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Abstract 

Global climate change threatens to reduce available habitat for cold-water fish such as 

rainbow trout (Oncorhynchus mykiss). Phenotypic plasticity might help individuals to cope, but 

may not be sufficient and survival could require adaptation in situ. Here, I assessed levels of 

phenotypic variation in thermal and hypoxia tolerance that could act as the substrate for 

adaptation. Furthermore, I also characterized the extent of thermal plasticity in these traits in 

multiple strains of rainbow trout. To characterize phenotypic variation, I used a common garden 

breeding approach with 25 family crosses in each of several strains of British Columbia rainbow 

trout, assessing critical thermal maximum (CTmax) and incipient lethal oxygen saturation (ILOS). 

Using California strains, I investigated the extent of thermal plasticity in CTmax, ILOS, and (in 

collaboration) standard and maximum metabolic rate, absolute aerobic scope (AAS), critical 

oxygen tension (Pcrit), and measures of cardiac performance such as maximum heart rate (ƒHmax) 

and cardiac gene expression. I found little among but large within-strain variation in CTmax and 

ILOS, whereas post-trial mortality clearly differentiated the strains. There was little correlation 

between upper thermal and hypoxia tolerance at the individual level. I observed significant 

plasticity in CTmax, with associated declines in AAS and ƒHmax and increases in the expression 

of stress-related genes. However, plasticity in all these measures reached a limit at a high but 

ecologically relevant temperature. Taken together, these findings suggest that thermal plasticity 

will not be sufficient to allow rainbow trout to cope with climate change, but that trout 

populations possess substantial phenotypic variation in climate-change relevant traits that may 

allow adaptation in situ.  However, differences between strains were not evident for all traits, and 

managers will need to take a multifaceted approach when examining the effects of climate 

change on natural and stocked strains of rainbow trout.  
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Lay Summary 

Human-caused climate change threatens freshwater fishes through increases in temperature and 

decreases in oxygen in freshwater systems. In this thesis, I investigate how well different strains 

of rainbow trout, a popular species for recreational fishing, may deal with these stressors. I show 

that rainbow trout strains differ in their mortality following exposure to high temperature, but 

that traditional metrics of thermal and hypoxia tolerance do not capture this difference. There is, 

however, substantial variation in these metrics within strains which may be important for 

adaptation in response to climate change. This is particularly important because I also show that 

ability of rainbow trout to change their sensitivity through acclimation is likely insufficient to 

deal with the high temperatures of climate change. My research shows that we need to tailor 

conservation management and stocking strategies to individual strains to ensure they survive 

well into the future.  
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Chapter 1: General introduction 

Freshwater habitat quality is declining rapidly due to human-mediated climate change 

(Eaton and Scheller, 1996; Ficke et al., 2007; Comte and Olden, 2017). Both increasing 

temperatures and decreasing dissolved oxygen in freshwater habitats threaten to extirpate 

vulnerable freshwater fish populations (Sharma et al., 2007, 2011). These stressors also affect 

where managers can successfully stock freshwater fish for recreational fishing (Cowx, 1994). To 

cope with these increasing temperatures and decreasing oxygen, freshwater fish must adapt, 

migrate, or exhibit phenotypic plasticity (Fuller et al., 2010; Somero, 2010). Freshwater fish are 

likely limited in their ability to migrate due to the fragmented nature of freshwater habitats 

(Strayer and Dudgeon, 2010), thus, plasticity and adaptation are likely to be the important factors 

for their survival. In this introduction, I will 1) demonstrate the importance of recreational 

fishing, 2) lay out the effects of high temperature and hypoxia on freshwater ecosystems and 

freshwater fish, 3) examine the strategies within which freshwater fish may deal with climate 

change, 4) outline the measurements used to assess traits that may be associated with climate 

change resilience in fish, and finally 5) summarize the importance of rainbow trout and detail 

previous literature examining these impacts on rainbow trout. 

In this thesis, I used rainbow trout strains from British Columbia to examine the extent of 

adaptive variation in upper thermal and hypoxia. My approach of common garden experimental 

design, large sample sizes, and consistent hatchery conditions provide a comprehensive 

examination of the extent of phenotypic variation in these traits. This approach allowed for a 

thorough investigation of within and among-strain variation in upper thermal and hypoxia 

tolerance across multiple strains of rainbow trout. Additionally, I used rainbow trout strains from 

California to examine the extent of plasticity across multiple levels of biological organization, 
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from whole-animal tolerance to metabolism, cardiac performance, and gene expression. I used 

multiple ecologically-relevant acclimation temperatures to characterize how rainbow trout may 

respond to the increasing temperatures of climate change.  

1.1 Recreational fishing and freshwater stocking 

Recreational fishing is an economically and socially important industry in North 

America. Annually in the United States recreational fishing contributes ~$50 billion (CAD) to 

the national economy while in Canada it contributes ~$8 billion (CAD), both through direct (e.g. 

licenses, tackle, and boats) and indirect (e.g. accommodations and travel) purchases (GSGislason 

& Associates Ltd., 2009; Fisheries and Oceans Canada, 2015; U.S. Fish & Wildlife Service, 

2016; National Oceanic and Atmospheric Administration, 2018). Approximately 36 million 

anglers in the United States and ~3 million anglers in Canada participate in recreational fishing, 

catching a variety of species of fish including salmon, trout, bass, drum, walleye (Hughes, 2014; 

Fisheries and Oceans Canada, 2015; U.S. Fish & Wildlife Service, 2016). Within our study 

areas, California (CA) and British Columbia (BC), recreational fishing contributes approximately 

$1.7 billion (CAD) and $1 billion (CAD) respectively (Bailey and Sumaila, 2012; National 

Oceanic and Atmospheric Administration, 2018), and sustains approximately 2.8 million (CA) 

and 400,000 (BC) recreational fishers (Bailey and Sumaila, 2012; U.S. Fish & Wildlife Service, 

2016).  

To support recreational fisheries, both Canada and the United States employ extensive 

stocking programs. Stocking in North America has a long history, beginning in the mid-to-late 

1800s with settlers bringing fish to stock in fish-less lakes as they moved west (Dill and 

Cordone, 1997; Pister, 2001; Kerr, 2006). By the inter-war period, both Canada and the United 

States were stocking millions of fish a year, mainly salmon and trout (Mulvey, 1921; Pister, 
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2001). Few standard policies existed in stocking until ~1960s which has led to negative 

consequences such as declines in native fish and invertebrate populations (Courtenay and 

Williams, 1992; Liss et al., 1999; Kerr, 2006); however, legislation enacted by both Canada and 

the United States now stringently regulates fish stocking. Regulatory bodies currently assess 

risks associated with stocking such as disease introduction, predation impacts, and hybridization 

of native and invasive species (Fisheries and Oceans Canada, 2003; e.g. in the US “North 

Cascades National Park Service Complex Fish Stocking Act,” 2014).  

For part of this thesis (Chapter 2), I collaborated with the Freshwater Fisheries Society of 

British Columbia (FFSBC), a non-profit organization responsible for stocking freshwater fish in 

British Columbia. To support the demand of the hundreds of thousands of recreational fishers in 

British Columbia the FFSBC stocks ~800 lakes, ranging from completely isolated alpine lakes 

only accessible by hiking to metropolitan ponds, province-wide (Bailey and Sumaila, 2012; 

Northrup, 2017). Within these lakes the FFSBC stocks a variety of freshwater fish including 

white sturgeon, brook char, cutthroat trout, kokanee, and steelhead, but the vast majority (~5 

million of 8 million total stocked annually) are rainbow trout (Northrup, 2017). To accomplish 

this goal the FFSBC operates six major fish hatcheries province-wide, within which they rear the 

fish from fertilization up to release, with released sizes for rainbow trout ranging from ~1g 

(beginning of fry stage) up to 250g (Northrup, 2017; FFSBC, 2020). The success of this stocking 

program depends on a variety of factors, but now, importantly, due to climate change managers 

need to tailor stocking strategies to ensure the continuation of these strains in the face of 

increasing temperatures (Cowx, 1994).  



4 

 

1.2 High temperatures and hypoxia in freshwater 

Freshwater fish habitat and biodiversity are under threat due to elevated temperatures as a 

result of anthropogenic-mediated climate change, and large decreases in vertebrate biodiversity 

in freshwater compared to terrestrial and marine ecosystems have been documented (Eaton and 

Scheller, 1996; World Wild Fund for Nature, 2016; Comte and Olden, 2017; Reid et al., 2019).  

Temperature increases are predicted to lead up to a 50% reduction in the habitat of cold-water 

fishes, compared to just 14% in warm-water fishes within the United States (Eaton and Scheller, 

1996). The pervasive effects of temperature increases on fish are a direct result of temperature’s 

influence on biological characteristics such as aerobic metabolism (Portner and Farrell, 2008), 

life-history (Dahlke et al., 2020), growth (Morita et al., 2010), and ecological interactions 

(Selbie et al., 2011). The response of fish to these temperature increases is likely to determine 

their global distribution (Sunday et al., 2012), and further studies into the effects of temperature 

on fish species, strains, and individuals are crucial to determine how they will respond to climate 

change (Harrod, 2016). 

An indirect effect of climate change in freshwater ecosystems is the decline of dissolved 

oxygen. The cause of this decline is two-fold. Intrinsically, as temperature rises the solubility of 

oxygen in the water declines and reduces oxygen content. Furthermore, as temperatures increase 

so does the oxygen uptake rate of aquatic organisms, further decreasing dissolved oxygen (Diaz 

and Breitburg, 2009). Like temperature, oxygen availability plays a fundamental role in the 

physiology and performance of freshwater fish, affecting characteristics such as growth (Wang, 

et al., 2009), fecundity (Landry et al., 2007), immune responses (Kvamme et al., 2013), and 

ecological interactions (Pollock et al., 2007). Together, high temperatures and low oxygen 

interact synergistically to impair organismal performance beyond that due to each stressor in 
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isolation. For example, when exposed to acute high temperatures, the time to LOE (hypoxia 

tolerance) of Atlantic Killifish declined by 20-fold, a significantly larger decline than what may 

be expected through the effect of temperature on metabolic rate alone (McBryan et al., 2013). 

Clearly, organisms will need strategies to cope with these increased temperatures and decreased 

dissolved oxygen in freshwater ecosystems.  

1.3 Strategies to deal with high temperatures and hypoxia 

To survive climate change, organisms have few options: they can migrate to a more 

suitable environment, they can exhibit phenotypic plasticity and change their physiological 

response, or they can adapt over time (Fuller et al., 2010; Somero, 2010). Unfortunately, 

freshwater fish are limited in their ability to migrate to new environments in two critical ways. 

Firstly, freshwater ecosystems are naturally fragmented as a result of biogeographic barriers such 

as waterfalls, mountain ranges and catchment divides, resulting in limited connectivity through 

streams and rivers (Rahel, 2007). Secondly, human alterations such as damming have led to even 

greater decreases in connectivity (Pringle, 2003; Strayer and Dudgeon, 2010). Clearly, 

phenotypic plasticity and adaptation will be particularly important for freshwater fish to cope 

with climate change.  

Phenotypic plasticity is defined as the ability of an organism to change its phenotype 

depending on its environment (Schlichting, 1986). This change in phenotype is independent of a 

modification in genotype and occurs either within the life-span of an organism or trans-

generationally (Cavieres et al., 2019). Within the life-span of organisms, plasticity occurs at 

short-time scales with reversible changes or in early development leading to irreversible 

modifications (Munday et al., 2013). Trans-generationally, phenotypic plasticity can occur 

irreversibly and reversibly, often through molecular (transcriptomic and epigenetic) modification 
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(Veilleux et al., 2015; Donelson et al., 2018).  At the whole-animal level, phenotypic plasticity 

allows organisms to change their phenotype, for example, tolerance to external strngaessors to 

sustain performance. This process of phenotypic plasticity at the whole-animal level is likely 

underlaid by concomitant changes in underlying physiological function and gene expression 

(Logan and Somero, 2010; Anttila et al., 2014a; Logan and Buckley, 2015; Muñoz et al., 2015; 

Veilleux et al., 2018).   

Previous studies have shown significant plasticity in salmonids in response to increasing 

temperatures, with particularly large increases in thermal tolerance following acclimation to 

higher temperatures (e.g. Myrick & Cech, 2000). Similarly, McBryan et al., (2016) has shown 

that acclimation to higher temperatures can improve hypoxia tolerance in a euryhaline fish 

species. Additionally, acclimation to hypoxia has also been shown to improve hypoxia tolerance 

(Borowiec, et al., 2020). Previous findings suggest that these shifts in whole-animal tolerance are 

associated with plastic changes in metabolic capacity and cardiorespiratory function (Logan and 

Somero, 2010; Anttila et al., 2014a; Logan and Buckley, 2015; Muñoz et al., 2015). 

Furthermore, many studies have detected a transcriptional response to thermal acclimation (e.g. 

Veilleux et al., 2018). Thus, assessing acclimatization, and therefore plasticity, across biological 

organization is likely to be important in defining which species persist or perish through climate 

change (Somero, 2010).  

Although these previous examples highlight important phenotypic plasticity that could 

buffer organisms in their response to anthropogenic mediated climate change, limits to plasticity 

have been illustrated in prior studies. For example, Sandblom et al., (2016) note that acute 

warming tolerance or the difference between upper thermal tolerance and habitat temperature 

(CTmax – Thab) is diminished at high temperatures. Furthermore, Myrick and Cech, (2000) 
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showed that both growth and routine metabolic rate declines at higher temperatures, even with an 

increase in CTmax. These results indicate that plasticity may fail to buffer fish from the effects of 

climate warming.  

 If plasticity fails to safeguard freshwater fish from the effects of climate change, then 

perhaps adaptation through natural selection may allow them to survive (Hoffmann and Sgró, 

2011). Adaptation by natural selection can occur both within- and among-strains of the same 

species as a result of selection on new mutations or selection on standing genetic variation, both 

which could be particularly important for rapid adaptation to climate change (Barrett and 

Schluter, 2008). Furthermore, there is evidence for both local adaptation and artificial selection 

on hypoxia and/or thermal tolerance in fish (Faust et al., 2004; Chen et al., 2015; Verhille et al., 

2016), suggesting that there is genetic variation associated with these important traits. 

Consequently, comprehensively examining variation within- and among-strains is vital to 

predicting how species, strains, and individuals may adapt to climate change (Harrod, 2016). 

1.4 Metrics of tolerance  

Researchers have developed two main laboratory methods to examine whole-animal 

upper thermal tolerance in fish at acute timescales: incipient upper lethal temperature (IULT) and 

critical thermal maximum (CTmax). These methods differ in two critical ways, IULT is a static 

and lethal measurement of upper thermal tolerance, while CTmax is a dynamic and sublethal 

measurement of upper thermal tolerance (Beitinger and Lutterschmidt, 2011). IULT is defined as 

the static temperature at which 50% of the organisms being tested perish, while CTmax is the 

temperature at which an organism exhibits loss of equilibrium (LOE) or the inability to maintain 

dorsoventral equilibrium (Beitinger and Lutterschmidt, 2011). For this study, I chose to use 

CTmax as our measurement of upper thermal tolerance because of the dynamic nature of the 
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method, which allows us to measure variation within strains and across numerous individuals. 

Additionally, CTmax utilizes a sublethal endpoint which allows us to measure recovery from 

thermal stress. While the direct ecological relevance of CTmax is questionable, previous studies 

indicate that it is a predictor of the global distribution of fish and correlates with a more 

ecologically relevant, slow warming tolerance (Sunday et al., 2011; Åsheim et al., 2020). 

Furthermore, previous studies have indicated that cardiorespiratory function likely underlies an 

organism’s response to elevated energy demand under high temperatures (Steinhausen et al., 

2008), as such we also used cardiac thermal tolerance as measurement of underlying organ 

system plasticity compared to whole-animal upper thermal tolerance.  

While IULT, CTmax, and cardiac thermal tolerance are all measures of acute thermal 

tolerance, researchers have used several measures that aim to address the effects of chronic 

temperature on organismal performance. For example, previous work has examined the effects of 

chronic temperatures on traits such as growth, fecundity, swimming speed, and oxygen 

consumption rate to name a few (Taylor et al., 1996; Myrick and Cech, 2000; Crozier and 

Hutchings, 2014). These methods attempt to characterize the effects of chronic temperature on 

basic biological processes that have thermal sensitivities below acute thermal tolerance. The 

results of these studies all indicate failure or limits to these processes at temperatures 

considerably lower than acute upper thermal tolerances; however, it remains unclear if upper 

thermal tolerance is correlated with individual, strain, and species-specific limits in these 

processes. For this thesis, I have used acute methods of thermal tolerance because of the ease of 

measuring numerous individuals to characterize within-strain variation as well as the lower time 

constraints associated with acute methods. 
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Like upper thermal tolerance, researchers have developed two main acute hypoxia 

tolerance measurements: critical oxygen tension (Pcrit) and incipient lethal oxygen saturation 

(ILOS). Pcrit is a measurement of the oxygen saturation at which fish are no longer able to 

maintain their basal oxygen consumption rate and oxygen consumption becomes dependent on 

the oxygen saturation of the water, while ILOS is the oxygen saturation at which an organism 

exhibits LOE (Claireaux et al., 2013; Wood, 2018). Both Pcrit and ILOS are sublethal 

measurements of hypoxia tolerance. For this thesis, I chose to use ILOS for the first data chapter, 

as this measurement allows us to comprehensively examine within-strain variation across 

numerous individuals, while we measured both ILOS and Pcrit in the second data chapter to 

characterize the effects of chronic temperature acclimation on organismal oxygen consumption 

and performance.  

Similar to thermal tolerance, researchers have also used methods to look at the effects of 

chronic hypoxia on basic biological processes that have sensitives below acute hypoxia 

tolerance. For example, previous work has examined the effects of chronic hypoxia on traits such 

as growth, fecundity, and oxygen consumption rate (Landry et al., 2007; Pollock et al., 2007). 

These results indicate limits at oxygen saturations far above Pcrit and individual ILOS in at least 

some fish species; however, similar to upper thermal tolerance, it remains unclear whether both 

Pcrit and ILOS are correlated with individual, strain, and species-specific limits in these 

processes. 

1.5 Rainbow trout 

Rainbow trout, Oncorhynchus mykiss, are a cold-water salmonid that spawn and develop 

in cold-water lakes, rivers, and streams ranging from Northern Mexico to Alaska, with strains 

also occurring in eastern Russia (MacCrimmon, 1972; Smith and Stearley, 1989). Rainbow trout 
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have substantial variation across strains in morphology and life-history, especially in their 

temperate ranges. This variation in their temperate range is likely due to local adaptation 

following population differentiation as the glaciers receded (Keeley et al., 2005, 2007). The 

fundamental differentiation among strains in rainbow trout is across two major ecotypes, a 

resident ecotype which spends the whole life-cycle in freshwater and an anadromous ecotype 

(Steelhead) which migrates to the marine environment during maturity and returns to freshwater 

to spawn (Behnke, 1979). In this thesis, I focus on resident rainbow trout, which occupy 

freshwater with temperatures typically less than < 20 °C (MacCrimmon, 1972; Raleigh et al., 

1984). Rainbow trout are also considered a hypoxia sensitive species and require oxygenated 

waters > 30 % air saturation at 12°C (Raleigh et al., 1984; Molony, 2001; Rytkönen et al., 2007). 

These temperature and oxygen requirements are likely to be important factors establishing their 

native range and stocked ranges (Raleigh et al., 1984; Sunday et al., 2012), and some strains may 

already be at risk of extirpation due to elevated temperatures and other factors such as 

agricultural practices (e.g. COSEWIC, 2014). Recreational fish stocking has expanded the 

distribution of rainbow trout worldwide with historical and on-going stocking on six out of the 

seven continents (excluding Antarctica) of the world (MacCrimmon, 1972).  

As a result of their importance in recreational fish stocking, there is substantial research 

into the tolerance of rainbow trout to high temperatures (e.g. Currie et al., 1998; Myrick 

and Cech, 2000; LeBlanc et al., 2011; Recsetar et al., 2012; Chen et al., 2015; Verhille et al., 

2016; Ekström et al., 2019). Previous studies have indicated that rainbow trout have substantial 

plasticity in tolerance to high temperatures and can raise their upper thermal tolerance (CTmax) > 

4 °C with acclimation to high temperatures (Myrick and Cech, 2000; Chen et al., 2015). 

Furthermore, previous studies have suggested local adaptation in their tolerance to high 
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temperatures, with southern rainbow trout strains able to maintain absolute aerobic scope over a 

broader range of temperatures compared to northern strains (Verhille et al., 2016). These results 

suggest the need to examine strain-specific responses when assessing climatic vulnerability of 

rainbow trout to climate change.  

Similar to thermal tolerance, there is substantial interest in studying the impact of 

hypoxia on rainbow trout (e.g. Roze et al., 2013; Scott et al., 2015; Zhang et al., 2018b; 

Williams et al., 2019), especially as hypoxic episodes are becoming increasingly common in 

freshwater ecosystems (Jenny et al., 2016). Hypoxia tolerance also has substantial plasticity in 

rainbow trout, with exposure to environmentally-relevant diel hypoxia cycling enhancing whole-

animal oxygen regulation compared to acutely exposed fish (Williams et al., 2019). Furthermore,  

hypoxia tolerance may also be locally adapted as strains differ significantly in cardiac and 

whole-animal hypoxia tolerance (Faust et al., 2004; Zhang et al., 2018b). Again, providing 

further evidence of the need to investigate strain-specific responses to predict the response of 

rainbow trout to increasing temperatures and decreasing dissolved oxygen.  

1.6 Thesis objectives 

The overall goal of this thesis was to examine the evidence for adaptive variation in and 

plastic potential of one of the most economically important freshwater fisheries species in the 

world, the rainbow trout. To do this, I partnered with the FFSBC to examine strain-specific 

responses to high temperatures and low oxygen in multiple strains of rainbow trout from British 

Columbia. I also partnered with Dr. Fangue and her laboratory at the University of California, 

Davis, as well as Dr. Farrell and his laboratory at the University of British Columbia to examine 

plastic responses to temperature acclimation across multiple levels of biological organization in 

two strains of rainbow trout from California. My thesis addressed the following objectives: 
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1) Examine the evidence for phenotypic variation within and among rainbow trout strains 

currently used and/or being assessed for stocking in British Columbia  

 To do this, I examined upper thermal and hypoxia tolerance (as CTmax and ILOS) in five 

different strains of rainbow trout. Furthermore, I used large numbers of fish raised from 

fertilization under the same conditions in common garden experiments to comprehensively 

investigate the variation in these traits. I predicted that the strains would differ in upper thermal 

and hypoxia tolerance and these differences may be a result of their native environments.  

 

2) Investigate the relationship between upper thermal and hypoxia tolerance in the same strains 

as above  

 To do this, I used passive integrated transponder (PIT) tags for individual identification 

and measured both upper thermal and hypoxia tolerance on the same individuals. I predicted that 

due to the intrinsic nature of the relationship between high temperatures and low oxygen in 

freshwater ecosystems that individuals and strains that are thermally tolerant will also tend to be 

hypoxia tolerant.  

 

3) Characterize the thermal plasticity of rainbow trout across multiple levels of biological 

organization  

 To do this, I worked in collaboration to examine upper thermal and hypoxia tolerance, 

metabolic rate, cardiac performance, and gene expression in two strains of rainbow trout 

acclimated to three ecologically relevant temperatures for three weeks. I predicted I would find 

extensive plasticity in all traits examined, with compensatory changes in gene expression across 
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the three temperatures examined. In addition, I hypothesized that there would be limits to this 

plasticity at the highest temperature tested. 
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Chapter 2: Characterization of within- and among-strain variation in upper 

thermal and hypoxia tolerance in multiple stocked strains of rainbow trout 

(Oncorhynchus mykiss) 

2.1 Introduction 

Global climate change and other human-induced habitat alterations are causing major 

declines in freshwater biodiversity (Jenkins, 2003; Ficke et al., 2007; Comte and Olden, 2017; 

Reid et al., 2019). In particular, increasing temperatures are projected to contribute to drastic 

declines in suitable freshwater habitat for cold-water fish (Eaton and Scheller, 1996; Wenger et 

al., 2011; Comte et al., 2013). These increased temperatures are associated with declines in 

dissolved oxygen (hypoxia) because they have the dual effect of decreasing oxygen solubility 

and increasing oxygen consumption by microorganisms (Diaz and Breitburg 2009). High 

nutrient loading from agricultural activities exacerbates these effects through increasing 

microbial metabolism, which causes further decreases in dissolved oxygen levels. The resulting 

hypoxic episodes can be devastating for fish, particularly when increased temperatures has 

elevated their own oxygen demand (Diaz and Breitburg 2009). Episodes of high temperature and 

hypoxia are becoming increasingly frequent in freshwater ecosystems (Diaz and Breitburg, 2009; 

O’ Reilly et al., 2015; Jenny et al., 2016), which presents a substantial challenge for the 

conservation and management of freshwater fish.  

Organisms have only a few fundamental ways in which they can respond to the 

increasing temperatures and episodes of hypoxia in freshwater. They can migrate, exhibit 

phenotypic plasticity, or adapt in situ (Gienapp et al., 2008). Phenotypic plasticity may be 

limited in its effectiveness in response to climate stressors (DeWitt et al., 1998; Seebacher et al., 
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2015), and I will not consider it further here. Similarly, migration is not an option for many 

freshwater organisms either because of the natural structure of the habitat or due to habitat 

fragmentation from damming (Strayer and Dudgeon, 2010). On the other hand, human-assisted 

migration, which involves passively or actively moving species or strains to areas outside their 

currently occupied ranges, has been proposed as a means of addressing the impacts of climate 

change (Vitt et al., 2009; Hewitt et al., 2011). This approach is not without risk and will require 

a deep understanding of the relative resilience of different species or strains within species to 

climate change stressors. Finally, evolutionary adaptation will likely play a key role in the 

survival of freshwater organisms into the future (Somero, 2010). Rapid adaptation typically 

occurs from standing genetic and phenotypic variation within strains (Barrett and Schluter, 

2008), but for many species, we have little information regarding the extent of within-species 

genotypic and phenotypic variation for traits that are relevant to climate change resilience. Thus, 

in the context of both estimating the likelihood of adaptation in situ, and evaluating the need for 

assisted migration, characterizing both within and between strain variation in traits related to an 

organism’s response to climate change will be vital for conservation and management programs 

going forward. Indeed, it is becoming increasingly clear that analyzing strain-specific responses 

to climate-change relevant stressors will be critical in developing appropriate mitigation and 

conservation efforts to protect species as our climate warms (e.g. Eliason et al., 2011; Roze et 

al., 2013; Chen et al., 2015; Verhille et al., 2016; Zhang et al., 2018b). 

Here, I examine within- and among-strain variation in thermal and hypoxia tolerance in 

rainbow trout (Oncorhynchus mykiss), a fish species that is widely stocked for recreational 

purposes globally and is now present in six out of seven continents (MacCrimmon, 1972; 

Stanković et al., 2015). Rainbow trout are native to the western coast of North America. In 
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British Columbia, which encompasses most of the native range of rainbow trout in Canada, this 

species is widely stocked to support the recreational fishing industry. This industry is of 

substantial socio-economic importance, contributing ~$8 billion annually to the Canadian 

economy with close to $1 billion in British Columbia alone (GSGislason & Associates Ltd., 

2009; Bailey and Sumaila, 2012; Northrup, 2017). In British Columbia, the Freshwater Fisheries 

Society of British Columbia (FFSBC), stocks ~800 lakes province-wide with approximately 8 

million fish, of which 5 million are rainbow trout (Bailey and Sumaila, 2012; Northrup, 2017). 

Such stocking programs help to preserve recreational fisheries into the future and may also help 

promote the survival of natural strains through the alleviation of fishing pressure on wild stocks 

(Cowx, 1994; Cooke and Cowx, 2006; Froehlich et al., 2017). 

Oxygen availability and temperature are important limiting factors in the natural and 

stocked distributions of rainbow trout (MacCrimmon, 1972). Rainbow trout occupy lakes, rivers, 

and streams with temperatures ranging from 0 – 25 °C, with an optimal range of 12-18 °C 

(MacCrimmon, 1972; Raleigh et al., 1984), and can tolerate oxygen levels from ~30 – 100 % air 

saturation with an optimum at ~75% air saturation at 12 °C (Raleigh et al., 1984; Molony, 2001). 

Previous studies have demonstrated that there is variation among at least some strains of rainbow 

trout in their ability to cope with high temperature and hypoxia (Myrick and Cech, 2000; Chen et 

al., 2015; Verhille et al., 2016; Zhang et al., 2018b), but little is known about the extent of 

within-strain variability in these traits, as most studies that compare tolerance among strains use 

relatively few individuals from each strain.  

In this study, I examine variation in acute thermal and hypoxia tolerance (measured as 

CTmax and ILOS, respectively) within and among multiple strains of rainbow trout currently 

stocked in British Columbia or under consideration for stocking to identify strains that may be 
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resilient to high temperatures and low environmental oxygen. Furthermore, I also assess the 

extent of intra-strain variation to assess the potential for rapid adaptation. I address the following 

questions, 1) How much within-strain variation in CTmax and ILOS is present? 2) Is there a 

difference among the strains in these traits and among the strains in survival following hypoxic 

and thermal challenges? and 3) Are any observed differences consistent across life-stages and 

brood years? Additionally, as high temperatures and low environmental oxygen are intrinsically 

linked in freshwater ecosystems (Diaz and Rosenberg, 2008; McBryan et al., 2013), I also assess 

the correlation between CTmax and ILOS within individuals. 

Most studies in conservation physiology assess relatively few individuals per strain, 

which limits the ability to fully assess both within and between strain variation. Similarly, many 

studies are performed using wild-caught individuals, which makes it difficult to distinguish 

potentially genetically based differences from variation due to various forms of plasticity and 

epigenetic effects (Gienapp et al., 2008; Crozier and Hutchings, 2014; Merilä and Hendry, 

2014). In contrast, in this study I reared multiple strains of rainbow trout in common conditions 

from fertilization, thus minimizing the potential effects of phenotypic plasticity, used large 

numbers of families to capture a significant fraction of within-strain genetic variation, and used 

large numbers of individuals of each strain (~100 to ~500) to characterize the range of 

phenotypic variation among individuals, thus, allowing me to perform a robust assessment of 

factors influencing climate change resilience.  

2.2 Methods 

2.2.1 Experimental animals 

I examined variation in upper thermal tolerance and hypoxia tolerance in five strains of 

rainbow trout currently being used or under consideration for use in stocking programs across 
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two brood-years (2017 and 2018) and two life-stages (fry and yearling). Strains assessed include 

the wild strains Blackwater River (BW), a riverine piscivorous strain (Scott et al., 2015), Carp 

Lake (CL), a highly competitive lake-dwelling strain (FFSBC 2020), Pennask Lake (PN), an 

insectivorous, non-competitive lake-dwelling strain (FFSBC 2020), Horsefly River (HF), a large, 

late-maturing Quesnel Lake strain that utilizes the Horsefly River for spawning and rearing 

opportunities (Holmes, 2009), and Fraser Valley (FV), a domesticated strain thought to be of 

Californian origin, that has been used in the British Columbian recreational fish stocking 

program since the 1960s (FFSBC 2020). Not all strains were used for each brood year and/or 

life-stage (see Tables 2.1 and 2.2).  

Following the acquisition of milt and eggs from adults residing in broodstock lakes (CL 

and BW; FV adults housed at FFSBC, Duncan, BC hatchery) or wild lakes (HF and PN), I bred 

25 independent families (25 females and 25 males) per strain for the respective brood years of 

BW, CL, PN and FV, and 8 families (8 females and 7 males) for HF because of the difficulty of 

capturing wild individuals in Quesnel Lake.  Following fertilization eggs were counted out 

evenly to represent all mothers then eggs were pooled for incubation by strain. All offspring 

were maintained as diploids (2n). These strains breed at different times of the year and thus 

crosses for BW, CL, and HF were performed in May, for PN in June, and for FV occurred in 

October of each brood year.  

 All fish were housed and experimented on at the Fraser Valley Trout Hatchery 

(Abbotsford, British Columbia). Following fertilization, eggs were raised in Heath trays until 

hatch (~6-8 weeks post-fertilization) with flow-through well water (10-12°C). After hatch, fry 

from each strain were housed separately in 2400 L tanks containing 10-12°C flow-through well 

water and kept under a natural photoperiod. Following yolk-sac absorption to ~5 grams the fish 
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were fed to satiation multiple times a day with Bio-Oregon BioVita #0 to #2 and with Bio-

Oregon Bio-Clark’s fry 1.2mm thereafter (Bio-Oregon 2020).  

Some experiments were performed using a repeated measures design in which the same 

individual was tested for both upper thermal and hypoxia tolerance (see experimental design 

section). For these repeated measures trials, fish were individually tagged with Biomark GPT12 

(12mm) passive integrated transponder (PIT) tags. Briefly, individual fish were anesthetized with 

50-100 mg/L (depending on size) dose of MS-222 (Tricaine methanesulfonate; buffered 1:1.5 

with NaHCO3), length and weight were measured, then a small incision was made along the 

bottom of the fish slightly forward (towards the head) of the anal fins and a PIT tag was inserted, 

read for identification and the fish was returned to their holding tank (500 L).  

All experiments were performed according to approved University of British Columbia 

animal use protocol A16-0329. 

2.2.2 Hypoxia tolerance (measured as ILOS) 

I measured incipient lethal oxygen saturation (ILOS) using a hypoxia challenge test 

(HCT) as an index of hypoxia tolerance, as outlined by Claireaux et al., (2013). Note that ILOS 

is inversely related to hypoxia tolerance, with high ILOS indicating poor hypoxia tolerance. 

Briefly, fish were transferred from holding tanks to the assessment tank (215 L) and left for 30 

minutes before the beginning of each trial. All hypoxia trials were conducted at the fish’s holding 

temperature of 11°C ± 1°C. A small circulation pump was placed in the experimental tank to 

ensure consistent mixing of the added nitrogen. During each trial, the dissolved oxygen (DO) 

was lowered by bubbling nitrogen into the experimental tank at a rate of ~1.5% air saturation 

minute-1 until ~20% air saturation was reached.  After ~20% air saturation the rate of decrease 

was lowered to 0.1% air saturation minute-1 until the end of the trial. Hypoxia tolerance was 
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determined as the air saturation (% air sat.) at which an individual fish experienced loss of 

equilibrium (LOE; i.e., the inability to maintain dorsoventral orientation). Once LOE was 

reached the fish was removed from the experimental tank, scanned for PIT tag identification 

where applicable, and placed into a recovery tank containing fresh, fully aerated water at their 

rearing temperature.  Following measurement of hypoxia tolerance, the fish were either 

sacrificed and fin-clipped for fish involved in non-repeated measures trials, or allowed to recover 

for two or three weeks (depending on the experiment see experimental design section) before 

determination of upper thermal tolerance. 

2.2.3 Upper thermal tolerance (measured as CTmax) 

I assessed upper thermal tolerance using a critical thermal maximum (CTmax) protocol 

modified from Beitinger et al., (2000). Briefly, before each experimental day, a 500 L tank 

adjacent to the assessment tank was heated to ~40-45°C for use as a source of heated water. At 

the start of each trial, fish were transferred from their holding or rearing tanks to the assessment 

tank (250 L) and left undisturbed for 30 minutes to adjust to the testing apparatus. A small 

circulation pump was placed in the assessment tank to avoid thermal stratification of the water 

and to achieve consistent mixing of added water. Beginning at 11°C ± 0.5°C, water temperature 

was increased by pumping water from the hot-water tank into the assessment tank through a 

polyvinyl chloride (PVC) pipe fitted with a flow valve. Throughout each trial small adjustments 

were made to the flow to achieve a consistent ramping rate of 0.3 °C min-1 until the water 

reached 18 °C. At 18 °C the flow was slowed considerably to achieve a ramping rate of 0.1 °C 

min-1 for the remainder of the trial. Upper thermal tolerance (CTmax) was measured as the 

temperature at LOE. After LOE, each fish was removed from the experimental tank, scanned for 

PIT tag identification where applicable, and placed in a recovery tank containing fresh ~21 °C 
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water. Over the course of two hours post-trial, the temperature in the recovery tank was slowly 

brought down to the acclimation temperature (~11 °C). This gradual recovery protocol was 

adopted because preliminary experiments suggested that post-trial mortality was extremely high 

if fish were immediately transitioned from their temperature at CTmax to their acclimation 

temperature. Following measurement of upper thermal tolerance, the fish were either sacrificed 

and fin-clipped for non-repeated measures trials, allowed to recover for ~ one week to collect 

post-trial mortality data, or allowed to recover for three weeks and had their hypoxia tolerance 

measured (depending on the experiment, see below). 

2.2.4 Experimental design 

Experiment 1: This experiment utilized fry of the 2017 brood year from the BW, CL, and FV 

strains (Table 2.1).  Fish were not tagged and different individuals were used for assessment of 

ILOS and CTmax. Each strain was tested in a different trial and either one trial of ~100 fish or two 

trials of ~50 fish each were performed per strain (Table 2.1). The FV strain was tested at a 

different time of year (Table 2.1) to allow testing at a similar body size across strains (Table and 

Figure A.1). Note that the hatchery has a constant-temperature water supply (10-12°C year-

round), but natural photoperiod. The primary purpose of this experiment was to assess the 

feasibility of performing trials on large numbers of individuals simultaneously and to examine 

levels of variation within a strain, thus statistical comparisons among strains were not performed.  

Experiment 2: At the yearling stage for the 2017 brood year, ILOS, CTmax, and post-trial 

mortality were assessed for tagged individuals from the BW, CL, PN, and FV strains (Table 2.1). 

The primary aim of these experiments was to determine whether hypoxia tolerance and thermal 

tolerance could be assessed on the same individuals and whether there were strong effects of trial 

on these traits. Prior to the beginning of the trials, all individuals were PIT-tagged and moved to 
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holding tanks (500 L), with each strain held separately. For BW, CL, FV, strains were tested in 

five separate trials for each strain (although only four trials were completed for CL because of 

equipment malfunction; Table 2.1). Only a single trial was performed for PN because this strain 

experienced unusually high mortality during rearing, and fish numbers were limited. ILOS was 

assessed first, then two weeks of recovery before the determination of CTmax, followed by one 

week of recovery to assess post-trial mortality. The FV and PN fish were tested at a different 

time of year than the other strains because of the difference in their spawn timing, and thus 

comparisons with these strains should be viewed with caution. First, the effect of trial group 

within a strain for CTmax and ILOS was analyzed using one-way analysis of variance (ANOVA). 

All data met the assumptions for this analysis. Then CTmax and ILOS were compared across 

strains at the 2017 brood yearling stage using linear mixed effects models with strain as a fixed 

factor and trial group (nested within strain) as random factor followed by Tukey pairwise 

comparisons for all strains except PN, as this strain was tested in only a single trial. Post-trial 

mortality was compared across strains using one-way ANOVA for all strains except PN again. 

Correlations between ILOS and CTmax were assessed for each strain using Kendall rank or 

Pearson correlations. All statistical analyses were carried out using RStudio (version 1.1.456; R 

Foundation for Statistical Computing, 2018). Alpha was set at 0.05 throughout. 

Experiment 3: This experiment was designed to determine whether there was significant 

variation in tolerance among strains, using BW, CL, and HF strains from the 2018 brood year 

(Table 2.2). To facilitate this comparison, all individuals were PIT-tagged, held (130 L tanks for 

fry, 500 L tanks for yearling), and tested in common-garden, with ~33 individuals from each 

strain in a trial for a total of 400-500 fry per strain across 14 trials and ~100 yearlings per strain 

across 3 trials (Table 2.2). ILOS was determined first, then three weeks of recovery before the 
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determination of CTmax, followed by one week of recovery to assess post-trial mortality. The HF 

strain replaced the FV strain tested in the 2017 brood year to allow simultaneous testing. 

Differences in tolerance among strains were assessed using linear mixed effects models with 

strain as a fixed factor and trial group as a random factor with Tukey pairwise comparisons. 

Differences in post-trial mortality among strains within a brood year and life-stage were 

analyzed using one-way analysis of variance (ANOVA). ILOS, CTmax, and post-trial mortality 

were also assessed for the PN strain (at the fry stage only; ~100 fish across 5 trials, Table 2.2), 

but as these assessments were performed at a different time of year due to the difference in its 

spawning time, I did not make a statistical comparison of PN with the other strains. Correlations 

between ILOS and CTmax were assessed for each strain as described for Experiment 2. 

Experiment 4: To assess the effects of the order of tolerance assessments I used additional 

individuals from the BW and CL strains at the 2018 brood yearling life-stage and assessed CTmax 

first, followed by three weeks of recovery before the determination of ILOS. Fish were assessed 

in two common garden trials consisting of ~50 individuals each, for a total of ~100 individuals 

per strain (see Figure 2.4 for exact sample sizes). These data were compared to data for the same 

strains from Experiment 3 (in which ILOS was determined first, followed by CTmax) using linear 

mixed effects models with trial order as a fixed factor and trial group as a random factor 

followed by Tukey pairwise comparisons. 

2.3 Results 

The mean masses of the fish for each strain, life stage, and tolerance assessment (for 

Experiment 1 when these assessments were done on different groups of fish) are provided in 

Figures A.1 and A.2, and Tables A.1 and A.2. There was no consistent effect of mass on either 
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CTmax or ILOS (Tables A.3 and A.4) and thus fish mass was not considered in subsequent 

analyses. 

2.3.1 ILOS and  CTmax 

Figure 2.1 summarizes the extent of variation in both hypoxia and upper thermal 

tolerance at the fry (Figure 2.1A, C) and yearling (Figure 2.1B, D) stages for the 2017 brood year 

(Experiments 1 and 2), and data are also presented in Table A.5 along with data for the PN strain 

which was not included in the analysis in the main figures. Hypoxia tolerance varied by as much 

as 5% saturation between the best and worst-performing fish within a strain for the 2017 brood 

year (excluding outliers; Figure 2.1A, B). Taking the oxygen ramping rate into account, this 

translates into a difference of approximately 50 minutes before LOE occurs under extreme 

hypoxia. Thermal tolerance also exhibited substantial variation within strains at both life stages 

(Fig 2.1 C, D, Table A.5), varying by as much as 1.5 °C between high and low performers within 

a strain (excluding outliers), which translates into a difference of 15 minutes tolerated at high 

temperature.  

Because trials at the fry stage in 2017 were conducted separately for each strain with only 

one or two trials per strain, it is not appropriate to make statistical comparisons among strains at 

this life stage, but at the yearling stage for the 2017 brood year where multiple trials per strain 

were performed (Table 2.1), there were significant differences across strains in upper thermal 

tolerance (Figure 2.1D; p = 2.059x10-3, Table A.5), with the BW strain having the greatest 

tolerance. In contrast, there were no significant differences among strains in hypoxia tolerance 

(Figure 2.1B; p = 1.173x10-1, Table A.5). Note that these comparisons should be viewed with 

caution, as the FV strain differed slightly in mass and was tested at a different time of year than 

the other two strains (Table 2.1 and Figure A.2). These analyses also revealed small but 



25 

 

significant differences in tolerance between trials within some strains (Table A.6 and A.7; ILOS: 

BW – p = 4.35x10-2, CL – p < 2.00x10-16, FV – p = 2.14x10-2, CTmax: BW – p = 1.23x10-1, CL – 

p = 6.58x10-7, FV – p = 2.85x10-4) and one ILOS trial for CL differed substantially from the rest, 

which may have been due to inaccurate calibration of the DO meter. These data emphasize the 

importance of testing the tolerance of all strains within the same trial to accurately assess 

differences among strains. 

I used this common garden testing approach the 2018 brood year, removing the FV strain 

because of the difference in spawn timing and replacing it with HF (Table 2.2). I also tested the 

PN strain (at the fry stage only) in separate trials, and these data can be found in Table A.8. As 

was the case for the 2017 brood year, I detected substantial variation in both hypoxia tolerance 

and upper thermal tolerance within strains at both life stages (Figure 2.2 A-D).  

I also found small but statistically significant differences among the BW, CL, and HF 

strains in upper thermal tolerance at both life stages and hypoxia tolerance at the yearling stage 

(Figure 2.2 A-D; Fry: ILOS – p = 4.492-1, CTmax – p = 3.085e-06 Yearling: ILOS – p = 3.505e-10, 

CTmax – p < 2.200e-16,  Table A.8). The rank order of hypoxia tolerance across strains was 

consistent across life stages, with the HF strain having the lowest hypoxia tolerance (highest 

ILOS) for both fry and yearling. At the fry stage, mean ILOS differed by 0.4 % air saturation 

between the most and least tolerant strains and by 0.9% air saturation at the yearling stage. By 

contrast, the rank order of upper thermal tolerance (CTmax) across strains was not consistent 

across life stages. Although the CL strain had the highest CTmax across both life stages, the HF 

strain had the lowest CTmax at the yearling, but not at the fry life-stage. However, it is important 

to emphasize that differences in mean CTmax among strains were extremely small (0.1°C in fry 
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and 0.3°C in yearlings) relative to the large within-strain variation in this trait and were only 

detectable statistically because of the very large sample sizes analyzed here.  

Although formal statistical comparisons are not appropriate for the PN strain, in general, 

this strain was somewhat less tolerant of both hypoxia and high temperature relative to the other 

strains across both brood years (Table A.5 and A.8), but any comparisons with this strain should 

be viewed with caution because these trials were performed separately and at a different time of 

year. 

2.3.2 Post-trial mortality 

I assessed mortality in the seven days following the upper thermal tolerance trials in 

experiments using tagged fish (yearlings in the 2017 brood year and both life stages in the 2018 

brood year). In both fry and yearling there were significant differences in post-trial mortality 

between strains (Figure 2.3, Fry: 2018  p < 2e-16, Yearling: 2017  p = 3.6e-8, 2018  p = 1.1e-3). At 

both the fry and yearling stages, HF had the greatest post-trial mortality (~55%), BW had 

intermediate mortality (20-25%), and the other strains had very low mortality. BW and CL were 

the only strains tested across both brood years (yearling life-stage) and post-trial mortality was 

consistent with BW incurring ~20% mortality and CL experiencing < 5%.  This consistency is 

particularly striking as the experimental protocol differed between years, with two weeks in 

between ILOS and CTmax assessment in the 2017 brood year and three weeks in the 2018 brood 

year. 

2.3.3 Effect of trial order 

Trial order affected hypoxia tolerance in both strains assessed (BW and CL), with prior 

experience of a CTmax trial associated with decreased hypoxia tolerance (increased ILOS of 0.5-

0.7% air saturation; Figure 2.4A, BW: p = 3.97x10-2, CL: p = 1.16e-5 ). With a ramping rate of 
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0.1% sat min-1 throughout the LOE period, this absolute difference between means accounts for a 

~ 5-7 minute difference in tolerance under extreme hypoxia. In contrast, having first experienced 

a hypoxia tolerance trial did not significantly affect upper thermal tolerance in either the CL or 

BW strains (Figure 2.4B, BW: p = 4.73x10-1, CL:  p = 4.14x10-1).  

2.3.4 Correlation between hypoxia and upper thermal tolerance 

Correlations between hypoxia and upper thermal tolerance were assessed for experiments 

involving tagged fish. For the fry life-stage (2018 brood year only) there was a weak but 

statistically significant correlation between hypoxia and upper thermal tolerance in the BW, CL 

and HF strains but not PN (Figure 2.5; BW: p = 1.94x10-2, r = -0.08, CL: p = 1.25x10-3, r = -

0.11, HF: p = 2.99x10-4, r = -0.13, PN: p = 3.62x10-1), with individuals having a high tolerance 

to hypoxia (low ILOS) also tending to have a high upper thermal tolerance.  

At the yearling stage of both the 2017 and 2018 brood years there were weak but 

statistically significant correlations between hypoxia and upper thermal tolerance in some, but 

not all, strains (2017 yearlings Figure 2.6A, C and E; BW: p = 1.11x10-4, r = -0.12, CL: p = 

2.58x10-4 , r = -0.13, FV: p = 4.92x10-12, r =-0.23; 2018 yearlings Figure 2.6B, D and F; BW: p = 

2.06x10-2, r = -0.17, CL: p = 9.13x10-1, HF: p = 1.27x10-1). As was the case at the fry life-stage, 

where correlations were present, individuals with high tolerance to hypoxia (low ILOS) also 

tended to have a high upper thermal tolerance. However, in all cases the correlation coefficient 

was very small, indicating a weak correlation.  

Upon visual inspection, there was no clear relationship between post-trial mortality and 

either CTmax or ILOS in any strain when individuals that died were indicated on graphs of CTmax 

and ILOS correlations (Figures A.3 and A.4).   
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2.4 Discussion 

The results presented here clearly demonstrate that different measures of resilience to 

climate change stressors (CTmax, ILOS, post-trial mortality) lead to different pictures of the 

relative resilience of rainbow trout strains. Post-trial mortality clearly differentiated the strains I 

assessed and these patterns were consistent across life stages and brood years, despite the fact 

that measures of acute upper thermal (CTmax) and hypoxia tolerance (ILOS) differed only 

modestly among strains. These same measures exhibited substantial variation within strains at all 

life-stages and brood years assessed. Unlike other studies in salmonids that have detected a 

strong correlation between strain level CTmax and ILOS (e.g. Zhang et al., 2018b), my results 

detect little or no relationship between these traits at the individual level, which suggests that 

different mechanisms underly these two traits. 

 Unlike previous studies of strain-level variation in thermal tolerance in salmonids (e.g. 

Stitt et al., 2014; Chen et al., 2015; Scott et al., 2015; Zhang et al., 2018b), I found limited and 

inconsistent differences in CTmax between strains and across life stages (Figure 2.1 and 2.2). For 

example, our strains differed in CTmax by a maximum of 0.4°C, on average. This contrasts with 

differences of as much as 2°C among strains of rainbow trout (for fish acclimated to 15°C) 

reported in a summary of previous studies (Chen et al., 2015). One possible explanation for this 

difference is that these previous studies used a range of thermal ramping rates, were performed in 

different locations, at different times of the year, and on fish ranging in size from 2g to 140g, 

depending on the experiment. Alternatively, the limited variation in CTmax that I observed among 

our strains may be explained by the fact that, with the exception of FV, all of the strains I used 

are from a rainbow trout lineage from the interior of British Columbia (McCusker et al., 2000; 

Pollard and Yesaki, 2004; Holmes, 2009; Tamkee et al., 2010; Taylor et al., 2011). However, 
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this cannot explain the observation of limited differences in CTmax between these strains and the 

FV domesticated strain, which is thought to be of California origin and might be expected to 

have higher thermal tolerance. However, comparisons with this strain must be viewed with 

caution because it was tested at a different time of year from the other strains in our experiments. 

Another important consideration is that the FV strain has been used in the BC stocking program 

since ~1960s and was initially domesticated in the 1940s (Northrup, 2017). The extent of 

introgression of alleles from other strains and the role of long-term selection in a constant-

temperature hatchery environment in determining the CTmax of this strain remains unknown. The 

limited differences among strains in CTmax that I observe, taken together with the relatively 

limited differences in this trait across studies (reviewed in Chen et al., 2015), suggests that 

assessment of CTmax is not likely to be the most useful tool for detecting strains that are 

particularly resilient to climate change stressors. 

Similar to the case of CTmax, I also detected relatively small differences in ILOS among 

our strains of rainbow trout, with loss of equilibrium occurring at 10-11.4% air saturation in 

yearlings and 8.6-8.9% saturation in fry (Tables A.5 and A.8). Fewer studies have examined 

variation hypoxia tolerance among strains in rainbow trout, but Scott et al., (2015) assessed time 

to loss of equilibrium at 10% air saturation, which is conceptually similar to our analysis of 

ILOS. They found differences between the strains of about 10 minutes in time to loss of 

equilibrium (on average). Taking into account the oxygen ramping rate in our trials, the 

differences in ILOS among strains translate to approximately 10 minutes difference in time to 

LOE for yearlings and 3 minutes difference for fry. This relatively small difference suggests 

rainbow trout strains may be similar in their acute hypoxia tolerance. 
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In contrast to the limited differentiation among strains in upper thermal and hypoxia 

tolerance, I found substantial and consistent differences in post-trial mortality among our strains. 

The FV, PN, and CL strains exhibited little post-trial mortality (between 1-4% depending on the 

strains), the BW strain exhibited intermediate mortality (~20%), whereas the HF strain exhibited 

extreme mortality (50-60%) depending on the life stage. This high level of mortality is unusual 

following a CTmax trial, as post-trial mortality is generally thought to be low (around 1-5%) in 

fish (Anttila et al., 2013; Scott et al., 2015; Morgan et al., 2018; Zhang et al., 2018b; Joyce and 

Perry, 2020). The main difference between our study and most others is that our fish were 

exposed to a hypoxia tolerance trial 2-3 weeks previous to the measurement of upper thermal, 

which might contribute to additional mortality. However, this cannot explain the substantial 

differences in mortality among strains. In general, the HF strain was a poor performer in all of 

the metrics I assessed, with relatively low CTmax and high ILOS (Figure 2.2 and Table A.8), 

although these differences were much less clear than the differences in post-trial mortality.  

It is possible that the relatively poor performance of the HF strain at high temperature or 

low oxygen is a consequence of local adaptation to its native environment. HF spawn in the 

lower Horsefly River, but reside in Quesnel Lake, a very deep (~157m average depth) fjord lake 

which rarely experiences temperatures > 18°C (Petticrew et al., 2015; Stiff et al., 2018), while 

the other strains originate from or are kept as broodstock in lakes that regularly experience 

temperatures > 22°C with temperatures exceeding 25°C in some (data not shown). Furthermore, 

deep water in Quesnel Lake is near full air saturation (James et al., 2004), therefore HF trout 

rarely experience extreme thermal or hypoxia exposure and may be less able to cope with these 

stressors, potentially explaining their high rates of mortality. Examination of the genetic 

differences between the strains may help to elucidate a molecular mechanism for differences in 
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recovery from extreme thermal stress. Overall, these data clearly demonstrate that measurements 

of ILOS or CTmax do not fully capture the variation in sensitivity among strains. These data add 

to the growing consensus that more nuanced approaches are required to assess the thermal niche 

of fish strains in the context of climate change (McKenzie et al., 2016; Åsheim et al., 2020).  

In contrast to the limited differentiation among strains in CTmax and ILOS, there was 

substantial variation in these tolerances within strains. All strains were raised from fertilization in 

similar conditions and these inter-individual differences in CTmax and ILOS may be reflective of 

genetic differences (Garland and Adolph, 1991). Future examination of genetic variation across 

individuals may be able to establish the genetic architecture of these tolerances. Furthermore, if 

this variation is genetic then it may represent the standing genetic variation with which rainbow 

trout could adapt to future warming and declines in dissolved oxygen (Hoffmann and Sgró, 

2011).  

Our data suggests that there is little to no relationship between whole-animal upper 

thermal (assessed as CTmax) and hypoxia tolerance (assessed as ILOS) when compared across 

individuals within a strain. This is in contrast to previous studies, which have indicated that there 

is a relationship between these traits in salmonids (Anttila et al., 2013; Zhang et al., 2018b); 

however, these previous studies compared rank order across families or strain rather than across 

individuals. Similar to our findings, Joyce and Perry (2020) found that CTmax was not correlated 

with hypoxia tolerance across individuals in zebrafish, further supporting the lack of direct 

mechanistic linkage between these traits. Indeed, evidence is accumulating that the mechanisms 

underlying acute upper thermal and hypoxia tolerance are likely very different (Jutfelt et al., 

2019; Mandic et al., 2020). The knockout of HIF-1a in zebrafish, a protein implicated in cellular 

metabolism (Semenza, 2012), clearly shows this difference as it affects hypoxia tolerance but not 
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thermal tolerance (Mandic et al., 2020). It is likely that failure of neurological mechanisms, not 

oxygen transport (Joyce and Perry, 2020), may be responsible for setting acute thermal tolerance 

(Jutfelt et al., 2019), whereas oxygen transport processes or metabolic regulation are likely 

critical in determining hypoxia tolerance.  

Natural environments are complex and involve changes in multiple interacting stressors. 

It is becoming increasingly common to measure multiple traits in individual fish to obtain a 

multifaceted view of the responses of organisms to the environment (Gunderson et al., 2016; 

Åsheim et al., 2020; Joyce and Perry, 2020; Nudds et al., 2020). However, measuring multiple 

traits in single individuals results in logistical challenges as prior exposure to a stressful 

environment has the potential to alter subsequent tolerance, either reducing tolerance due to 

accumulation of cellular or organismal damage or improving tolerance through phenomena such 

as heat-hardening and cross-tolerance (Todgham et al., 2005; McBryan et al., 2013; Morgan et 

al., 2018; McArley et al., 2020). For example, Todgham et al., (2005) found that prior exposure 

to heat shock improved hypoxia tolerance in fish. However, McArley et al., (2020) found 

opposite results, with a longer heat-shock impairing subsequent hypoxia tolerance. Similarly, it 

has been suggested that the interaction between temperature and hypoxia can impair tolerance 

(McBryan et al., 2013). Few, if any, studies have examined the reciprocal effects of previous 

temperature or hypoxia exposure on these respective tolerances. Here, I show no effect of prior 

exposure to hypoxia on upper thermal tolerance, but significant decreases in hypoxia tolerance if 

individuals had previously experienced a thermal tolerance trial (Figure 2.4). These results 

emphasize the importance of careful experimental design in studies assessing multiple tolerance 

metrics in individual fish and provide important lessons for the design of studies in conservation 

physiology going forward. 
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2.4.1 Conclusion 

Incorporating physiological information into fisheries management strategies is 

increasingly important in the context of the effects of anthropogenic climate change (Ficke et al., 

2007; Madliger et al., 2016; McKenzie et al., 2016). Moreover, it is becoming increasingly 

common for fishery and conservation managers to use physiological measurements to examine 

strain, individual, and species-specific responses (Harrod, 2016; Madliger et al., 2016). Here I 

show that different metrics of tolerance (e.g. hypoxia or upper thermal tolerance vs survival) 

provide different information. This observation has important direct implications for the 

management of rainbow trout, an economically important freshwater fish, but are also 

generalizable across fish species and indeed are likely to be the case for the assessment of 

climate change resilience in a wide variety of organisms. Another important lesson from the data 

presented here is the power that can be obtained using a common garden approach and very large 

sample sizes. Taken together, these results are an important additional input into the multi-

faceted decision-making process required to plan stocking programs in the face of climate 

change and to conserve strains of this important recreational fish species (Madliger et al., 2016; 

McKenzie et al., 2016; Reid et al., 2019).  
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Table 2.1 Trial dates, sample sizes and trial numbers for all strains in the 2017 brood year 

Strain Trial 

dates 

(fry) 

Sample size 

 (fry) 

 

Hypoxia  Thermal 

Trial dates 

(yearling) 

Sample size 

(yearling) 

 

Hypoxia  Thermal 

Blackwater 

River (BW) 

Thermal: 
Nov./Dec. 

2017 

Hypoxia: 
Feb. 
2018 

1 trial 

100 

fish/trial 

n = 100 

2 trials 

50 

fish/trial 

n = 100 

Apr./May 
2018 

5 trials 

99-101 

fish/trial 

n = 500 

5 trials 

99-100 

fish/trial 

n = 500 

Carp Lake 

(CL) 

Thermal: 
Nov./Dec. 

2017 

Hypoxia: 
Feb. 
2018 

1 trial 

99 

fish/trial 

n = 99 

2 trials 

50 

fish/trial 

n = 100 

Apr./May 
2018 

4 trials 

100 

fish/trial 

n = 400 

4 trials 

100 

fish/trial 

n = 400 

Fraser 

Valley (FV) 

June 2018 
 

1 trial 

99 

fish/trial 

n = 99 

1 trial 

99 

fish/trial 

n = 99 

Aug. 2018 5 trials 

99-100 

fish/trial 

n = 500 

5 trials 

99-100 

fish/trial 

n = 500 

Pennask 

Lake (PN) 

N/A 

 

N/A N/A June 2018 1 trial 

100 

fish/trial 

n = 100 

1 trial 

97 

fish/trial 

n = 97 
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Table 2.2 Trial dates, sample sizes and trial numbers for all strains in the 2018 brood year 

Strain 

 

Trial dates 

(Fry) 

Sample size (fry) 

 

Hypoxia  Thermal 

Trial dates 

(Yearling) 

Sample size 

(yearling) 

Hypoxia  Thermal 

Blackwater 

River (BW) 

Oct. - Dec. 

2018 

14 trials 

28-38 

fish/trial 

n=489 

14 trials 

25-37 

fish/trial 

n=436 

 Apr./May 

2019 

3 trials 

33-34 

fish/trial 

n = 100 

3 trials 

33-34 

fish/trial 

n = 100 

Carp Lake 

(CL) 

Oct - Dec. 

2018 

14 trials 

29-34 

fish/trial 

n=487 

14 trials 

28-34 

fish/trial 

n=425 

 Apr./May 

2019 

3 trials 

33-34 

fish/trial 

n = 100 

3 trials 

33-34 

fish/trial 

n = 100 

Horsefly 

River (HF) 

Oct - Dec. 

2018 

14 trials 

30-36 

fish/trial 

n=497 

14 trials 

28-36 

fish/trial 

n=453 

Apr./May 

2019 

3 trials 

33-34 

fish/trial 

n = 100 

3 trials 

33 

fish/trial 

n = 99 

Pennask 

Lake (PN) 

Feb. 2019 5 trials 

100 

fish/trial 

n=500 

5 trials 

97-100 

fish/trial 

n=495 

 N/A N/A N/A 
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Figure 2.1 Variation in hypoxia tolerance (incipient lethal oxygen saturation (ILOS; A and B)) 
and upper thermal tolerance (CTmax; C and D) for the 2017 brood year (Fry; A and C; Yearling B 
and D).  
Differences between strains were not statistically compared for fry because tolerance of each 
strain was assessed separately in either one or two trials (Table 2.1). For yearlings, where 
multiple trials were performed for each strain, data were analyzed using nested linear mixed 
effect models followed by Tukey pairwise comparisons (α = 0.05). Significant differences are 
indicated by dissimilar letters. For sample sizes see Table 2.1. Data for the PN (yearling) are 
presented in Table A.5. 
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Figure 2.2 Hypoxia tolerance (incipient lethal oxygen saturation (ILOS; A and B)) and upper 
thermal tolerance (CTmax; C and D) for the 2018 brood year (Fry; A and C; Yearling B and D). 
Significant differences between strains are indicated by dissimilar letters. All data were analyzed 
using linear mixed effects models with Tukey pairwise comparisons (α = 0.05). See Table 2.2 for 
sample sizes. Data for the PN (fry) are presented in Table A.8. 
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Figure 2.3 Percent mortality in fish that had experienced a hypoxia tolerance trial followed by an 
upper thermal tolerance trial at the fry (A) and yearling (B) life-stage.  
Values are means across multiple trials ± SEM. At the fry life-stage (A), number of trials = 5 for 
PN, 14 trials for BW CL and HF. At the yearling life-stage (B), number of trials = 5 for BW and 
FV 2017, 4 for CL 2017, and 3 trials for BW, CL and HF 2018. Significant differences between 
strains are indicated by dissimilar letters, with q-r for the 2017 brood year and a-c for the 2018 
brood year. Differences in mortality within a brood year were analyzed by one-way ANOVA 
with Tukey-HSD pairwise comparisons (α = 0.05).  
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Figure 2.4 Trial order effect on critical upper thermal maximum (CTmax; A) and incipient lethal 
oxygen saturation (ILOS; B) for BW and CL 2018 brood yearling.  
Sample sizes are as follows: BW (ILOS): ILOS then CTmax, n = 100, CTmax then ILOS, n = 87. 
CL (ILOS): ILOS then CTmax, n = 100, CTmax then ILOS, n = 99.  BW (CTmax): n = 100 for both 
trial orders. CL (CTmax): n = 100 for both trial orders. Significant differences between trial 
orders are indicated by an asterisk (*). Trial order effect on ILOS and CTmax was analyzed using 
linear mixed effects models with Tukey pairwise comparisons (α = 0.05). Note that data for trials 
with ILOS then CTmax are the same as those shown in Figure 2.2. 
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Figure 2.5  Correlation between critical thermal maximum (CTmax) and incipient lethal oxygen 
saturation (ILOS) for the fry life-stage for 2018 brood. 
 A BW, B CL, C HF, D PN. Sample sizes are as follows: BW: n = 435, CL: n = 426, HF: n = 
453, PN: n = 253. All correlations were analyzed using Kendall rank or Pearson correlation (α = 
0.05). 
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Figure 2.6  Correlation between critical thermal maximum (CTmax) and incipient lethal oxygen 
saturation (ILOS) for multiple strains across two brood years (2017, 2018) at the yearling life-
stage.  
A, B BW, C,D CL, E FV, F HF. Sample sizes are as follows: BW (2017):  n = 499, BW (2018): 
n = 100, CL (2017):  n = 400, CL (2018): n = 100, FV: n = 491, HF: n = 99. All correlations 
were analyzed using Kendall rank or Pearson correlation (α = 0.05). 
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Chapter 3: Climate warming will test the limits of thermal plasticity in a 

globally distributed fish 

3.1 Introduction  

Global temperatures will continue to rise through the mid-21st century under all emission 

scenarios considered by the Intergovernmental Panel on Climate Change (IPCC, 2014). These 

increases in temperature also lead to decreases in dissolved oxygen (DO) within aquatic 

ecosystems, further challenging the survival of aquatic organisms (Ficke et al., 2007). Together, 

these changes are having and will continue to have negative effects on biodiversity, particularly 

in freshwater ecosystems, which are experiencing extinctions at 4-6 times higher rates than 

terrestrial or marine habitats (Jenkins, 2003; Comte and Olden, 2017). To cope with rapid 

changes in global and local temperatures as well as concomitant changes in DO in aquatic 

systems, organisms have three options if they are to avoid local extinction: they can emigrate, 

adapt in situ or respond with plastic change (Fuller et al., 2010; Somero, 2010). Indeed, 

organisms already appear to be escaping anthropogenic warming by either moving northwards or 

increasing their elevation to seek cooler habitats (Chen, et al., 2011). However, many organisms, 

and particularly those in freshwater ecosystems, cannot move to alternative habitats (Strayer and 

Dudgeon, 2010; Reid et al., 2019). In addition, climate change may be proceeding too rapidly for 

many organisms to track environmental changes through adaptation (Visser, 2008; Radchuk, 

2019). Thus the ability to recruit plastic responses may be an important determinant of 

organismal responses to anthropogenic environmental change (Somero, 2010; Swain et al., 2018; 

Fox et al., 2019).  
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Past research in many fish species has shown that phenotypic plasticity can markedly 

improve whole-animal tolerance to low oxygen (hypoxia) and high temperature. Yet, limits to 

this beneficial plasticity exist (Myrick and Cech, 2000; Fangue et al., 2014; Sandblom et al., 

2016), and understanding these limits will likely be crucial for predicting how organisms will 

respond to rapid environmental change. What remains unclear is whether the limits of whole-

animal plasticity reflect the failure of individual critical processes or limits that are integrated 

across levels of biological organization. Consequently, assessing plasticity across multiple 

biological levels within a single study, from the whole-animal through organ systems to 

individual tissues and gene expression is essential to determine the extent to which a species or 

population is likely to be a “winner” or a “loser” as climate change progresses (Somero, 2010).  

To this end, I examined the thermal plasticity of two strains of rainbow trout 

(Oncorhynchus mykiss) across multiple levels of biological organization at a range of 

ecologically relevant temperatures. Rainbow trout, despite their native range being almost 

entirely in Western North America, are now the most commonly stocked freshwater fish on 

Earth. They are currently stocked, invasive, or farmed on all continents except Antarctica 

(Crawford and Muir, 2008). While their native range is contracting in response to habitat loss 

and climate change (Moyle, et al., 2017), hundreds of millions of rainbow trout are stocked 

globally each year and they are on the International Union for Conservation of Nature’s top 100 

list of most invasive species (Lowe et al., 2000). Thus, we focus on rainbow trout because of 

their great ecological, economic, and cultural importance. 

I hypothesized that despite their substantial capacity for acclimation, rainbow trout would 

exhibit upper limits to plasticity across multiple levels of biological organization at temperatures 

that are becoming increasingly common as climate change progresses. Beginning at the whole-
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animal level, I estimated whole-animal thermal tolerance as critical thermal maximum (CTmax), 

which is the maximum temperature at which a fish can maintain equilibrium in response to acute 

temperature increases (Becker and Genoway, 1979), at three acclimation temperatures (12, 18 

and 24°C), that span an ecologically relevant range. Furthermore, I assessed hypoxia tolerance at 

these acclimation temperatures, using an acute hypoxia challenge test (HCT) to measure 

incipient lethal oxygen saturation (ILOS), or the oxygen saturation at which a fish loses its 

ability to maintain equilibrium.  

Shifts in whole-animal tolerances have been associated with metabolic and 

cardiorespiratory plasticity (Logan and Somero, 2010; Anttila et al., 2014a; Logan and Buckley, 

2015; Muñoz et al., 2015). Therefore, I worked collaboratively to assess whole-animal metabolic 

capacity for acclimation through the measurement of standard metabolic rate (SMR) and 

maximum metabolic rate (MMR). These measures were then used to calculate absolute aerobic 

scope (AAS), or an animal’s capacity to increase oxygen consumption beyond baseline 

requirements. To further examine the effects of hypoxia on the whole-animal, we also examined 

O2crit, or the oxygen saturation at which fish are no longer able to maintain their SMR, a measure 

of the minimum amount of oxygen needed to sustain basic functions. To understand recovery 

from hypoxia, a measure of oxygen consumption during the recovery period following extreme 

exercise (the excess post-exercise oxygen consumption, EPOC) was also assessed across 

acclimation to estimate the oxygen consumption that is needed to restore physiological systems 

to homeostasis (Gaesser and Brooks, 1984; Zhang et al., 2018a). At the organ system and tissue 

level, we assessed cardiac capacity for thermal acclimation through the measurement of 

maximum heart rate in warming, identifying several measures relevant to cardiac function such 

as peak maximum heart rate, and temperature at peak heart rate and arrhythmia. Previously 
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documented plasticity in these measures is associated with changes in gene expression (Veilleux 

et al., 2015). Therefore, we examined the transcriptomic response to acclimation in the heart. As 

plasticity at lower levels of organization can reveal mechanisms underlying responses at higher 

levels (Bartholomew, 1982), our approach of assessing plasticity across multiple biological 

levels within a single study, from the whole-animal to organ systems, individual tissues, and 

gene expression, is crucial to understanding how organisms will respond to rapid environmental 

change. Furthermore, understanding the limits of plasticity and their mechanistic basis, has the 

potential to advance our ability to predict how rainbow trout and other fish species will respond 

to anthropogenic climate change. 

3.2 Methods and materials 

3.2.1 Experimental animals and acclimations 

  Two strains of rainbow trout currently used in California stocking programs were used in 

these experiments, including the Shasta strain from the American River Hatchery (Gold River, 

CA), a hatchery strain originating from a cross between the Hot Creek strain and Meader’s Trout 

farm rainbow trout and the Coleman strain from the Moccasin Creek Hatchery (Moccasin, CA), 

a hatchery strain originating from the Central Valley in California (Busack and Gall, 1980; Garza 

and Pearse, 2008). Fish from the Shasta and Coleman strains differed in size by 10-fold (~ 50 vs 

~ 5 g; Table 3.1). All sample sizes and fish mass and length for each experiment can be found in 

Table 3.1. 

All rainbow trout were held at 11°C ± 1°C prior to experimental acclimation. Starting at 

11°C temperature was increased by 1.5°C.day-1 till the temperature reached 12°C for the lowest 

acclimation temperature group, 18°C for the intermediate temperature group, and 24°C for the 

highest temperature group. Once the respective acclimation temperature was achieved the fish 
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were held at their acclimation temperature for three weeks prior to experimentation. These 

acclimation temperatures were selected because they represent current late winter/early spring 

mean (12°C), spring high/summer mean (18°C), and summer extreme (24°C) temperatures for 

central and southern California freshwater ecosystems (Verhille et al., 2016; California 

Department of Fish & Wildlife, 2018; Ullrich et al., 2018). 

3.2.2 Whole-animal tolerance 

At the beginning of each whole-animal tolerance trial fish were starved for 48 h in 

separate tanks before transfer to an experimental tank, where they were left undisturbed for 30 

min before sampling or experimentation. 

3.2.2.1 Upper thermal tolerance (Critical thermal maximum, CTmax) 

A CTmax trial began at the intermediate acclimation temperature (18°C). An aeration bar 

and circulation pumps were placed in the experimental tank to maintain > 75% air saturation and 

to prevent thermal stratification of the water. As previously described (section 2.2.3; Beitinger et 

al., 2000), the water temperature was progressively increased by 0.1 °C min-1 until the fish was 

unable to maintain dorsoventral orientation (i.e., loss of equilibrium, LOE, which represents an 

inability to escape a life-threatening circumstance; Cowles, R.B., Bogert, 1944; Beitinger et al., 

2000). CTmax was determined as the temperature (°C) at LOE. After LOE the fish was removed 

from the experimental tank, euthanized, and measured for length and weight. 

3.2.2.2 Hypoxia challenge test (Incipient lethal oxygen saturation, ILOS) 

For hypoxia tolerance assessment, trout were either acclimated to the test temperature 

(“Acclimated” in Figure 3.1) or acclimated to 12°C and acutely warmed to 18 °C over one hour 

or 24°C over two hours to reveal any effect of warm acclimation (“Acute” in Figure 3.1). Water 

temperature for the hypoxia challenge test was maintained at the relevant temperature ± 1°C 
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throughout the trial. As previously described (section 2.2.2; Claireaux et al., 2013) after fish 

were introduced into the experimental tank, dissolved oxygen (DO) was progressively decreased 

at a rate of ~1.5% air saturation min-1 from ~90% air sat. to ~20% air saturation by bubbling 

nitrogen into the experimental tank. Small circulation pumps in the experimental tank prevented 

water stratification during the imposed hypoxia. At ~20% air saturation the ramping rate was 

reduced to 0.1% air saturation min-1 until the fish experienced LOE. Hypoxia tolerance was 

determined as the air saturation (% air sat.) at LOE, or ILOS. After LOE the fish was removed 

from the experimental tank, euthanized, and measured for length and weight. 

Differences in CTmax and ILOS among acclimation and/or test temperatures within a 

strain were assessed by ANOVA and Holm-Sidak adjusted pairwise comparisons. Differences 

between acutely warmed (see above) and acclimated ILOS within a test temperature were 

assessed by ANOVA and Holm-Sidak adjusted pairwise comparisons.  

3.2.3 Respirometry 

3.2.3.1 Standardized protocol for Integrated Respiratory Assessment Paradigm (IRAP) 

The integrated respiratory assessment paradigm (IRAP) is a standardized experimental 

protocol that involves continuously monitoring ṀO2 over 3 days using automated intermittent-

flow respirometry (Zhang et al., 2017). We simultaneously tested seven fish that were housed in 

individual respirometry chambers. The size of the chamber was matched to the fish size (water 

volume : fish ratio = 50:1 (Coleman) & 27:1 (Shasta)) to optimize detection sensitivity for the 

change in water DO inside of the respirometer due to fish oxygen uptake when the respirometer 

was in the closed mode (Claireaux et al., 2013). All eight chambers (seven chambers containing 

fish and one blank chamber for background consumption) were immersed in a ~300 L bath 
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controlled at the acclimation temperature which was connected via a pump to a gas exchange 

column that delivered aerated water to the respirometers in the open mode. DO was maintained 

above 70 % saturation throughout the protocol except during a hypoxia challenge test (HCT). 

For a HCT, a controlled injection of nitrogen rather than air into the bottom of the exchange 

column progressively decreased DO in the outer bath in a controlled fashion.  

All fish were fasted for at least 48 h before being placed in the respirometer, where 

oxygen uptake rate (ṀO2) was continuously monitored for at least 3 days during three states. The 

IRAP protocol started by individually chasing a fish to exhaustion. Fish were individually chased 

to exhaustion by hand in a 20 L bucket and given a standardized 1-min air exposure during the 

transfer to the respirometer. An ṀO2 measurement cycle consisted of flush, stabilization, and 

measurement periods. Only oxygen saturation values obtained during the measurement periods 

were used to calculate ṀO2. Oxygen saturation was then monitored using a measuring cycle 

comprised of a 20 s flush, a 40 s stabilization, and a 120 s measurement at the first 2 h to capture 

the maximum ṀO2 (MMR). By monitoring post-exhaustion ṀO2 over a 16-h recovery period 

under normoxic conditions estimates of MMR and excess post-exercise oxygen consumption 

(EPOC) with DO were generated.  

As ṀO2 decreased toward SMR, the measurement cycle was changed to a 75 s flush, a 

120 s stabilization and a 780 s measurement for Coleman stain and 90 s flush, a 95 s 

stabilization, and a 360 s measurement. This is to guarantee that oxygen saturation was 97% at 

the start of the measurement period, which assures a strong signal to noise ratio. Monitoring of 

ṀO2 then continued in an undisturbed, normoxic fish for at least a 2-day quiescent period to 

generate a reliable estimate of SMR and some behaviour-related traits (e.g. RMR). These 
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measurements of MMR and SMR were used to derive absolute aerobic scope (AAS) to quantify 

aerobic capacity (Zhang et al., 2016).  

The IRAP protocol ended with an HCT to assess hypoxia tolerance by estimating O2crit 

and determining ILOS (the DO at a loss of equilibrium (Claireaux et al., 2013). In HCT, each 

flushing cycle with deoxygenated water made the fish progressively hypoxic. Water DO in the 

outer bath was reduced over a 45 min period to a moderate level of hypoxia for that species (i.e. 

about twice O2crit). The rate of deoxygenation then slowed (0.15 ± 0.02% sat. min-1) until the fish 

lost its dorso-ventral equilibrium (LOE) to measure incipient lethal oxygen saturation (ILOS), 

after which the protocol was terminated. Fish were typically removed immediately from the 

respirometer chamber, recovered in fully aerated freshwater, and placed in a recovery tank for 

assessment prior to being returned to the holding tank. Background respiration of each empty 

respirometer chamber was measured throughout the experiment. The fish’s ṀO2 was corrected 

by subtracting the background ṀO2 value. Background respiration was minimized by thoroughly 

disinfecting the entire apparatus with diluted household bleach for 30 min between IRAP trials. 

3.2.3.2 Calculation ṀO2 and other IRAP indices  

ṀO2 was continuously and automatically monitored using water DO measurements in the 

respirometers (a 1 Hz sampling rate) from an optical oxygen probe associated with each 

respirometer. The optodes were calibrated to 0% saturation (water saturated with sodium sulphite 

and bubbled with nitrogen gas) and 100% saturation (fully aerated water) at the start of each 

experiment.  

Maximum oxygen uptake (MMR), was assigned to the peak ṀO2, which typically 

occurred during the first measurement cycle post-exhaustion. A sequential interval (120 s) 

regression algorithm was used to assign the highest ṀO2 value (provided R2 is >0.9). MMR was 
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calculated after a conventional exhaustive chase outside the respirometer protocol using Eqn 1. 

The slope of the decrease in DO over time met a minimum requirement for linearity (i.e., R2 > 

0.95) to calculate ṀO2 (a higher standard than the manufacturer’s software). 

 

ṀO# = %&'([*,(*-.)]&1[*,(*-.)]
∗ 345 − 478 ∗ 9:; (< ∗ =7)>      Eqn. 1 

 

Where units for ṀO2 are mg O2 h-1 kg-1, ?@: ?A>  is the change in O2 saturation over time, 

Vr is the respirometer volume, Vf is the assumed fish volume, So is the solubility of O2 in 

freshwater at 14oC at 1 atm, t is a time constant of 3600 s h-1, Mf is fish mass, a is the sampling 

window duration (s), i is 1 DO sample forward from the end of previous sampling window, and n 

is 1 DO increment from the first DO measurement at a sampling frequency of 1 Hz. 

SMR, the minimum maintenance metabolic rate, was calculated with an established 

quartile method (Chabot et al., 2016), which reports SMR as the 20% quartile (q0.2) of all ṀO2 

values recorded for two diurnal cycles after the first 12-h recovery period. Typically, SMR was 

estimated from > 300 ṀO2 values and therefore provided a reliable baseline for calculating other 

IRAP indices (AAS, total EPOC, and O2crit). Aerobic capacity was assessed using two derived 

indices: absolute aerobic scope (AAS = MMR – SMR, Claireaux et al., 2005). Excess post-

exercise oxygen consumption (EPOC), a measure of effort during exhaustive swimming, is the 

sum of all ṀO2 values less SMR during the entire recovery EPOC period – until ṀO2 first 

returned to SMR plus 10% (Zhang, et al., 2018).  

The HCT generated two indices to assess anaerobic performance and anaerobic capacity 

with nearly zero mortality rate. The slower phase of progressive deoxygenation generated at least 
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10 ṀO2  data points before O2crit (Claireaux et al., 2013). A linear regression applied to these 

data allowed off-line determination of O2crit (the DO when the regression line intercepts SMR; 

Claireaux & Chabot, 2016) Slope validation required that the line did not pass below any ṀO2 

recorded in normoxia and the intercept at the y-axis was negative (Claireaux & Chabot, 2016).  

All metabolic capacity metrics (SMR, MMR, AAS, O2crit, EPOC) were analyzed by 

ANOVA with Holm-Sidak corrected pairwise comparisons.  

3.2.4 Maximum heart rate and cardiac thermal tolerance 

Cardiac performance during acute warming was assessed in both strains in anesthetized 

fish injected with two drugs to induce a maximum heart rate (ƒHmax). Fish were warmed until 

ƒHmax reached a peak or plateau and then the heart lost rhythmicity, as previously described 

(Chen et al., 2015). Specifically, fish were anesthetized to stage III anesthesia (as per Canadian 

Animal Care Committee definitions) with Tricaine methanesulfonate (MS-222) (150 mg/L) and 

were transferred to a bath containing a maintenance dose of anesthetic (60 mg L-1 MS-222) that 

continuously irrigated the gills throughout the warming trial. Fish were restrained in individual 

foam troughs to maintain their position while two electrodes were placed ventrally over the 

heart, one near the left pectoral fin and one slightly more anterior on the right side of the body. 

An intra-peritoneal injection of atropine and isoproterenol (1.2 mg kg-1 and 4 ug kg-1, 

respectively, in a total volume of 3 ml kg-1  0.8% NaCl solution) produced ƒHmax. Rainbow trout 

were acutely warmed from 12°C, 15 min after these injections, in 1°C increments every 6 min 

(10°C h-1) until an arrhythmic heartbeat developed, at which point fish were euthanized with an 

overdose of MS-222 followed by pithing. All MS-222 solutions were buffered with NaHCO3 

(1:1.5). Automated heart beat detection (Labchart v.8, ADInstruments) was used to calculate 

ƒHmax for the final 1-min period of each temperature increment. The peak ƒHmax reached during 
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acute warming, the temperature at peak ƒHmax (Tpeak), and the temperature at the first cardiac 

arrhythmia (Tarr) were assessed as previously described (Chen et al., 2015).  The scope for ƒHmax 

during warming was calculated as the difference between ƒHmax at the initial test temperature 

(12°C) and peak ƒHmax. Differences in ƒHmax scope, peak ƒHmax, Tpeak, and Tarr among acclimation 

temperatures within a strain were assessed by ANOVA and Holm-Sidak adjusted pairwise 

comparisons. Differences in ƒHmax during warming from 12-20°C between acclimation 

temperatures for each strain were assessed using linear mixed effect modelling (lme 4 package; 

(Bates et al., 2015) followed by Holm adjusted post-hoc comparisons between acclimation 

temperatures (lsmeans package; Lenth, 2016).  

3.2.5 Cardiac transcriptomics 

Whole-transcriptome effects were examined in cardiac tissues of the Shasta and Coleman 

strains of rainbow trout after acclimation for three weeks at 12°C, 18°C, and 24°C. At each 

acclimation temperature, six individuals from each strain were sampled by removing the heart 

following euthanization and storing it in RNAlater® (Sigma-Aldrich, St. Louis, Missouri). RNA 

was isolated using a combined TRIzol® Reagent (Invitrogen, Carlsbad, California) and RNeasy 

Mini Kit (QIAGEN, Hilden, Germany) protocol. Extracted RNA was then sent to Genome 

Québec Innovation Centre (Montréal, Québec) for library preparation and sequencing. The 

resulting raw reads were assessed for quality using FastQC (Andrews, 2020), rRNAs were 

removed using SortMeRNA (Kopylova et al., 2012), and quality-base trimming and adapter 

removal was performed with Trimmomatic (Bolger et al., 2014). Reads were then aligned to a 

pre-assembled rainbow trout transcriptome (assembly Omyk_1.0; https://www.ncbi.nlm.nih. 

gov/genome/196) using Bowtie2 (Langmead and Salzberg, 2012) and raw read counts per 

transcript per sample were generated using RSEM (Li and Dewey, 2011). Read counts were then 
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filtered to exclude any transcript for which an individual(s) showed expression counts less than 

10 and tests of differential expression were conducted using edgeR (Robinson et al., 2009; 

McCarthy et al., 2012). Gene enrichment analysis was performed by comparing the list of genes 

differentially expressed between two temperature treatments within a given strain to the total list 

of genes in the dataset using the online software Gorilla (Eden et al., 2009). 

3.3 Results and discussion 

3.3.1 Whole-animal tolerance to warming 

To assess whole-animal tolerance to warming, I used two strains (Coleman and Shasta) of 

rainbow trout widely used for stocking rivers and lakes in California, a biogeographic region 

near the southern limit of the species’ natural range. Consequently, these strains are likely warm-

adapted relative to those with a more northern origin. I estimated whole-animal thermal tolerance 

as critical thermal maximum (CTmax) and although the direct ecological relevance of CTmax is 

uncertain (Terblanche et al., 2011), the measure is correlated with tolerance to more ecologically 

relevant rates of warming (Åsheim et al., 2020), with species biogeographic boundaries, and 

sensitivity to climate change in a variety of taxa (Sunday et al., 2011, 2012, 2019; Dahlke et al., 

2020).  

CTmax increased with increasing acclimation temperature in both strains (Figure 3.1a, 

ANOVA Coleman: p =  7.64x10-7, Shasta: p = 1.54x10-7), consistent with the results of previous 

studies, which suggest the existence of substantial plasticity in CTmax in rainbow trout (Anttila et 

al., 2014a; Logan and Buckley, 2015; Muñoz et al., 2015; Veilleux et al., 2015). The increase in 

thermal tolerance between temperatures was greater at lower temperatures, indicating that at an 

environmentally relevant temperature of 24°C, rainbow trout are reaching a ceiling to their 

plasticity in CTmax. 
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I also measured the oxygen saturation at which fish are unable to maintain equilibrium 

(ILOS) as an indicator of hypoxia tolerance. Similar to thermal tolerance, warm acclimation can 

improve hypoxia tolerance in fishes (McBryan et al., 2016), although whether the limits to this 

plasticity are aligned to the limits of plasticity in thermal tolerance is not known. When 12°C-

acclimated fish from both strains were acutely exposed to an increase in temperature, ILOS 

increased markedly (Figure 3.1b, open symbols ANOVA Coleman: p =  2.63x10-7, Shasta: p = 

2.62x10-7), demonstrating that acute increases in temperature decrease hypoxia tolerance. 

However, when fish were acclimated to and tested at 18°C they maintained their equilibrium 

down to oxygen levels similar to those tolerated by fish tested at 12°C, indicating a complete 

compensation of hypoxia tolerance with warm acclimation (Figure 3.1b Coleman12v18: p= 0.004, 

Shasta12v18: p = 0.15). Fish acclimated to 24°C could not achieve this complete compensation 

(Figure 3.1b Coleman12v24: p = 9.30x10-5, Shasta12v24: p = 1.10x10-4), indicating a ceiling to 

plasticity in hypoxia tolerance that is aligned with the ceiling in the plasticity of thermal 

tolerance.  

There was a 10-fold mass difference between strains in the individuals used here (Table 

3.1), thus any comparison between strains should be done with caution (Nilsson and Östlund-

Nilsson, 2008; Recsetar et al., 2012; Roze et al., 2013; Hines et al., 2019). Despite this mass 

difference, the overall patterns of plasticity in CTmax and hypoxia tolerance were remarkably 

similar across strains. These data suggest that there are clear limits on plasticity in both thermal 

and hypoxia tolerance at the whole-animal level and that these limits occur at a temperature that 

is environmentally relevant under current conditions and that will become more prevalent as 

climate change progresses (Ullrich et al., 2018).   
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3.3.2 Plasticity in aerobic and anaerobic performance 

Aerobic and anaerobic performance are hypothesized to be key mechanisms underlying 

the ability of ectotherms to tolerate high temperature and low oxygen, and therefore I assessed 

the effects of thermal acclimation on these system-level traits (Portner and Farrell, 2008; Eliason 

et al., 2011; Clark et al., 2013; Pörtner et al., 2017; Jutfelt et al., 2018). Standard metabolic rate 

(SMR) increased exponentially with temperature in both strains (Figure 3.2a,b ANOVA 

Coleman: p < 0.001, Shasta: p < 0.001), as expected due to Arrhenius effects on metabolic 

processes (Schulte, 2015). In contrast, although maximum metabolic rate (MMR) significantly 

increased at the 18oC acclimation temperature in both strains (Figure 3.2a,b ANOVA Coleman: p 

< 0.001, Shasta: p < 0.017), between the 18oC and 24°C acclimation temperatures MMR either 

did not change significantly (Coleman18v24: p = 0.089) or decreased (Shasta18v24: p = 0.013). As a 

result, the absolute aerobic scope (AAS = SMR – MMR), which reflects the scope to perform 

critically important ecological activities such as foraging, was lower at the highest temperature 

tested, although this effect was only statistically significant for the Shasta strain (Figure 3.2a,b 

Coleman18v24: p = 0.282, Shasta18v24: p < 0.001). These data indicate that rainbow trout do not 

have sufficient plasticity to maintain their aerobic metabolic scope when acclimated to 24°C, and 

this was true in both strains despite differences in body size. While mass-specific SMR and 

MMR were lower in the Shasta compared to the Coleman strain (Mean over all temperatures of -

48 and 23% for SMR and MMR respectively), this was likely a result of body size differences as 

metabolic rates typically scale with mass with a slope <1.0 (negative allometry; Wieser, 1985). 



56 

 

The effects of thermal acclimation were also examined for several measures of 

performance under oxygen limiting conditions. O2crit increased with temperature in both strains 

(Figure 3.2c ANOVA Coleman: p < 0.001, Shasta: p < 0.001), with a sharp increase at higher 

temperatures (Coleman18v24: p < 0.001, Shasta18v24: p < 0.001) indicating that both strains are 

reaching a limit to plasticity in this trait.  

Measures of oxygen consumption during the recovery period following extreme exercise, 

or EPOC, may in part provide an estimate of the extent to which anaerobic processes contributed 

to maximum performance (Gaesser and Brooks, 1984). In both strains, there was a substantial 

but non-significant increase in EPOC following intense exercise at 18°C relative to exercise at 

12°C. However, EPOC declined appreciably from 18 to 24 °C (Figure 3.2d Coleman18v24: p = 

0.023, Shasta18v24: p = 0.003). Together, these data indicate that even in California strains of 

rainbow trout, 24°C thermal plasticity is insufficient to compensate for heat-induced 

impairments in hypoxia tolerance, aerobic capacity, and glycolytic performance (Figure 3.2a-d). 

3.3.3 Maximum heart rate and cardiac thermal tolerance 

Fishes increase heart rate to elevate cardiac output when acutely warmed (Steinhausen, et 

al., 2008), a response that is essential to meeting elevated metabolic demands that arise at 

increased temperatures. However, maximum heart rate (ƒHmax) can only increase with 

temperature to a point, beyond which it peaks or plateaus (Tpeak) and the heartbeat eventually 

becomes arrhythmic (Tarr), which then constrains aerobic capacity (Farrell, 2016). Here, 

consistent with observations in other fish species (Badr et al., 2016; Drost et al., 2016; Safi et al., 

2019), both Tpeak and Tarr increased substantially (~5°C) with increasing acclimation temperature 

in both strains (Figure 3.3a-c, ANOVA post-hoc Tarr: p < 0.001, Tpeak: p ≤ 0.027); however, the 



57 

 

difference in Tarr between 18 and 24°C was not significant in the Shasta strain (Shasta Tarr18v24: p 

= 0.080).  

Across moderate temperatures (~12-20°C), ƒHmax was progressively lower with 

increasing acclimation temperature in both strains (Figure 3.3a; p < 0.001). Resetting of ƒHmax to 

lower levels following warm acclimation (thermal compensation) has been previously 

documented in fish (Badr et al., 2016; Drost et al., 2016); however, the extent to which ƒHmax 

was lowered at intermediate temperatures in rainbow trout is notable (e.g. -33% at 12°C). 

Conversely, the peak ƒHmax attained during acute warming increased with acclimation 

temperature from 12 to 18°C (Coleman12v18: p = 0.006, Shasta12v18: p = 0.008) but then either 

decreased (Shasta18v24: p = 0.029) or was unchanged from 18 to 24°C (Figure 3.3d; Coleman18v24: 

p = 0.303). The generally lower ƒHmax values in Shasta relative to Coleman trout were likely a 

result of negative scaling of ƒHmax with body mass (Table 3.1; Anttila et al., 2014b). For example, 

average ƒHmax between 12 and 20°C was ~12% lower in Shasta than Coleman trout (mass scaling 

coefficient = -0.05). The observed resetting of ƒHmax and changes in peak ƒHmax meant that the 

absolute scope to increase ƒHmax (ƒHmax scope) during warming above 12°C increased with 

acclimation temperature from 12 to 18°C (ANOVA post-hoc tests p < 0.001), but became 

constrained at 24°C in both strains (Figure 3.3e; Coleman18v24: p = 0.229, Shasta18v24: p = 0.749); 

however, the relative scope (fold change) increased progressively with acclimation temperature 

(Figure 3.3e; ANOVA post-hoc tests p < 0.001). Consequently, the observed compensation in 

ƒHmax with warm acclimation, which helped maintain or increase the ƒHmax scope, would likely 

allow fish to better balance increases in cardiac stroke volume and heart rate during routine 

exercise at a given acclimation temperature.  



58 

 

Together, the observed thermal plasticity in cardiac thermal tolerance suggests that it 

reaches a ceiling at temperatures similar to those for whole-animal hypoxia and heat tolerance, as 

most cardiac metrics (e.g. ƒHmax scope, peak ƒHmax, and Tarr in Shasta trout) had reached or exceeded 

their capacity for thermal acclimation by 24°C (Figure 3.3). For example, individual trout 

acclimated to 12°C typically exhibited cardiac arrhythmia or a decline in ƒHmax at a temperature 

below 24°C and this cardiac limitation would help explain the observed impairment of hypoxia 

tolerance of 12°C-acclimated fish tested at 24°C. 

3.3.4 Cardiac gene expression 

Our results at the whole-animal and tissue level strongly suggest there is a limit on the 

plasticity of cardiac processes that may be important in determining the performance of trout in a 

changing environment. To further investigate the underlying basis of these effects, I performed 

whole-transcriptome analysis on cardiac tissue of acclimated trout sampled at rest under 

normoxic conditions. A clear whole-transcriptome response to acclimation temperature emerged 

for both Coleman (Figure 3.4a) and Shasta (Figure 3.4b) strains.  

When comparing the Coleman strain acclimated to 12°C to those acclimated to 18°C, 626 

genes were differentially expressed following correction for false discovery rate (FDR). The 

significant enrichment of 59 gene ontology (GO) terms associated with cardiac acclimation 

included regulation of cardiac muscle cell membrane potential and regulation of ryanodine-

sensitive calcium-release channel activity (Figure 3.4). Specifically, expression of ATP2A2 (or 

SERCA), an important calcium pump in heart tissue (Dally et al., 2006), decreased significantly 

in fish acclimated to 18°C when compared to fish acclimated to 12°C (Figure B.1). In the Shasta 

strain, more than 10-times more genes (9,923) were differentially expressed between the 12°C 

and 18°C acclimation groups, with enriched GO terms (n=97; Figure 3.4) primarily involving 
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tricarboxylic acid metabolic processes with genes such as malate dehydrogenase and succinate 

dehydrogenase (Figure B.1). Together, these data suggest that both strains demonstrated 

putatively beneficial changes in the regulation of genes involved in metabolism with acclimation 

to 18°C, which would help maintain function at higher temperatures. 

In contrast, acclimation to a higher temperature (24°C) revealed an entirely different 

pattern. For 24°C-acclimated Coleman fish compared with 18°C, the 2,006 differentially 

expressed transcripts were enriched for 126 GO terms, including terms associated with a cellular 

stress response such as glial cell proliferation (Figure 3.4). Here, the gene Clusterin, known to be 

up-regulated during a stress response (Li et al., 2013), showed a significant increase in 

expression among fish acclimated to 24°C when compared to the 18°C acclimation group 

(Figure B.1). For 24°C-acclimated Shasta fish compared with 18°C, nearly 4-times more genes 

(7,933) were differentially expressed. They represented significant enrichment of 87 GO 

categories, including genes related to “nonsense-mediated decay” (Figure 3.4), a GO term that 

describes the accidental generation of a stop codon in the mRNA, resulting in premature 

termination of translation, and the production of potentially harmful proteins (Hentze and 

Kulozik, 1999). At the gene level, there was significant upregulation of the gene nucleoporin 

133, which is known to play a role in the regulation of cellular response to heat (Figure B.1; The 

UniProt Consortium, 2019). Thus, at a high but environmentally relevant acclimation 

temperature, cardiac gene expression patterns are reflective of a cellular stress response. 

3.3.5  Implications for natural strains and stocking programs in the Anthropocene          

Our data clearly show that rainbow trout have substantial plasticity in whole-animal 

upper thermal and hypoxia tolerance, which reflects changes in whole-animal metabolism, 

cardiac function, and ventricular gene expression. However, across all levels of organization, I 
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identified a ceiling to plasticity at an ecologically relevant warm temperature (24°C). In their 

current natural and stocked range in California, strains of rainbow trout routinely experience 

temperatures that exceed 20°C, with many streams, rivers, and creeks exceeding 24°C during the 

summer (California Department of Fish & Wildlife, 2018). As we proceed through this time of 

climatic uncertainty, the thermal plasticity of rainbow trout will no longer be sufficient to 

maintain adequate performance of these fish in their natural habitat. This will likely limit the 

waterbodies that can sustain rainbow trout for management and recreational purposes. Notably, I 

focused on California strains of rainbow trout which should be amongst the most warm adapted 

(Verhille et al., 2016). Less warm-adapted strains, such as those in the Pacific Northwest, would 

likely encounter similar limitations to plasticity but at lower temperatures. Thus, a strain’s 

thermal physiology may become increasingly important for its use in aquaculture and stocking 

programs. This work clearly demonstrates the importance of integrating measurements of 

plasticity across many levels of biological organization for predicting species response to climate 

change (Mykles et al., 2010). Understanding the limits to plasticity is critically important for 

managers of freshwater fisheries, as well as those who control water use for agriculture and 

human consumption (Quiñones and Moyle, 2015), as water-use management and fisheries 

protection increasingly come into conflict.  
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Table 3.1 Sample size (n), mass and length for fish used in each experiment within the study. 

Data are shown as mean ± s.e.m. 

  
Shasta 

 
Coleman 

 
Temperature 

(°C) n 
Mass 
(g) 

Length 
(mm) 

 

n 
Mass 
(g) 

Length 
(mm) 

CTmax 
12 12 43.2 ± 4.8 156.4 ± 6.3 

 
12 4.3 ± 0.2 73.2 ± 1.5 

18 12 56.4 ± 4.2 177.8 ± 2.8 
 

12 4.7 ± 0.4 74.7 ± 2.3 
24 12 51.9 ± 4.3 167.1 ± 5.0 

 
12 4.5 ± 0.4 70.2 ± 1.5 

ILOS 
12 12 53.3 ± 5.2 170.0 ± 6.1 

 
12 4.1 ± 0.2 70.9 ± 1.4 

18 12 55.9 ± 4.5 174.7 ± 4.9 
 

12 6.3 ± 0.6 80.8 ± 2.1 
24 12 49.5 ± 4.2 164.3 ± 5.3 

 
12 3.6 ± 0.4 65.6 ± 2.2 

Acute ILOS 12-18 12 50.3 ± 4.8 167.6 ± 5.9 
 

12 4.8 ± 0.3 77.0 ± 1.5 
12-24 12 63.4 ± 6.1 182.1 ± 5.9 

 
12 5.4 ± 0.4 76.6 ± 2.2 

IRAP 
12 13 41.4 ± 2.0 - 

 
13 4.2 ± 0.3 - 

18 14 49.2 ±2 .0 - 
 

14 4.8 ± 0.3 - 
24 14 48.5 ± 2.0 - 

 
12 4.3 ± 0.3 - 

Cardiac thermal 
tolerance  

12 8 39.8 ± 3.5 153.9 ± 5.6 
 

11 4.6 ± 0.4 71.4 ± 2.1 
18 8 46.4 ± 5.7 163.9 ± 7.1 

 
10 5.5 ± 0.6 73.8 ± 2.8 

24 8 47.2 ± 4.8 164.5 ± 5.6 
 

8 4.6 ± 0.5 70.3 ± 2.4 

Cardiac RNAseq 
12 6 57.9 ± 5.9 173.8 ± 5.7 

 
6 4.9 ± 0.7 72.2 ± 3.2 

18 6 51.7 ± 8.3 169.7 ± 8.3 
 

6 7.8 ± 1.1 82 ± 4.0 
24 6 42.2 ± 2.8 156.5 ± 4.6 

 
6 5.0 ± 0.3 71 ± 1.6 

CTmax : Critical thermal maximum 
ILOS : Incipient lethal oxygen saturation 
IRAP: Integrated respiratory assessment paradigm 
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Figure 3.1 Critical thermal maximum (CTmax; upper thermal tolerance) and incipient lethal 
oxygen saturation (ILOS; hypoxia tolerance) in two strains of Californian rainbow trout: 
Coleman (blue) and Shasta (orange). 
Temperature (x-axis) indicates acclimation temperature for CTmax data, and test temperature for 
ILOS data. For ILOS assessment, trout were either acclimated to the test temperature 
(acclimated) or to 12°C and acutely warmed to 18 °C over one hour or 24°C over two hours to 
reveal any effect of warm acclimation. Dissimilar letters indicate significant differences between 
acclimation or test temperatures (Acclimated: a-c, Acute: x-z) within a strain. Asterisks indicate 
differences between acute and acclimated for ILOS. Both CTmax and ILOS were analyzed by 
Kruskal-Wallis one-way ANOVA on ranks with Holm-Sidak corrected pairwise comparisons (α 
= 0.05). Data are presented as mean±SEM.  
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Figure 3.2 Aerobic and anaerobic metabolic performance for two strains of Californian rainbow 
trout: Coleman (blue) and Shasta (orange).  
Rainbow trout were acclimated to 12, 18 and 24 °C and tested at the acclimation temperature to 
ensure a steady state for a reliable estimate of metabolic rate using oxygen uptake. Aerobic 
performance is assessed by maximum metabolic rate (MMR), standard metabolic rate (SMR) 
and absolute aerobic cope (AAS). Anaerobic performance is assessed by critical oxygen 
saturation (c. O2crit) and excess post-exercise oxygen consumption (d. EPOC). Different letters 
denote statistical differences between temperatures within each strain and metric. All metrics 
were analyzed by ANOVA with Holm-Sidak corrected pairwise comparisons (α = 0.05). Data 
are presented as mean±SEM. 
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Figure 3.3 Maximum heart rate (ƒHmax) and cardiac thermal tolerance during acute warming in 
two strains of Californian rainbow trout: Coleman (blue) and Shasta (orange). 
ƒHmax in Coleman (a.) Shasta (b.) trout increased during acute warming and was reset to lower 
rates over moderate (12-20°C) temperatures (n= 8-11 per treatment group; Table S1). Broken 
lines in ƒHmax curves indicate that individual fish had become arrhythmic and were thus removed 
from the average. Temperature (c) and ƒHmax (d) at peak heart rate and at arrhythmia and 
significant differences between acclimation temperature with a strain are indicated by dissimilar 
letters (a,b,c or x,y,z). Absolute and relative (factorial) scope for ƒHmax above 12°C are also 
shown (e) with significant differences between acclimation temperatures indicated by dissimilar 
letters and numbers respectively. The resetting of ƒHmax between acclimation temperatures within 
a strain was assessed using linear mixed effect modelling and all other metrics were analyzed by 
ANOVA with Holm-Sidak corrected pairwise comparisons (α = 0.05). Data are presented as 
mean±SEM. 
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Figure 3.4 Multidimensional scaling plot illustrating whole-transcriptome response to three acclimation temperatures in (a) Coleman 
(14,753 transcripts) and (b) Shasta strain rainbow trout (17,987).  
Bubble plots emphasizing shift in gene enrichment between treatment group comparisons: within (c) Coleman and (d) Shasta strain 
fish. 20 most significantly enriched GO categories shown in semantic space, 5 most highly enriched categories described.
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Chapter 4: Conclusion 

To cope with the rapid environmental alteration associated with anthropogenic climate 

change, organisms have three main options: adapt, migrate, or exhibit phenotypic plasticity 

(Fuller et al., 2010; Somero, 2010). Freshwater fish, including rainbow trout, are constrained in 

migration because of the naturally low connectivity of their ecosystem, as well as the impacts of 

damming (Strayer and Dudgeon, 2010; Reid et al., 2019). As such, adaptation and plasticity will 

be particularly important for freshwater fish to deal with the stressors of climate change. 

Therefore, the objectives of this thesis were to: 1) assess the extent of phenotypic variation in 

several rainbow trout strains that are stocked in British Columbia through the characterization of 

within- and among-strain variation in upper thermal and hypoxia tolerance, 2) investigate the 

relationship between upper thermal and hypoxia tolerance in these strains, 3) characterize the 

extent of thermal plasticity across levels of biological organization in two rainbow trout strains 

used to stock Californian lakes.  

In this chapter, I highlight my main findings, indicate the strengths and potential 

limitations of this work, identify future directions, and provide general conclusions that may be 

useful for the management of freshwater fish and fisheries.  

4.1 Within- and among-strain variation in upper thermal and hypoxia tolerance 

(Chapter 2) 

One particularly important way an organism can adapt to environmental change is 

through standing genetic variation (Barrett and Schluter, 2008), this variation can exist within or 

among strains of the same species. I did not directly assess genetic variation and instead 

concentrated on characterizing phenotypic variation, but all individuals were hatched and raised 

in the same environment, therefore the phenotypic variation observed potentially reflects genetic 
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variation (Garland and Adolph, 1991). Furthermore, the large sample sizes and common garden 

design of my experiments suggest I have captured a fairly accurate picture of within- and among-

strain variation in the traits that I assessed. My data indicate that there is substantial within-strain 

variation in upper thermal and hypoxia tolerance (measured as CTmax and ILOS, respectively) 

within all British Columbian stocked strains assessed; however, there is little evidence for 

differentiation among strains and detected differences were inconsistent across life stages and 

brood years. This suggests that within-strain variation may be particularly important for the 

future of rainbow trout within British Columbia, with the potential for selection to act upon this 

variation to allow rainbow trout to adapt to a changing climate. Previous research indicates that 

rainbow trout do have adaptive potential, with southern and transplanted strains exhibiting 

tolerance to increased temperatures (Chen et al., 2015; Verhille et al., 2016). However, it 

remains unclear whether the time-scale of climate change will allow for this adaptation to occur 

in affected strains.  

4.2 Extreme post-trial mortality differences among strains (Chapter 2) 

In contrast to the limited among strain variation in CTmax and ILOS that I observed, there 

were extreme differences in post-trial mortality among strains (from ~1% up to ~60%, depending 

on the strains). I hypothesize that strain origin explains these differences, with the most sensitive 

strain Horsefly originating from a habitat with moderate temperatures and in well-aerated water. 

These findings contrast to previous literature on post-trial mortality following upper thermal 

tolerance measurements, which suggests that mortality is generally low (Anttila et al., 2013; 

Scott et al., 2015; Morgan et al., 2018; Zhang et al., 2018b; Joyce and Perry, 2020); however, 

only a few of these studies examined multiple traits on the same individual. As such, my results 

suggest that it may be important to assess post-stress survival over an extended period when 
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attempting to characterize climate resilience using acute tests of tolerance, especially when 

examining repeated measures or multiple traits on individuals. Moreover, these findings suggest 

that examining upper thermal and hypoxia tolerance likely does not fully capture all relevant 

variation when assessing among-strain resilience.  

4.3 Relationship between upper thermal and hypoxia tolerance within individuals 

(Chapter 2)        

Increased temperatures and decreased dissolved oxygen are intrinsically linked in 

freshwater ecosystems through increased metabolism of aquatic organisms and decreased oxygen 

solubility (Ficke et al., 2007; Diaz and Breitburg, 2009). Therefore, we might expect that 

resilience to these two stressors may have been selected for in parallel in aquatic ectotherms. 

However, my data provides little evidence for a relationship between upper thermal and hypoxia 

tolerance within individuals in all of the rainbow trout strains I assessed. Previous studies have 

suggested freshwater fish may use very different mechanisms with regards to upper thermal and 

hypoxia tolerance (Jutfelt et al., 2019). For example, a set of studies have shown that knocking 

out HIF1a, a protein responsible for controlling expression genes involved in numerous cellular 

processes associated with metabolism (Semenza, 2012), drastically decreased hypoxia tolerance 

but not upper thermal tolerance (Joyce and Perry, 2020; Mandic et al., 2020). Hence, this 

difference in underlying molecular mechanism may have contributed to the lack of relationship 

in upper thermal and hypoxia tolerance that I observed.  

4.4 Thermal plasticity across biological organization in rainbow trout (Chapter 3) 

As mentioned above, plasticity is one of the key mechanisms with which organisms may 

deal with climate change (Fuller et al., 2010; Somero, 2010). In the collaborative study reported 

in Chapter 3, my collaborators and I found evidence for substantial plasticity in upper thermal 



69 

 

and hypoxia tolerance, metabolic rate, cardiac performance, and gene expression; however, I 

observed limits to this plasticity across all traits examined at a high, but ecologically relevant 

temperature. Declines in the extent of plasticity at the whole-animal level (upper thermal and 

hypoxia tolerance), reflected declines in aerobic scope, drop in cardiac performance, and 

increase in cellular stress response at the warmest acclimation temperature. Notably, across the 

two highest temperatures there was still an increase in upper thermal tolerance, albeit not as large 

an increase as at lower temperatures, whereas there were marked declines in performance at 

lower levels of biological organization. These data suggest that measures such as CTmax are not 

necessarily sensitive indicators of thermal limits and emphasize the need to incorporate 

responses across biological organization when investigating climate change resilience within 

aquatic ectotherms (Mykles et al., 2010).  

4.5 Strengths and limitations 

One of the major strengths of this thesis was the careful approach within which I 

investigated within- and among-strain variation in upper thermal and hypoxia tolerance. By 

using 25 breeding pairs to establish each of my study strains (with exception of HF), large 

sample sizes (~100 to ~500 fish per strain), a common garden experimental design (in the 2018 

brood year), and careful consideration of recovery protocol I was able to detect significant 

within-strain variation in tolerances as well as clear among-strain differences in post-trial 

mortality. This is the first study to my knowledge to examine such large numbers of individuals 

to fully characterize the within- and among-strain responses to acute thermal and hypoxia 

exposure.  

Another major strength of this thesis was the characterization of plasticity across levels of 

biological organization. Several previous studies have examined plastic responses of whole-
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animal tolerance and its association with underlying system effects, tissue-level effects, and/or 

molecular responses (e.g. Logan and Somero, 2010; Anttila et al., 2014; Logan and Buckley, 

2015; Muñoz et al., 2015; Veilleux et al., 2015); however, few, if any, of these studies have 

examined plasticity across all these levels (whole-animal, system-level, tissue and molecular). 

Integrating these effects will allow for better predictions of how organisms will physiologically 

cope with climate change stressors.  

Despite these strengths, this thesis had some limitations that should be considered. One 

major limitation is the absence of genetic data in Chapter 2. I have assumed, due to high sample 

size, breeding pair numbers, and common rearing environment, that the observed variation may 

reflect genetic variation. However, it is conceivable that not all parents contributed equally to the 

progeny, therefore I may not have captured all relevant variation. Also, previous work has shown 

that there are maternal effects on thermal tolerance in salmonids and my breeding design did not 

control for this, which could result in attributing differences to the wrong mechanisms (Muñoz et 

al., 2014). Additionally, previous work suggests seasonality in thermal tolerance (Bulger and 

Tremaine, 1985), therefore the different spawn times between our strains may have contributed 

to observed differences in tolerances. However, it is important to note that the common-garden 

experiments on which my main conclusions about differences among strains are based were 

conducted using fish that spawn at approximately the same time of year. 

 Another limitation of my thesis is the use of only three acclimation temperatures in 

Chapter 3. Although I was able to characterize an upper limit (24 °C) to plasticity, the large 

difference between the intermediate and upper acclimation temperature (18 vs. 24 °C) does not 

allow us to identify the temperature at which this decline in plasticity happens. Additionally, the 

use of gene expression data (transcriptomic response) does not fully allow us to identify 
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underlying molecular mechanisms of plasticity, as further characterization of these mechanisms 

should include measures of protein abundance and activity. 

4.6 Future directions 

Although this thesis has several limitations, these limitations provide future research 

questions to build upon our findings. For instance, to fully characterize the adaptive potential of 

BC interior rainbow trout strains future work should include individual genetic sequencing data 

to examine the relationship between genotype and phenotype with regards to upper thermal and 

hypoxia tolerance. Furthermore, as I have clearly shown large among-strain variation in post-trial 

mortality, future studies could use genetic sequencing of individuals that perished following 

upper thermal tolerance tests and those that did not to examine the underlying molecular 

mechanisms of acute thermal recovery. Also, further investigation into non-acute, ecological 

relevant measures of thermal and hypoxia tolerance may help identify the true relationship 

between these two concomitant stressors of climate change. Additionally, with regards to thermal 

plasticity, future studies should examine multiple acclimation temperatures to characterize where 

the limit to plasticity occurs. 

4.7 Conclusions 

More effort is being put into using physiological measurements to examine individual, 

species, and population-specific responses to anthropogenic mediated climate change (Harrod, 

2016; McKenzie et al., 2016). Our findings present important information that is not only useful 

to our collaborators, the FFSBC, in distinguishing between their strains for stocking in the face 

of increased temperature and decreased dissolved oxygen but also to fisheries and conservation 

managers as a whole looking to address within- and among-strain climate resilience. My data 

clearly demonstrate that simply measuring upper thermal and hypoxia tolerance (CTmax and 
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ILOS) is insufficient to identify resilient strains and that more nuanced approaches such as 

assessing post-trial recovery are also vitally important. Without measuring post-trial mortality, I 

would have potentially recommended that the FFSBC need not choose between strains for 

stocking in affected lakes; however, it is clear that exposure to acute high temperatures may 

affect the stocking success of HF. Furthermore, I have shown the importance of measuring 

plasticity across biological organization. For example, I have shown that performance at lower 

levels of biological organization, such as metabolic capacity, cardiac performance, and gene 

expression may decline or show stress without a decline in whole-animal performance (CTmax). 

Taken together, this thesis provides clear evidence for the need to carefully consider approaches 

when examining the effects of climate change on aquatic organisms and suggests that plasticity 

alone may not be sufficient for rainbow trout survival in the face of climate change. 
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Appendices 

Appendix A   - Variation in upper thermal and hypoxia tolerance in rainbow trout 

(Oncorhychus mykiss) 

 

 

Figure A.1 Weight for individual strains at the 2017 (A: ILOS, B: CTmax) and 2018 (C: ILOS 
and CTmax) brood fry life-stage.  
Significant differences between strains are indicated by dissimilar letters. All data were analyzed 
one-way ANOVA with Tukey-HSD pairwise comparisons (α = 0.05). See Tables 2.1 and 2.2 for 
sample sizes.  
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Figure A.2 Weight for individual strains at the 2017 (A: ILOS and CTmax) and 2018 (B: ILOS 
and CTmax) brood yearling life-stage.  
See Table 2 for sample sizes. All data were analyzed one-way ANOVA with Tukey-HSD 
pairwise comparisons (α = 0.05). See Tables 2.1 and 2.2 for sample sizes. 
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Figure A.3 Correlation between critical thermal maximum (CTmax) and incipient lethal oxygen 
saturation (ILOS) for the fry life-stage for 2018 brood.  
A BW, B CL, C HF, D PN. Sample sizes are as follows: BW: n = 435, CL: n = 426, HF: n = 
453, PN: n = 253. Individuals that perished following CTmax are coloured black.  
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Figure A.4 Correlation between critical thermal maximum (CTmax) and incipient lethal oxygen 
saturation (ILOS) for multiple strains across two brood years (2017, 2018) at the yearling life-
stage.  
A, B BW, C,D CL, E FV, F HF. Sample sizes are as follows: BW (2017):  n = 499, BW (2018): 
n = 100, CL (2017):  n = 400, CL (2018): n = 100, FV: n = 491, HF: n = 99. Individuals that 
perished following CTmax are coloured black.  
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Table A.1. Mean ± standard deviation of weight for strains in the 2017 brood year 

Strain Fry 

(grams) 

Yearling 

(grams) 

Hypoxia Thermal 

Blackwater River 

(BW) 

8.32 ± 2.99 5.08 ± 1.74a 16.20 ± 9.34a 

Carp Lake (CL) 9.45 ± 3.67 4.94 ± 1.46a 16.30 ± 7.32a 

Fraser Valley (FV) 9.16 ± 3.65 

 

8.53 ± 3.17b 20.10 ± 7.50b 

Pennask Lake 

(PN) 

NA NA 13.70 ± 7.52c 

Significant differences between groups within a strain are indicated by dissimilar letters 
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Table A.2 Mean ± standard deviation of weight for strains in the 2018 brood year 

Strain Fry 

(grams) 

Yearling 

(grams) 

Blackwater River 

(BW) 

3.31 ± 0.82a 15.00 ± 7.88  

Carp Lake (CL) 2.83 ± 0.59b 16.20 ± 7.90 

Horsefly River 

(HF) 

3.28 ± 0.72a 

 

14.00 ± 4.83 

Pennask Lake 

(PN) 

2.14 ± 0.49c 

 

NA 

Significant differences between groups within a strain are indicated by dissimilar letters 
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Table A.3 Correlation of CTmax or ILOS vs. mass statistical results for all strains at the fry stage  

Strain p-value Correlation coefficient  

CTmax ILOS CTmax ILOS 

Blackwater River:         2017 0.976 0.938 0.002 -0.005 

2018 0.316 0.112 -0.034 -0.050 

Carp Lake:                    2017 0.190 0.594 0.093 0.037 

2018 0.102 0.876 0.058 -0.005 

Fraser Valley:               2017 0.002* 0.005 -0.310 0.281 

2018 - - - - 

Horsefly River:             2017 - - - - 

2018 0.003* 0.008 0.104 -0.082 

Pennask Lake:               2017 - - - - 

2018 0.467 0.187 0.033 0.041 

*indicates significant correlation after correcting for multiple comparisons 
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Table A.4 Correlation of CTmax or ILOS vs. mass for all strains at the yearling stage  

Strain p-value Correlation coefficient  

CTmax ILOS CTmax ILOS 

Blackwater River:        2017 0.515 0.027 -0.021 -0.067 

2018 0.088 0.128 -0.123 0.104 

Carp Lake:                    2017 0.056 0.002* -0.0674 0.106 

2018 0.531 0.006 -0.046 0.188 

Fraser Valley:               2017 1.01x10-7* 5.30x10-4* -0.236 0.154 

2018 - - - - 

Horsefly River:             2017 - - - - 

2018 0.327 0.788 0.072 -0.019 

Pennask Lake:              2017 0.005 0.015 0.203 -0.168 

2018 - - - - 

*indicates significant correlation after correcting for multiple comparisons 
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Table A.5.  Table 3. Mean ± standard deviation of ILOS and CTmax for strains in the 2017 brood 

year  

Strain Fry Yearling 

Hypoxia 

(% sat.) 

Thermal 

(°C) 

Hypoxia 

(% sat.) 

Thermal 

(°C) 

Blackwater River 

(BW) 

12.1 ± 1.2  28.2 ± 0.5 10.4 ± 1.1  28.6 ± 0.3 

Carp Lake (CL) 11.3 ± 1.1 28.4 ± 0.4 10.6 ± 1.3 28.5 ± 0.3 

Fraser Valley (FV) 9.54 ± 1.2 

 

28.6 ± 0.2 10.0 ± 1.3 28.4 ± 0.3 

Pennask Lake 

(PN) 

NA NA 10.3 ± 1.3 28.3 ± 0.6 
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Table A.6 Individual group incipient lethal oxygen saturation comparisons for strains at the 2017 

brood year yearling stage 

 

Trial # 

Blackwater River 

(mean ± sd) 

Carp Lake 

(mean ± sd) 

Fraser Valley 

(mean ± sd) 

1 10.6 ± 1.4 % sat. 11.2 ± 0.8 % sat.a 9.8 ± 1.4 % sat.a 

2 10.3 ± 1.1 % sat. 10.7 ± 1.0 % sat.b 9.8 ± 1.1 % sat.a 

3 10.3 ± 1.0 % sat. 11.2 ± 1.2 % sat.a 10.0 ± 1.2 % sat.ab 

4 10.2 ± 1.0 % sat. 9.5 ± 1.1 % sat.c 10.3 ± 1.2 % sat.b 

5 10.5 ± 1.0 % sat. NA 10.1 ± 1.3 % sat.a 

Significant differences between groups within a strain are indicated by dissimilar letters 
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Table A.7 Individual group critical thermal maximum comparisons for strains at the 2017 brood 

year yearling stage 

 

Trial # 

Blackwater River 

(mean ± sd) 

Carp Lake 

(mean ± sd) 

Fraser Valley 

(mean ± sd) 

1 28.6 ± 0.3 °C 28.5 ± 0.3 °Ca 28.5 ± 0.3 °Ca 

2 28.6 ± 0.3 °C 28.4 ± 0.3 °Ca 28.5 ± 0.3 °Ca 

3 28.6 ± 0.3 °C 28.6 ± 0.3 °Cb 28.4 ± 0.3 °Cab 

4 28.6 ± 0.3 °C 28.6 ± 0.3 °C b 28.4 ± 0.3 °Cab 

5 28.7 ± 0.3 °C NA 28.3 ± 0.3 °Cb 

Significant differences between groups within a strain are indicated by dissimilar letters 
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Table A.8 Mean ± standard deviation of ILOS and CTmax for strains in the 2018 brood year 

Strain Fry Yearling 

Hypoxia 

(% sat.) 

Thermal 

(°C) 

Hypoxia 

(% sat.) 

Thermal 

(°C) 

Blackwater River 

(BW) 

8.6 ± 1.3  28.5 ± 0.5 10.7 ± 1.1  28.4 ± 0.3 

Carp Lake (CL) 8.5 ± 1.2 28.6 ± 0.3 10.5 ± 1.1 28.6 ± 0.2 

Horsefly River 

(HF) 

8.9 ± 1.0 

 

28.6 ± 0.2 11.4 ± 1.0 28.3 ± 0.2 

Pennask Lake 

(PN) 

9.5 ± 1.2 

 

28.5 ± 0.3 NA NA 
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Appendix B  - Anthropogenic warming will test the limits of thermal plasticity in rainbow 

trout (Oncorhychus mykiss) 

 

 

 

 

 

 

 

 

 

 

 
Figure B.1 Examples of differentially expressed genes among different acclimation groups. 
 (a) Differentially expressed genes (DEGs) among Coleman fish acclimated to 12°C versus 18°C include: ATP2A2 or 
SERCA (Sarcoplasmic/endoplasmic reticulum calcium ATPase 2) catalyzes the movement of Ca+2 ions from the cytosol to the 
sarcoplasmic reticulum during the contraction/relaxation cycle of the heart; FXYD1 (Phospholemman) inhibits 
sodium/potassium-transporting ATPase activity when unphosphorylated and stimulates activity when phosphorylated; IFIH1 
(Interferon-induced helicase C domain-containing protein 1) is an immune receptor that plays an integral role in sensing viral 
infection; NMI (N-myc-interactor) increases transcription of cytokine-mediated signal transducers and activators of transcription. 
(b) DEGs among Coleman 18°C versus 24°C include: CLU (Clusterin) prevents clustering of proteins in response to stress (i.e. 
heat shock); CYC1 (Cytochrome c) is an electron transporter in the electron transport chain (ETC); EEF2 (Elongation factor 2) 
catalyzes movement of 2 tRNA molecules, mRNA, and conformational changes of the ribosome during translation elongation; 
NF2 (merlin or neurofibromin 2) functions to supress cell proliferation; UQCRC2 (Cytochrome b-c1 complex subunit 2, 
mitochondrial) is a required component of the ubiquinol-cytochrome c reductase complex of ETC. (c) DEGs among Shasta fish 
acclimated to 12°C versus 18°C include: MDH1 (malate dehydrogenase) catalyzes the conversion of malate to oxaloacetate in 
the citric acid cycle and other metabolic pathways; MFN2 (mitofusin-2) triggers mitochondrial clustering and fusion; SDHC 
(Succinate dehydrogenase cytochrome b560 subunit, mitochondrial) is a subunit of succinate dehydrogenase that ultimately 
transfers electrons from succinate to ubiquinone in the ETC; SRSF1 (Serine/arginine-rich splicing factor 1) prevents exon 
skipping, providing quality control for splicing and alternative splicing of mRNA; TOMM40 (Mitochondrial import receptor 
subunit TOM40 homolog) is a channel-forming protein with an essential role in importing protein precursors into the 
mitochondria. (d) DEGs among Shasta 18°C versus 24°C included: DHX9 (ATP-dependent RNA helicase A) unwinds DNA 
and RNA and plays a crucial role in many transcription and translation processes; EIF3K (Eukaryotic translation initiation factor 
3 subunit K) is a component of a larger protein complex required for the initiation of protein synthesis; NUP133 (Nuclear pore 
complex protein Nup133) is involved in the transport of polyadenylated RNA; PAIP1 (Polyadenylate-binding protein-interacting 
protein 1) is a coactivator that regulates translation initiation of polyadenylated mRNAs; RPL24 (60S ribosomal protein L24) is a 
protein that is part of the eukaryotic large ribosomal subunit (60S). 
 

a) 
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d) 


