncorhynchus nerka) in freshwater. Physiological and biochemical 

zoology 87, 125–35. 

Nguyen, V.M., Rudd, M.A., Hinch, S.G. and Cooke, S.J. (2013) Recreational anglers’ attitudes, 

beliefs, and behaviors related to catch-and-release practices of Pacific salmon in British Columbia. 

Journal of Environmental Management 128, 852–865. 

Nichol, D.G. and Chilton, E.A. (2006) Recuperation and behaviour of Pacific cod after barotrauma. 

ICES Journal of Marine Science 63, 83–94. 

Nickerson, D.M., Facey, D.E. and Grossman, G.D. (1989) Estimating physiological thresholds with 

continuous two-phase regression. Physiological Zoology 62, 866–887. 

Nicolai, A. and Seidl, D. (2010) That’s relevant! Different forms of practical relevance in 

management science. Organization Studies 31, 1257–1285. 

Nielsen Raakjær, J. and Mathiesen, C. (2003) Important factors influencing rule compliance in 

fisheries lessons from Denmark. Marine Policy 27, 409–416. 

Nikinmaa, M. and Rees, B.B. (2005) Oxygen-dependent gene expression in fishes. American journal 

of physiology. Regulatory, integrative and comparative physiology 288, R1079–R1090. 

Nishida, T. and Shiba, Y. (2005) Report of the predation survey by the Japanese commercial tuna 

longline fisheries (September, 2000–December, 2004). Technical Report (IOTC/WPTT/2005). 

Shizuoka, Japan. 

Noga, E.J. and Udomkusonsri, P. (2002) Fluorescein: A rapid, sensitive, nonlethal method for 

detecting skin ulceration in fish. Veterinary Pathology 39, 726–731. 

Nylund, S., Andersen, L., Sævareid, et. al (2011). Diseases of farmed Atlantic salmon Salmo salar 

associated with infections by the microsporidian Paranucleospora theridion. Diseases of Aquatic 

Organisms, 94(1), 41–57.  

Ohira, Y. and Shimizu, M. (2007) Scale regeneration and calcification in goldfish Carassius auratus: 

Quantitative and morphological processes. Fisheries Science 73, 46–54. 

Olla, B.L., Davis, M.W. and Schreck, C. (1997) Effects of simulated trawling on sablefish and 

walleye pollock: The role of light intensity, net velocity and towing duration. Journal of Fish Biology 

50, 1181–1194. 

Olsen, R.E., Oppedal, F., Tenningen, M. and Vold, A. (2012) Physiological response and mortality 

caused by scale loss in Atlantic herring. Fisheries Research 129–130, 21–27. 

Parisi, M.G., Benenati, G. and Cammarata, M. (2015) Sea bass Dicentrarchus labrax (L.) bacterial 

infection and confinement stress acts on F-type lectin (DlFBL) serum modulation. Journal of Fish 

Diseases 38, 967–976. 



221 
 

Patterson, D.A., Cooke, S.J., Hinch, S.G., Robinson, K.A., Young, N., Farrell, A.P. and Miller, K.M. 

(2016) A perspective on physiological studies supporting the provision of scientific advice for the 

management of Fraser River sockeye salmon (Oncorhynchus nerka). Conservation Physiology 4, 1–

15. 

Patterson, D.A., Macdonald, J.S., Hinch, S.G., Healey, M.C. and Farrell, A.P. (2004) The effect of 

exercise and captivity on energy partitioning, reproductive maturation and fertilization success in 

adult sockeye salmon. Journal of Fish Biology 64, 1039–1059. 

Patterson, D.A., Robinson, K.A., Lennox, R.J., et al. (2017a) Review and evaluation of fishing-

related incidental mortality for Pacific salmon. Vancouver, BC. 

Patterson, D.A., Robinson, K.A., Raby, G.D., Bass, A.L., Houtman, R., Hinch, S.G. and Cooke, S.J. 

(2017b) Guidance to Derive and Update Fishing-Related Incidental Mortality Rates for Pacific 

Salmon. Vancouver, BC. 

Pauly, D., Christensen, V., Guénette, S., et al. (2002) Towards sustainability in world fisheries. 

Nature 418, 689–695. 

Pereiro, P., Balseiro, P., Romero, A., et al. (2012) High-throughput sequence analysis of turbot 

(Scophthalmus maximus) transcriptome using 454-pyrosequencing for the discovery of antiviral 

immune genes. PLoS ONE 7, 1–18. 

Pérez-Jiménez, A., Peres, H., Rubio, V.C. and Oliva-Teles, A. (2012) The effect of hypoxia on 

intermediary metabolism and oxidative status in gilthead sea bream (Sparus aurata) fed on diets 

supplemented with methionine and white tea. Comparative Biochemistry and Physiology Part C: 

Toxicology & Pharmacology 155, 506–516. 

Peterman, R.M., Dorner, B. and Rosenfeld, J.S. (2012) A widespread decrease in productivity of 

sockeye salmon (Oncorhynchus nerka) populations in western North America. Canadian Journal of 

Fisheries and Aquatic Sciences 69, 1255–1260. 

Poisson, F., Crespo, F.A., Ellis, J.R., et al. (2016) Technical mitigation measures for sharks and rays 

in fisheries for tuna and tuna-like species: Turning possibility into reality. Aquatic Living Resources 

29, 402–434. 

Poisson, F., Séret, B., Vernet, A.-L., Goujon, M. and Dagorn, L. (2014) Collaborative research: 

Development of a manual on elasmobranch handling and release best practices in tropical tuna purse-

seine fisheries. Marine Policy 44, 312–320. 

Pollock, K.H. and Pine, W.E. (2007) The design and analysis of field studies to estimate catch-and-

release mortality. Fisheries Management and Ecology 14, 123–130. 

Price, M.H.H., English, K.K., Rosenberger, A.G., MacDuffee, M. and Reynolds, J.D. (2017) 

Canada’s Wild Salmon Policy: An assessment of conservation progress in British Columbia. 

Canadian Journal of Fisheries and Aquatic Sciences 74, 1507–1518. 

R Core Team (2018) R: A language and environment for statistical computing. R Foundation for 

Statistical Computing. 



222 
 

Raby, G.D., Clark, T.D., Farrell, A.P., et al. (2015a) Facing the river gauntlet: Understanding the 

effects of fisheries capture and water temperature on the physiology of coho salmon. PLoS ONE 10, 

1–20. 

Raby, G.D., Colotelo, A.H., Cooke, S.J. and Blouin-Demers, G. (2011) Freshwater commercial 

bycatch: An understated conservation problem. BioScience 61, 271–280. 

Raby, G.D., Cooke, S.J., Cook, K. V., et al. (2013) Resilience of pink salmon and chum salmon to 

simulated fisheries capture stress incurred upon arrival at spawning grounds. Transactions of the 

American Fisheries Society 142, 524–539. 

Raby, G.D., Donaldson, M.R., Hinch, S.G., et al. (2015b) Fishing for effective conservation: Context 

and biotic variation are keys to understanding the survival of pacific salmon after catch-and-release. 

Integrative and Comparative Biology 55, 554–576. 

Raby, G.D., Donaldson, M.R., Hinch, S.G., et al. (2012) Validation of reflex indicators for measuring 

vitality and predicting the delayed mortality of wild coho salmon bycatch released from fishing gears. 

Journal of Applied Ecology 49, 90–98. 

Raby, G.D., Donaldson, M.R., Nguyen, V.M., et al. (2014a) Bycatch mortality of endangered coho 

salmon: Impacts, solutions, and aboriginal perspectives. Ecological Applications 24, 1803–1819. 

Raby, G.D., Hinch, S.G., Patterson, D.A., Hills, J.A., Thompson, L.A. and Cooke, S.J. (2015c) 

Mechanisms to explain purse seine bycatch mortality of coho salmon. Ecological Applications 25, 

1757–1775. 

Raby, G.D., Packer, J.R., Danylchuk, A.J. and Cooke, S.J. (2014b) The understudied and 

underappreciated role of predation in the mortality of fish released from fishing gears. Fish and 

Fisheries 15, 489–505. 

Ramsay, K., Kaiser, M.J. and Hughes, R.N. (1998) Responses of benthic scavengers to fishing 

disturbance by towed gears in different habitats. Journal of Experimental Marine Biology and 

Ecology 224, 73–89. 

Van der Reijden, K.J., Molenaar, P., Chen, C., Uhlmann, S.S., Goudswaard, P.C. and Marlen, B. Van 

(2017) Survival of undersized plaice (Pleuronectes platessa), sole (Solea solea), and dab (Limanda 

limanda) in North Sea pulse-trawl fisheries. ICES Journal of Marine Science 74, 1672–1680. 

Renchen, G.F., Pittman, S.J. and Brandt, M.E. (2012) Investigating the behavioural responses of 

trapped fishes using underwater video surveillance. Journal of Fish Biology 81, 1611–1625. 

Richard, A., Dionne, M., Wang, J. and Bernatchez, L. (2013) Does catch and release affect the 

mating system and individual reproductive success of wild Atlantic salmon (Salmo salar L.)? 

Molecular Ecology 22, 187–200. 

Rigg, D.P., Peverell, S.C., Hearndon, M. and Seymour, J.E. (2009) Do elasmobranch reactions to 

magnetic fields in water show promise for bycatch mitigation? Marine and Freshwater Research 60, 

942–948. 

Van Rijn, J.A. and Reina, R.D. (2010) Distribution of leukocytes as indicators of stress in the 

Australian swellshark, Cephaloscyllium laticeps. Fish and Shellfish Immunology 29, 534–538. 



223 
 

Robinson, K.A., Hinch, S.G., Gale, M.K., et al. (2013) Effects of post-capture ventilation assistance 

and elevated water temperature on sockeye salmon in a simulated capture-and-release experiment. 

Conservation Physiology 1, 1–10. 

Robinson, K.A., Hinch, S.G., Raby, G.D., Donaldson, M.R., Robichaud, D., Patterson, D.A. and 

Cooke, S.J. (2015) Influence of post capture ventilation assistance on migration success of adult 

sockeye salmon following capture and release. Transactions of the American Fisheries Society 144, 

693–704. 

Rochet, M.J., Catchpole, T.L. and Cadrin, S.X. (2014) Bycatch and discards: From improved 

knowledge to mitigation programmes. ICES Journal of Marine Science 71, 1216–1218. 

Rogers, M.W., Barbour, A.B. and Wilson, K.L. (2014) Trade-offs in experimental designs for 

estimating post-release mortality in containment studies. Fisheries Research 151, 130–135. 

Rombout, J.H.W.M., Taverne, N., van de Kamp, M. and Taverne-Thiele, A.J. (1993) Differences in 

mucus and serum immunoglobulin of carp (Cyprinus carpio L.). Developmental & Comparative 

Immunology 17, 309–317. 

Rombout, J.H.W.M., Yang, G. and Kiron, V. (2014) Adaptive immune responses at mucosal surfaces 

of teleost fish. Fish and Shellfish Immunology 40, 634–643. 

Romero, L.M. (2004) Physiological stress in ecology: Lessons from biomedical research. Trends in 

Ecology and Evolution 19, 249–255. 

Rudershausen, P.J., Baker, M.S. and Buckel, J.A. (2008) Catch rates and selectivity among three trap 

types in the U.S. South Atlantic Black sea bass commercial trap fishery. North American Journal of 

Fisheries Management 28, 1099–1107. 

Rudershausen, P.J., Buckel, J.A. and Williams, E.H. (2007) Discard composition and release fate in 

the snapper and grouper commercial hook-and-line fishery in North Carolina, USA. Fisheries 

Management and Ecology 14, 103–113. 

Ryer, C.H. (2004) Laboratory evidence for behavioural impairment of fish escaping trawls: A review. 

ICES Journal of Marine Science 61, 1157–1164. 

Ryer, C.H. (2002) Trawl stress and escapee vulnerability to predation in juvenile walleye pollock: Is 

there an unobserved bycatch of behaviorally impaired escapees? Marine Ecology Progress Series 

232, 269–279. 

Sandercock, F. (1991) Life history of coho salmon (oncorhynchus kisutch). In: Pacific salmon life 

histories. (eds C. Groot and L. Margolis). University of British Columbia Press, Vancouver, BC, pp 

397–445. 

Sapolsky, R.M., Romero, M.L. and Munck, A.U. (2000) How do glucocorticoids influence stress 

responses? Integrating permissive, suppressive, stimulatory, and preparative actions. Endocrine 

Reviews 21, 55–89. 

Sardà, F., Coll, M., Heymans, J.J. and Stergiou, K.I. (2015) Overlooked impacts and challenges of 

the new European discard ban. Fish and Fisheries 16, 175–180. 



224 
 

Savina, E., Diana, J., Petri, R., Ahm, L., Kristensen, K. and Madsen, N. (2016) Testing the effect of 

soak time on catch damage in a coastal gillnetter and the consequences on processed fish quality. 

Food Control 70, 310–317. 

Scarnecchia, D. (1988) Salmon management and search for values. Canadian Journal of Fisheries and 

Aquatic Sciences 45, 2042–2050. 

Schakner, Z.A., Götz, T., Janik, V.M. and Blumstein, D.T. (2017) Can fear conditioning repel 

California sea lions from fishing activities? Animal Conservation 20, 425–432. 

Schindler, D.E., Hilborn, R., Chasco, B., Boatright, C.P., Quinn, T.P., Rogers, L.A. and Webster, 

M.S. (2010) Population diversity and the portfolio effect in an exploited species. Nature 465, 609–

612. 

Schmidt, J.G., Andersen, E.W., Ersbøll, B.K. and Nielsen, M.E. (2016) Muscle wound healing in 

rainbow trout (Oncorhynchus mykiss). Fish & Shellfish Immunology 48, 273–284. 

Schreck, C.B. (2010) Stress and fish reproduction: the roles of allostasis and hormesis. General and 

comparative endocrinology 165, 549–56. 

Schurmann, H. and Steffensen, J.F. (1994) Spontaneous swimming activity of Atlantic cod Gadus 

morhue exposed to graded hypoxia at three temperatures. Journal of Experimental Biology 197, 129–

142. 

Secombes, C.J., Wang, T. and Bird, S. (2011) The interleukins of fish. Developmental and 

Comparative Immunology 35, 1336–1345. 

Semenza, G.L. (2000) HIF-1: Mediator of physiological and pathophysiological responses to 

hypoxia. Journal of Applied Physiology 88, 1480. 

Serafy, J.E., Cooke, S.J., Diaz, G. a, Graves, J.E., Hall, M.A. and Shivji, M. (2012) Circle hooks in 

commercial, recreational, and artisanal fisheries: Research status and needs for improved 

conservation and management. Bulletin of Marine Science 88, 371–391. 

Sha, Z.X., Liu, H., Wang, Q.L., Liu, Y., Lu, Y., Li, M. and Chen, S.L. (2012) Channel catfish 

(Ictalurus punctatus) protein disulphide isomerase, PDIA6: Molecular characterization and 

expression regulated by bacteria and virus inoculation. Fish and Shellfish Immunology 33, 220–228. 

Shaklee, J.B., Beacham, T.D., Seeb, L. and White, B.A. (1999) Managing fisheries using genetic 

data: Case studies from four species of Pacific salmon. Fisheries Research 43, 45–78. 

Shephard, K.L. (1994) Functions for fish mucus. Reviews in Fish Biology and Fisheries 4, 401–429. 

Shertzer, K.W. and Prager, M.H. (2007) Delay in fishery management: Diminished yield, longer 

rebuilding, and increased probability of stock collapse. ICES Journal of Marine Science 64, 149–159. 

Shrimpton, J.M., Patterson, D.A., Richards, J.G., Cooke, S.J., Schulte, P.M., Hinch, S.G. and Farrell, 

A.P. (2005) Ionoregulatory changes in different populations of maturing sockeye salmon 

Oncorhynchus nerka during ocean and river migration. Journal of Experimental Biology 208, 4069–

4078. 



225 
 

Sigurdardóttir, S., Stefánsdóttir, E.K., Condie, H., et al. (2015) How can discards in European 

fisheries be mitigated? Strengths, weaknesses, opportunities and threats of potential mitigation 

methods. Marine Policy 51, 366–374. 

Skjesol, A., Skjæveland, I., Elnæs, M., et al. (2011) IPNV with high and low virulence: Host immune 

responses and viral mutations during infection. Virology Journal 8, 1–14. 

Skugor, S., Glover, K.A., Nilsen, F. and Krasnov, A. (2008) Local and systemic gene expression 

responses of Atlantic salmon (Salmo salar L.) to infection with the salmon louse (Lepeophtheirus 

salmonis). BMC Genomics 9, 1–18. 

Slos, S. and Stoks, R. (2008) Predation risk induces stress proteins and reduces antioxidant defense. 

Functional Ecology 22, 637–642. 

Small, M.P., Rogers Olive, S.D., Seeb, L.W., Seeb, J.E., Pascal, C.E., Warheit, K.I. and Templin, W. 

(2015) Chum Salmon Genetic Diversity in the Northeastern Pacific Ocean Assessed with Single 

Nucleotide Polymorphisms (SNPs): Applications to Fishery Management. North American Journal of 

Fisheries Management 35, 974–987. 

Smith, M.E. and Monroe, D.J. (2016) Causes and consequences of sensory hair cell damage and 

recovery in fishes. In: Fish Hearing and Bioacoustics. (ed J.A. Sisneros). Springer International 

Publishing, pp 393–417. 

Sobocinski, K.L., Greene, C.M. and Schmidt, M.W. (2018) Using a qualitative model to explore the 

impacts of ecosystem and anthropogenic drivers upon declining marine survival in Pacific salmon. 

Environmental Conservation 1, 1–13. 

Spilsted, S. and Pestal, G. (2009) Certification unit profile: North Coast and Central Coast chum 

salmon. Available at: http://publications.gc.ca/collections/collection_2014/mpo-dfo/Fs97-4-2879-

eng.pdf. 

Steinum, T., Kvellestad, A., Colquhoun, et al. (2010). Microbial and pathological findings in farmed 

Atlantic salmon Salmo salar with proliferative gill inflammation. Diseases of Aquatic Organisms, 

91(3), 201–211.  

Stewart, J. (2008) Capture depth related mortality of discarded snapper (Pagrus auratus) and 

implications for management. Fisheries Research 90, 289–295. 

Stram, D.L. and Ianelli, J.N. (2015) Evaluating the efficacy of salmon bycatch measures using 

fishery-dependent data. ICES Journal of Marine Science 72, 1173–1180. 

Suski, C.D., Killen, S., Cooke, S.J., Kieffer, J.D., Philipp, D. and Tufts, B. (2004) Physiological 

significance of the weigh-in during live-release angling tournaments for largemouth bass. 

Transactions of the American Fisheries Society 133, 1291–1303. 

Sutherland, B.J.G., Koczka, K.W., Yasuike, M., Jantzen, S.G., Yazawa, R., Koop, B.F. and Jones, 

S.R.M. (2014) Comparative transcriptomics of Atlantic Salmo salar, chum Oncorhynchus keta and 

pink salmon O. gorbuscha during infections with salmon lice Lepeophtheirus salmonis. BMC 

genomics 15, 200. 



226 
 

Sutton, T.M. and Benson, A.C. (2003) Influence of external transmitter shape and size on tag 

retention and growth of juvenile lake sturgeon. Transactions of the American Fisheries Society 132, 

1257–1263. 

Suuronen, P. (2005) Mortality of fish escaping gears. Food and Agriculture Organization of the 

United Nations, Rome, Italy. 

Suuronen, P., Chopin, F., Glass, C., Løkkeborg, S., Matsushita, Y., Queirolo, D. and Rihan, D. (2012) 

Low impact and fuel-efficient fishing: Looking beyond the horizon. Fisheries Research 119–120, 

135–146. 

Suuronen, P., Lehtonen, E., Tschernij, V. and Larsson, P.-O. (1996a) Skin injury and mortality of 

Baltic cod escaping from trawl codends equipped with exit windows. Archive of Fishery and Marine 

Science 44, 165–178. 

Suuronen, P., Lehtonen, E. and Wallace, J. (1997) Avoidance and escape behaviour by herring 

encountering midwater trawls. Fisheries Research 29, 13–24. 

Suuronen, P., Perez-Comas, J. a, Lehtonen, E. and Tschernij, V. (1996b) Size-related mortality of 

herring (Clupea harengus L.) escaping through a rigid sorting grid and trawl codend meshes. ICES 

Journal of Marine Science 53, 691–700. 

Suuronen, P., Turunen, T., Kiviniemi, M. and Karjalainen, J. (1995) Survival of vendace (Coregonus 

albula) escaping from a trawl cod end. Canadian Journal of Fisheries and Aquatic Sciences 52, 2527–

2533. 

Sveen, S., Øverland, H., Karlsbakk, E., & Nylund, A. (2012). Paranucleospora theridion 

(Microsporidia) infection dynamics in farmed Atlantic salmon Salmo salar put to sea in spring and 

autumn. Diseases of Aquatic Organisms, 101(1), 43–49. 

Svendsen, Y.S. and Bøgwald, J. (1997) Influence of artificial wound and non-intact mucus layer on 

mortality of Atlantic salmon (Salmo salar L.) following a bath challenge with Vibrio anguillarum and 

Aeromonas salmonicida. Fish & Shellfish Immunology 7, 317–325. 

Tadiso, T., Krasnov, A., Skugor, S., Afanasyev, S., Hordvik, I. and Nilsen, F. (2011) Gene expression 

analyses of immune responses in Atlantic salmon during early stages of infection by salmon louse 

(Lepeophtheirus salmonis) revealed bi-phasic responses coinciding with the copepod-chalimus 

transition. BMC Genomics 12, 1:17. 

Tallack, S.M.L. (2007) Escape ring selectivity, bycatch, and discard survivability in the New England 

fishery for deep-water red crab, Chaceon quinquedens. ICES Journal of Marine Science 64, 1579–

1586. 

Teffer, A.K., Bass, A.L., Miller, K.M., Patterson, D.A., Juanes, F. and Hinch, S.G. (2018) Infections, 

fisheries capture, temperature and host responses: Multi-stressor influences on survival and behaviour 

of adult Chinook salmon. Canadian Journal of Fisheries and Aquatic Sciences. 

Teffer, A.K., Hinch, S.G., Miller, K.M., et al. (2017) Capture severity, infectious disease processes 

and sex influence post-release mortality of sockeye salmon bycatch. Conservation Physiology 5, 

1:33. 



227 
 

Tenningen, M., Vold, A. and Olsen, R.E. (2012) The response of herring to high crowding densities 

in purse-seines: Survival and stress reaction. ICES Journal of Marine Science 69, 1523–1531. 

Thakur, K. K., Vanderstichel, R., Li, S., Laurin, E., et al. (2018). A comparison of infectious agents 

between hatchery-enhanced and wild out-migrating juvenile chinook salmon (Oncorhynchus 

tshawytscha) from Cowichan River, British Columbia. Facets, 3(1), 695–721.  

Thomas, D.R. (2006) A general inductive approach for analyzing qualitative evaluation data. 

American Journal of Evaluation 27, 237–246. 

Thorpe, T. and Frierson, D. (2009) Bycatch mitigation assessment for sharks caught in coastal 

anchored gillnets. Fisheries Research 98, 102–112. 

Ton, C., Stamatiou, D. and Liew, C.-C. (2003) Gene expression profile of zebrafish exposed to 

hypoxia during development. Physiological Genomics 13, 97–106. 

Tort, L. (2011) Stress and immune modulation in fish. Developmental and comparative immunology 

35, 1366–75. 

Tsuboi, J.I., Morita, K. and Ikeda, H. (2006) Fate of deep-hooked white-spotted charr after cutting the 

line in a catch-and-release fishery. Fisheries Research 79, 226–230. 

Tucker, S., Li, S., Kaukinen, K.H., Patterson, D.A. and Miller, K.M. (2018) Distinct seasonal 

infectious agent profiles in life-history variants of juvenile Fraser River Chinook salmon: An 

application of high-throughput genomic screening. PLoS ONE 13, 1–26. 

Udomkusonsri, P. and Noga, E.J. (2005) The acute ulceration response (AUR): A potentially 

widespread and serious cause of skin infection in fish. Aquaculture 246, 63–77. 

Uhlmann, S.S. and Broadhurst, M.K. (2015) Mitigating unaccounted fishing mortality from gillnets 

and traps. Fish and Fisheries 16, 183–229. 

Uhlmann, S.S., Theunynck, R., Ampe, B., Desender, M., Soetaert, M. and Depestele, J. (2016) Injury, 

reflex impairment, and survival of beam-trawled flatfish. ICES Journal of Marine Science 73, 250–

262. 

Vazzana, M., Cammarata, M., Cooper, E.L. and Parrinello, N. (2002) Confinement stress in sea bass 

(Dicentrarchus labrax) depresses peritoneal leukocyte cytotoxicity. Aquaculture 210, 231–243. 

Veldhuizen, L.J.L., Berentsen, P.B.M., de Boer, I.J.M., van de Vis, J.W. and Bokkers, E.A.M. (2018) 

Fish welfare in capture fisheries: A review of injuries and mortality. Fisheries Research 204, 41–48. 

Veneranta, L., Pakarinen, T., Jokikokko, E., Kallio-Nyberg, I. and Harjunpää, H. (2018) Mortality of 

Baltic sea trout (Salmo trutta) after release from gillnets. Journal of Applied Ichthyology 34, 49–57. 

Wade, O., Revill, A.S., Grant, A. and Sharp, M. (2009) Reducing the discards of finfish and benthic 

invertebrates of UK beam trawlers. Fisheries Research 97, 140–147. 

Warnes, G.R., Bolker, B., Bonebakker, L., et al. (2016) gplots: Various R Programming Tools for 

Plotting Data R package version 3.0.1. 

Weise, M.J. and Harvey, J.T. (2005) Impact of the California sea lion (Zalophus californianus) on 

salmon fisheries in Monterey Bay, California. Fishery Bulletin 103, 685–696. 



228 
 

Welcomme, R.L., Cowx, I.G., Coates, D., Béné, C., Funge-Smith, S., Halls, A. and Lorenzen, K. 

(2010) Inland capture fisheries. Philosophical transactions of the Royal Society of London. Series B, 

Biological sciences 365, 2881–96. 

Wendelaar Bonga, S. (1997) The stress response in fish. Physiological Reviews 77, 591–625. 

Wenger, R.H. (2000) Mammalian oxygen sensing, signalling and gene regulation. The Journal of 

experimental biology 203, 1253–1263. 

Wenger, R. H., Kvietikova, I., Rolfs, A., Gassmann, M., & Marti, H. H. (1997). Hypoxia-inducible 

factor-1α is regulated at the post-mRNA level. Kidney International, 51(2), 560–563.  

Wertheimer, A. (1988) Hooking mortality of Chinook salmon released by commercial trolls. North 

American Journal of Fisheries Management 3, 346–355. 

Wessling-Resnick, M. (2010) Iron homeostasis and the inflammatory response. Annual Review of 

Nutrition 30, 105–122. 

Van West, P. (2006) Saprolegnia parasitica, an oomycete pathogen with a fishy appetite: New 

challenges for an old problem. Mycologist 20, 99–104. 

White, G.C. and Burnham, K.P. (1999) Program MARK: Survival estimation from populations of 

marked animals. Bird Study 46, S120–S139. 

Wikelski, M. and Cooke, S.J. (2006) Conservation physiology. Trends in Ecology and Evolution 21, 

38–46. 

Wilson, S.M., Raby, G.D., Burnett, N.J., Hinch, S.G. and Cooke, S.J. (2014) Looking beyond the 

mortality of bycatch: Sublethal effects of incidental capture on marine animals. Biological 

Conservation 171, 61–72. 

Wingfield, J.C., Maney, D.L., Breuner, C.W., Jacobs, J.D., Lynn, S., Ramenofsky, M. and 

Richardson, R.D. (1998) Ecological bases of hormone—behavior interactions: The “emergency life 

history stage.” Integrative and Comparative Biology 38, 191–206. 

Wingfield, J.C. and Sapolsky, R. (2003) Reproduction and resistance to stress: When and how. 

Journal of neuroendocrinology 15, 711–724. 

Wood, C.M. (1991) Acid-base and ion balance, metabolism, and their interactions, after exhaustive 

exercise in fish. Journal of Experimental Biology 160, 285–308. 

Woods, C.W., McClain, M.T., Chen, M., et al. (2013) A host transcriptional signature for pre-

symptomatic detection of infection in humans exposed to influenza H1N1 or H3N2. PLoS ONE 8. 

Wright, B., Riemer, S., Brown, R.F., Ougzin, A.M. and Bucklin, K.A. (2007) Assessment of harbor 

seal predation on adult salmonids in a Pacific Northwest estuary. Ecological Applications 17, 338–

351. 

Ye, H., Lin, Q. and Luo, H. (2018) Applications of transcriptomics and proteomics in understanding 

fish immunity. Fish and Shellfish Immunology 77, 319–327. 

Young, N., Corriveau, M., Nguyen, V.M., Cooke, S.J. and Hinch, S.G. (2016) How do potential 

knowledge users evaluate new claims about a contested resource? Problems of power and politics in 

knowledge exchange and mobilization. Journal of Environmental Management 184, 380–388. 



229 
 

Young, N., Gingras, I., Nguyen, V.M., Steven, J. and Hinch, S.G. (2013) Mobilizing new science into 

management practice: The challenge of biotelemetry for fisheries management, a case study of 

Canada’s Fraser River. Journal of International Wildlife Law & Policy 16, 331–351. 

Zeller, D., Cashion, T., Palomares, M. and Pauly, D. (2018) Global marine fisheries discards: A 

synthesis of reconstructed data. Fish and Fisheries 19, 30–39. 

Zhang, Y.B. and Gui, J.F. (2012) Molecular regulation of interferon antiviral response in fish. 

Developmental and Comparative Immunology 38, 193–202. 

Zhou, S., Smith, A.D.M., Punt, A.E., et al. (2010) Ecosystem-based fisheries management requires a 

change to the selective fishing philosophy. Proceedings of the National Academy of Sciences 107, 

9485–9489. 

Zollett, E.A. and Read, A.J. (2006) Depredation of catch by bottlenose dolphins (Tursiops truncatus) 

in the Florida king mackerel (Scomberomorus cavalla) troll fishery. Fishery Bulletin 104, 343–349. 

Zuur, A.F. (2009) Mixed effects models and extensions in ecology with R. Springer (New York, 

NY). 

Zuur, A.F., Leno, E.N. and Elphick, C.S. (2010) A protocol for data exploration to avoid common 

statistical problems. Methods in Ecology and Evolution 1, 3–14. 

Zydlewski, J., Zydlewski, G. and Danner, G.R. (2010) Descaling injury impairs the osmoregulatory 

ability of Atlantic salmon smolts entering seawater. Transactions of the American Fisheries Society 

139, 129–136. 

  



230 
 

Appendices 

Appendix A: Complete statistical results (Chapter 3)  

Details of all 20 CJS models fit to acoustic data are provided in Tables A1. Table A2 has the resulting 

raw (i.e., not distance-corrected) survival estimates for each population/receiver grouping 

combination.  Individual binary components of injury and impairment indices were included in a 

logistic regression model that was reduced using a backwards stepwise method – Table A3 provides 

stepped outputs prior to final model selection. 

Table A1: Model pool of CJS models fit to acoustic data where survival (S) and detection probability (p) were 

modelled as a function of fish stock (STK, a. Interior Fraser, b. Lower Fraser, c. Other BC and d. Puget/Hood), 

cluster of stocks (CLUS, a. all Fraser River fish, b. Other BC, and c. Puget/Hood) and acoustic receiver array 

(ARRAY) 

Model S pooled1 p pooled2 AICc 
Delta 

AICc 

AICc 

Weights 

Model 

Likelihood 

Num. 

Par 
Deviance 

S (STK) p(CLUS * ARRAY) No Yes 755.73 0.00 0.50 1.00 13 36.94 

S(CLUS * ARRAY) p(CLUS * 

ARRAY) 

Yes Yes 757.26 1.53 0.23 0.47 17 29.89 

S(STK) p(CLUS * ARRAY) No No 757.92 2.19 0.17 0.33 17 30.56 

S(STK * ARRAY) p(CLUS * 

ARRAY) 

Yes Yes 760.78 5.05 0.04 0.08 22 22.48 

S(CLUS) p(CLUS * ARRAY) No Yes 762.05 6.32 0.02 0.04 12 45.37 

S(CLUS * ARRAY) p(CLUS * 

ARRAY) 

No Yes 763.57 7.84 0.01 0.02 21 27.48 

S(CLUS)p(CLUS * ARRAY) No No 764.17 8.44 0.01 0.01 16 38.97 

S(STK) p(STK * ARRAY) No Yes 764.30 8.57 0.01 0.01 17 36.94 

S(CLUS * ARRAY) p(CLUS * 

ARRAY) 

No Yes 765.39 9.66 0.00 0.01 26 18.17 

S(CLUS * ARRAY) p(STK * 

ARRAY) 

Yes Yes 768.01 12.28 0.00 0.00 22 29.71 

S(CLUS * ARRAY) p(CLUS * 

ARRAY) 

No No 768.10 12.37 0.00 0.00 25 23.12 

S(STK) p(STK * ARRAY) No No 768.95 13.22 0.00 0.00 23 28.44 

S(CLUS * ARRAY) p(STK * 

ARRAY) 

Yes Yes 769.26 13.53 0.00 0.00 26 22.03 

S(CLUS * ARRAY) p(CLUS * 

ARRAY) 

No No 770.10 14.37 0.00 0.00 30 13.78 

S(CLUS * ARRAY) p(STK * 

ARRAY) 

No Yes 770.17 14.44 0.00 0.00 24 27.43 

S(CLUS) p(STK * ARRAY) No Yes 770.57 14.84 0.00 0.00 16 45.37 

S(STK * ARRAY) p(STK * 

ARRAY) 

No Yes 774.04 18.31 0.00 0.00 30 17.72 

S(CLUS) p(STK * ARRAY) No No 775.10 19.37 0.00 0.00 22 36.81 

S(CLUS * ARRAY) p(STK * 

ARRAY) 

No No 777.26 21.53 0.00 0.00 30 20.94 

S(STK * ARRAY) p(STK * 

ARRAY) 

No No 780.89 25.16 0.00 0.00 36 10.60 

1 - Pooled only in first two intervals ('Release' to 'Area 20' and 'Area 20' to 'JDF'), 2 - Pooled only for first two receiver stations ('Area 20' and 'JDF'). 
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Table A2: All reach-specific survival estimates by population and estimated detection probability by population 

at each receiver grouping resulting from nested CJS model. 

Parameter Estimate SE LCI UCI 

Apparent survival 

Interior Fraser between 'release' and 'Area 20' receivers 0.92 0.06 0.68 0.98 

Interior Fraser between 'Area 20' and 'JDF' receivers 0.82 0.10 0.54 0.95 

Interior Fraser between 'JDF' and 'San Juan Islands' receivers 0.81 0.14 0.42 0.96 

Interior Fraser between 'San Juan Islands' and 'S-N Arm' receivers 0.85 0.11 0.53 0.96 

Interior Fraser between 'S-N Arm' and 'Derby' receivers 0.90 0.06 0.71 0.97 

Interior Fraser between 'Derby' and 'Mission' receivers 0.92 0.06 0.68 0.98 

Lower Fraser between 'release' and 'Area 20' receivers 0.78 0.15 0.38 0.95 

Lower Fraser between 'Area 20' and 'JDF' receivers 0.68 0.06 0.55 0.79 

Lower Fraser between 'JDF' and 'San Juan Islands' receivers 0.66 0.11 0.42 0.84 

Lower Fraser between 'San Juan Islands' and 'S-N Arm' receivers 0.70 0.12 0.44 0.87 

Lower Fraser between 'S-N Arm' and 'Derby' receivers 0.74 0.13 0.43 0.92 

Lower Fraser between 'Derby' and 'Mission' receivers 0.78 0.15 0.39 0.95 

Other BC between 'release' and 'Area 20' receivers 0.85 0.73 0.00 1.00 

Other BC between 'Area 20' and 'JDF' receivers 0.77 0.95 0.00 1.00 

Other BC between 'JDF' and 'San Juan Islands' receivers 0.68 8.65 0.00 1.00 

Puget/Hood between 'release' and 'Area 20' receivers 0.88 0.08 0.62 0.97 

Puget/Hood between 'Area 20' and 'JDF' receivers 0.78 0.08 0.60 0.89 

Puget/Hood between 'JDF' and 'Admirality' receivers 0.85 0.13 0.44 0.98 

Puget/Hood between 'Admirality' receivers and recovery in the Puget Sound 

Fishery 
0.71 9.99 0.00 1.00 

Detection probability 

Interior Fraser at 'Area 20' receivers 0.14 0.04 0.08 0.23 

Interior Fraser at 'JDF' receivers 1.00 0.00 1.00 1.00 

Interior Fraser at 'San Juan Islands' receivers 0.46 0.15 0.21 0.73 

Interior Fraser at 'S-N Arm' receivers 1.00 0.00 1.00 1.00 

Interior Fraser at 'Derby' receivers 1.00 0.00 1.00 1.00 

Interior Fraser at 'Mission' receivers 1.00 0.00 1.00 1.00 

Lower Fraser at 'Area 20' receivers 0.14 0.04 0.08 0.23 

Lower Fraser at 'JDF' receivers 1.00 0.00 1.00 1.00 

Lower Fraser at 'San Juan Islands' receivers 0.49 0.19 0.17 0.82 

Lower Fraser at 'S-N Arm' receivers 1.00 0.00 1.00 1.00 

Lower Fraser at 'Derby' receivers 1.00 0.00 1.00 1.00 

Lower Fraser at 'Mission' receivers 1.00 0.00 1.00 1.00 

Other BC at 'Area 20' receivers 0.11 0.06 0.04 0.28 

Other BC at 'JDF' receivers 1.00 0.00 1.00 1.00 

Other BC at 'San Juan Islands' receivers 0.41 8.60 0.00 1.00 

Puget/Hood at 'Area 20' receivers 0.14 0.03 0.09 0.21 

Puget/Hood' at 'JDF' receivers 1.00 0.00 1.00 1.00 

Puget/Hood' at 'Admirality' receivers 0.45 0.08 0.30 0.61 

Probability of Puget/Hood being captured and reported in Puget Sound fisheries 0.35 9.90 0.00 1.00 
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Table A3: Full model output from backward stepwise logistic regression testing the effect of all individual 

categorical injury and impairment metrics on survival to the JDF line among all coho tagged.  Categorical 

predictors included the injury measurements of presence of net marks (NM; 0/1), other injuries (OI; 0/1), and 

scale loss (SL; minor, moderate, severe) and the reflex impairment measures of body flex (BF; 0/1), tail grab 

(TG; 0/1), and orientation (OR; 0/1). 

Full Model 

Variable Df Deviance AIC 

NM 1 224.73 238.73 

OI 1 225.01 239.01 
TG 1 225.08 239.08 

OR 1 225.94 239.94 

Constant  224.69 240.69 
BF 1 230.07 244.07 

SL 2 243.69 255.69 

Step 1 

OI 1 225.03 237.03 

TG 1 225.13 237.13 

OR 1 225.95 237.95 

Constant  224.73 238.73 

BF 1 230.07 242.07 
SL 2 244.32 254.32 

Step 2 

TG 1 225.43 235.43 

OR 1 226.22 236.22 

Constant  225.03 237.03 
BF 1 230.13 240.13 

SL 2 245.11 253.11 

Step 3 

OR 1 226.71 234.71 

Constant  225.43 235.43 
BF 1 232.84 240.84 

SL 2 245.24 251.24 

Step 4 (Final Model) 

Constant  226.71 234.71 

BF 1 235.57 241.57 
SL 2 249.47 253.47 
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Appendix B: Measured blood physiology values (Chapter 4) 

Given multi-collinearity among measured blood chemistry variables, a factor analysis was conducted that reduced measures of plasma 

sodium, chloride, and osmolality into a single factor for analysis. In Table B1, I present raw values of measured plasma parameter.  

Table B1: Raw data of each parameter of blood physiology measured in coho salmon captured by purse seine initially (i.e., Time point 0; n=130) and again 

after after 48, 72, or 84 hours of holding (n=60). Upon capture, fish were classified according to severity of injury and reflex impairment; values are 

provided for each category at each time point 

 Time point (hr) 

Category n 

Measured plasma parameter 

Osmolality ± 

SE (mOsm/kg) 

Sodium ± SE 

(mmol/L) 

Chloride ± SE 

(mmol/L) 

Lactate ± SE 

(mmol/L) 

Potassium ± 

SE (mmol/L) 

Glucose ± SE 

(mmol/L) 

Cortisol ± SE 

(mmol/L) 

In
ju

ry
 0 Uninjured 67 387.4 ± 2.4 179.6 ± 1.1 155.1 ± 0.9 14.1 ± 0.6 5.0 ± 0.3 7.0 ± 0.2 222.9 ± 14.7  

Minor 31 391.6 ± 3.4 181.7 ± 1.6 159.3 ± 1.2 15.0 ± 0.9 4.3 ± 0.4 6.4 ± 0.2 249.6 ± 24.1  
Moderate 24 395.5 ± 2.9 184.8 ± 1.6 161.9 ± 1.5 14.3 ± 0.8 3.3 ± 0.3 6.4 ± 0.3 227.8 ± 18.4  
Severe 8 410.2 ± 5.4 194.1 ± 1.7 168.3 ± 3.6 16.2 ± 1.9 3.3 ± 0.6 5.6 ± 0.5 241.3 ± 56.1 

48 Uninjured 7 373.1 ± 15.4 182.5 ± 7.4 158.5 ± 8.2 2.2 ± 0.6 3.5 ± 0.2 7.0 ± 0.3 235.6 ± 83.8  
Minor 6 387.2 ± 11.8 183.2 ± 6.9 167.0 ± 5.6 2.7 ± 0.5 3.1 ± 0.5 8.5 ± 0.8 396.1 ± 129.3  
Moderate 2 390.0 ± 30.0 181 ± 8 173.8 ± 18.0 0.9 ± 0.3 4.1 ± 0.5 5.2 ± 0.6 357.4 ± 251.6  
Severe 1 432.0 197.0 198.8 3.1 0.7 6.2 489.3 

72 Uninjured 10 360.8 ± 7.8 175.1 ± 2.7 156.0 ± 3.8 2.2 ± 0.4 2.6 ± 0.5 8.0 ± 0.6 257.4 ± 47.5  
Minor 5 398.8 ± 5.9 188.6 ± 3.4 173.5 ± 2.6 3.3 ± 0.3 2.5 ± 0.4 12.9 ± 1.5 607.4 ± 167.6  
Moderate 1 434.0 209 185.2 5.8 2.6 8.3 653.7  
Severe 0 NA NA NA NA NA NA NA 

84 Uninjured 12 360.2 ± 7.3 172.1 ± 3.2 161.2 ± 4 1.9 ± 0.3 4.3 ± 0.4 7.7 ± 0.7 279.8 ± 64.2  
Minor 0 NA NA NA NA NA NA NA  
Moderate 0 NA NA NA NA NA NA NA  
Severe 1 439.0 194.0 188.6 5.3 5.2 8.7 838.6 

Im
p

ai
rm

en
t 0 Unimpaired 45 381.6 ± 3.2 178.5 ± 1.6 157.0 ± 1.5 11.7 ± 0.5 5.1 ± 0.3 6.1 ± 0.2 239.5 ± 17.0  

Minor/moderate 74 395.4 ± 1.8 183.4 ± 0.9 158.5 ± 0.8 15.9 ± 0.5 4.2 ± 0.3 7.1 ± 0.2 228.0 ± 14.8  
Severe 7 407.0 ± 4.2 185.9 ± 2.1 160.9 ± 2.2 19.7 ± 1.3 3.4 ± 0.9 5.9 ± 0.3 223.6 ± 42.1 

48 Unimpaired 5 395.6 ± 14.8 188.6 ± 7.9 173.4 ± 6.4 2.3 ± 0.5 3.9 ± 0.4 6.8 ± 0.6 263.0 ± 79.8  
Minor/moderate 9 383.0 ± 12.9 180.9 ± 6.1 165.0 ± 7.7 2.6 ± 0.5 2.8 ± 0.4 7.8 ± 0.6 393.9 ± 105.7  
Severe 1 383.0 182.0 164.9 1.4 4.1 6.3 236.4 

72 Unimpaired 8 372.0 ± 14.2 180.4 ± 5.5 160.4 ± 6.2 3.0 ± 0.6 2.4 ± 0.5 8.2 ± 0.9 386.5 ± 110.1  
Minor/moderate 6 379.0 ± 8.0 182.0 ± 4.3 165.6 ± 4.8 2.2 ± 0.4 2.8 ± 0.5 10.4 ± 1.3 271.7 ± 80.1  
Severe 0 NA NA NA NA NA NA NA 

84 Unimpaired 3 348.3 ± 13.0 167.0 ± 7.0 156.5 ± 7.7 2.0 ± 0.7 4.5 ± 0.4 6.2 ± 0.7 354.9 ± 161.9 

 Minor/moderate 5 377.4 ± 12.1 179.8 ± 4.7 169.0 ± 7.5 2.2 ± 0.4 5.0 ± 0.4 8.9 ± 1.5 260.5 ± 118.7 

 Severe 0 NA NA NA NA NA NA NA 
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Appendix C: Supplemental data (Chapter 5) 

Chapter 5 analyses are based on a large dataset that required ordination and reductionist techniques. 

The result was several summary variables. However, observing associations between individual 

measured parameters is helpful in interpretation of results.  

In Tables C1 and C2, I provide all sequences of assays of genes and infectious agents, respectively, 

included for quantification on the Fluidigm BioMark Dynamic Array. Efficiency, a measure of the 

functionality of the assay, is also included. In the main text, descriptions were only provided for 

‘genes of interest’. 

All analyses were conducted with RIB, a composite score that represents the loads and prevalence of 

infectious agents present in a given host. Although informative, RIB does not elucidate effects or 

acions of individual infectious agents or provide any indication of which infectious agent may be 

most contributing to observed results. The preceding figures provide visualizations of loads of each 

infectious agent detected over time (C1), relationships between each infectious agent detected and 

scale loss over time (C2), and relationships between each infectious agent detected and PCs scores at 

Day 10, representing inflammatory responses (C3). The latter two are included given significant 

relationships with RIB.  

Also included in this appendix are tables of parameters of all suites of candidate models averaged to 

determine significant effects of each predictor of interest on RIB, and on each of three PCs extracted 

from a PCA conducted at each sampling period. 
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Table C1: Assay abbreviation (as referred to in text), full gene name, primer and probe sequences, and 

efficiency (Eff.) of serial dilution for each target gene evaluated via qPCR on adult chum salmon 

(Oncorhynchus keta). Specifics of three reference genes, indicated by (R), are also listed.  

Gene Name  Assay 

Abbrv. 

Sequence: Forward / Reverse / Probe Eff 

52kDa Ro protein-2  52Ro TGCACTATTGCCCAGTAACCAT / TGCAAGAGGAGATGCCAACA / 

AGTAGGATTCACAGAGAGTT 

0.89 

Beta-2-microglobulin  b2M TTTACAGCGCGGTGGAGTC / TGCCAGGGTTACGGCTGTAC / 

AAAGAATCTCCCCCCAAGGTGCAGG 

1.12 

Complement factor  C3 ATTGGCCTGTCCAAAACACA / AGCTTCAGATCAAGGAAGAAGTTC / 

TGGAATCTGTGTGTCTGAACCCC 

0.99 

 C7 ACCTCTGTCCAGCTCTGTGTC / GATGCTGACCACATCAAACTGC / 

AACTACCAGACAGTGCTG 

0.89 

Carbonic anhydrase 4  CA4 GGTCATTTTGGTTTTGTACACAGTCT / CCTAGATATAGCTATCCACGTACTCACCTA / 

TGATACGTGGTATAGAAAAG 

0.99 

CC chemokine 4  CCL4 TCTCTTCATTGCAACAATCTGCTT / ACAGCAGTCCACGGGTACCT / 

CTACGCAGCAGCATT 

1.00 

complement factor C4  CD4 CATTAGCCTGGGTGGTCAAT / CCCTTTCTTTGACAGGGAGA / 

CAGAAGAGAGAGCTGGATGTCTCCG 

1.13 

Cluster of 

differentiation 

 CD8α ACACCAATGACCACAACCATAGAG / GGGTCCACCTTTCCCACTTT / 

CCAGCTCTACAACTGCCAAGTCGTGC 

1.07 

 CD9 CTTGATCTGTTTCATGAGGATGCT / ACCTCCTCCTGTTGCTCCTAGA / 

CAGCACACCAGGGC 

1.04 

Cystic fibrosis 

transmembrane 

conductance regulator 

I 

 CFTR-I GAGTACACGGTCAACATCCACAA / CGAGGTGCCCTCCTCTTAAA / 

CGCATACATGGCGTCT 

0.92 

Cytochrome C 

oxidase 

 COX6B1 GCCCCGTGTGACTGGTATAAG / TCGTCCCATTTCTGGATCCA / 

TCTACAAATCACTGTGCCC 

1.13 

ATP-dependent RNA 

helicase 

 DEXH TGGAGAAGAAGGGTGTGACAGA / CGCAGGTGGAGAGCACACT / 

AGGAACAGACTGCTGGC 

0.96 

FYN-binding protein  FYB TGCAGATGAGCTTGTTGTCTACAG / GCAGTAAAGATCTGCCGTTGAGA / 

CTCAACGATGACATCCACAGTCTCCCC 

1.01 

Galectin-3-binding 

protein precursor 

 GAL3 TTGTAGCGCCTGTTGTAATCATATC / TACACTGCTGAGGCCATGGA / 

CTTGGCGTGGTGGC 

1.02 

Hemoglobin subunit α  HBα GCCCTGGCTGACAAATACAGA / GAGCAGGAACTGGAGTCCAATG / 

ACCATCATGAAAGTCC 

1.01 

Hepcidin  HEP GAGGAGGTTGGAAGCATTGA / TGACGCTTGAACCTGAAATG / 

AGTCCAGTTGGGGAACATCAACAG 

1.15 

Hypoxia-inducible 

factor 

 HIF1α -3 CACTACAACTTCTCCTCACTCACTCTGT / AGCAGCCAAACTATAAGATCACTGATAC / 

CTGCCCCTTTATTTGTCTC 

0.97 

 HIF1α -6 AGAGGAGGCAGTGCTGTATTCAA / GGGACAAGGCCCTCCAAT / 

AGGGCCCTGACCATG 

0.99 

Heat shock cognate 

70kDa protein 

 HSC70 GGGTCACACAGAAGCCAAAAG / GCGCTCTATAGCGTTGATTGGT / 

AGACCAAGCCTAAACTA 

1.03 

Heat shock protein   HSP90α TTGGATGACCCTCAGACACACT / CGTCAATACCCAGGCCTAGCT / 

CCGAATCTACCGGATGAT 

0.93 

 HSP90αβ1 GACACGGTGTTGGGTTGGTT / TTGCAGTCAACTCTCCATGCA / 

TCATGTGCAACATAACAT 

0.99 

Interferon (IFN)-

induced protein 44-1 

 IFI44α CGGAGTCCAGAGCAGCCTACT / TCCAGTGGTCTCCCCATCTC / CGCTGGTCCTGTGTGA 0.92 

Immunoglobulin M  IgMs CTTGGCTTGTTGACGATGAG / GGCTAGTGGTGTTGAATTGG / 

TGGAGAGAACGAGCAGTTCAGCA 

1.03 

Immunoglobulin tau  IgT CAACACTGACTGGAACAACAAGGT / CGTCAGCGGTTCTGTTTTGGA / 

AGTACAGCTGTGTGGTGCA 

0.93 

Interleukin  IL-11 GCAATCTCTTGCCTCCACTC / TTGTCACGTGCTCCAGTTTC / 

TCGCGGAGTGTGAAAGGCAGA 

0.88 

 IL-15 TTGGATTTTGCCCTAACTGC / CTGCGCTCCAATAAACGAAT / 

CGAACAACGCTGATGACAGGTTTTT 

1.11 

 IL-17D CAACAGAAGTGCGAACGATG / GATGCCACATCGCATAACAG / 

TGGTCGAGTATCTTTCGTGTGTTTGC 

1.03 

 IL-1β AGGACAAGGACCTGCTCAACT / CCGACTCCAACTCCAACACTA / 

TTGCTGGAGAGTGCTGTGGAAGAA 

0.95 

 IL-8 GAGCGGTCAGGAGATTTGTC / TTGGCCAGCATCTTCTCAAT / 

ATGTCAGCGCTCCGTGGGT 

1.00 

IFN regulatory factor 

1 

 IRF1 CAAACCGCAAGAGTTCCTCATT / AGTTTGGTTGTGTTTTTGCATGTAG / 

CTGGCGCAGCAGATA 

0.95 

Keratin, type II 

cytoskeletal 8 

 KRT8 CGATTGAGCGGCTGGATAA / GCATTGTTTACCTTTGACTTGAATTG / 

CCCCCTTCTCTACTCTCTTGCTCACCATTC 

1.02 

Lactate 

dehydrogenase  

 LDHβ GTCACTGCTCCCATTTTACACTCTAG / CCCAAACTCCCTCCCAGATAAC / 

CTGTTCTTAGCTTCCC 

1.00 

Mitogen-activated 

protein kinase 14 

 MAP3k14 GCTCCCTGGGTTCATGGAT / GCCTCCCTTCAGCAGAGACA / CCAGCAATAGCTTATG 0.97 

Major histone 

compatibility 

complex 

 MHC-1 GCGACAGGTTTCTACCCCAGT / TGTCAGGTGGGAGCTTTTCTG / 

TGGTGTCCTGGCAGAAAGACGG 

1.18 

 MHC-II TGCCATGCTGATGTGCAG / GTCCCTCAGCCAGGTCACT / 

CGCCTATGACTTCTACCCCAAACAAAT 

1.03 
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Gene Name  Assay 

Abbrv. 

Sequence: Forward / Reverse / Probe Eff 

Matrix 

metalloproteinase 

 MMP13 GCCAGCGGAGCAGGAA / AGTCACCTGGAGGCCAAAGA / TCAGCGAGATGCAAAG 1.02 

 MMP25 TGCAGTCTTTTCCCCTTGGAT / TCCACATGTACCCACACCTACAC / 

AGGATTGGCTGGAAGGT 

0.94 

IFN-induced GTP-

binding protein 

 Mx AGATGATGCTGCACCTCAAGTC / CTGCAGCTGGGAAGCAAAC / 

ATTCCCATGGTGATCCGCTACCTGG 

1.06 

Zinc finger NFX1-

type 

 NFX CCACTTGCCAGAGCATGGT / CGTAACTGCCCAGAGTGCAAT / TGCTCCACCGATCG 0.88 

Na+/K+ ATPase  NKAα3 GGAGACCAGCAGAGGAACAG / CCCTACCAGCCCTCTGAGT / 

AAGACCCAGCCTGAAATG 

0.99 

 NKAβ1 CGTCAAGCTGAACAGGATCGT / CCTCAGGGATGCTTTCATTGGA / 

CCTTGGCCTGAAGTTG 

1.10 

 NKAα1a TGGAATCAAGGTTATCATGGTCACT / CCCACACCCTTGGCAATG / 

ATCATCCCATCACTGCGA 

1.18 

 NKAα1b GCCTGGTGAAGAATCTTGAAGCT / GAGTCAGGGTTCCGGTCTTG / 

CCTCCACCATTTGCTCA 

1.07 

 NKAα1c AGGGAGACGTACTACTAGAAAGCAT / CAGAACTTAAAATTCCGAGCAGCAA / 

ACAACCATGCAAGAACT 

1.03 

Protein DJ-1  PARK7 ACTGCAAGCAGCATGATCAACT / TTGGCCTGTGTATCATAATGAACA / 

CCCCACCTACTCAGC 

1.06 

Protein disulfide-

isomerase A4-like 

 PDIA4 TGAGGTGCAGGACTTTTTTAAGAA / TCGTTGCTCTGTTTCCTGTGA / 

ACATCCTGCCACTGGT 

0.96 

60S ribosomal protein 

L31 

 RPL31 GAGCTGTCAGAGAGGAAGTTCTCA / GCAGCGACTCTTCAACCTGAT / 

TGGTGCCCGAGGAC 

0.99 

Radical Sadenosyl 

methionine 

Domain containing 

protein 2 

 RSAD GGGAAATTAGTCCAATACTGCAAAC / CCATTGCTGACAATACTGACACT / 

CGACCTCCAGCTCC 

1.00 

Serum amyloid 

protein α 

 Saα GGGAGATGATTCAGGGTTCCA / TTACGTCCCCAGTGGTTAGC / 

TCGAGGACACGAGGACTCAGCA 

1.06 

Selenoprotein W1  SeP1 TGAGGATGAATTCCCAGGTGAT / AAACCACCCAGAGGTTGAAGGT / 

TTGAGATTACTGGTGAAAGC 

1.03 

Serpin H1 precursor  SERPIN GAGGTCAGCGACCCAAAGAC / GCCGTAGAGGCGGTTACTGAT / 

CGGAACGTCACATGGA 

0.93 

Tyrosine-protein 

kinase FRK 

 SRK2 CCAACGAGAAGTTCACCATCAA / TCATGATCTCATACAGCAAGATTCC / 

TGTGACGTGTGGTCCT 

1.08 

Signal transducer and 

activator of 

transcription 1-

alpha/beta 

 STAT1 TGTCACCGTCTCAGACAGATCTG / TGTTGGTCTCTGTAAGGCAACGT / 

AGTTGCTGAAAACCGG 

1.10 

 T-cell receptor alpha  TCRα ACAGCTTGCCTGGCTACAGA / TGTCCCCTTTCACTCTGGTG / 

CAGCGCACACAAGGCTAATTCG 

1.06 

Transferrin  TF TTCACTGCTGGAAAATGTGG / GCTGCACTGAACTGCATCAT / 

TGGTCCCTGTCATGGTGGAGCA 

1.03 

Tubulin alpha-1A 

chain 

 TUBα1a CTCTGCTGAGAAGGCCTACCAT / AGCAGGCGTTGGTGATGTC / 

AGCAGCTGTCTGTTGC 

0.91 

Ubiquitin-conjugating 

enzyme E2 Q2 

 UBE2Q2 GGCAGGACCACTTGAACGTAA / AGGCCTGCACTGAACCAGAT / 

TGCTCATTCGGGTGCG 

0.94 

VHSV-inducible 

protein 

 VHSVIP4 GCTCTCGTAAAGCCCCACATC / GGGCGACTGCTCTCTGATCT / 

AAACTGCACGTCGCGC 

0.82 

 VHSVP10 GCAAACTGAGAAAACCATCAAGAA / CCGTCAGCTCCCTCTGCAT / 

TGTGGAGAAGTTGCAGGC 

0.93 

Tyrosine-protein 

kinase ZAP-70 

 ZAP7 TCACCTCCGGACCTTTCATT / CCATGTGGGAAGCCTTTTCTT / 6FAM-

TCTTGTATGGTTTTCCTCC-MGBNFQ 

0.99 

S100 calcium binding 

protein 

 786d16.1P 

(R) 

GTCAAGACTGGAGGCTCAGAG / GATCAAGCCCCAGAAGTGTTTG / 

AGGTGATTCCCTCGCCGTCCGA 

1.03 

Coiled domain-

containing protein 84 

 COIL (R) GCTCATTTGAGGAGAAGGAGGATG / CTGGCGATGCTGTTCCTGAG / 

TTATCAAGCAGCAAGCC 

0.97 

39S ribosomal protein 

L40 

 MrpL40 (R) CCCAGTATGAGGCACCTGAAGG / GTTAATGCTGCCACCCTCTCAC / 

ACAACAACATCACCA 

0.93 
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Table C2: Assay abbreviation (as referred to in text), full microbe name, primer and probe sequences, and 

efficiency (Eff.) of serial dilution for each microbe evaluated via qPCR on adult chum salmon (Oncorhynchus 

keta). Type identifies it as a bacteria (B), or parasite (P).  

Assay 

Abbrv. 

Microbe Name Type Sequence: Forward / Reverse / Probe Eff 

(%) 

c_b_cys Candidatus 

Branchiomonas 

cysticola 

B AATACATCGGAACGTGTCTAGTG / GCCATCAGCCGCTCATGTG / 

CTCGGTCCCAGGCTTTCCTCTCCCA 

0.86 

fl_psy Flavobacterium 

psychrophilum 

B GATCCTTATTCTCACAGTACCGTCAA / TGTAAACTGCTTTTGCACAGGAA / 

AAACACTCGGTCGTGACC 

0.83 

mo_vis Moritella viscosa B CGTTGCGAATGCAGAGGT / AGGCATTGCTTGCTGGTTA / 

TGCAGGCAAGCCAACTTCGACA 

0.97 

sch Gill chlamydia B GGGTAGCCCGATATCTTCAAAGT / CCCATGAGCCGCTCTCTCT / 

TCCTTCGGGACCTTAC 

0.94 

te_mar Tenacibaculum 

maritimum 

B TGCCTTCTACAGAGGGATAGCC / CTATCGTTGCCATGGTAAGCCG / 

CACTTTGGAATGGCATCG 

0.94 

fa_mar Facilispora 

margolisi 

P AGGAAGGAGCACGCAAGAAC / CGCGTGCAGCCCAGTAC / TCAGTGATGCCCTCAGA 0.84 

ic_mul Ichthyophthirius 

multifiliis 

P AAATGGGCATACGTTTGCAAA / AACCTGCCTGAAACACTCTAATTTTT / 

ACTCGGCCTTCACTGGTTCGACTTGG 

0.91 

ku_thy Kudoa thyrsites P TGGCGGCCAAATCTAGGTT / GACCGCACACAAGAAGTTAATCC / 

TATCGCGAGAGCCGC 

0.93 

lo_sal Loma salmonae P TGGTAGATACTGAATATCCGGGTTT / AACTGCGCGGTCAAAGTTG / 

CGTTGATTGTGAGGTTGG 

0.94 

pa_kab Parvicapsula 

kabatai 

P CGACCATCTGCACGGTACTG / ACACCACAACTCTGCCTTCCA / 

CTTCGGGTAGGTCCGG 

0.91 

pa_pse Parvicapsula 

pseudobranchicola 

P CAGCTCCAGTAGTGTATTTCA / TTGAGCACTCTGCTTTATTCAA / 

CGTATTGCTGTCTTTGACATGCAGT 

0.80 

pa_ther Paranucleospora 

theridion 

P CGGACAGGGAGCATGGTATAG / GGTCCAGGTTGGGTCTTGAG / 

TTGGCGAAGAATGAAA 

0.76 
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Figure C1: Loads of infectious agents detected. Width of bean plot width proportional to sample size. Inner boxplot shows range of data. Blue points show 

individuals. Loads shown as 40-cycle threshold to allow for comparison of obtained values relative to limit of detections (where available; red dashed line) 

determined for each assay on the Fluidigm® BioMark™ platform. 
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Figure C2: Relationships between individual infectious agents and scale loss scores at each sampling period.  
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Figure C3: Relationships between loads of individual infectious agents and PC3 scores from Day 10. Potential effects of infectious agent load on PC3 at Day 

10 were explored further given a significant effect of relative infection burden, a composite metric including loads and number of all infectious agents 

detected within an individual, on PC3 at Day 10.  
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Table C3: Suite of candidate models (summed weights ≥ 0.95) for each response variable (i.e., PC scores 

resulting from a PCA) for samples collected upon capture (Day 0). Predictors in global models included: air 

exposure (Air), confinement time (Conf.), scale loss (ScL), wound severity (Wd. Sev.), and relative infection 

burden (RIB).  

Response 

Variable 

Model terms Model Support 

Air. 

Exp. Conf. ScL 

Wd. 

Sev. RIB AICc 

∆ 

AICc Weight 

PC1: Adaptive 

and Innate 

Immunity 

X X    291.29 0 0.28 

X     292.68 1.39 0.14 

X X   X 293.05 1.76 0.12 

X X X   293.5 2.21 0.09 

X X  X  294.31 3.02 0.06 

X    X 294.77 3.48 0.05 

X  X   294.84 3.55 0.05 

X X X  X 295.25 3.96 0.04 

NULL 295.42 4.13 0.04 

X   X  296.04 4.75 0.03 

X X  X X 296.09 4.8 0.03 

X X X X  296.55 5.26 0.02 

X  X  X 296.98 5.69 0.02 

 X    297.04 5.75 0.02 

  X   297.54 6.25 0.01 

    X 297.54 6.25 0.01 

X   X X 298.21 6.92 0.01 

PC2: 

Inflammatory 

Response 

X X X  X 280.66 0 0.33 

X X   X 281.37 0.71 0.23 

X X X   281.68 1.02 0.2 

X X X X  284.16 3.5 0.06 

X X    284.44 3.78 0.05 

X X X X X 284.45 3.78 0.05 

X X  X X 285.06 4.4 0.04 

X    X 285.82 5.16 0.02 

X  X  X 286.04 5.37 0.02 

PC3: Anti-viral 

Response 
  X X  286.85 0 0.23 

   X  287.63 0.78 0.16 

X  X X  288.41 1.57 0.1 

  X X X 288.57 1.72 0.1 

X   X  289.1 2.25 0.07 

 X X X  289.1 2.26 0.07 

   X X 289.76 2.91 0.05 

 X  X  289.84 2.99 0.05 

X  X X X 290.25 3.41 0.04 

X X X X  290.56 3.72 0.04 

 X X X X 290.85 4.01 0.03 

X X  X  291.18 4.33 0.03 

X   X X 291.3 4.45 0.02 
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Table C4: Suite of candidate models (summed weights ≥ 0.95) for each response variable (i.e., PC scores 

resulting from a PCA) for samples collected after 5 days of holding. Predictors in global models included: air 

exposure (Air), confinement time (Conf.), scale loss (ScL), wound severity (Wd. Sev.), and relative infection 

burden (RIB).  

Response 

Variable 

Model terms Model Support 

Air. 

Exp. Conf. ScL 

Wnd. 

Sev. RIB AICc 

∆ 

AICc Weight 

PC1: Adaptive 

and Innate 

Immunity 

NULL 301.09 0 0.22 

    X 301.81 0.72 0.15 

  X   303.08 1.99 0.08 

 X    303.14 2.05 0.08 

X     303.19 2.1 0.08 

  X  X 303.93 2.84 0.05 

 X   X 303.95 2.86 0.05 

X    X 303.97 2.88 0.05 

   X  304.73 3.64 0.04 

 X X   305.14 4.05 0.03 

X  X   305.22 4.13 0.03 

X X    305.23 4.14 0.03 

   X X 305.59 4.5 0.02 

 X X  X 306.09 5 0.02 

X X   X 306.12 5.03 0.02 

X  X  X 306.12 5.03 0.02 

 X  X  306.86 5.77 0.01 

X   X  306.9 5.81 0.01 

  X X  306.94 5.85 0.01 

PC2: Anti-

viral 

Responses 

  X   292.16 0 0.26 

X  X   293.27 1.11 0.15 

 X X   293.91 1.75 0.11 

X X X   294.25 2.08 0.09 

  X  X 294.26 2.1 0.09 

  X   294.72 2.56 0.07 

X  X  X 295.43 3.27 0.05 

X  X   295.59 3.43 0.05 

 X X  X 296.08 3.92 0.04 

X X X  X 296.49 4.33 0.03 

 X X   296.86 4.7 0.03 

  X  X 296.96 4.79 0.02 

PC3: 

Inflammatory 

Responses 

X X X  X 280.43 0 0.37 

X X X   281.44 1.01 0.23 

X X X X X 283.14 2.7 0.1 

X X X X  283.69 3.26 0.07 

 X X  X 283.81 3.37 0.07 

  X  X 284.82 4.39 0.04 

X  X  X 284.9 4.46 0.04 

 X X   285.43 4.99 0.03 

 X X X X 286.42 5.99 0.02 

X  X X X 286.57 6.13 0.02 

  X X X 286.73 6.29 0.02 
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Table C5: Suite of candidate models (summed weights ≥ 0.95) for each response variable (i.e., PC scores 

resulting from a PCA) for samples collected after 10 days of holding. Predictors in global models included: air 

exposure (Air), confinement time (Conf.), scale loss (ScL), wound severity (Wd. Sev.), and relative infection 

burden (RIB). 

Response 

Variable 

Model terms Model Support 

Air. 

Exp. Conf. ScL 

Wnd. 

Sev. RIB AICc 

∆ 

AICc Weight 

PC1: Adaptive 

and Innate 

Immunity 

NULL 224.51 0 0.2 

  X   225.49 0.98 0.12 

 X    226.32 1.81 0.08 

   X  226.44 1.93 0.08 

    X 226.51 2 0.07 

X     226.66 2.15 0.07 

 X X   227.42 2.91 0.05 

  X  X 227.65 3.14 0.04 

X  X   227.68 3.18 0.04 

  X X  228.15 3.64 0.03 

 X   X 228.39 3.89 0.03 

X X    228.53 4.02 0.03 

 X  X  228.59 4.09 0.03 

   X X 228.67 4.16 0.02 

X   X  228.69 4.18 0.02 

X     228.71 4.21 0.02 

 X X  X 229.65 5.14 0.02 

X X X   229.7 5.19 0.01 

X  X  X 229.9 5.39 0.01 

 X X X  230.38 5.87 0.01 

 X  X X  230.46 5.95 0.01 

PC2: Anti-

viral 

Responses 

  X   224.15 0 0.15 

NULL 224.51 0.36 0.12 

X  X   224.94 0.79 0.1 

X     225.13 0.98 0.09 

  X  X 226.16 2.01 0.05 

 X X   226.37 2.22 0.05 

    X 226.62 2.47 0.04 

 X    226.65 2.5 0.04 

X X X   226.92 2.77 0.04 

X X    226.93 2.78 0.04 

X  X  X 226.97 2.82 0.04 

  X X  226.99 2.84 0.04 

   X  227.1 2.94 0.03 

X    X 227.28 3.13 0.03 

X   X  228.4 4.24 0.02 

X  X X  228.42 4.27 0.02 

 X X  X 228.45 4.29 0.02 

 X   X 228.83 4.68 0.01 

X X X  X 228.99 4.84 0.01 

  X X X 229.04 4.88 0.01 

X X   X 229.12 4.97 0.01 

 X X X  229.12 4.97 0.01 

 X  X  229.16 5.01 0.01 

PC3: 

Inflammatory 

Responses 

 X X  X 182.68 0 0.35 

  X  X 184.04 1.36 0.18 

 X X X X 184.24 1.56 0.16 

X X X  X 184.99 2.31 0.11 

X  X  X 185.51 2.83 0.09 
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Table C6: Suite of candidate models (summed weights ≥ 0.95) for repeated measure linear mixed effects 

models evaluating predictors of RIB over time. Predictors in global models included: air exposure (Air), 

confinement time (Conf.), scale loss (ScL), wound severity (Wd. Sev.), and their interactions with sampling 

period (‘x day’). Only models with weights ≥ 0.01 shown.  

Model Terms Model Support 

Air Exp. Day ScL Conf. Wnd. Day*Air Day*ScL Day*Conf. AICc ∆ AICc Weight 

 X X    X  1225.98 0 0.14 

X X X X   X  1226.63 0.65 0.1 

 X X X   X  1226.9 0.92 0.09 

X X X    X  1227.05 1.07 0.08 

 X X  X  X  1227.82 1.84 0.05 

X X X X   X X 1228.01 2.03 0.05 

X X X X   X X 1228.36 2.38 0.04 

 X X X   X X 1228.46 2.47 0.04 

X X X X X  X  1228.46 2.48 0.04 

 X X X X  X  1228.79 2.81 0.03 

X X X  X  X  1228.86 2.88 0.03 

X X X X X  X X 1229.45 3.47 0.02 

 X       1229.66 3.67 0.02 

X X X X  X X  1229.72 3.73 0.02 

 X X X X  X X 1229.93 3.95 0.02 

 X   X    1229.98 4 0.02 

X X X   X X  1230.2 4.22 0.02 

X X X X X X X X 1230.54 4.55 0.01 

X X       1230.85 4.87 0.01 

 X  X     1230.9 4.92 0.01 

X X  X     1231.1 5.12 0.01 

X X   X    1231.13 5.15 0.01 

 X  X X    1231.19 5.2 0.01 

X X  X X    1231.25 5.27 0.01 

 X X      1231.64 5.66 0.01 

X X X X X X X  1231.98 6 0.01 

X X  X X   X 1232.06 6.08 0.01 

 X X  X    1232.1 6.11 0.01 

 X  X X   X 1232.14 6.15 0.01 

X X X  X X X  1232.42 6.44 0.01 

 X  X    X 1232.43 6.44 0.01 

X X  X    X 1232.47 6.48 0.01 
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Appendix D: Supplemental figures (Chapter 6) 

Provided figures show additional detail regarding how individual injury metrics changed over time 

(D1) and number of reflexes impaired changed across treatments (D2). 

Figure D1: Among chum salmon captured by purse seine and held for either 5 or 10 days, Scores of injury 

observations increased with sampling period. Metrics of fin damage, a count of the number of rayed fins 

showing injury, and fin severity, a measure of the severity of injury observed on the most damaged fin, 

increased the most. Wound depth, an estimate of wound severity, and skin loss, recorded as a percentage, also 

showed notable increases. Scale loss, also recorded as a percentage, showed small increases.  

 

Figure D2: Results of proportion odds linear regression (POLR) models assessing the effect of various capture 

treatments on the probability of having a given number of reflexes impaired. Treatments were designed to keep 

fishing conditions consistent while assessing the additional effect of air exposure. Average air exposure 

durations (minutes) by treatment were 1.27 (moderate; range = 1-2), 2.90 (severe; range 2.5-3), and 4.15 (very 

severe; range = 4-5).  
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Appendix E: Background questions asked prior to formal interview (Chapter 7) 

 

Table E1: Data from these general background questions were not reported within the manuscript, as the responses were typically context dependent to the 

individual interview. These questions were meant to start conversation and were not directly related to the goals of the paper. Additionally, for those 

interviews that had time constraints, general questions were kept brief. # represents total mentions within interviews. 

Question Code Response # 

What has been 

the biggest 

change in fishery 

you’ve 

experienced? 

a. Fleet restructuring 4 

b. Good fishing 3 

c. Licensing 9 

d. Technological changes 7 

e. Less fishing 7 

f. Corporatization of the fishery 1 

g. Introduction of selective fishing regulations 8 

Do you see 

selective fishing 

as a problem? 

1a. Presence of problem depends on areas, year, vessel, etc. 3 

1b. Yes selective fishery is a problem 16 

1.b.i Yes because it is wasteful 6 

1.b.ii Yes because it is not an effective conservation strategy 4 

1.b.iii Yes because it is a problem to the efficiency of the fishery 10 

1.b.iv Yes because impacts species of concern 1 

1.c. No selective fishery is not a problem 4 

1.c.i No because fish survive release 3 

1.c.ii No because release has small impact on populations 2 

Have you seen 

many salmon 

stocks decline? 

2.a. No, Believes fish population abundances are increasing 5 

2.b. Yes, Believes fish population abundances are decreasing 0 

2.c. Variable, Believe that some populations are increasing while others are decreasing 6 

What do you 

think is causing 

these declines? / 

Do you think that 

releasing salmon 

is negatively 

impacting their 

populations? 

3.a. Yes fishing has impacted salmon populations (Explicitly states that fishing activities influences abundances of salmon) 2 

3.b. 

No fishing activities do not impact salmon populations (Does not believe that fishing activities influence population 

abundances (e.g. boats do not take enough fish to make a difference, or fisheries and managed so there is no impact) 6 

3.c. 

Depends on the population (Provides a context-depend answer to if fishing is impacting populations - either that it 

depends on the year, the population, the area etc. but believes that in at least some instances, fishing is influencing 

salmon abundances.) 3 

3.d. 

Other issues impacting populations (Does not think that fishing is causing declines and suggests another reason (e.g. 

logging, temperature, poor marine survival) or thinks fishing in addition to one of these other factors is causing 

declines) 8 

3.a. Yes fishing has impacted salmon populations (Explicitly states that fishing activities influences abundances of salmon) 2 

 


