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Abstract

Limited research has been conducted on the physiology of Atlantic salmon (Salmo salar)
at cold temperatures despite significant winter mortalities at sea-cage sites in Atlantic Canada.
Thus, I performed two experiments to investigate how acclimation to 8, 4 and 1°C, and acute
cooling from 8-1°C, affected the Atlantic salmon’s cardiac function, metabolic capacity, stress
physiology and swimming performance. While this research shows that exposure to 1°C causes
stress, and significantly reduces their metabolism and swimming performance, it also reveals that
there is significant flexibility/plasticity in how salmon modulate heart function when acutely vs.
chronically exposed to cold temperatures. For example, the experiments were performed on
salmon from two different aquaculture companies, and changes in resting heart rate and size were
only seen in 1°C acclimated fish in Chapter 3. This data suggests that responses to cold
temperatures differ between cultured salmon populations. Further, how salmon meet the energetic
demands of exhaustive exercise depends on the duration of cold exposure [e.g., fish acutely cooled
to 1°C predominantly enhance tissue oxygen extraction, whereas those acclimated to this
temperature increase stroke volume]. These studies add greatly to our understanding of how
temperatures close to a salmon’s (fish’s) lower thermal limit impact its physiological capacity and

the mechanisms involved.
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General Summary

Climate change poses a significant threat to many important aquatic species, including wild
fish species and those produced at aquaculture cage-sites in coastal regions. Summer temperatures
due to rising average ocean temperatures and marine heat waves, and winter ‘super-chill’ events,
have been linked to mortalities at Atlantic salmon cage-sites on Canada’s east coast. However,
there is very limited information available on how exposure to cold (~ 0-1°C) temperatures affects
this species’ physiology and their capacity to tolerate these temperatures. Therefore, I acclimated
salmon to 8, 4 and 1°C, and exposed others to an acute drop in temperature from 8 to 1°C, and
examined the effects on the salmon’s metabolism, heart function, swimming performance and
level of stress. Although cold temperatures are stressful for salmon and reduce their swimming
performance, this species shows considerable plasticity in how they deal with cold temperatures.
Further, salmon respond quite differently depending on whether the cold temperature exposure is
chronic or acute (i.e., the duration of exposure), and it appears that population differences influence

their ability to respond physiologically when exposed to such temperatures.
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CHAPTER 1: General Introduction



1.1 The Atlantic salmon

The Atlantic salmon (Salmo salar) is an economically and ecologically important salmonid
species distributed throughout the North Atlantic (Holm, 2000; Lacroix & Knox, 2005). Wild
salmon hatch in freshwater rivers, migrate as smolts to the ocean, and return to their natal rivers
to reproduce at sexual maturity (Jonsson & Jonsson, 2006). Thus, as part of their life cycle, they
migrate long distances and must tolerate many environmental changes (i.e., in water velocity,
temperature, dissolved oxygen and salinity). For example, they encounter many different thermal
habitats, including shallow rivers, estuaries, fjords, coastal marine areas and the open ocean, and
may experience temperatures as low as 0°C and as high as 28-30°C (Corey et al., 2017; Holm,
2000; Jacobsen et al., 2012; Jacobsen & Hansen, 2001; Moore et al., 2012; Strem et al., 2020).
Historically Atlantic salmon were an important wild fishery in many countries, but moratoriums
on the harvesting of wild salmon are in place in most regions, and reported global landings were a
mere 888 metric tonnes (MT) in 2020, a 93% reduction since the estimated peak in 1967 (The
North Atlantic Salmon Conservation Organization NASCO, 2021). In contrast, this species is now
the fourth most economically important finfish aquaculture species globally, behind carp, tilapia
and catfishes, with worldwide production increasing by ~ 10.2% from 2.44 million metric tonnes
(MMT) in 2010 to 2.69 MMT in 2019 (Tveteras et al., 2019).

The importance of this species for aquaculture production is not surprising given the large
number of countries that have a significant Atlantic salmon aquaculture industry (i.e., Norway,
Chile, Canada, Scotland, the Faroe Islands, Australia, Iceland, the United States, Ireland, New
Zealand etc.) and its high market price (Iversen et al., 2020). Although salmon production
continues to grow globally, regional declines have been reported, including in many parts of

Canada. For example, the production and market value of Atlantic salmon on the East Coast of



Canada (i.e., in Newfoundland) decreased by ~ 65% from 2016 to 2020 (Seafood Industry Year in
Review SIYIR, 2020). There are several reasons for this significant decline, including problems
with sea lice, mass mortality events and COVID-19 global market challenges, yet many questions
remain unanswered/unexplored, and thus, this topic has garnered significant attention from the
media and the scientific community (Beemelmanns et al., 2021a,b; CBC News Newfoundland,
2020; Ciri¢, 2020; Gamperl et al., 2020, 2021; Gerber et al., 2021a,b; Huffman, 2019; Hvas et al.,
2017; Liu et al., 2020; The Canadian Press, 2015).

The use of land-based culture systems for salmon production has increased in the past
decade due to significant technological advancements in recirculating water systems, genetic
selection and disease control/mitigation (Devlin et al., 2020; Ignatz et al., 2020; Lhorente et al.,
2019; Saunders et al., 1998). However, the majority of salmon production still takes place in
coastal areas, and uses net-pens or "sea-cages" to rear salmon from smolts to market size. Although
there are many advantages of sea-cage production, including significantly less energy usage for
facility operations, the unpredictability of weather/climatic shifts (whether acute or chronic) does
not come without a cost to animal health and welfare / survival (Ibieta et al., 2011; Weitzman &
Bailey, 2019). Salmonid cage-site management is continuously being modified to enhance
production, including changes in cage depth and design, augmentation of water flow/exchange,
site selection, oxygen supplementation, pathogen control and mitigation, and on-line
environmental monitoring. However, a number of challenges still exist (Falconer et al., 2020; Reid
et al., 2019). For example, harsh weather events create unexpected problems, including changes
in dissolved oxygen, salinity and temperature (Burt et al., 2012; Harley et al., 2006; Portner, 2010;
Portner & Knust, 2007; Stehfest et al., 2017). Abrupt and long-term changes to the environment

would typically result in behavioural avoidance by wild salmon (Breau et al., 2011; Gallant et al.,



2017). However, this is not possible when salmon are held in moored cages that are typically
secured in place in coastal waters and are only 15 — 30 m deep (Olsvik et al., 2013). Lethal and
sublethal impacts of various environmental stressors on salmon physiology, welfare, and
production, are therefore, of great interest to the aquaculture industry, and understanding how to
mitigate them will become increasingly relevant given climate change projections for the next
several decades (Breitburg et al., 2018; Frolicher et al., 2018; Gamperl et al., 2020; Gerber et al.,

2021b; IPCC, 2018, 2022; Oliver et al., 2018; Tromp et al., 2018; Wade et al., 2019).

1.2 Impacts of a changing climate

The Intergovernmental Panel on Climate Change (IPCC) has released several alarming
reports over the past 20 years that synthesize comprehensive scientific data sets collected from
around the globe. These reports provide compelling evidence that the rate and severity of
harmful/challenging climatic events is increasing, and suggest that this poses serious risks to the
world’s ecosystems; including major impacts on aquatic/marine coastal environments. The IPCC
is currently predicting a rise in average global sea-surface temperatures of 1.5 to 4.5°C at high
latitudes, which we now know should not exceed 1.5°C to minimize the effects on coastal marine
species (IPCC, 2018, 2022). The potential impacts of high seawater temperatures on the salmon
aquaculture industry is exemplified by the maximum temperatures (22.9 to 24.2 °C) currently being
observed in sea-cages at 5 to 20 meters depth in Tasmania (Stehfast et al., 2017;Wade et al., 2019),
and the loss of 2.6 million salmon in the summer 0f 2019 in Newfoundland, Canada. This mortality
event was reported to have been caused by several interacting factors, including water
temperatures greater than 18°C for 117 days (Burke et al., 2020), and it has been predicted that

summer temperatures on the south coast of Newfoundland, where the majority of salmon farming



takes place in the province, will increase by 3.0°C by the middle of the century (Government of
Newfoundland and Labrador, 2018). Nonetheless, coastal water temperatures undergo
considerable variation seasonally, and with depth, at sea-cage sites both in Europe (Bjornsson et
al., 2007a,b) and on Canada’s east coast (Gollock, 2006; Norin et al., 2019), with winter
temperatures typically reaching 0 to 2°C for extended periods (Cooke Aquaculture Inc., Pers.
Comm; Vadboncoeur et al., 2023). Further, daily drops in sea surface temperatures from 16 to 2-
3°C at ~ 1°C h'! can also be observed during the summer months in coastal sea-cages at 10 m
depth (Gollock et al., 2006; Strem et al., 2020), and are often due to surface waters turning over
during periods of high winds and rough oceanic conditions (Donaldson et al., 2008; Wang et al.,
2010).

As climate change intensifies, it is expected that weather extremes will be reoccurring
events, and that these will result in more frequent and extreme marine heatwaves as well as severe
reductions in ocean water temperatures (i.e., episodes of ‘cold shock’) (Johnson et al., 2018;
Szekeres et al., 2016). Indeed, winter ‘cold shock’ events caused large-scale losses of Atlantic
salmon at sea-cages in Atlantic Canada in 2014, 2015 and 2019 (termed ‘winter kill”) (CBC News,
Newfoundland, 2020; Edwards, 2020; Evans, 2019; Huffman, 2019). These climate-driven
impacts are a growing concern for salmon farmers in Atlantic Canada, and are being prioritized as
a key research area. Indeed, there are many studies and publications describing the effects of high
temperatures on salmon physiology, production and mortality (Anttila et al., 2014; Beemelmanns
et al., 2021a,b; Gamperl et al., 2020, 2021; Gerber et al., 2021a,b; Jutfelt, 2020; Keen & Gamperl,
2012; Penney et al., 2014; Tromp et al., 2018). In contrast, there are only a handful of studies that
document the effects of cold temperatures on cultured salmonids (Donaldson et al., 2008; Liu et

al., 2020; Sandnes et al., 1988), despite it being established almost five decades ago that the lower



temperature limit for salmonids (including Atlantic salmon) in seawater is ~ 1°C based on poor
growth and the risk of mortality (Saunders et al., 1975). Importantly, information is needed to
understand: 1) how the distribution and behavior of salmon are impacted by exposure to cold
temperatures at sea-cage sites (i.e., under ‘real-world’ aquaculture conditions); 2) at what
temperature sub-lethal effects occur in Atlantic salmon and their severity; and 3) how cold

temperatures impact the physiology and welfare of Atlantic salmon.

1.3 Temperature, cardiorespiratory function and swimming performance

Temperature has been described as the ‘ecological master factor’ in aquatic ectotherms,
including fishes, as it affects numerous biological functions and metabolic activities through
changes in the rate of biochemical reactions, and these have downstream impacts on various
physiological processes (Brett, 1971). As previously mentioned, a large body of research has
focused on the effects of rising ocean temperatures and marine heatwaves (i.e., prolonged and
acute increases in water temperature) on salmon physiology. For example, there have been several
comprehensive studies that have examined the effects of increased water temperatures on salmonid
(including Atlantic salmon) physiology and biology, and their capacity to respond to these
challenges via phenotypic plasticity (i.e., acclimatory responses) and evolutionary adaptation (i.e.,
through changes in genetics) (Adams et al., 2022; Anttila et al., 2014; Beemelmanns et al., 2021a,
b; Chen et al., 2018; Gallant et al., 2017; Gamperl et al., 2020; Gerber et al., 2020 a, b; Jutfelt,
2020; Penney et al., 2014; Sandblom et al., 2016; Tromp et al., 2018). This type of research has
involved measurements of upper thermal tolerance [i.e., critical thermal maxima (CTmax) and
incremental temperature maxima (ITmax)] in parallel with cardiorespiratory parameters such as

oxygen consumption (MO>), cardiac output (Q), heart rate (fi), stroke volume (Vs), blood oxygen



transport, and tissue oxygen extraction (MO / Q) (Anttila et al., 2014; Ekstrom et al., 2019;
Gollock, 2006; Hvas et al., 2017; Motyka et al., 2017; Penney et al., 2014). These
measurements/parameters have been a primary focus of numerous studies as heart function and
oxygen delivery to the tissues are throught to be two of the principal factors that determine the
upper thermal tolerance of fishes (Farrell et al., 2009; Franklin et al., 2013; Iftikar & Hickey, 2013;
Jutfelt et al., 2018; Portner, 2010; Wang & Overgaard, 2007).

In addition to research on fish approaching their upper thermal limits, there has been a
considerable body of literature describing the effects of cold temperatures on the cardiorespiratory
physiology of fishes. However, this research has predominantly focused on Antarctic/polar species
(Farrell & Steffensen, 2005). Further, most of the in vivo studies on temperate species at low
temperatures/following acclimation to cold temperatures has focused on increases in heart size
(i.e., relative ventricular mass, RVM) and other aspects of cardiac remodelling (Aho & Vornanen,
2001; Driedzic et al., 1996; Eliason & Anttila, 2017; Johnson et al., 2014; Keen et al., 2017;
Klaiman et al., 2014), and there are very few measurements of heart function at temperatures
approaching 0°C (Costa et al., 2013, 2015; Farrell et al., 2013; Franklin et al., 2013; Lurman et al.,
2012). Importantly, there is little to no information on how: 1) exposure to these temperatures
affects the contribution of intrinsic heart rate, adrenergic and cholinergic nervous innervation
(tone), and/or circulating catecholamines to the control of heart function in non-Antarctic fishes;
2) changes in cardiorespiratory function and/or capacity may, at least partially, compensate for the
effects of temperatures approaching the lower thermal limit for salmonids; and 3) the swimming
performance of Atlantic salmon is impacted by acute and chronic exposure to temperatures
approaching this species’ lower limit. Increases in fir and Vs (and therefore Q) have been described

for salmonids when swum to exhaustion at both optimal and higher temperatures (Claireaux et al.,



2005; Farrell & Smith, 2017). However, to my knowledge there are no measurements of
salmonid/North Atlantic fish swimming performance and cardiac function at 0-1°C, and it is
unclear how long-term exposure to these temperatures will affect the swimming or aerobic
capacity of temperate fishes. A study by Riseth et al. (2020) reported that the aerobic scope (AS)
and critical swim speed (U.rit) of 3°C-acclimated Atlantic salmon were approximately 45 and 30%
lower, respectively, as compared to conspecifics acclimated to 10.5 °C, while Claireaux et al.
(2000) found a more drastic reduction (by 50 and 64%) in aerobic scope of Atlantic cod when
acclimated to 2°C vs. 5 and 10°C, respectively. In contrast, Hvas et al. (2017) showed that the Uit
of Atlantic salmon only decreased by 12% when acclimated to 3 vs 8 °C, and these data are
comparable to the findings of Taugbel et al. (2019). These authors showed that the swimming
performance of brown trout (Salmo trutta) was also only marginally lower (by ~ 13%) when
acclimated and tested at 1.7 vs. 5.5°C.

In conclusion, examining these physiological questions is particularly important given the
low temperatures experienced by Atlantic salmon in the wild and in culture, the predicted increase
in the frequency of ‘cold events’, and that sufficient swimming performance and cardiorespiratory
capacity are critical for many important biological functions; including migration/movement,
feeding, digestion and predator-prey interations. By determining how physiological parameters
such as stress, heart function, blood oxygen delivery and swimming performance are impacted by
cold temperatures, we will be able to better predict, and model, salmon distribution, behaviour
and health/welfare in both sea-cages and in their natural environment. Thus, the following chapters
examine how both acute and chronic exposure of Atlantic salmon to extremely low/cold

temperatures (i.e., 1°C) impact multiple aspects of this species’ physiological capacity.



1.4 Goals and objectives

Given: the negative impacts that cold temperatures have on Atlantic salmon production
and welfare; the fundamental research questions that remain about how temperatures approaching
0°C affect the cardiorespiratory and swimming performance/capacity of salmonids; and that heart
size and function are related to inter-family differences in the hypoxia and upper thermal tolerance
of Atlantic salmon (Anttila et al., 2013) - suggesting this trait (heart size) could be selected for in

breeding programs - this thesis asked several very important and relevant questions:

1. What effect does an acute temperature drop from 8 to 1°C have on heart function and
control, oxygen consumption and stress hormone levels in Atlantic salmon?

2. To what extent are the above temperature-dependent changes ameliorated / altered when
salmon are allowed to acclimate to 1°C; i.e., what is the salmon’s phenotypic plasticity to
cope with cold water exposure?

3. How is the salmon’s cardiorespiratory and aerobic swimming capacity affected by

acclimation (8, 4 and 1°C) and acute exposure (from 8 to 1°C) to cold temperatures?

This important research was conducted at the same time as measurements of the heart rate
(electrocardiograms; ECGs), activity, temperature and depth of Atlantic salmon in sea-cages
during the winter on Newfoundland’s south coast (R. Sandrelli, M.Sc. thesis), and of biomarkers
of sub-lethal cold stress in salmon (E. Vadboncoeur, M.Sc. thesis). Interestingly, R. Sandrelli
found that although sea surface temperatures during the winter months (i.e., from mid March to
mid May) were ~ 2°C, salmon held in sea-cages typically stayed within the top 5 m of the cage

with only periodic migrations to deeper/warmer waters. In addition, E. Vadboncoeur showed that



exposing salmon to cold temperatures (< 8°C) in a lab-based setting resulted in: 1) a decline in
appetite, with complete cessation at 1-2°C; 2) changes in osmoregularity capacity; 3) an increased
expression of heat shock proteins (at 4-5°C); 4) elevated levels of stress hormones (i.e., cortisol);
and 5) symptoms indicative of ‘Winter Syndrome’ such as enlarged livers and ulcers on the
head/jaw. Collectively, this research greatly enhances our knowledge of the biology and
physiology of Atlantic salmon (salmonids) at cold temperatures and provides key/critical
information to the salmon aquaculture industry. This includes data on the welfare of their fish at
cold temperatures and information on how to manage their farms during the winter months.
Alternatively, they could initiate additional vaccine programs, incorporate functional feed
ingredients into their diets, and/or use netting to restrict salmon to deeper sections of the cage when

sea-surface temperatures reach critical limits.
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CHAPTER 2: Acute and Chronic Cold Exposure Differentially Affect
Cardiac Control, but Not Cardiorespiratory Function, in Resting Atlantic
Salmon (Salmo salar)

This chapter has been published as: Porter, E. S., Clow, K. A., Sandrelli, R. M., Gamperl, A. K.,
2022. Acute and chronic cold exposure differentially affect cardiac control, but not
cardiorespiratory function, in resting Atlantic salmon (Sa/mo salar). J. CRPHYS. 5, 158-170.
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Abstract

No studies have examined the effects of cold temperatures (~ 0-1°C) on in vivo cardiac
function and control, and metabolism, in salmonids. Thus, we examined: 1) how acclimation to
8°C vs. acclimation (>3 weeks) or acute exposure (8-1°C at 1°C h') to 1°C influenced
cardiorespiratory parameters in resting Atlantic salmon; and 2) if/how the control of cardiac
function was affected. Oxygen consumption (MO>) and cardiac function [i.e., heart rate (fi1) and
cardiac output (Q)] were 50% lower in the acutely cooled and 1°C-acclimated salmon as compared
to 8°C fish, whereas stroke volume (Vs) was unchanged. Intrinsic fg was not affected by whether
the fish were acutely exposed or acclimated to 1°C (values ~51, 24 and 21 beats min! in 8 and
1°C-acclimated fish, and 8-1°C fish, respectively), and in all groups fu was primarily under
adrenergic control/tone (cholinergic tone 13-18%; adrenergic tone 37-70%). However, [-
adrenergic blockade resulted in a 50% increase in Vs in the 1°C-acclimated group, and this was
surprising as circulating catecholamine levels were ~1-3 nM in all groups. Overall, the data suggest
that this species has a limited capacity to acclimate to temperatures approaching 0°C. However,
we cannot exclude the possibility that cardiac and metabolic responses are evoked when salmon
are cooled to ~ 0-1°C, and that this prevented further declines in these parameters (i.e., they ‘reset’
quickly). Our data also provide further evidence that Vs is temperature insensitive, and strongly
suggest that changes in B-adrenoreceptor mediated control of venous pressure/capacitance occur

when salmon are acclimated to 1°C.
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2.1 Introduction

Climate change is predicted to increase average ocean temperatures by approximately 2 to
4°C by the year 2100 (IPCC, 2021), and is increasing the severity and frequency of harmful
conditions/events: including storms, marine heat waves, extreme reductions in water temperatures
(i.e., ‘cold shock’ events) and hypoxia (Breitburg et al., 2018; Frolicher et al., 2018; Johnson et
al., 2018; Oliver et al., 2018; Sampaio et al. 2021; Szekeres et al., 2016). Numerous biological
functions in aquatic ectotherms, including fish, are affected by temperature as it is the ‘ecological
master factor’ (Brett, 1971). Changes in physiological processes due to increased temperatures
have been the main focus of climate change-related research in fish, and have involved
measurements of upper thermal tolerance [critical thermal (CTwmax) and incremental temperature
maxima (ITwmax): Gamperl et al., 2020; Gallant et al., 2017; Leeuwis et al., 2019; Zanuzzo et al.,
2019], and cardiorespiratory parameters. These parameters include oxygen consumption (MO>),
cardiac output (the amount of blood pumped by the heart in 1 minute; Q), heart rate (fir), stroke
volume (the amount of blood pump in a heart beat; Vs), blood oxygen transport and tissue oxygen
extraction (Anttila et al., 2014; Ekstrom et al., 2019; Gollock et al., 2006; Hvas et al., 2017,
Leeuwis et al., 2021; Motyka et al., 2017; Penney et al., 2014) given their purported importance
to thermal tolerance (Farrell et al., 2009; Jutfelt et al., 2018; Portner, 2010; Wang and Overgaard,
2007). However, with the exception of Antarctic species (Davison et al., 1997; Farrell and
Steffensen, 2005), and a few other “polar’ species (Drost et al., 2016; Farrell et al., 2013; Franklin
et al., 2013), there is very limited literature describing the effects of low (< 5°C) or cold (~0-1°C)
temperatures on fish in vivo cardiovascular physiology. Costa et al. (2013) examined the effect of
an acute temperature decrease from 8 to 1°C, and acclimation to these temperatures, on in vivo

cardiorespiratory parameters in the cunner (7autogolabrus adspersus). However, this species is
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capable of metabolic depression at low temperatures (Costa et al., 2013; Gerber et al., in final
prep), and thus, the results of this research are unlikely to be representative of most teleosts. Data
on temperature dependent changes collected using in situ or in vitro preparations are limited (e.g.,
Aho and Vornanen, 2001; Gamperl and Syme, 2021; Lurman et al., 2012), and may not accurately
reflect temperature-dependent responses in in vivo cardiac performance. Finally, other literature
on this topic is largely restricted to: the investigation of cardiac remodelling (including changes
in relative ventricular mass; RVM) (Aho and Vornanen, 2001; Driedzic et al., 1996; Eliason and
Anttila, 2017; Johnson et al., 2014; Keen et al., 2017; Klaiman et al., 2011); or to experiments
where anesthetized fish were given pharmacological agents (atropine and isoproterenol) and
exposed to very rapid acute changes in temperature so that their ‘maximum’ heart rate and its
Arrhenius breakpoint at high temperatures could be measured (e.g., see Gilbert et al, 2020; Gilbert
and Farrell, 2021)

Increased levels of stress biomarkers (i.e., plasma concentrations of cortisol, adrenaline
(AD) and noradrenaline (NAD), and of tissue heat shock proteins) are strongly linked to stress
exposure, including thermal stress (Alzaid et al., 2015; LeBlanc et al., 2012; Leeuwis et al., 2021;
Sandblom and Axelsson, 2011). The release of catecholamines (primarily AD and NAD) from the
chromaffin cells of the head kidney is a central component of the stress response (Reid et al.,
1998), and modulates cardiac performance in fish (Farrell and Smith, 2017). However, there is
also adrenergic nervous tone on the heart which varies between species, and is critical for
supporting cardiac function when fish are exposed to stressors, including changes in temperature
(Sandblom and Axelsson, 2011). Pharmacological blockade can be used to determine the
contribution of parasympathetic and sympathetic influences (Altimiras et al., 1997; Axelsson,

1988; Butler et al., 1989; Farrell et al., 1986) on f and Q, and to determine a fish’s intrinsic heart
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rate [i.e., the frequency of action potentials generated by the pacemaker cells in the sinoatrial node
(SAN)] when other influences are removed (Aho and Vornanen, 2001; Ekstrom et al., 2016a;
Mendonca and Gamperl, 2009; Sandblom and Axelsson, 2011)]. Such research is important in the
context of climate change as the time course for the resetting of cardiac frequency (fu) following
acute (within hours) or prolonged / chronic (days to months) changes with temperature are not well
understood, and the data are contradictory/variable. For example, the time required to reset the fu
in rainbow trout was described by Sutcliff et al. (2020) to be just 1 hour in fish acclimated to 4°C
in winter and exposed to 12°C, and 8 hours for fish acclimated to 12°C and transferred to 4°C.
However, these authors did not see such an effect even after 10 weeks of acclimation to these
temperatures in summer-acclimated fish. In addition, other studies have concluded that the
resetting of fi requires several weeks in fishes (Aho and Vornanen, 2001; Ekstrom et al., 2016a).
Cold temperatures are a significant challenge to the Atlantic salmon aquaculture industry
and can impact fish welfare and production, especially in countries such as Canada and Iceland.
Temperatures normally range seasonally and with depth at sea-cages from ~ 2 to 20°C (Bjornsson
et al., 2007a and b; Gamperl et al., 2021; Gollock, 2006). However, chronic exposure to cold (~ 0-
1°C) temperatures during the winter months, as well as acute daily drops (to < 2°C) due to ‘turn
over’ caused by rough conditions, are associated with large-scale mortalities at salmon sea-cages
in these countries (Ciric, 2020; CBC News, 2020; Huffman, 2019; The Canadian Press, 2015).
Our understanding of how warm (summer) temperatures affect cultured Atlantic salmon has
improved greatly over the past few years (Anttila et al., 2014; Beemelmanns et al., 2021ab;
Gamperl et al., 2020; Gamperl and Syme, 2021; Hvas et al., 2017; Penney et al., 2014; Tromp et
al., 2018). However, we have a very limited understanding of how the biology and physiology of

this species is affected by short-term and long-term exposure to cold temperatures, and the results
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of this research can be contradictory (e.g., see Liu et al., 2020 vs. Sandnes et al., 1988). As part of
a larger, comprehensive, research program on how cultured Atlantic salmon are impacted by cold
(~0-1°C) temperatures (including ionoregulation, cage-site behaviour and physiology, levels of
stress biomarkers, tissue damage etc.), this study examined how acute exposure (i.e., a temperature
drop over 8 hours) and chronic acclimation to 1°C: 1) influenced the salmon’s resting
cardiorespiratory function (fi. Vs, Q, and MOy); 2) affected blood Oi-carrying capacity
[haematocrit and haemoglobin] and circulating stress hormone levels; and 3) affected cholinergic

and adrenergic tones on the heart, and intrinsic fy, in this species.

2.2 Materials and Methods

This study was approved by the Animal Care Committee of Memorial University of
Newfoundland and Labrador (protocol “21-01-KG). All procedures conducted on the salmon were
performed in accordance with the Canadian Council on Animal Care’s Guidelines on the ‘Care

and Use of Fish in Research, Teaching and Testing’ (Canadian Council on Animal Care, 2005).

2.2.1 Fish husbandry and rearing conditions

Male Atlantic salmon were held in 0.8 m? tanks in the Annex Tank Room of the Ocean
Science Center at Memorial University. The tanks were initially supplied with seawater (~ 32 ppt)
with temperature and oxygen levels maintained at 8°C and >95% of air saturation respectively,
and with a 12 h light: 12 h dark photoperiod. There were two tanks each with 25 fish, and after
approx. 2-3 weeks in the tanks, one tank remained at 8°C, whereas the other tank had its
temperature decreased from 8°C to 1°C at 1°C per week (i.e., over 7 weeks). After all fish were

acclimated to their respective temperatures for > 3 weeks (range 3 to 8 weeks), the fish were used
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in experiments to examine the effect of acclimation to 1°C, and an acute (over 7 hours) drop in
temperature from 8°C to 1°C, on Atlantic salmon cardiorespiratory function and stress physiology
(see below). A custom-built chiller made by Technical Services at Memorial University was used
to provide water at 1°C. This was the lowest temperature used as it was difficult to consistently
achieve a temperature of 0°C with this system / avoid temperatures going below 0°C. All fish were
fed a commercial salmon diet (5 mm, EWOS, Canada) by hand at ~1% body mass three times per
week (i.e., a maintenance diet) and fish were not fed within 24 h of surgery. The weight [1.1 + 0.7
kg; mean + standard error (s.e.m.)], fork length (42.3 + 0.9 cm), condition factor (1.47 £ 0.01), and
relative ventricular mass (0.745 £ 0.003%) were similar for all fish used in the experiment (see

Supplementary material, Table S1).

2.2.2 Surgical procedures and recovery

Fish were netted from their tank, and anaesthetized in oxygenated seawater containing
tricaine methanesulfonate (MS-222, 0.2 g L™!; Syndel Laboratories Ltd., Qualicum Beach, BC,
Canada) until ventilatory movements ceased. The fish were then weighed and measured for fork
length, and placed supine on a wetted foam pad upon a surgical table where their gills were
irrigated continuously with cooled (~ 4°C) and oxygenated seawater containing a maintenance
dose of MS-222 (0.1 g L™"). Each fish was fitted with a dorsal aortic cannula (PE 50, Clay-Adams;
Becton Dickensen and Co., Sparks, MD, USA) as in Smith and Bell (1964) and Gamperl et al.
(1994a) to allow for blood collection and for the injection of antagonists of cardiac control (see
below). Following cannulation, the salmon were placed on their right side, and a Doppler® flow
probe (Model ES Cuff-type Transducer, 20 MHz, lowa Doppler Products, lowa City, A, USA)

ranging from 1.3 to 2 mm in diameter (depending on fish size) was fitted around the ventral aorta
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using the same procedures as described for rainbow trout in Gamperl et al. (1994a). Finally, the
flow probe lead was connected to a directional pulsed Doppler® flow meter (Model 545C-4;
Bioengineering, University of lowa, Ames, A, USA) to ensure that the signal was of high quality,
and the probe lead was secured to the fish at 3 locations: just posterior to the pectoral fin, just
below the lateral line, and just ventral to the dorsal fin.

After surgery was completed, each fish (N = 9 fish per group) was placed in a 20 L
cylindrical respirometer (20 cm in diameter x 54.6 cm long) to recover for ~18 to 24 h (i.e., until
the first morning prior to experiments). The respirometers were submersed in a shallow (25 cm
deep), insulated, experimental water table containing fully aerated seawater at either 8°C or 1°C
(the fish’s acclimation temperature) and received a constant flow of water at a rate of 10 L min™!
from a submersible Eheim pump (model 1048; EHEIM GmbH & Co., Deizisau Germany). Water
in the experimental water table was supplied from a large (~300 L) reservoir whose temperature

was controlled by a custom-designed heater/chiller (Technical Services, Memorial University of

Newfoundland).

2.2.3 Acute temperature decrease

The morning following surgery (~18 to 24 h post-surgery), the flow probe leads were
connected to the Doppler® flow meter and the fish were left undisturbed for another ~1 h before
initial measurements were taken. Then, two groups remained at their respective acclimation
temperatures (8 and 1°C), while the third group was exposed to a decrease in temperature from
8°C to 1°C at 1°C h'!. Cardiac function and oxygen consumption measurements were subsequently
made in all groups at times corresponding to every 1°C decrease in temperature in the one group,

during the second night (every 20 minutes), at 48 hours after surgery (the second morning), and
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before and after the administration of antagonists of parasympathetic and sympathetic cardiac
control. These pharmacological antagonists [atropine sulfate (1.2 mg kg!) and propranolol
hydrochloride (3 mg kg')] were sequentially injected (separated by 90 minutes) through the
cannula, followed by 0.4 mL of saline (0.9% NacCl) to clear/flush the cannula (Mendonca and
Gamperl, 2009). Blood samples (1.5 mL) were withdrawn from the dorsal aortic cannula and
immediately replaced with saline at three time points: 1) 24 hours post-surgery (i.e., prior to
changes in temperature); 2) 1 hour after the treatment fish reach 1°C (and at the same time in the
other groups); and 3) just prior to the injection of the pharmacological antagonists (i.e., approx. 48
hours post-surgery). A schematic representation of the experimental design is provided in Figure
2-1.

After the experiment was completed, all fish were euthanized using a lethal dose of 0.4 g
L' of MS-222, and an in situ post-mortem calibration of each flow probe was performed at
physiologically relevant pressures using a peristaltic pump (MasterFlex Easyload®, Quebec,
Canada) (Gamperl et al., 1994a) and a ‘blood mimicking’ solution (0.99% glycerol, 2.4% TritonX,
35% Orgasol in 200 mL of distilled water; Axelsson, pers. comm.). To accomplish this, after
removal of the sinus venosus and atrium, the ventricle was bisected laterally, and a steel cannula
attached to peristaltic pump tubing was tied into the ventricular lumen. Finally, the two halves of

the ventricle were weighed, and relative ventricular mass (RVM) was calculated as:

(1) [(ventricular mass / fish mass) x 100]
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Figure 2-1. Schematic diagram depicting the experimental design used to assess the effect of cold
temperatures on the cardiorespiratory and stress physiology of the 3 groups of fish:
acclimated and tested at 8°C; acclimated and tested at 1°C; acclimated to 8°C and acutely
exposed to a drop in temperature to 1°C. The cardiorespiratory parameters (fu, Vs, Q°
and MO?) were recorded at the fish’s acclimation temperature, at each 1°C decrease in
temperature, at rest on the second morning, and before each of the drug injections. Blood
samples for various haematological parameters were taken (as indicated by an X) at the
fish's acclimation temperature, an hour after these fish reached 1°C, and on the morning
of the 2" day prior to drug injection (note: all groups were sampled at the same time
points).
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2.2.4 Cardiorespiratory function and neurohormonal control

Oxygen consumption (MO5; in mg O, kg ' h™') was measured using automated intermittent
closed respirometry (Sandblom et al., 2014) and using methods consistent with recommendations
for aquatic respirometry as detailed in Killen et al. (2021), Rodgers et al. (2016) and Svendsen et
al. (2016). The flush pump and recirculation pump (both Eheim Model 1048; 10 L min™!) were
controlled by AutoResp® software (Version 2.1.0; LoligoSystems, Tjele, Denmark), and were
intermittently turned on and off to either flush the respirometer with fresh seawater when on, or
create a functionally sealed respirometry chamber when off. The duration of the ‘flush’ and/or
‘recirculation’ periods were adjusted throughout the experimental period to ensure a regression
coefficient (R?) > 0.75 was achived for the decline in water O level and to avoid a PO, inside the
respirometers lower than 85% air saturation. This lower limit ensured that the water in the
respirometer would return to 100% air saturation prior to the next measurement, and that the
haemoglobin leaving the gills would still be near full O saturation (Nikinmaa and Soivio, 1979).
AnR2>0.75 was used due to the large signal to noise ratio exhibited by fish at colder temperatures
(i.e., at 1 °C) when at rest or during measurements of SMR (see below), to ensure that MO, was
not overestimated (Chabot et al., 2020). However, the average R? was > 0.9. MO, recordings were
made using an OXY-4 mini fiber-optic oxygen meter fitted with pre-calibrated dipping probes
(PreSens Precision Sensing GmBH, Regensburg, Germany) that was interfaced with DAQ-4 and
TEMP-4 modules (LoligoSystems, Tjele, Denmark). The signals from these modules were then
fed into a computer running AutoResp® software. The rate of oxygen decline during the closed
phase of the respirometry cycle (i.e., when the flush pump was off) was used by the AutoResp®
software to calculate the MO, of the fish after a 2 min ‘wait’ period at the beginning of the closed

period (which varied between 5 and 15 minutes depending on temperature to ensure an acceptable
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R?). Given the limited number of MO, measurements, standard metabolic rate (SMR) was
determined during the 18h following day 2 (i.e., after the acute temperature decrease) by
calculating the mean of the lowest 20% of the MO» measurements after the removal of values with
anR?<0.75(2/396, 66 /392, and 33 /332 for 8, 1 and 8 to 1 °C fish, respectively) (Chabot et al.,
2016). To avoid external influences on fish respiration (Speers-Roeshe et al., 2018) the lights
remained on following surgery until the end of the experiments, and the water table was surrounded
by a 0.8 m high corrugated black plastic sheet to prevent the fish from being disturbed by the
presence of research personnel. Background measurements of MO were made in empty chambers
at the end of the experiments, and these were negligible (< 1%), indicating that no substantial
microbial respiration was occurring (Rodgers et al., 2016; Svendsen et al., 2016).

Heart rate and cardiac output were recorded by connecting the flow probe leads to a pulsed
Doppler® flow meter. Signals from the Doppler® flow meter were amplified and filtered using a
data acquisition system (MP100A-CE; BIOPAC Systems, Inc., Santa Barbara, CA, USA) and a
universal interface module (UIM100C; BIOPAC Systems, Inc.) connected to a laptop computer
running AcqKnowledge® software (Version 3.8.2; BIOPAC Systems, Inc.). Heart rate (fii; beats
min'') was determined by measuring the number of systolic peaks during two 30s intervals during
the period when MO, was being measured. The values for Q were recorded in volts (V), and were
converted to mL min! kg™ using the data from the calibrations described previously and the fish’s
weight (in kg). Stroke volume (Vs) was calculated as Q / fir. Oxygen extraction (the amount of O,
consumed per mL of blood pumped) was estimated by dividing MO2by Q .

Q1o values (i.e., the fractional change in a rate over a 10°C range) were calculated as an
index of the effect of chronic (acclimation) and acute temperatures (T) changes (8 to 1°C) on MO,

fiand Q and MO>/ Q (R) using the following equation:
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(2) Quo = ()T

The “intrinsic’ fi1 (fiing; beats min~!) after the administration of both drugs, cholinergic tonus
(Yofren; %) and adrenergic tonus (%fad; %) were calculated for the salmon’s heart rate as described

by Axelsson (1988):

(3) % fren = [(fu after atropine — fii before atropine) / fuini] X 100
(4) % fi1ad = [(fu after atropine — fiint) / fitine] X 100

2.2.5 Haematological parameters

Blood samples (1.5 mL) were collected (see previously provided sampling details) and
immediately aliquoted for the analysis of various haematological parameters. First, blood was
drawn into microhaematocrit tubes and centrifuged at 10,000 xg for 5 min to determine
haematocrit (Het; %). An aliquot of 50 pLL of whole blood was then collected for the measurement
of blood haemoglobin (Hb) concentration using the cyanomethaemoglobin method (Drabkins
reagent, D5941; Sigma Aldrich, Oakville, Canada) and the absorbance was read at 540 nm using
a plate reader (SpectraMax 5, Molecular Devices, San Jose, USA). Hb concentrations were
calculated from standard curves generated using bovine Hb (Sigma, H2500). Mean cellular Hb
concentration (MCHC, in mg mL") was calculated as Hb concentration / Het x 100. The remaining
blood sample was centrifuged for 1 min at 10,000 xg in a mini-centrifuge (05-090-128, Fisher
Scientific). Three hundred L of plasma was then pipetted into a 1.5 mL, opaque, Eppendorf® tube
containing 15 pL of 0.2 M EDTA and 15 pL of 0.15 M glutathione (which served as antioxidants)

for later measurement of circulating catecholamine levels. The remaining plasma was pipetted into
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50 pL aliquots for the measurement of plasma cortisol and lactate. All samples were immediately

frozen in liquid N2 and stored at -80°C.

2.2.6 Measurement of plasma lactate, cortisol and catecholamines

ELISA kits were used to measure plasma levels of cortisol (Neogen Life Sciences, 402710,
Lexington, KY, USA) and adrenaline and noradrenaline (Abnova KA1877, Taipei, Taiwan),
following the manufacturer’s instructions. Plasma samples for catecholamine measurement were
analysed within 2 months of storage at -80°C. Plasma lactate was first deproteinized with 6% (v/v)
perchloric acid, then measured spectrophotometrically at 340 nm using the production of
NADH/NADPH by lactate dehydrogenase (Sigma L2500), and [lactate] was calculated in

reference to standard curves (Sigma L6402).

2.2.7 Statistical Analyses

All statistical analyses were performed using Rstudio v. 1.4.1717 with R v. 4.1.0 (R Core
Team, 2021). A Rosner’s Test for outliers (o = 0.05; which was selected as the best test for the
identification of outliers by R using the EnvStats package) was used on all datasets prior to
statistical analysis (Millard, 2013). This analysis revealed that there were very few outliers: these
include the majority of cardiorespiratory measurements for one fish in the 8°C-acclimated group,
and lactate data at one sampling point for one of the acutely cooled fish. A general linear model
(Im function) and ANOV As were used with the stats package to assess the main factor of ‘group’
on morphometric variables [mean weight (g), fork length (cm), condition factor (K) and RVM],
SMR, intrinsic heart rate (fuint), and the various values of ‘tone’ on fi between the three groups. If

there was a significant effect (p < 0.05), a Tukey’s HSD post-hoc test from the stats package

34



examined where the differences occurred. A general linear mixed model [lmer function in the /me4
(Bates et al., 2015) and /merTest (Kuznetsova et al., 2017) packages in R] was used to analyze all
cardiorespiratory, pharmacologically-induced and haematological data. This model included ‘fish’
as a random factor, and ‘group’ and ‘time’ of measurement’ and their interaction as fixed effects.
Main effects were analyzed using ANOVAs (anova function in the stats package in R) with type
IIT sums of squares, and if the model indicated a significant fixed effect (p < 0.05), a Bonferroni
(fdr method in the stats package in R) post-hoc test identified statistical differences . Data for
plasma lactate were transformed (x**33%) prior to statistical analysis as this parameter failed
Shapiro-Wilks normality test (Fox and Weisberg, 2019). All data shown are means + s.e.m., and

p < 0.05 was used as the threshold for determining statistical significance.

2.3 Results
2.3.1 Haematological response to cold exposure

There were no differences in Hct or [Hb] between the groups. However, on average, all
groups had slightly lower Hct (%) values during the third sampling as compared to the first
sampling (values ~ 28 — 30%), in addition to significantly lower [Hb] during the second and third
samplings (Figure 2-2a and b) compared to the first sampling (108.9 + 6.0 mg mL! and 103.4 +
5.6 mg mL! vs 122.2 = 5.7 mg mL"! respectively). No significant differences in MCHC were
observed during this experiment, with values approx. 350 — 450 ng mL"!' (Figure 2-2¢). Lactate
decreased significantly in fish exposed to the gradual decrease in temperature from the first to
second sampling (an hour after they had reached 1°C); i.e., from 0.69 = 0.17 mM to 0.41 + 0.15
mM, respectively (Figure2-3d), and the following morning it was 0.57 = 0.17 mM. However,

these values were not significantly different than those measured in the other two groups.
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Figure 2-2. Haematological parameters in Atlantic salmon acclimated to 8 (red) and 1°C (blue),
and acutely cooled from 8 to 1°C (green). Shown are graphs of (a) haematocrit (Hct),
(b) haemoglobin (Hb), (¢) mean cellular Hb concentration (MCHC), and (d) plasma
lactate. Symbols without a letter in common are significantly different (p < 0.05)
between groups at a particular sampling point (lowercase) and between the sampling
points within a group (uppercase). Values are means + 1 s.e.m. with n = 6-9 per group.
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Figure 2-3. Changes in stress hormone levels in Atlantic salmon acclimated to 8 (red) and 1°C
(blue), and acutely cooled from 8 to 1°C (green). Shown are graphs of (a) cortisol, (b)
adrenaline (AD) and (c) noradrenaline (NAD). Symbols without a letter in common are
significantly different (p < 0.05) between groups at a particular time point (lowercase)
and between sampling points (uppercase). Values are means + 1 s.e.m. with n = 6-9 per

group.
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Acclimation and sampling point also had an interactive effect (p < 0.001) on cortisol
concentrations in these instrumented and confined fish (Figure 2-3a). Acclimation to 1°C resulted
in significantly higher cortisol concentrations (82.6 + 8.2 ng mL™) at the first sampling post-
surgery than measured in both the 8°C acclimated and 8°C fish that were to be acutely cooled (47.9
+5.0ngmL"!, p<0.01 and 41.2 +4.9 ng mL!, p < 0.001, respectively). Cortisol levels increased
(although not significantly) 1 h after the 8 — 1°C fish reached 1°C (to 54.4 + 8.4 ng mL""), and
again to 66.2 + 9.6 ng mL! by the third sampling point (p < 0.05 between the first and third
samplings). Adrenaline concentrations were, on average, lower during the second sampling in all
groups. However, there were no significant differences between the groups at any sampling point
(Figure 2-3b). Noradrenaline levels were significantly higher at the first sampling (approx. 18 h
post-surgery) in the fish that were to be acutely cooled as compared to the 1°C acclimated fish
(Figure 2-3c¢), and this trend was consistent throughout the experiment. However, it is important
to note that levels of AD and NAD concentationas were very low ([mean] <2.5 nM) over the entire

experiment.

2.3.2 Cardiorespiratory response to cold exposure

Atlantic salmon acclimated to 1°C had a significantly lower initial fii than both the 8°C
acclimated group (p < 0.0001) and the 8°C fish that were to be acutely cooled (p < 0.0001) (31.2
+ 1.4 beats min! vs 59.8 + 2.6 beats min'! and 62.3 + 1.5 beats min™!, respectively) (Figure 2-4a).
However, there was a significant interaction between acclimation temperature and measurement
time (p < 0.0001) on fu (see Supplementary Table S2). The fish acutely exposed to decreasing
temperature had a significantly lower fi when compared to 8°C acclimated fish starting at 6°C,

(52.7 £ 1.5 vs. 62.6 = 1.4 beats min’!, respectively, p < 0.0001), but higher values than those fish
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already acclimated to 1°C until 2°C. At 2 and 1°C (i.e., after 6 and 7h) acutely cooled fish had fu
values of 35.7 = 1.0 and 32.1 + 0.8 beats min™!, respectively, vs. 33.1 + 0.5 and 32.5 + 0.8 beats
min™! for 1°C acclimated fish, and these values were not significantly different.

Stroke volume (Vs) remained relatively constant in all groups throughout the experiment
(~0.25 mL kg'!) (Figure 2-4b). Thus, Vs did not compensate for the decrease in fi1 as the 8°C fish
were acutely cooled to 1°C. This resulted in a significant decrease in Q in these fish after they
reached 3°C (from 11.5 + 0.8 mL min™! kg™! at 8°C to 9.0 = 1.2 mL min! kg'! at 3°C, p < 0.05:
Figure 2-4¢c). This was the same temperature at which these fish had similar Q values to 1°C
acclimated fish (7.2 = 0.9 mL min™! kg'!, p = 0.254). By 1°C, fish exposed to the gradual decrease
in temperature had a Q of 7.1 = 1.3 mL min! kg™!, and this was very similar to that recorded for
the 1°C acclimated salmon at this time point (6.1 + 0.3 mL min™! kg™).

Resting values of MO, during the first measurement were significantly lower (p < 0.01) in
the 1°C acclimated group than both the 8°C acclimated group and the fish to be acutely cooled
(27.1+ 1.8 mg O2kg! hr! vs 53.6 +£5.4mg O>kg ' hr'! and 61.5+ 6.3 mg O, kg™ hr'!, respectively)
(Figure 2-4d). MO in the fish acutely exposed to lower temperatures decreased by 2-fold between
8 and 1°C, and was not significantly different as compared to the 1°C acclimated fish at this
temperature (33.7 + 5.2 vs. 24.1 + 1.7 mg O2kg! hr!, respectively). MO,/ Q was not significantly
affected by either the chronic or acute changes in temperature. Under all of these conditions it was
approximately 0.07 + 0.004 mg O, mL blood™! (Figure 2-4e).

Changes in cardiac and metabolic parameters occurred rapidly in Atlantic salmon when
acutely exposed to cold temperatures (~1°C). For example, fish that were chronically acclimated
to 1°C had only slightly lower cardiorespiratory Qio values for Q and fi; as compared to those

acutely exposed to this temperature change (Table 2-1). Further, the Q1o values were all above
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Figure 2-4. Cardiorespiratory responses of Atlantic salmon acclimated to 8 (red) and 1°C (blue),
and acutely cooled from 8 to 1°C (green). Shown are (a) heart rate (fu), (b) stroke
volume (Vs), (¢) cardiac output (Q), (d) oxygen consumption (MO>), and (e) oxygen
extraction (MO /Q). Symbols without a letter in common are significantly different (p
<0.05) between groups (lowercase) at a particular measurement time point, and between
measurements time points within a group (uppercase). Values are means + 1 s.e.m. with
n = 6-9 per group.
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2.5, and this suggests that there was limited thermal compensation when the salmon were
acclimated to cold temperatures as compared to acutely exposed. The overnight measurements of
standard metabolic rate (SMR) following the temperature change were significantly lower in both
the 1 and 8 to 1°C fish as compared to the 8°C acclimated fish (Table 2-2). The SMR values at 8
and 1°C (~ 45 and 20 mL O kg hr'!; Table 2-2) were approximately 67 and 85% of routine MO,
values just prior to the injection of the pharmacological antagonists (66.5 + 6.2; and 21.6 + 1.5 and

28.5+ 3.1 mL O, kg'! hr'!, respectively).

2.3.3 Neurohormonal control on the heart

Heart rate increased significantly in all groups (by ~ 4.1 beats min'!; 10%) after atropine
injection (the blockade of cardiac muscarinic receptors; p < 0.01), whereas propranolol (3;- and 83>
adrenoreceptor blockade) decreased fii by approximately 7.0 beats min™! or 21% (p < 0.0001)
(Figure 2-5a). The calculated cholinergic and adrenergic, ‘tones’ on the heart were not different
between the 8°C and 1°C acclimated fish, with values ranging from ~ 12-15% to 36-53%,
respectively (Table 2-2). However, the 8-1°C group had a significantly higher adrenergic tone
(69.8 £ 9.5 %) than the 8°C acclimated fish (p = 0.006; Table 2-2). Intrinsic fi was not significantly
different between the 1°C and 8-1°C groups (23.6 & 0.9 beats min™! and 20.9 + 1.1 beats min!,
respectively), but these values were less than 50% of that measured in the 8°C acclimated group
(50.5 £ 1.3 beats min™") (Q1¢ value ~ 3).

Atropine injection had no effect on Q or Vs (Figure 2-5b and c). Propranolol injection
also had few effects on these parameters in the three groups. However, there was a significant
increase in Vs after propranolol injection in the 1°C acclimated group (by 55%), and this resulted

in this parameter being significantly greater in this group than in the 8-1°C group at the end of the
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Figure 2-5. Changes in cardiac function [(«) heart rate (fix), (b) cardiac output (Q), and (c) stroke
volume (Vs)] in Atlantic salmon acclimated to 8 (red) and 1°C (blue), and acutely cooled
from 8 to 1°C (green), when injected with the pharmacological antagonists atropine
sulfate (to block cholinergic nervous tone) and propranolol hydrochloride (to block B:-
and [32- adrenoreceptors) Symbols without a letter in common are significantly different
(p < 0.05) between groups (lowercase) and between the pharmacological antagonists
within a group (uppercase). Values are means + 1 s.e.m. with n = 4-9 per group.
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Table 2-1. Q1o values for the effect of chronic cold (8 vs 1°C acclimation) and
acute cold (8 to 1°C over 7h) exposure on cardiorespiratory parameters.

O Chronic Acute
fi 2.56 2.62
0 2.73 2.98
MO 2.37 2.86
MO,/ Q 0.90 0.94
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Table 2-2. The standard and resting metabolic rate (SMR and RMR, respectively; prior to drug
injections), intrinsic heart rate (fi1), and various components of ‘tone’ on the heart as
determined using a series of pharmacological injections. Values without a letter in common are
significant at P < 0.05. Values are means + 1 s.e.m. with, n = 9 per group.

8°C Acclimated 1°C Acclimated 8-1°C
Cardiorespiratory
Measurements:
SMR (mg Oz kg™! hr'!) 44.6 + 5.5 18.3+0.7° 23.0 £1.7°
RMR (mg O, kg! hr!) 66.5 +6.2? 21.6 £1.5° 28.5+ 3.1
Intrinsic fi (beats min™!) 50.5+1.32 23.6 + 0.9 209+ 1.1°
Tone (%):
Cholinergic 125+ 4.1 15.8+4.4 17.7+3.1
Adrenergic 35.7+3.5° 52.5+5.5% 69.8 £9.5°
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experiment (Figure 2-5). This result/effect was even more apparent when the raw data for Vs are
shown [i.e. in volts beat™; so that fish where the calibration was not successful could be included
in the analysis (Figure S1)]. In fact, these data show that Vi after propranolol injection was higher

in the 1°C acclimated group as compared to both of the other groups (Figure S1).

2.4 Discussion

This study adds greatly to our understanding of how the cardiorespiratory physiology of
Atlantic salmon (and likely many other temperate fishes) responds when they are exposed to
temperatures approaching 0°C. This research shows that there are few differences in morphometric
and haematological parameters, cardiac function, or the metabolism of resting Atlantic salmon
(Salmo salar) acclimated to 1°C as compared to those acutely (over several hours) exposed to this
temperature. These data suggest that there is limited thermal compensation when salmon are
acclimated to, vs. acutely exposed to, temperatures approaching 0°C. However, we cannot exclude
the possibility that cardiorespiratory parameters ‘reset’ quickly following acute exposure to these
temperatures (i.e. these values would be lower if exposure to 1°C was much quicker; < 1 h). In
addition, we report a number of important differences between the groups. First, our data show
that, just like exposure to warm temperatures, Vs plays no role in temperature-dependent changes
in resting cardiac function. Second, plasma cortisol levels were elevated in both groups at 1°C as
compared to those held at 8°C, suggesting that salmon at this temperature are under increased
stress. Third, although circulating catecholamine levels were not elevated in fish acutely exposed
to 1°C, adrenergic tone appeared to play a more prominent role in these fish with regards to the

control of fi, and removing this tone on the heart resulted in an increase in Vs in the 1°C-acclimated
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fish that was not observed in the other two groups. These latter results suggest that important
changes in B-adrenoreceptor sensitivity/responsiveness occur in the cardiovascular system of
salmon when exposed to cold temperatures (0-1°C), but that the changes are specific to the duration

of exposure.

2.4.1 Effect of cold temperatures on morphology and blood parameters
2.4.1.1 Haematocrit, haemoglobin, and RVM

An adaptation that helps to decrease blood viscosity [(a haematological parameter that
increases at low/cold temperatures (Axelsson, 2005; Egginton, 1996)] is the reduction, or in
extreme cases the complete absence, of Het and Hb. These changes are well documented in polar
and Antarctic fish species (Farrell and Steffensen, 2005; Holeton, 1970; Ruud, 1954). Further, to
counteract the decrease in oxygen carrying capacity due to reduced Het and [Hb], and to assist in
pumping blood at low/cold temperatures, an increase in relative ventricular mass (RVM) is also a
common (but not universal) observation (Aho and Vornanen, 2001; Driedzic et al., 1996; Graham
and Farrell, 1989; Kent et al., 1988; Klaiman et al., 2011). For example, although rainbow trout
(Oncorhynchus mykiss) acclimated to 5°C for 4 weeks had a 50% greater RVM than 15°C
acclimated fish (Graham and Farrell, 1989), Klaiman et al. (2014) reported no differences in RVM
when this species was acclimated to 4, 11 or 17°C for 8 weeks. It is very unlikely that the
acclimation period of 3-8 weeks during our current experiment was not long enough to induce an
increase in RVM, and it could be that the extent of the temperature decrease (to 1°C, a value much
lower than the above studies) played a role. For example, a recent study (Gamperl et al., 2020)
suggested that the salmonid heart's response to increased temperatures is dependent on the

maximum temperature to which it is exposed; i.e., RVM only increases at warm temperatures in
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salmon that are reared at temperatures very close to their upper thermal limits. Additional research,
at a range of temperatures at the lower end of their thermal niche, will be required to understand
how the RVM of Atlantic salmon responds to decreasing temperatures.

Blood oxygen carrying capacity (i.e., Hct and Hb) and oxygen delivery to the tissues are
generally considered to be large contributors to fish thermal tolerance, particularly at warm
temperatures (Anttila et al., 2013; Leeuwis et al., 2021; Mudoz et al., 2018; Portner and Knust,
2007; Portner, 2010; Wang and Overgaard, 2007). It is quite common for fish to release
erythrocytes (red blood cells; RBCs) via splenic contraction within minutes of an acute stress as a
secondary stress response (Mufioz et al., 2018; Pearson and Stevens, 1991), and this results in an
increase in Hct (i.e., in the number and/or in size of RBCs). However, this did not occur during
our experiment. This may be because SMR and RMR at 1°C were approx. 50% of those at 8°C

(Table 2), and thus, this would have reduced the Atlantic salmon’s need for blood oxygen transport.

2.4.1.2 Plasma cortisol and catecholamine levels

In the present study cortisol, a primary stress hormone released from the interrenal cells in
the anterior kidney (‘head kidney’) due to stimulation of the hypothalamus-pituitary-interrenal
(HPT) axis (Faught et al., 2016; Gamperl et al., 1994b), was elevated in fish acclimated to 1°C and
acutely exposed to this temperature. These data suggest that exposure to temperatures approaching
0°C induces a stress response in Atlantic salmon, independent of the time of exposure. There is a
substantial body of literature which suggests that elevated temperatures increase plasma cortisol
levels in many fish species (Chadwick and McCormick, 2017; LeBlanc et al., 2011; Pérez-
Casanova et al., 2008), including Atlantic salmon (Madaro et al., 2018). However, our study is the

first to measure cortisol levels in Atlantic salmon acclimated and acutely exposed to extremely
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low (cold) temperatures, and it suggests that temperatures approaching this species’ lower thermal
limit cause sublethal stress. This interpretation is consistent with data on resting Atlantic cod
(Gadus morhua; Staurnes et al., 1980) where cortisol levels were higher after > 1 week of
acclimation to 1°C as compared to ~ 8°C acclimated fish, and for common carp (Cyprinus carpio)
exposed to cold shock (Tanck et al., 2000). Elevated levels of cortisol for prolonged periods of
time are known to have detrimental physiological effects on fish via the reallocation of energy
substrates, and negative tertiary effects on the immune system, growth and reproduction (Alfonso
et al., 2021; Reid et al., 1998; Schreck and Tort, 2016; Wendelaar Bonga, 1997). These may even
be passed on to progeny via epigenetic changes (i.e., a quaternary stress response) (Colson et al.,
2019; Redfern et al., 2017). Clearly, research that addresses how temperatures near 0°C affect
cortisol synthesis/production, clearance and tissue responsiveness is needed before we can
understand the mechanistic basis(es) for the increased plasma [cortisol] levels, and how long-term
exposure to such temperatures affects salmon stress physiology, health, and welfare.
Catecholamines (CA), predominantly adrenaline (AD) and noradrenaline (NAD) are also
released into the circulation from the ‘head kidney’ of teleost fish as a primary response to stress
(Reid et al., 1998; Schreck and Tort, 2016; Wendelaar Bonga, 1997). In this study, CA levels in
all the groups and at all time points (mean plasma concentrations less than 2.5 nM) would be
considered resting values (Gamperl et al., 1994b). Given the significant increase in circulating
cortisol levels in this study at 1°C, and that plasma CA in rainbow trout can increase by up to
~100-fold during exposure to chronic physiological and environmental stressors (i.e., from ~ 2-5
nM to upwards of 300 nM; Gamperl et al., 1994b; LeBlanc et al., 2011, 2012; Perry et al., 1996),
the absence of elevated circulating CA levels in the Atlantic salmon when acutely exposed to cold

temperatures was an unexpected result. However, there is little, to no, data to which this study can
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be compared. For example, although Chen et al. (2002) measured increases in plasma AD and
NAD (i.e. by approx. 15 nM) in tilapia (Oreochromis aureus) acutely exposed to a temperature
drop from 25 to 12°C (the latter close to this species’ lower temperature limit), these fish were
netted from their tanks prior to blood sampling, and values of AD and NAD in ‘control’ fish were

reported to be ~ 25 and 50 nM, respectively (Chen et al., 2002).

2.4.1.3 Plasma lactate and resting metabolism

Plasma lactate is another haematological parameter that is known to increase in salmonids
when exposed to thermal stress, and it is an indication that anaerobic metabolism is occurring
(Clark et al., 2008; Eliason et al., 2013). For example, elevated lactate concentrations have been
reported in resting Chinook (Oncorhynchus tshawytscha) and Sockeye (Oncorhynchus nerka)
salmon when exposed to temperatures approaching their upper thermal limits (Clark et al., 2008;
Eliason et al., 2013), and this shows that thermal stress can result in a mismatch between oxygen
supply and its demand by the tissues (Portner and Knust, 2007; Portner, 2010). Interestingly, in
the current experiment, acute exposure to temperatures approaching the lower limit for Atlantic
salmon resulted in a decrease in plasma lactate levels. These data indicate that oxidative
phosphorylation is not compromised in Atlantic salmon at temperatures close to 0°C, and is
sufficient to supply the fish’s metabolic needs. This finding is consistent with experiments on the
effects of acclimation to 0 vs. 10°C, and an acute drop in temperature from 10 — 1°C on Atlantic
salmon mitochondrial function (Gerber et al., in final prep). The Qio for State 3 respiration
(oxidative phosphorylation with pyruvate, malate and succinate as substrates; and with a saturating
concentration of ADP) of liver mitochondria for these two groups was approximately 2.7 and 3.0.

These values are very comparable to those shown in Table 1 for MO,. The mitochondria of many
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fish species experience dysfunction when exposed to high temperatures due to increased proton
leak due to the loss of membrane integrity, a reduced capacity for oxidative phosphorylation, a
loss of ADP and substrate affinities, and increased reactive oxygen species (ROS) production (see
Ekstrom et al., 2016b; Iftikar and Hickey, 2013; Penney et al., 2014; Gerber et al., 2020 a and b).
However, our understanding of how very cold temperatures (i.e., at or close to a fish’s lower

thermal limit) affect mitochondrial function is extremely limited.

2.4.2 Cardiorespiratory changes upon exposure to cold temperatures

The physiological response, particularly of cardiorespiratory function, to changes in
temperature vary greatly between and within species, and are influenced by the duration of
exposure (e.g., acute vs. chronic)(Eliason and Anttila, 2017). Temperature coefficient (Qi0) values
are used to describe the factorial change in a physiological rate [e.g., heart rate (f), cardiac output

(Q) and oxygen consumption (MO)] as temperature is changed by 10°C, and are typically

between 2 and 3. In the present study, the Q1o values for fi1, fizin, Q and MO2 were extremely similar
for fish chronically exposed (acclimated) to 1°C vs. acclimated to 8°C and acutely cooled to 1°C
(Table 1). Given the similar Q1o values between the two groups and their magnitude (2.4 — 3.0),
and that acclimation normally results in fish chronically exposed to low/cold temperatures having
a lower Q1o as compared to fish acutely exposed to these temperatures (i.e., cardiorespiratory
parameters in cold-acclimated fish would be expected to be higher than in acutely exposed fish;
e.g. see Aho and Vornanen, 2001; Graham, et al., 1995), one could conclude that the Atlantic
salmon has a very limited capacity to acclimate to temperatures near their lower thermal limit.
However, Sutcliffe (2020) reported that it takes only 8 hours for winter-acclimated trout to reset

their fu when cooled from 12 to 4°C, and thus, it is possible that the Atlantic salmon’s phenotypic
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plasticity allows it to rapidly compensate for thermal effects on resting cardiorespiratory function
over this temperature range; i.e., there is a rapid ‘resetting’ of cardiac function. This interpretation
would be consistent with Lurman et al. (2012) who showed that intrinsic fu, and the maximum
performance of the in situ cod (Gadus morhua) heart, were not different between fish acclimated
to 10 and 4°C, and then acutely tested at 4 and 0°C, respectively, as compared to those acclimated
to these latter temperatures. Given that Q1o values may not be within the ‘normal/typical’’ range
close to an animal’s thermal limits, and that cardiorespiratory function has been shown to reset
quite quickly in trout following thermal acclimation (Sutcliff et al., 2020), this question needs to
be examined further. For example, by very quickly (i.e., < 1 h) exposing fish to the 8-1°C decrease
and comparing values with 1°C acclimated fish shortly after the temperature change. If the Atlantic
salmon can compensate/acclimate, or partially acclimate, to temperatures of 0-1°C, one would
expect cardiorespiratory parameters after acute transfer to 0-1°C to be significantly lower than in
acclimated fish.

In this study, Vs did not change with acute or chronic exposure to 1 vs. 8°C, but fish
acclimated to 1°C increased Vs considerably when fi was lowered by adrenergic blockade (Figure
5). The former result is in contrast to recent data collected on myocardial strips (Gamperl and
Syme, in press) which suggests that the effects of cool temperatures on myocardial contraction
would greatly constrain fq, and that this could make increasing Vs much more favourable than
increasing fiu to elevate Qat low temperatures. Given that we only assessed resting
cardiorespiratory function in this study, we are planning swimming (i.e., critical swimming speed;
U.rit) experiments designed to examine how acute and chronic exposure to 1°C affect maximum
values for fir, Q, Vs and MO». We are particularly interested in what the effects of exposure to this

cold temperature have on the capacity of this species to increase fi versus Vs.

51



It is difficult to reconcile why Vs increased in salmon acclimated (chronically exposed) to
1°C following B-adrenergic blockade, but not in fish that were acutely exposed to 1°C. However,
the most likely explanation is an increase in filling pressure [central venous pressure (CVP),
‘preload’]. This is based on: the observation that the decrease in fi following the addition of the
propranolol was not vastly different between the two cold-exposed groups; and that although
Sandblom and Axelsson (2007) did not find any differences in CVP in trout acclimated to 10 and
16°C (arelatively narrow temperature range, and close to the optimal temperature for this species),
Sandblom and Axelsson (2005) showed that this mechanism was responsible for increasing Vs in
rainbow trout during hypoxia and hypothesized that increased venous tone allows more blood to
enter the central venous compartment, and therefore, increases venous pressure (Sandblom and
Axelsson, 2005). Venous capacitance in fish is largely controlled by B-adrenergic mediated
mechanisms (Sandblom and Axelsson, 2007). However, our results suggest that this hormonally-
mediated o-adrenergic tone (which would increase tension in these vessels and decrease
capacitance) was opposed by a B-adrenergic tone in 1°C-acclimated Atlantic salmon. This
conclusion would be consistent with the increase in Vs following the administration of propranolol.
However, propranolol has a low affinity for Bs-adrenoreceptors (Schena et al., 2019), and the
blocking of 1 and P.-adrenoreceptors with this pharmacological agent might have enhanced -
adrenoreceptor-mediated lusitropic effects on the heart (i.e., improved myocardial relaxation), and
thus cardiac filling. That cold (1°C) acclimation resulted in the development of a B-adrenergic tone
on the venous vasculature is an interesting hypothesis that requires testing, especially given the

extremely low resting levels of circulating NAD and AD measured in our fish at this temperature.
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2.4.3 Important changes to cardiac control
2.4.3.1 Cholinergic vs adrenergic tone

The contribution of cholinergic and adrenergic tone to cardiac function varies widely
between species and with temperature (Altimiras et al., 1997; Axelsson, 1988; Axelsson et al.,
1987; Mendonca and Gamperl, 2009). For example, the cholinergic and adrenergic tones on the
Atlantic cod heart at 10-12°C were 37.7% and 21.1%, respectively (Axelsson, 1988), as compared
to 11.1% and 25.3% for the short-spined sculpin (Myoxocephalus scorpius) at 11-12°C (Axelsson
et al., 1987). In the present study, cholinergic tone ~ 12-17%) was quite low in all groups.
However, adrenergic tone ranged from approximately 35 — 70% between the groups, and was
significantly higher in fish acutely exposed to 1°C as compared to 8°C acclimated fish (Table 2).
Interestingly, the contributions of these modulators of fi1 are much different than seen in Antarctic
nototheniids that spend their whole life at these temperatures. The cholinergic tonus on the heart is
very high under "resting" conditions (up to 80%) in this taxon, and changes in cardiac performance
in this group appear to depend chiefly on modulation of this tonus (Davison et al., 1997; Egginton
et al., 2006; Campbell et al., 2009). However, this may not be unexpected as the heart of these
species apparently lacks adrenergic innervation, and they have low-post-stress catecholamine
levels under all but the most severe stressors (Egginton et al., 2006) (i.e., the capacity to influence
cardiac function via the release of catecholamines from the chromaffin cells might be limited).
That the salmon acutely exposed to 1°C had an enhanced humoral adrenergic tone was somewhat
surprising as circulating catecholamine levels (i.e., of both AD and NAD) were very low (~0.5 to
6 nM), and similar, in both groups exposed to 1°C. However, the fish heart is also under neural
adrenergic (sympathetic) tone, and this may have been different in fish acclimated vs. acutely

exposed to 1°C. This would need to be investigated by injecting fish with bretylium at least 24
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hours prior to fu measurements. Previous studies indicate that it takes > 24 hours for this drug to
be completely effective in preventing the release of catecholamines from sympathetic nerve
terminals (Axelsson, 1988; Smith et al., 1985). Alternatively, exposure to 1°C for this period could
have resulted in the pacemaker cells being populated by a larger number of cardiac »-
adrenoreceptors, and/or by [:-adrenoreceptors with lower binding affinity (i.e., increased
sensitivity to AD and NAD). Changes in both cell surface B2-adrenoceptor density and affinity
have been described with cold exposure in fishes. For example, Keen et al. (1993) found that
acclimation of rainbow trout to 8 vs 18°C resulted in an increase in myocardial sensitivity to
adrenaline by 10-fold, and Shiels et al. (2003) reported that acute exposure of rainbow trout to cold
temperatures increased the heart’s adrenergic sensitivity and determined that this was a critical

maintenance mechanism in fish cardiomyocytes (Shiels et al., 2003).

2.5 Conclusions and Perspectives

Overall, our results show that there are few differences in the Atlantic salmon’s
cardiorespiratory response when these fish are acutely exposed vs. acclimated to 1°C; a
temperature they are exposed to in aquaculture cages / coastal waters in Atlantic Canada and
Iceland. These data strongly suggest that these fish are able to appropriately regulate cardiac
function and blood oxygen delivery when acutely exposed (over several hours) to cold
temperatures, and that a loss of cardiac function/regulatory capacity is not likely related to (be the
cause of) recent episodes of ‘winter kill’ at marine cage-sites in these areas. However, we did find
that plasma cortisol levels were elevated in fish exposed to 1°C, and this suggests that fish welfare
(i.e., growth, disease susceptibility etc.) could be impacted at these temperatures. Further, we did

have a number of very interesting findings that should be further investigated. These include that:
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(1) Resting Vs did not change when fish were acclimated or acutely exposed to 1°C, as compared
to their 8°C conspecifics, and this suggests that temperature-dependent changes in Q are solely
mediated by fi across the Atlantic salmon’s entire temperature range. (2) While acute exposure to
1°C results in a change in the adrenergic tone, it is unclear whether this is due to enhanced neural
sympathetic tone or pacemaker B-adrenoreceptor sensitivity. (3) It appears that acclimation to this
temperature alters the balance between a- and - adrenergic control of CVP/venous capacitance,
and thus, Vs. Understanding the mechanistic basis of the latter finding will require direct
measurements of these parameters in fish exposed to these temperatures, as will determining
whether increases in fii and/or Vs are most important for increasing Q in fishes at these
temperatures. The recent data of Gamperl and Syme (in press), based on mechanistic studies of
heart function, would suggest that it is the latter. However, this hypothesis also needs experimental
verification. Finally, this study was performed on male fish (the population of salmon available to
us at the time), and several studies have reported that sex has a significant effect on temperature-
and oxygen-dependent cardiac function and control in fishes (Clark et al., 2009; Rodnick et al.,
2007; Sandblom et al., 2009). Thus, future research should include studies that include both male
and female fish.

In conclusion, this research significantly improves our understanding of how salmon (fish)
physiology (especially their stress and cardiorespiratory physiology) is impacted by exposure to
very cold temperatures and provides important information with regards to the temperature-
dependent biology of this taxon, and where research and management efforts should be focused

(or not focused) with regards to improving their survival and welfare during the winter months.
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CHAPTER 3: Cardiorespiratory Function and Swimming Capacity

of Atlantic salmon (Salmo salar) at Cold Temperatures
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Abstract

We investigated how acclimation to 8, 4 and 1°C, and acute cooling from 8-1°C, affected
the Atlantic salmon’s aerobic and anaerobic metabolism, and cardiac function, during a critical
swim speed (Ucri) test. This study revealed several interesting temperature-dependent effects.
First, while differences in resting heart rate (fi) between the groups were predictable based on
previous research (range ~28 to 65 min’!, with that of 8-1°C fish slightly less than 1°C-acclimated
conspecifics), the former group had an ~2-fold greater resting stroke volume (Vs) as compared to
the other groups, and the cardiac output (Q) of 1°C-acclimated fish was much lower and
compensated for by enhanced tissue oxygen extraction (MO / Q). Second, increases in fi1 (1.2 to
1.4-fold) contributed little to the higher Q when swum, and the contributions of Q (Vs) vs. oxygen
extraction to aerobic scope (AS) were very different in the two groups tested at 1°C and reflected
the available scope for these parameters. Finally, Uqic was 2.08 and 1.69 body lengths s! in the 8
and 4°C-acclimated groups, but only 1.27 and 1.44 in the 1°C-acclimated and 8-1°C fish,
respectively; this lower value in 1°C vs. 8-1°C fish, despite higher values for maximum metabolic
rate and AS, was unexpected. These data: support recent studies which suggest that the capacity
to increase fu is constrained at low temperatures; show that cardiorespiratory function at cold
temperatures, and its response to increased demands, display considerable plasticity; and suggest
that factors independent of oxygen delivery limit swimming capacity in salmon when chronically

exposed to temperatures approaching their lower limit.
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3.1 Introduction

Temperature is considered the ‘master ecological factor’ with regard to the biology /
physiology of aquatic ectotherms (Brett, 1971), and an extensive body of work on fishes has
focused on thermal relationships across various levels of biological organization [see
comprehensive reviews by Farrell et al. (2009) and Eliason and Anttila (2017)]. Further,
determining the optimal temperature range for key functional processes (i.e., growth,
activity/swimming, reproduction etc.) has proven to be extremely useful in efforts to manage
ecologically and economically important species in the current era of accelerated climate change
[i.e., increases in global average temperatures, and in the frequency and severity of
harmful/challenging environmental conditions/events such storms, heat waves and drastic
reductions in water oxygen content (hypoxia) (Breitburg et al., 2018; Cooke et al., 2012;
Horodysky et al., 2015; Killen et al., 2016; Little et al., 2020)].

It is predicted that average ocean temperatures will rise by 2 to 4°C by the end of this
century (IPCC, 2018, 2022), and this has prompted in-depth research over the past several decades
to understand the impacts of warm/high water temperatures on the physiology of fish (in particular
salmonids) via measurements of upper thermal tolerance (Gamperl et al., 2020; Gallant et al.,
2017; Leeuwis et al., 2019; Zanuzzo et al., 2019), stress physiology (i.e., behavioural changes, the
release of various hormones, and changes in heat shock protein expression; Alfonso et al., 2021;
Chadwick and McCormick, 2017) and cardiorespiratory (Ekstrém et al., 2017, 2019 and 2021;
Franklin et al., 2013; Gollock et al., 2006; Leeuwis et al., 2019 and 2021; Norin et al., 2019;
Steinhausen et al., 2008; Taylor et al., 1997) and neural responses (Andreassen et al., 2022).
Briefly, as temperatures approach the fish’s upper thermal limits, there is a greater demand for
oxygen by the tissues (Clark et al., 2008; Ekstrom et al., 2016a; Lannig et al., 2004), and this

results in increased metabolic rates and the release of various stress hormones (incl. corticosteroids
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and catecholamines) to mobilize energy reserves and support cardiorespiratory function (Farrell,
1983; Faught et al., 2016). The increased oxygen demand at temperatures above a species’ optimal
thermal range is met in large part by increases in heart rate (fi) which allows for greater amounts
of blood to be pumped by the heart (i.e., an increase their cardiac output; Q) (Eliason and Anttila,
2017; Farrell, 2009). However, disruptions in fundamental cellular and molecular functions (i.e.,
intrinsic/extrinsic control of cardiomyocyte and/or pacemaker cell excitability and membrane
potential, and neural and mitochondrial dysfunction) limit a fish’s ability to increase fu at
temperatures approaching their upper thermal limits (Andreassen et al., 2022; Ekstrom et al., 2021;
Gerber et al., 2020; Haverinen and Vornanen, 2020; Iftikar and Hickey, 2013; Vornanen, 1998 and
2020). One of the reasons that this ability to increase fu is such an issue for fish is that although
they also possess the ability to increase the amount of blood pumped per heart beat (stroke volume;
Vs) to increase blood flow/Q with increased temperatures, they do not; i.e., this has only been
observed in studies where pharmacological intervention prevented increases in fu (Gamperl et al.,
2011; Keen and Gamperl, 2012).

Although research has significantly improved our understanding of fish physiology at
warm temperatures, marine environments are also experiencing extreme reductions in
temperatures at an increased rate, and for prolonged periods of time. These events are termed ‘cold
shock’ or ‘winter chill’ (Reid et al., 2022; Szekeres et al., 2016; USGCRP, 2017), and only a few
studies have investigated the cardiorespiratory responses of salmonids (temperate/eurythermal
fishes) to suboptimal or extremely low/cold temperatures (0-1°C). Specifically, with the exception
of the recent work by Porter et al. (2022) which described the cardiorespiratory, haematological
and metabolic responses of resting Atlantic salmon to acclimation to 8 and 1°C, and when acutely

exposed to a temperature change from 8-1°C, the majority of in vivo research on salmonid
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cardiorespiratory function at cold temperatures has focused on: i) hypertrophy vs. hyperplasia of
the myocardium/heart (i.e., an increase relative ventricular mass) (Driedzic et al., 1996; Klaiman
et al., 2011); i7) blood flow to the red (aerobic) and white (anaerobic) muscle (Taylor et al., 1996),
or iii) used experiments where anaesthetized fish were given pharmacological agents (atropine and
isoproterenol) and exposed to very rapid acute changes in temperature (e.g., Gilbert and Farrell,
2021). Interestingly, Taylor et al (1996) also examined the effects of acclimation temperatures
above and below the thermal optimum for rainbow trout on fy (i.e., at 4, 11 and 18°C), and found
that all fish had a low scope for increasing fu with exercise. Further, Gamperl and Syme (2021)
recently published data which strongly suggest that myocardial contraction/twitch kinetics greatly
constrain maximal fii at cool temperatures, and that this may underlie observations that fish elevate
Vs to an equal or greater extent than fi to meet demands for increased Q at lower temperatures.
In this study, we acclimated Atlantic salmon (Sa/mo salar) to 8, 4 and 1°C, and exposed a
group of 8°C acclimated fish to an acute drop in temperature to 1°C, to examine how these long-
and short-term changes in temperature near the lower limits for this species affect cardiac function,
metabolic physiology, blood oxygen carrying capacity and swimming performance. The
hypothesis was that an inability to increase fu at cold temperatures would limit swimming
performance, and/or result in plastic responses in other physiological mechanisms that determine
blood oxygen delivery to the tissues or the fish’s overall metabolic capacity (i.e., Vs, blood oxygen
carrying capacity, tissue oxygen extraction (MO> / Q), anaerobic metabolism). These other
mechanisms are also key determinants of fish swimming capacity at ecologically relevant
temperatures (Anttila et al., 2014; Claireaux et al., 2005; Eliason et al., 2013; Keen and Farrell,
1994; Steinhausen et al., 2008), and such experiments/knowledge is crucial if we are to better

predict the full range of climate change impacts on wild fish populations, as well as develop
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strategies to ensure the health and welfare, and sustainable production, of fish cultured in north

temperate regions.

3.2 Materials and Methods

This study was approved by the Animal Care Committee of Memorial University of
Newfoundland and Labrador (protocol “21-01-KG). All procedures conducted on the salmon were
performed in accordance with the Canadian Council on Animal Care’s Guidelines on the ‘Care

and Use of Fish in Research, Teaching and Testing’ (Canadian Council on Animal Care, 2005).

3.2.1 Fish husbandry and rearing conditions

Mixed sex Atlantic salmon were held in 0.8 m? tanks in the Annex Tank Room at the Ocean
Science Center of Memorial University. The tanks were initially supplied with flow through
seawater (~ 32 ppt salinity) with temperature and oxygen levels maintained at 10°C and >95% of
air saturation, respectively, and with an 8 h light: 16 h dark photoperiod. There were 3 tanks
containing 35 fish (~ 675 g) and after 2 weeks post-transfer, temperatures were decreased at 1°C
per week to their respective acclimation temperature (8, 4 or 1°C). All fish were then held at these
temperatures for > 3 weeks (total acclimation ranged between 3 and 12 weeks). A custom-built
glycol chiller made by Technical Services at Memorial University was used to supply the tanks
with seawater < 5°C. Temperature was not lowered below 1°C as it was difficult to maintain these
temperatures in the current system. All fish were fed a commercial salmon diet (5 mm, EWOS,
Canada) by hand at ~1% body mass (or until satiation for fish kept at temperatures < 4°C as they
exhibited reduced feeding behaviour/appetite) three times a week. Fish were fasted for a minimum

of 24-48 h prior to surgery.
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3.2.2 Surgical procedures and recovery

Fish were netted from their tank and anaesthetized in oxygenated seawater containing
tricaine methanesulfonate (MS-222, 0.2 g L'!; Syndel Laboratories Ltd., Qualicum Beach, BC,
Canada) until ventilatory movements ceased. Weight (g) and fork length (cm) were measured, and
then the fish were placed supine on a wetted foam pad upon a surgical table where their gills were
continuously irrigated with oxygenated seawater containing a maintenance dose of MS-222 (0.1 g
L") at temperatures similar to those of acclimation (8, 4 or 1°C). Each fish was fitted with a dorsal
aortic cannula (PE 50, Clay-Adams; Becton Dickensen and Co., Sparks, MD, USA) as in Smith
and Bell (1964) and Gamperl et al. (1994a) to allow for blood collection at various sampling points
during the experiment (see below). Salmon were then placed on their right side and a 1.3 mm
diameter Doppler® flow probe (Model ES Cuff-type Transducer, 20 MHz, Iowa Doppler Products,
Iowa City, IA, USA) was fitted around the ventral aorta as described in Gamperl et al. (1994a).
Lastly, the flow probe lead was connected to a directional pulsed Doppler® flow meter (Model
545C-4; Bioengineering, University of [owa, Ames, IA, USA) to ensure that the signal was of high
quality, and the probe lead was secured to the the fish at 4 locations using 2-0 silk suture: to the
last gill arch which is absent of gill filaments, just posterior to the pectoral fin, just below the lateral
line, and just anterior to the dorsal fin.

After surgery was completed, each fish (n = 7-9 per group) was transferred to a 81 L
Blazka-type swim-tunnel respirometer (University of Waterloo, Biotelemetry Institute, Waterloo,
ON, USA) with an internal diameter of 25 cm and a 90 cm long working section, that was filled
with water of the appropriate temperature (8, 4 or 1°C). The front of the respirometer was fitted
with a plastic grid, which allowed for uniform water flow in the swimming section of the

respirometer (Taylor and McPhail, 1985), and the rear of the tunnel was fitted with a stainless steel
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grid that was connected to an external electrical circuit. This stainless steel grid could be electrified
with a small current (~ 0.2 A; <5 V); however, electrical stimulation to encourage swimming was
only used during the experiment just prior to exhaustion as it interfered with the Doppler® flow
probe signal, particularly in fish tested at 1°C. The front of the tunnel was covered with black
plastic to provide the fish with a dark refuge, and to minimize stress from external stimuli (i.e.,
investigator presence). Seawater was supplied to the swim tunnel from a temperature-controlled
270 L water reservoir (Memorial University of Newfoundland, Technical Services), and the O»
content of the water was maintained at > 95% air saturation by bubbling the reservoir with air.

A ~2 min “training session” was performed > 8 h post-surgery, during which the water
velocity was gradually increased to ~1 body length s! (bL s) (i.e., to induce swimming) and
brought back down to 0.25 bL s™! for recovery overnight. Finally, the temperature in the system
was lowered to 1°C at ~1°C h! overnight for some of the 8°C acclimated fish (i.e., the acute

exposure group), and maintained at this temperature until the swim trial began.

3.2.3 Critical swim speed (U.i) test

Resting, active and post-exhaustion cardiorespiratory and metabolic parameters were
recorded for all individual fish during a critical swim speed (Ucit) test (Brett, 1964). After
measuring resting cardiac function and MO: at a baseline speed of 0.25 bL s°!, the swim speed was
initially increased by 0.4 bL s'! to induce constant swimming, followed by increments of 0.2 bL s-
U'every 15 mins until the fish were exhausted. Exhaustion was determined as the inability of the
fish to move away from/off the electric grid after 2-3 successive mild (5V) shocks and the swim
speed was immediately reduced back to the baseline level (0.25 bL s™!) for 1 h (Figure 3-1). The

fish’s critical swim speed was calculated as:
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Figure 3-1. Schematic diagram of the experimental design used to determine the critical swim
speed (Ucit) of fish exposed to cold temperatures and its effect on the salmon’s
cardiorespiratory and stress physiology. Three groups of fish were acclimated to 8, 4 or
1°C and tested at their respective acclimation temperature, while the last group was
acclimated to 8°C and tested at 1°C (acute cold exposure). The total time at each swim
speed was 15 min and was comprised of: a 5 min open (O) period; a 3-10 min closed
(C) period to allow the drop in PO; to be recorded; and a final open (O) period to allow
for % saturation to return to >85%. Cardiorespiratory parameters (fii, Vs, Q and MO»)
were recorded at rest, at each increase in swim speed, at their individual Ui, and 1 h
following exhaustion. Blood samples for various haematological parameters were taken
as indicated by an X (i.e., at rest, at their Ueic and 1 h after exhaustion).
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(1) Uerie = V + [(trx Vi) / ti]

where V = velocity at which the fish swam for the entire time increment; V;= velocity increment
(0.2 bL s71); tr= time elapsed from the last change in current velocity to fatigue; and t; = time incre-
ment (i.e., the time between increases in velocity or 15 min). Then,U.i; was corrected for the solid

blocking effect of the fish (Bell and Terhune, 1970; Kline et al., 2015):

(2) VF=VR (1+ €5)

where VF was the water velocity at the position of the fish’s maximum girth, VR was the water

velocity at the rear the flume, and €S was the error due to solid blocking, which was calculated as:

(3) Es=TM(Ag / Ar)*exp

where 1 is a dimensionless factor for tunnel cross-sectional shape (0.8), and A is a factor

(coefficient) for the shape of the fish. The shape coefficient was set at 0.5 (i.e., the value for a fish
with streamlined shape). A() is the cross-sectional area of the fish and was calculated as 0.25 Gzn_l,

where G was the maximum girth to the closest mm. A7 was the cross-sectional area of the

swimming chamber calculated as nr?, where the radius (r) was 100 mm, and the fractional area

exponent (Aexp) was 1.5 (Kline et al., 2015).

3.2.4 Metabolism and cardiorespiratory function

Oxygen consumption (MO>; in mg O, kg h'') was measured using intermittent closed
respirometry (Sandblom et al., 2014), and using methods consistent with recommendations for
aquatic respirometry as detailed in Rodgers et al. (2016), Svendsen et al. (2016) and Killen et al.

(2021). Oxygen level (PO,) in the swim tunnel was continuously measured using a fiber-optic
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sensor (Dipping probe) connected to a Presens O, meter (PreSens Precision Sensing GmBH,
Resenberg Germany). The fish’s MO, was measured by manually stopping the flow of water into
the swim tunnel, and by using LabChart v8.1.5 (ADInstruments, Dunedin, New Zealand) to
calculate the slope of the decrease in PO, after a 2 min wait period (i.e., when the tunnel was
closed, which varied between 5 and 10 minutes depending on temperature to ensure an acceptable
R?). An R? > 0.7 for the decline in water O> level with time was used due to the large signal to
noise ratio exhibited by fish at colder temperatures (i.e., at 4 and 1°C) when at rest or during
measurements of RMR (see below), to ensure that MO, was not overestimated (Chabot et al.,
2020). Standard metabolic rate (SMR) was calculated by plotting the relationship between the log
of metabolism [i.e., from resting metabolic rate (RMR) to maximum metabolic rate (MMR)] and
swim speed (bL s!), and extrapolating back to a swim speed of 0 bL s™'. Aerobic scope (AS) was
then calculated as the difference between MMR and SMR. Background measurements of MO
were made when the tunnel did not contain a fish at the end of the experiments, and these were
negligible (< 1%), indicating that no substantial microbial respiration was occurring (Rodgers et
al., 2016; Svendsen et al., 2016).

Heart rate (fir) and cardiac output (Q) were recorded by connecting the flow probe leads to
a pulsed Doppler® flow meter and signals from the Doppler® flow meter were amplified and
filtered using a data acquisition system (MP100A-CE; BIOPAC Systems, Inc., Santa Barbara, CA,
USA) and a universal interface module (UIM100C, BIOPAC Systems, Inc.) connected to a laptop
computer running AcqKnowledge® software (Version 3.8.2; BIOPAC Systems, Inc.). Heart rate
(beats min'!) was determined by measuring the number of systolic peaks during two 30s intervals
while the system was “closed” and values for Q were recorded in volts (V). However, after the

Ui test was completed, all fish were euthanized using a lethal dose of MS-222 (0.4 g L"), and an
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in situ post-mortem calibration of each flow probe was performed at physiologically relevant
pressures using a peristaltic pump (MasterFlex EasyLoad®, Quebec, Canada) (Gamperl et al.,
1994a) and a ‘blood mimicking’ solution (0.99% glycerol, 2.4% TritonX, 35% Orgasol in 200 mL
of distilled water; Axelsson, pers. comm.). Briefly, following euthanization, the sinus venosus and
atrium were removed, the ventricle was bisected laterally, and a steel cannula attached to the
peristaltic pump tubing was tied into the ventricular lumen. This allowed the data in V to be
converted to mL min™ kg™, stroke volume (Vs) to be calculated as Q / fi1 (in units of mL kg!) and
oxygen extraction to be calculated as MO>/ Q (in mg O2 mL blood™). In addition, the fractional
change in a rate over a 10°C range (i.e., Q1o values) were calculated as an index of the effect of
chronic (acclimation to 8 vs 1°C) and acute (8 to 1°C) temperature (T) changes on MOs, fi1, Q, Vs

and MO>/ Q (R) using the following equation:

(4) Quo = ()T

Finally, after the calibration was completed, the two halves of the ventricle were weighed, and the
weight, fork length, condition factor and sex were recorded for all fish used in the experiment.

Finally, RVM was calculated as:
(5) RVM = [ventricular mass / fish mass) x 100]

These data are shown in Table 3-1, and all morphometric data were examined statistically for any

significant sex effects (see Table S4).
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Table 3-1. Morphometric data (mean + 1 s.e.m.) for fish at each acclimation temperature. Values

without a letter in common are significantly different at p < 0.05; n = 8-16 per group.

8°C 4°C 1°C p-value
Weight (g) 681.4+19.8 721.9 +50.5 625.9+34.5 0.187
Length (cm) 377+ 0.4 38.0+0.8 41.7+0.8 0.353
K 1.27 £0.025 1.30 £ 0.020 1.23 £ 0.044 0.334
RVM (%) 0.0832 +0.00215* 0.0971 +0.00465> 0.0990 + 0.00384"> < 0.01*

80



3.2.5 Haematological parameters

Blood samples (0.5 mL) were withdrawn from the dorsal aortic cannula and immediately
replaced with a 0.5 mL saline injection at three time points: 1) 24 h post-surgery (i.e., prior to an
increase in swim speed); 2) Immediately following exhaustion (i.e., at their Ugit); and 3) 1 h after
exhaustion. Blood samples were first drawn into microhaematocrit tubes and centrifuged at 10,000
xg for 2 min to determine haematocrit (Hct; % of red blood cells). An aliquot of 50 puL of whole
blood was collected for the measurement of blood haemoglobin (Hb) concentration using the
cyanomethaemoglobin method (Drabkins reagent, D5941; Sigma Aldrich, Oakville, Canada) and
the absorbance was read at 540 nm using a plate reader (SpectraMax 5, Molecular Devices, San
Jose, USA). Hb concentrations were calculated from standard curves using bovine Hb (Sigma,
H2500). Mean cellular Hb concentration (MCHC; mg mL™") was calculated as ([Hb] / Het) x 100.
The remaining blood sample was centrifuged for 1 min at 10,000 xg in a mini-centrifuge (05-090-
128, Fisher Scientific), and 25 pL aliquots of plasma were pipetted into Eppendorf® tubes for the
measurement of plasma cortisol and lactate levels. All samples were immediately frozen in liquid
N> and stored at -80°C. Cortisol was measured using enzyme-linked immunosorbent assay
(ELISA) kits (Neogen Life Sciences, 402710, Lexington, KY, USA) and using the SpectraMax
M5e microplate reader at 650 nm. Plasma lactate samples were first deproteinized with 6% (v/v)
perchloric acid, then lactate was measured spectrophotometrically at 340 nm using the production
of NADH/NADPH by lactate dehydrogenase (Sigma L2500), and [lactate] was calculated in

reference to standard curves (Sigma L.6402).
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3.2.6 Statistical analyses
A Rosner’s Test [EnvStats package in R with o = 0.05 (Millard, 2013)] and a Grubb’s
Test [outliers package in R with o = 0.05 (Komsta, 2022)] were used to detect outliers in all
datasets prior to statistical analysis. These tests revealed that the lactate concentration from fish 7
in the 8°C acclimated group was an outlier during the third sampling point (i.e., 1 h post-exercise)
and was removed from the data set. Then all data were tested for assumptions of normality and
homogeneity of variance using a Shapiro-Wilks and Levene’s test, respectively (Fox and
Weisberg, 2019). A general linear model (Im function) and ANOV As (anova function) were used
in the stats package of R to assess the effect of acclimation temperature on morphometric variables
[mean weight (g), fork length (cm), condition factor (K) and RVM]. Similar models were used to
assess how pre-test temperature conditions affected all resting and maximum cardiorespiratory,
metabolic and Ucic values. If there was a significant effect, a Tukey’s HSD post-hoc test (stats
packagein R) examined where the differences occurred. A general linear mixed model [Imer
function in the /me4 (Bates et al., 2015) and /merTest (Kuznetsova et al., 2017) packages in R]
was used to analyze all haematological parameters, including using ‘fish’ as a random factor, and
‘group’, ‘sampling point’ and their interaction as fixed effects. Main effects were analyzed using
ANOVAs (anova function) with type III sums of squares, and if the model indicated a significant
fixed effect, a Tukey’s HSD post-hoc test identified statistical differences. All models for
morphometric, cardiorespiratory, and metabolic responses were separated by sex (male vs female)
and checked if there were significant effects of sex. No significant sex effects were found.
All statistical analyses were performed using Rstudio v. 1.3.1093 with R v. 4.1.0 (R Core

Team, 2022). and all data in the text, and in figures and tables are means + s.e.m. p < 0.05 was the
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threshold used for determining statistical significance. Values displayed with an asterisk indicate

0.05 > p < 0.08.

3.3 Results
3.3.1 Morphometric and haematological responses

There were no differences in the mean weight (676.4 + 27.8 g), length (37.5 + 0.4 cm) or
condition factor (1.27 £ 0.021) between acclimation groups (Table 3-1). However, fish acclimated
to both 4 and 1°C had a significantly greater relative ventricular mass (RVM) as compared to those
acclimated to 8°C (0.0971 + 0.00465 and 0.0990 + 0.00384 vs. 0.0832 + 0.00215 %, p < 0.01,
respectively). No significant differences in the morphometric data were evident between male and
female salmon at any acclimation temperature (Table S5).

There was a significant effect of both group and sampling point on haematocrit (Hct)
(Figure 3-2a). On average, Hct (%) was lower in the 4 and 1°C acclimated salmon (by ~ 3.5%) as
compared to those acclimated to 8°C and acutely cooled from 8 to 1°C. All groups had elevated
Hct at their critical swim speed (Ucrit) and 1 h post-exercise as compared to resting values, this
increase ranging from 0.61 to 6.77%. There were no significant differences in haemoglobin (Hb)
concentration at the various sampling points. However, on average, fish acclimated to 1°C had a
significantly lower [Hb] than both the 8°C acclimated and acutely cooled fish at each sampling
point (by ~ 18%; Figure 3-2b). No significant differences in MCHC were observed throughout
this experiment, with values ranging from approx. 325 — 475 ng mL! (Figure 3-2¢).

Plasma lactate levels increased significantly in all fish during exercise and were still
elevated 1 h after the fish reached their Ucic (p < 0.0001); i.e., on average, from 0.32 + 0.04 mM

at rest to 2.14 + 0.34 mM and 2.43 + 0.27 mM, respectively (Figure 3-3a). Although there were
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no significant differences in lactate levels between groups, plasma lactate levels increased by ~ 4-
fold in fish acclimated to 1°C between sampling points 1 and 3, whereas the magnitude of the
increase in fish acclimated to 8 and 4°C, and acutely cooled to 1°C, was ~ 14-, 7- and 9-fold,
respectively. Acclimation and sampling point had an interactive effect (p < 0.0001) on plasma
[cortisol] (Figure 3-3b). Resting cortisol concentrations (i.e., 24 h post-surgery and when confined
within a swim tunnel) were significantly higher in fish acclimated to 1°C than both 8 and 4°C (70.6
+ 7.4 ng mL"! vs 34.9 £ 6.0 ng mL"! and 40.3 + 8.7 ng mL"!, p < 0.05, respectively). However,
these values were all statistically similar to those in fish acutely cooled to 1°C (43.2 + 11.1 ng mL-
1. Neither group of salmon tested at 1°C (acclimated or acutely exposed) had elevated plasma
[cortisol] at exhaustion or 1 h after, with levels similar to those at rest. However, 4 and 8°C
acclimated fish (which had lower resting levels) experienced 2- and 3-fold increases in plasma

[cortisol] at 1 h post-exhaustion (i.e., to 100.9 + 7.2 ng mL! and 76 &+ 7.0 ng mL"!, respectively).
p

3.3.2 Cardiac function during exercise at cold temperatures

Resting heart rate (fi1) decreased with acclimation temperature and was significantly lower
in fish acutely exposed vs. acclimated to 1°C (values 64.5 + 1.4 beats min! vs. 45.5 + 2.2 beats
min!' vs. 34.1 + 1.2 beats min'! vs. 27.2 + 1.0 beats min!, p < 0.0001, in 8 vs. 4 and 1 vs. 8-1°C
salmon, respectively) (see Table S6 and Figure S3). Maximum fi (fiimax) during exercise was also
significantly lower in colder fish (8 vs. 4 vs. 1°C); however, there was no significant difference in
fumax between the fish acclimated vs. acutely exposed to 1°C (40.6 = 0.7 beats min™!' vs 37.9 + 0.9
beats min™!, respectively). Overall, fish exposed to temperatures < 8°C had a very limited scope to

increase fu when challenged with the additional energic demands of exercise (average absolute
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Figure 3-2. The haematological response of Atlantic salmon acclimated to 8 (red,®), 4 (green,®)
and 1°C (blue, A), and acutely cooled from 8§ to1°C (grey, @) prior to, at the end of, and
1 hr after a Uci test. Shown are graphs for (@) haematocrit (Hcet), (b) haemoglobin (Hb),
and (c) mean cellular Hb concentration. Symbols without a letter in common are
significantly different (p < 0.05) between groups at a particular sampling point
(lowercase letters), and between sampling points within a group (uppercase letters).
Values are mean + 1 s.e.m. with n = 6-8 per group.
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Figure 3-3. Changes in plasma lactate (@) and cortisol (b) levels in Atlantic salmon acclimated to
8 (red,®), 4 (green,m) and 1°C (blue, A), and acutely cooled from 8 to1°C (grey, @),
prior to, and the end of, and 1 hr after a Uci; test. Symbols without a letter in common
are significantly different (p < 0.05) between groups at a particular sampling point
(lowercase letters) and between sampling points within a group (uppercase letters). The
data point that is circled represents an outlier and was removed from statistical analyses.
Values are mean = 1 s.e.m. with n = 5-8 per group.
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scope ranged from ~ 6.5 to 13.5 beats min’!'; Figure 3-4a). However, it appears that when
temperature is rapidly decreased (i.e., at 1°C h!) from 8 to 1°C, salmon have a significantly larger
factorial scope to increase fi with exercise as compared to those acclimated to < 8°C (Table 3-2).
Resting cardiac output (Q) was significantly lower in 1°C acclimated salmon compared to 4 and
8°C acclimated and acutely cooled fish (values 9.1 £ 0.5 vs. 17.6 £ 1.4 vs. 21.4 £ 2.1 vs. 18.7 £
1.7 mL kg! min™!, p < 0.0001, respectively) (Figure 3-4b). Further, maximum Q (Qmax) for both
1°C acclimated and acutely exposed fish (27.8 + 0.8 mL kg! min! and 28.7 + 2.5 mL kg™! min’!,
p = 0.991, respectively) was significantly lower, and only ~70% of the Qmax for 8 and 4°C
acclimated fish (39.5 + 3.1 mL kg! min! and 40.6 + 2.7 mL kg min’!, p = 0.936, respectively).
Interestingly, fish acclimated to 1°C had the greatest capacity to increase Q during exercise
(factorial scope of 3.11), double that measured in acutely cooled fish (1.55), and this was because:
1) these fish had a significantly higher factorial scope for Vs (p < 0.0001) than measured in all the
other groups; and 2) resting Vs for fish acutely exposed to 1°C was comparable to the maximum
Vs for 1°C acclimated fish (0.70 + 0.08 mL kg™ vs 0.70 + 0.02 mL kg™!), indicating that acutely
cooled fish had a limited scope to increase their Vs during exhaustive exercise (Figure 3-4d).

In contrast, to the effects of acclimation to 1°C on Vs and Q, chronic exposure to this
temperature resulted in significantly higher values for resting oxygen extraction [MO-/ Q (0.088
+0.0058 mg O> mL blood™!, p < 0.0001] in this group compared to those acclimated to 8 and 4°C
(0.050 + 0.0062 mg O> mL blood™! and 0.048 + 0.0047 mg O, mL blood™!) and to fish acutely
exposed to 1°C (0.041 £ 0.0050 mg O, mL blood™!"). However, this group had no scope to increase
oxygen extraction, and thus, the maximum value in this group was statistically similar to the other

groups (mean value of 0.137 +0.011 mg O, mL blood™!) at peak exercise; whereas fish acutely
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Figure 3-4. Cardiorespiratory responses of Atlantic salmon acclimated to 8 (red,®), 4 (green,m )
and 1°C (blue, A), and acutely cooled from 8 to 1°C (grey®), and then given a U test.
Shown are (a) heart rate (fir), (b) stroke volume (Vs), (¢) oxygen consumption (MO),
(d) cardiac output (Q) and (e) oxygen extraction (MO>/Q) at each step during the critical
swim speed (Uerit) test starting at an initial resting speed of 0.25 bL s*'. Numbers above
particular points indicate the remaining number of fish that made it to that swim speed
within a specific group. Values are means + 1 s.e.m. with n = 7-9 per group, unless
otherwise indicated.
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Table 3-2. The standard metabolic rate (SMR; mg O> kg™! hr'!), resting metabolic rate (RMR; mg O,
kg! hr'!), maximum metabolic rate (MMR; mg O> kg™! hr'!), absolute aerobic scope (AS; mg O, kg'!
hr!), critical swim speed (Ucrit; bL s™!') and factorial scope (FS) for heart rate (fii; beats min™'), cardiac
output (Q; mL min™' kg™, stroke volume (Vs; mL kg') and oxygen extraction (MO, / Q; mg O> mL
blood™!) of salmon acclimated to 8, 4 and 1°C, and acutely cooled from 8 to 1°C. Values without a
letter in common are significantly different at p < 0.05 and an * indicates 0.05 > p < 0.08. Values are
means *+ 1 s.e.m. with n = 7-9 per group.

8°C 4°C 1°C 8 to 1°C
SMR 4635+£329*  36.12=3.68"  41.70+£4.07®  27.57+3.25"
RMR 58.78£2.76®  46.11+2.76® 47524351  41.67=3.05"
MMR 352.08+14.85% 27243+ 16.85 222.09+11.45  184.83+9.96°
Absolute AS 305.72+13.75*  236.31+16.30° 18597+ 1045  147.26 = 12.70°
Uerit 208+0.039%  1.69+0041%  127+0.029¢  1.44+0.037¢
fit (FS) 1.21+0.03° 1.29 + 0.06 2 1.19+0.032 1.40 4 0.05"
Q (FS) 1.98 +0.14 3¢ 2.42+0.30 3.11+0.16" 1.55+0.02°¢
Vs (FS) 1.75+0.10° 2.02+031% 2.68+£0.17" 1.26+0.08¢
MO/ @ (FS) 3.42 40262 2.86+0.33° 1.58+0.16" 2.90 +0.33
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decreased from 8 to 1°C had a significantly greater scope (~ 2-fold) to increase MO-/ Q than those
acclimated to 1°C when swum to exhaustion (Table 3-2).

Overall, these data show that acclimation and acute exposure to 1°C have very different
effects on cardiorespiratory function and plasticity. The former condition results in salmon with
high values of oxygen extraction at rest, and these fish meet the metabolic demands of exercise by
increasing both Vs and Q, whereas the opposite is true for salmon that are acutely exposed to this
very low temperature. These fish have high resting values of both Vs and Q, and must increase

MO,/ Q to provide the oxygen needed to support swimming (Figure 3-4).

3.3.3 Differences in metabolism and swimming capacity

There were no significant differences in standard metabolic rate (SMR) between
acclimation groups. However, when fish were acutely cooled from 8-1°C they had a 40 % lower
SMR than fish acclimated to 8°C (p < 0.01), and this parameter was 35% lower than measured in
1°C acclimated fish (although this was not significant). Resting metabolic rate (RMR) was also
significantly lower (by ~25%) in fish chronically and acutely exposed to cold temperatures (< 4°C)
than when acclimated to 8°C (p <0.01, Table 3-2). Maximum metabolic rate (MMR) was reduced
significantly as acclimation/test temperature was decreased (i.e., the MMR for 4 and 1°C
acclimated salmon and those acutely exposed to 1°C were only 22, 35 and 50% of those for salmon
swum at 8°C). While there was no significant difference in MMR or aerobic scope between the
two groups tested at 1°C (p = 0.28), acutely cooled fish had Qo values for RMR, SMR and MMR
that were consistently higher as compared to those acclimated to this temperature (Table 3-3).

The critical swim speed (Uecrit) of salmon also fell as temperature decreased (i.e., in 8 vs. 4

vs. 1°C), in accordance with the data for the fish’s metabolic capacity (MMR and AS). However,
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Table 3-3. The Qo values for the effect of chronic (8 vs. 1°C
acclimation) and acute (8°C acclimation vs. 8 to 1°C acute decrease)
temperature changes on resting and maximum cardiorespiratory
parameters. Only mean values are shown as the ‘Chronic’
(acclimation) data were measured using different groups.

Qoo Chronic Acute
RMR 1.36 1.63
SMR 1.16 2.10
MMR 1.93 2.51
Ucrit 2.02 1.69
Su
Resting 2.48 3.44
Max 2.54 2.80
Q
Resting 3.40 1.22
Max 1.65 1.57
Vs
Resting 1.36 0.37
Max 0.70 0.57
MO:/ Q
Resting 0.45 1.33
Max 1.37 1.68
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the swimming capacity of fish acclimated to 1°C was unexpectedly, and significantly, lower than

those acutely cooled to this temperature (Table 3-2).

3.4 Discussion

This study examined how acclimation to temperatures approaching the Atlantic salmon’s
lower thermal limit (8, 4 and 1°C), and acute cold exposure (8 — 1°C), affected this species’
morphometrics, cardiorespiratory function, stress response and swimming capacity. Salmon
acclimated to 4 and 1°C had clearly undergone cardiac remodelling based on the higher values for
relative ventricular mass in these groups as compared to 8°C fish. However, acclimation to 1°C
also resulted in reduced blood haematocrit and haemoglobin levels (i.e., blood oxygen carrying
capacity), and acclimation and acute exposure to this temperature resulted in elevated circulating
cortisol levels [a well-established indicator of stress, (Faught et al., 2016; Gamperl et al., 1994b)].
Predictably, low temperatures (1, 4 and 8-1°C) decreased the salmon’s cardiorespiratory and
swimming capacity. However, this study also reports several novel findings that have important
implications for our understanding of fish temperature-dependent cardiorespiratory physiology.
First, increases in fy with swimming were very limited (20 — 40%) in our salmon, and this data
supports the recent findings of Gamperl et al. (2022) which suggest that myocardial
contraction/twitch kinetics greatly constrain maximal fii at cool temperatures. Second, while the
higher resting fu in 1°C-acclimated salmon as compared to those acutely exposed to this
temperature was not unexpected (Aho and Vornanen, 2001; Haverinen and Vornanen, 2007; but
also see below), that these two groups used completely different mechanisms to increase blood
oxygen delivery / MO, when exercised (Vs and Q vs. tissue oxygen extraction, respectively) is

particularly notable. Specifically, these data show/suggest that while salmon have considerable
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plasticity with regard to meeting increased oxygen demands at cold temperatures, the mechanisms
evoked differ based on how long they have been in the cold (i.e., they appear to be able to increase
either Q or MO,/ Q when swimming, but not both). Third, given that measures of maximum
cardiac function and metabolic capacity (i.e., Q, MMR and AS) were not different (or marginally
higher) in salmon acclimated to 1°C as compared to fish acutely exposed to this temperature (Table
3-2), it is clear that factors independent of oxygen delivery limit swimming capacity in salmon
when chronically exposed to temperatures approaching their lower limit. Finally, Morgan et al.
(2022) recently reported that selection for faster growth in stable laboratory environments results
in reduced plasticity in zebrafish (Danio rerio), and suggested that fish reared under such
conditions are less able to counter the direct effects of temperature on key traits like metabolic rate
and thermal tolerance. Indeed, a comparison of the data for resting fu and RVM in the present
study vs. Porter et al. (2022) would support such a conclusion. In contrast to this study where the
fish were from commercial production stock destined for, and selected for performance in, cage-
sites in the North Atlantic, Porter et al. (2022) used salmon from a commercial farm that has held
salmon for 25 years (~8 generations) in land-based systems where the lowest temperature they
experience is 6°C (Ignatz et al., 2022). In these latter fish, there were no differences in these

important parameters between fish acclimated or acutely exposed to 1°C at rest.

3.4.1 Heart size, blood oxygen carrying capacity and stress at cold temperatures
3.4.1.1 Relative ventricular mass

In this study, salmon acclimated to 4 and 1°C had much larger (by 17-20%; Table 3-1)
ventricles as compared to those in 8°C-acclimated fish. An increase in relative ventricular mass

(RVM) has been observed in many fish populations (including non-polar temperate species) that
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exploit cold water habitats during their life history. However, this is not a universal response for
all fish species/populations and may differ between sexes and families (Aho and Vornanen, 2001;
Axelsson, 2005; Driedzic et al., 1996; Farrell et al., 1988; Gamperl and Farrell, 2004; Graham and
Farrell, 1989; Kent et al., 1988; Klaiman et al., 2011). For example, while cardiac/ventricular
remodelling (i.e., hypertrophy) at cold temperatures (to support cardiac function and ensure the
adequate delivery of oxygen to tissues at cold temperatures) has been well documented in many
salmonids, including rainbow trout (Oncorhynchus mykiss), Graham and Farrell (1992) showed
that both male and female rainbow trout raised in confined domesticated conditions (i.e., where
temperature was held constant at 8-11°C all year) had smaller values for RVM as compared to
wild fish sampled from a lake and river where temperatures ranged seasonally from 4-15°C.
Further, a previous study by Porter et al. (2022), which used a population of Atlantic salmon raised
in land-based systems and held at a relatively constant temperature, did not report an increase in
RVM with cold acclimation, while salmon acclimated to the same temperatures in the present
study (derived from a different population of salmon selected for performance in sea-cages where
environmental temperatures fluctuate between 0 and 20°C) had a much greater RVM. These
differing responses between salmon raised in land-based systems vs. in conditions where
environmental parameters fluctuate considerably ultimately support the findings of Graham and
Farrell (1992) and Morgan et al. (2022), and suggest that the phenotypic ‘plasticity’ of salmonids

at cold temperatures may, at least in part, be related to their long-term thermal history.

3.4.1.2. Haematocrit and haemoglobin
Changes in haematology are common at cold temperatures (0-5°C), and have been well

described for many polar and Antarctic species (Farrell and Steffensen, 2005; Holeton, 1970;
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Ruud, 1954). An increase in blood viscosity is a common challenge for fish exposed to chronic
low/cold temperatures, and this is typically counteracted by a reduction in, or in the case of some
Antarctic fishes the absence of, haematocrit (Hct) and haemoglobin (Hb) (Axelsson, 2005;
Egginton, 1996), which in turn lowers blood oxygen carrying capacity. However, the small
decrease in haematocrit in salmon acclimated to 4 and 1°C (~3.5%) suggests that this response
may not have a significant impact at cold temperatures given their low resting and maximum
metabolic rates (e.g., see Table 3-2).

The thermal tolerance of fishes is to a large extent determined by oxygen delivery (Het and
[Hb]) to the tissues, and blood oxygen carrying capacity is particularly important in this regard
when fish are exposed to acute stress or other challenges (see Section 3.3) (Anttila et al., 2013;
Leeuwis et al., 2021; Munoz et al., 2018; Portner and Knust, 2007; Portner, 2010; Wang and
Overgaard, 2007). The release of red blood cells (RBCs) from the spleen is a common secondary
stress response that enhances blood oxygen carrying capacity (Mufioz et al., 2018; Pearson and
Stevens, 1991; Sandblom and Axelsson, 2007), and occurred in all groups of fish during exercise
based on the elevated Hct (% RBCs); although swimming did not change [Hb] or MCHC (%).
Nevertheless, it does not appear that time spent at 1°C impacts the salmon’s capacity to release
erythrocytes from the spleen at exhaustion (Figure 3-2) or to increase blood oxygen carrying
capacity. The magnitude of the differences in Hct and [Hb] between fish at rest and at exhaustion

were of a similar magnitude.

3.4.1.3 Elevated cortisol levels

Increased plasma concentrations of the primary stress hormone cortisol are a common

indicator of sublethal stress in vertebrates due to stimulation of the hypothalamus-pituitary-
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interrenal (HPI) axis (Faught et al., 2016; Gamperl et al., 1994b). Resting values for plasma cortisol
(i.e., prior to the Uct test) were significantly higher in salmon acclimated to 1 vs. 4 or 8°C, and
this is consistent with that observed in a previous study for salmon chronically and acutely exposed
to 1°C (Porter et al., 2022). Collectively, these data reinforce the notion that temperatures
approaching a fish’s lower thermal limit are stressful and suggests that exposure to these
temperatures has consequences for the fish. The impact of a stressor is difficult to define, and
typically not only indicative of the duration of stress (i.e., acute vs. chronic), but also the overall
duration/severity of the consequences following exposure (Boonstra, 2013; Schreck and Tort,
2016). However, it is likely that this level of stress would affect their ability to survive additional
environmental stressors (see reviews by Schreck, 2000 and Shreck and Tort, 2016) and make them
more susceptible to opportunistic infections. Cortisol is immunosuppressive (Maule et al., 1987;
Pickering and Pottinger, 1989; Yada and Tort, 2016) and cold temperatures alone are known to
negatively impact immune function (Abram et al., 2017; Guo and Dixon, 2021). Interestingly,
whereas 4 and 8°C acclimated fish had elevated plasma cortisol levels at exhaustion/after during
recovery, neither group of 1°C exposed fish had higher plasma cortisol levels at these samplings
(Figure 3-2b). Clearly, future research should examine the effects of cold acclimation and
exposure on the secondary and tertiary stress responses of salmonids, and the possible adaptive vs.
maladaptive consequences for the fish’s ability to perform maximally or to return to homeostasis

post-stress.
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3.4.2 Cardiac function in response to cold temperatures
3.4.2.1 Acclimation effects on heart rate and its’ limited scope during exercise

Changes in heart rate and the cellular components responsible for its regulation (i.e., B-
adrenergic stimulation, L-type Ca** cardiomyocyte currents, sarcolemmal, Na* and K* currents,
and ultimately the intracellular rise in free Ca?" concentrations) are the most sensitive cardiac
parameters to changes in temperature (Gamperl and Farrell, 2004; Graham and Farrell, 1989; Keen
and Farrell, 1994; Vornanen, 1998, Vornanen et al., 2002 a and b; Vornanen, 2016; Vornanen,
2020). It has been shown that salmonids can compensate for the physiological effects of prolonged
exposure (i.e., acclimation) to colder seasonal temperatures by having a higher routine heart rate
(fu) than would be observed if the fish were acutely exposed to these temperatures (Aho and
Vornanen, 2001; Gamperl and Farrell, 2004; Haverinen and Vornanen, 2007). Consistent with this
hypothesis, the temperature coefficient (Qio) for resting fi1 in the present study was lower in fish
acclimated vs. acutely exposed to 1°C (Table 3-3), and this suggests that: 1) at least partial
compensation had occurred in salmon acclimated to extremely low temperatures (i.e., approaching
their lower thermal limit); and 2) the ‘resetting’ of heart rate in vivo (i.e., in a fish with intact
neuroendocrine control systems) takes longer than 8 hours. This latter finding is consistent with
Ekstrom et al. (2016b), and suggests that we must be careful interpreting data from reduced (i.e.,
in vitro) or pharmacologically manipulated preparations (e.g., Sutcliffe et al., 2020; Gilbert et al.,
2022; Sandrelli and Gamperl, unpublished) with regards to how fii changes (including its temporal
nature) in free-living fish when exposed to varying environmental challenges. This study did not
examine the mechanisms responsible for the resetting of heart rate, but the increase in resting fu
following acclimation to 1°C could have been the result of: a shift in cardiomyocyte membrane

ion channel function and/or density (Vornanen, 1988; Vornanen et al., 2002 a and b); an increase
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in adrenoreceptor sensitivity to extrinsic factors (i.e., circulating hormones adrenaline and
noradrenaline) (Gamperl and Farrell, 2004); and/or in the cholinergic and adrenergic control of
cardiac function (Ekstrom et al., 2016b; Ekstrom et al., 2021; Porter et al., 2022).

Interestingly, all fish regardless of acclimation or test temperature had a limited scope to
increase fu with exercise, and there was no difference in the fimax achieved between the groups
tested at 1°C (Table S6). These results suggest that the ‘resetting’ of heart rate to a higher level
with cold acclimation is not accompanied by an enhancement in the maximum achievable fi.
Instead, it appears that lower resting Vs (but interestingly, not the larger RVM given that Vsmax
was not different; Table S6) provides salmon with a large scope for Vs which can be used to meet
increased demands for cardiac pumping and oxygen delivery to the tissues. For example, 1°C
acclimated fish had a scope for Vs and Q that were 2-fold that measured in those acutely exposed
to this temperature, and were considerably higher than those measured in fish acclimated to/tested
at 8 and 4°C (Table 3-2). Clearly, cold exposure regardless of duration reduced the fimax reached
when salmon were exercised to exhaustion, and we now have some insights into the underlying
mechanism(s) mediating this effect. For example, Gamperl et al. (2022) provide convincing data
which suggests that myocardial contraction/twitch kinetics greatly constrain maximal fu in

rainbow trout at cool temperatures.

3.4.2.2 Phenotypic plasticity in salmon at temperatures approaching their lower thermal limit
The effect of cold acclimation on RVM and resting fu, combined with the different

responses of Vs and tissue oxygen extraction (MO, /Q) during exercise between Atlantic salmon

acutely vs. chronically exposed to 1°C (Figure 3-3, Table 3-2, Table 3-3 and Table S6), point to

the considerable cardiorespiratory phenotypic plasticity that Atlantic salmon have to deal with
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changes in temperature that approach their lower thermal limit. As previously discussed, all fish
had a limited scope to increase fu during exercise at < 8°C. However, as acclimation temperature
decreased (from 8 to 4 to 1°C), their factorial scope for Vs and Q increased (Tables 3-2 and S6),
and thus, 1°C acclimated fish did not need to elevate MO,/ Q to meet the metabolic demands of
exercise. On the contrary, fish acutely exposed to a drop in temperature to 1°C did not/could not
increase Vs as this parameter was already elevated at rest, and when swum at this cold temperature
increased MO:/ Q by 2.9-fold as compared to 1.6-fold in cold-acclimated fish (Tables 2 and S6).
Surprisingly, however, one might have anticipated that the cold (1°C) acclimated salmon would
have had a greater maximum Vs given their larger heart, and this value if anything was less than
that observed in salmon acutely exposed to 1°C.

Interestingly, hypoxia-acclimated Atlantic salmon swimming at moderate speeds were able
to increase Q and Vs to the same extent as normoxia-acclimated fish, despite their lower RVM
(Harter et al., 2019), and thus, such studies raise the possibility that the increase in ventricle size
when exposed to challenging environments may not be that beneficial with respect to Atlantic
salmon being able to achieve maximal levels of cardiac function / pumping. However, there are
other explanations with respect to why the increased RVM of 1°C acclimated salmon did not
translate into a greater maximum Vs and @ . It is very likely that cortisol levels were chronically
elevated in the 1°C-acclimated salmon (present study, Vadboncoeur et al., 2023), and it has been
reported that cortisol-induced cardiac hypertrophy is maladaptive (pathophysiological) (Johansen
etal., 2017). These cortisol-induced effects could have offset any potential benefits of hypertrophic
growth at low temperatures on Vs, stroke work and cardiac power output (Graham and Farrell,
1989). Alternatively, it could be that acclimation to the cold results in changes in central venous

pressure (CVP) and/or its regulation, and that this limited maximum Vs in the 1°C acclimated fish.

99



Brijs et al. (2017) suggest that increases in CVP are critical with regard to achieving increases in
end-diastolic volume, and Vs, in seawater acclimated rainbow trout. Unfortunately, there are no
measurements of CVP in salmonids or other temperate fish species at temperatures below 10°C.
Acclimation to hypoxia has been reported to increase the role played by plasma-accessible
carbonic anhydrase (paCA) in tissue oxygen delivery in swimming Atlantic salmon at 12°C (i.e.,
the role played by paCA in tissue O> delivery shows plasticity), and it has been suggested that
maximal exercise performance in salmon may not be possible without paCA (Harter et al., 2019).
However, it was not fish acclimated to 1°C that showed a large scope for MO/ Q; but instead it
was the group that had little time to modulate paCA activity (e.g., through increases in protein
levels or the isoforms expressed, especially given the cold temperatures) where large increases in
MO,/ Q were observed. Further, it is unclear why the two groups only modulated Vs or MO»/ Q,
but not both. The latter is one of the main questions stemming from this work. Perhaps, like fish
solely increasing fi when exposed to increasing temperatures when they could achieve the same
thermal tolerance and increase in Q if they instead only increased Vs (and there theoretically would
be benefits to this modulation of Q; Keen and Gamperl, 2012), there are inescapable constraints
on physiological regulation. For example, it is possible that fish at cold temperatures cannot
increase Vs and MO,/ Q because an increase in O, extraction would decrease the oxygen content
of the venous blood perfusing the myocardium, and this ‘feedback’ prevents them from increasing
together. Experiments where fish are exercised at cold temperatures while normoxic and hyperoxic
would provide some insights here, as hyperoxia increases maximum @ and Vs in both temperate

(McArley et al., 2021 and 2022) and tropical (Sandrelli, Porter and Gamperl, in prep) fish species.
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3.4.3 Effects of cold exposure on metabolism and swimming performance
3.4.3.1 Metabolic capacity at cold temperatures

Optimal temperatures for maximum aerobic scope [i.e., the difference between standard
and maximum rates of oxygen consumption (MO)] have been well defined for fishes, with
significant differences identified both between and within species when tested under various
conditions (Casselman et al., 2012; Claireaux et al., 2000; Elisason and Anttila, 2017; Farrell,
2002; Hvas, et al., 2017; Portner, 2001; Riseth et al., 2020; Taugbel et al., 2019). However, most
of the existing literature on salmonids has focused on determining thermal optima and upper
tolerance limits, and their relation to blood oxygen delivery/utilization (i.e., mitochondrial
function) (Antilla et al., 2013, 2015; Beemelmanns et al., 2021; Gerber et al., 2020a and b), and
this study is the first to quantify how acutely and chronically exposing this taxon to 1°C affects
its’” basal metabolism (i.e., SMR and RMR) and metabolic capacity (i.e., MMR and AS). The much
lower values for MMR and AS in temperature-acclimated fish were anticipated as we
acclimated/tested salmon at temperatures far below their optimum for performance (~13-20°C)
(Brett, 1971; Handeland, et al., 2003, 2008; Hvas et al., 2017; Jonsson, et al., 2001; Keen and
Farrell, 1994), and Hvas et al. (2017) showed that Atlantic salmon experience a large (~30%)
reduction in aerobic scope when acclimated to 3 vs. 8°C. In our experiment, which tested salmon
at even lower temperatures, we report a 40% reduction in aerobic scope when salmon are
acclimated to 1°C as compared to 8°C, and this suggests that aerobic scope becomes increasingly
limited at such low temperatures. That said, our data do provide evidence that acclimation to 1°C
partially compensates for the effects of this temperature on the salmon’s metabolism/metabolic
capacity. Values for MMR and AS were 20 and 25% higher, respectively, in cold-acclimated vs.

acutely exposed salmon (0.05 > p < 0.08). This finding is consistent with the higher State 3
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respiration for liver mitochondria from 0 vs. 10°C acclimated salmon when measured at the former
temperature (Gerber et al., 2022), and with the majority of studies showing that cold-acclimation
increases tissue oxidative capacity (Guderly et al., 2004; O’Brien et al., 2011).

The release of plasma lactate into the blood typically occurs at temperatures approaching
the upper thermal limit of fishes as a result of a secondary stress response, or when aerobic
metabolism is not sufficient to meet the fish’s energetic needs (Clark et al., 2008; Eliason et al.,
2013; Portner and Knust, 2007; Portner, 2010). Interestingly, studies examining the effects of cold
shock on Atlantic salmon and common carp show that rapid decreases in temperature result in
lower plasma lactate levels, and this suggests that fish at cold temperatures are supplied with
sufficient levels of oxygen to meet their metabolic demands and that they do not experience
mitochondrial dysfunction at these temperatures (Gerber et al., 2022; Porter et al., 2022; Tanck et
al., 2000). In our study, resting plasma [lactate] was not different between groups, and this supports
the above conclusion. A switch from aerobic to anerobic metabolism also occurs when fish reach
approximately 70-80% of their Uit (Burgetz et al., 1998), and as the fish swims faster there is a
progressive increase in the recruitment of white (fast) muscle fibres which rely on anaerobic energy
sources (Brauner et al., 2000; Farrell, 2002; Hvas et al., 2017; Rodnick and Planas, 2016; Rome et
al., 1992; Steinhausen et al., 2008). In the present study, there was no significant effect of
acclimation/test temperature on the increase in plasma lactate levels between fish at rest and at
exhaustion, with lactate increasing from 0.32 to 2.14 mM, on average, during the Uc test. This
increase in lactate is very similar to that for rainbow trout when swum at 9°C (0.31 to 1.97 mM;
Brauner et al., 2000). The fact that there was no difference in plasma lactate levels between the
groups may seem surprising given that the Ucic of 1°C fish was much lower than that of fish

acclimated to 4 and 8°C. However, when fish are exposed to cold temperatures, the white

102



(anaerobic) fibres are recruited at lower swimming speeds due to compromised red muscle
function (Rome et al., 1985; Taylor et al., 1996), and thus, they probably make a similar overall

contribution to the fish’s maximum swimming capacity.

3.4.3.2 Swimming performance

Salmon in the current experiment exhibited ~20, 40 and 30% decreases in their critical
swim speed (Ucrit) when acclimated to 4 and 1°C and acutely exposed to 1°C, respectively, as
compared to fish acclimated to 8°C. These reductions in Ucric in temperature acclimated fish are
comparable to those for Atlantic salmon (30%) when acclimated to 10.5 vs 3°C (Riseth et al.,
2020) and rainbow trout acclimated to 11 vs. 4°C (35%, Taylor et al., 1996), but slightly more than
in Atlantic salmon acclimated to 8 vs 3°C (i.e., 12%; Hvas et al., 2017) or in wild brown trout
(Salmo trutta) (i.e., 13%) when acclimated and tested at 5.5 vs.1.7°C (Taugbel et al., 2019).
However, it is difficult to discern why fish acclimated 1°C had a lower Ucric than those acutely
exposed to 1°C. Their MMR and AS were similar (if not higher) despite the slight decrease in
hematocrit and blood [Hb]. Acclimation to cold temperatures has been reported to result in a
number of morphological and physiological changes in many species that improve the functioning
of the fish’s red muscle; the muscle primarily powering steady/aerobic swimming. For example,
it is typically reported that as the red muscle mass and fibre size (diameter) increase, the oxidative
capacity of red muscle is greater, and cold acclimation results in changes in muscle mechanics that
enable the muscle to produce more power (Egginton and Cordiner, 1997; Egginton and Sidell,
1989; Guderley, 2004; Johnston et al.,1990; Jones and Sidell, 1982; Rome and Swank, 2001).

Further, and importantly, Gamperl and Syme (2021) reported that the red muscle of 6°C-
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acclimated salmon was able to produce more power when tested at 2°C than that of 15°C-
acclimated fish.

Nonetheless, there are a number of potential explanations for the lower swimming
performance of 1°C-acclimated fish. Cold acclimation is concomitant with an increase in muscle
mass, but the capillary density of this tissue actually decreases in rainbow trout as the increase in
muscle fibre diameter is greater than the increase in the number of capillaries (Egginton and
Cordiner, 1997). Further, although Barron et al. (1987) did not report changes in red muscle blood
flow with cold acclimation in rainbow trout, Taylor et al. (1996) reported a dramatic (93%)
decrease in blood flow to this tissue when cold vs. warm acclimated trout were swum to Ucrit. Thus,
limited perfusion of the red muscle in 1°C-acclimated fish may have constrained its
function/performance, and thus, the fish’s swimming capacity. Second, this is the first study to
examine the swimming performance of a salmonid acclimated to a temperature close to its lower
thermal limit (1°C), whereas the lower acclimation temperature used in previous studies was 3-
4°C (e.g., Hvas et al., 2017; Taylor et al., 1996). While this temperature difference is small (2-
3°C), Guderley and St. Pierre (1999) indicate that the there is a lack of compensation of oxidative
metabolism when rainbow trout are seasonally acclimated to 0-2°C in winter. In addition, while
Crockford and Johnson (1990) showed that the force development of fast muscle fibers increased
when measured at 0°C when carp (Cyprinus carpio L.) were acclimated at successively cooler
temperatures from 23 — 8°C, acclimating fish to 2°C did not improve (or actually decreased) this
parameter; i.e. there was no thermal compensation when these fish were acclimated to
temperatures < 8°C. Given that the rainbow trout (another salmonid) is considered to only have a
moderate acclimatory response to cold temperatures as compared to cold-adapted species (Shuman

and Coughlin, 2018), it is likely that the capacity of salmonids to perform at cold temperatures
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may be more limited than that of the carp. Finally, Cordiner and Egginton (1997) suggest that
environmental factors other than temperature are likely to influence the nature of acclimatization
in fish muscle. The carp acclimated to 2 and 5°C in Crockford and Johnson (1990) did not eat at
these temperatures, and our salmon were not feeding much, if at all, at 1°C. This difference in
nutritional / energetic status could have negatively influenced the swimming performance of 1°C-
acclimated fish. The salmon in this experiment were all held at the same photoperiod (8 h light: 16
h dark), and it is not known how this might have affected the swimming performance of the

different temperature-acclimated groups.

3.5 Conclusions and Perspectives

Overall, this study greatly extends our understanding of temperature effects on the
cardiorespiratory function, metabolic capacity and swimming performance of Atlantic salmon.
Our data reveal that: cold (1°C) acclimation results in an increase in RVM and resting fi, but not
Jfumax; Atlantic salmon have a limited capacity to increase fi1 when swimming at cold temperatures;
there are key differences in how Q and MO»/ Q contribute to oxygen delivery to the tissues at rest
and when swimming depending on whether fish are acutely (over hours) vs. chronically (> 3
weeks) exposed to temperatures approaching their lower thermal limit (0-1°C); and finally, that
despite equivalent or higher values for MMR and AS, 1°C acclimated salmon had a decreased
swimming performance as compared to those acutely exposed to this temperature. Further, it is
apparent that, based on plasma cortisol values measured in this and other studies, salmon are
chronically stressed by prolonged exposure to 1°C.

Clearly, there is a lot more research that needs to be conducted before we can understand

the significance, and mechanistic underpinnings, of the above findings. To start, it would be
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valuable to understand why cold-acclimated salmon did not achieve a greater maximum Vs during
the Ucric test given that their hearts were considerably larger. Was it because the heart’s function
was compromised (possibly due to the pathophysiological effects of chronically elevated
circulating cortisol levels), or that these fish had trouble increasing / regulating CVP and that this
constrained Vs. In this regard, measurements of CVP in fish acutely and chronically exposed to
cold temperatures would be particularly valuable, as such measurements have only been made on
salmonids acclimated to temperatures between 10 and 16°C. It would also be important to
specifically examine the effects of cold temperatures on red muscle morphological and mechanical
characteristics (e.g., using cycling muscle preparations; Gamperl and Syme, 2021) given the poor
swimming performance of this species when acclimated to ~ 0°C. Finally, in this study we
calculate oxygen extraction indirectly as MO,/ Q. It is key that measurements of the salmon’s
venous and arterial blood oxygen content be made when they are exposed to acute and chronic
decreases in temperature to confirm the reported differences with regard to how Q and MO,/ Q

were utilized to increase oxygen delivery with exercise.
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CHAPTER 4: Summary and Perspectives
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4.1 General Discussion

This thesis is not the first to investigate the physiology of temperate fishes, including
Atlantic salmon (Salmo salar), in the era of climate change (Alfonso et al., 2021; Antilla et al.,
2013, 2014; Beemelmanns et al., 2021; Ekstrom et al., 2019; Farrell et al., 2009; Gamperl et al.,
2019, 2020; Gerber et al., 2020; Hvas et al., 2017; Sutcliffe et al., 2020; Tromp et al., 2018).
However, while there have been considerable efforts to predict what will happen to teleost fish in
a warming climate, the effects of extremely cold/low temperatures on salmon physiology are still
relatively unknown. Therefore, the purpose of this thesis was to better understand the impacts of
acute and chronic cold events, similar to winter temperatures and ‘super-chill” events observed at
coastal sea-cages in Atlantic Canada, Iceland and Norway (Reid et al., 2022; Szekeres et al., 2016)
on the salmon’s cardiorespiratory and stress physiology, and swimming capacity. By examining
aspects of cardiac function and control, metabolism, the stress response and the swimming capacity
of cultured Atlantic salmon (Salmo salar) acclimated to 8, 4 and 1°C, and when acutely cooled
from 8 to 1°C, this work highlights: 1) how the effects of short- vs. long-term exposure to sublethal
low temperatures differ; and 2) whether these fish are phenotypically ‘plastic’ and can respond
appropriately to such environmental changes. Overall, it is hoped that the information contained
in this thesis, and future intra- and inter-specific comparisons of fish physiology when faced with
temperatures near their lower thermal limits, will allow fisheries managers, conservationists, and
aquaculture companies to better predict the implications of minimum winter temperatures and

‘super-chill” events on coastal fishes and aquaculture production.
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4.2 Novel Findings
4.2.1 Salmon acclimation capacity at cold temperatures

It remains unclear how, or if, salmon held in aquaculture cages can adapt to extremely cold
temperatures (as they cannot migrate to warmer waters), which is currently an issue faced by
thousands of salmon held in commercial sea-cages and has been linked to mortalities (Evans 2019;
Huffman 2019). As expected, the results from Chapters 2 and 3 demonstrate that exposure to low
temperatures, whether over hours or weeks, significantly reduces the routine metabolism and
resting cardiac function of salmon. However, they also show that the cardiorespiratory response to
cold temperatures differed between the two studies. All fish tested at 1°C in Chapter 2, regardless
of acclimation temperature, had comparable values of intrinsic and resting fi (~ 22 and 32 beats
min’!, respectively), and the latter was extremely similar to resting values observed in Chapter 3
for 1°C acclimated fish (~ 34 beats min''). However, the acutely exposed fish in Chapter 3 had a
significantly lower resting fi (27.6 + 1.0 beats min!). In addition, the capacity for cardiac
remodelling differed between the experiments, with fish in Chapter 2 showing no change in their
relative ventricular mass (RVM) when acclimated to 1°C, while the RVM in fish from Chapter 3
increased 1.17 and 1.19 times with cold acclimation (at 4 and 1°C, respectively). Overall, the
differences in resting fi and cardiac hypertrophy (larger RVM) between the two experiments were
unforeseen and indicate that intraspecific differences exist in the phenotypic responses of salmon
to temperatures close to their lower thermal limit and during ‘cold shocks’. This is likely to not
only be between cultured stocks, but also between cultured and wild stocks. Clearly, the effects of
acclimation, and acute exposure, to such cold temperature on the cardiorespiratory physiology of

wild Atlantic salmon should also be investigated.
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The potential for plasticity, and the time-course required to elicit phenotypic responses is
not clear based on current studies of cold-acclimation (Lurman et al., 2012; Sutcliffe et al., 2020).
For example, as discussed in Chapter 2, temperature coefficient (Q10) values should be lower for
fish acclimated to a particular thermal environment when compared to those for fish acutely
exposed to the same temperature. In Chapter 2 it was concluded that salmon either: reset their fu
quickly as temperature dropped; or that these fish were not able to physiologically
compensate/acclimate to 1°C even after 12 weeks [i.e., their fu was the same as conspecifics
acutely exposed to this temperature over 8 h and had similar Q1o values (~2.5-3)]. While the latter
raises the possibility that phenotypic plasticity is too “biologically costly” for cultured salmon, it
does not appear to apply to the salmon used in Chapter 3 (i.e., from a genetically distinct
population). Resting cardiorespiratory parameters in these salmon did exhibit a compensatory
thermal response to being acclimated to 4 and 1°C when compared to those acclimated to 8°C and
acutely exposed to 1°C. More specifically, the Q1o values for standard metabolic rate (SMR) and
resting fi in salmon acclimated to 1°C were lower (1.16 and 2.48, respectively) than fish acutely
exposed (2.10 and 3.44, respectively) to the same temperature.

The idea that the plastic response(s) of several physiological traits associated with
acclimation have been lost in some cultured salmon is not far-fetched. For example, it was recently
shown that zebrafish bred/held at a constant temperature in a lab-based setting completely lost
their ability to cope (via changes in metabolism, thermal tolerance, and gene expression) when
challenged with a change in temperature compared to wild populations (Morgan et al., 2022).
Therefore, it is possible that the population of salmon used in Chapter 3 were better selected for
performance/survival when exposed to changes in their thermal environment compared to those in

Chapter 2 given that: 1) the salmon in Chapter 3 were derived from stocks that are reared in coastal
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sea-cages, and therefore exposed to varying ocean conditions during the grow out phase; 2) that
salmon from Chapter 2 had been reared entirely in land-based systems where water temperatures
are controlled and relatively constant (~6 -15°C, the latter optimal for growth; Ignatz et al., 2022)
throughout their life history, and have been for several generations (i.e., over approximately the
past 25 years); and most convincing 3) that fish used in Chapter 2 failed to demonstrate an
acclimation response whereas such a response was observed in the salmon used in Chapter 3.
Although no genetic testing was completed as part of this research, the hypothesis that Atlantic
salmon reared in sea-cages have a greater capacity for phenotypic plasticity is also supported by
the recent work of Adams et al. (2022). These authors showed that 50 years of genetic selection
for the Australian H-strain rainbow trout has resulted in a population with an unusually high and
broad thermal acclimation window. Further, studies conducted on different strains/families of
rainbow trout and Atlantic salmon have concluded that there is significant intraspecific variation
in phenotypic traits related to both temperature and hypoxia tolerance, and that these differences
are reflected in their aerobic potential, CTmax and Pt (Antilla et al., 2013; Zhang et al., 2018).
Collectively, these data suggest that intraspecific variation plays a crucial role in how different
populations of cultured fishes respond to, and tolerate, temperature changes. This information
should be highly considered in selecting breeding programs for Atlantic salmon sea-cage
production as these fish will inevitably experience even more drastic flucatuations in temperature

(both high and low) than the current recordings due to accelerated climate change.

4.2.2 Maximum performance at cold temperatures

The effects of cold temperatures on salmon maximal swimming and cardiorespiratory

performance were reported and discussed in detail in Chapter 3. Although acclimation to 1°C

125



resulted in a higher resting fi compared to acutely cooled fish, there were no differences in the
maximum fu achieved when tested at 1°C (Table S6); these data suggesting that an increase in
resting fu during acclimation is not reflected in a higher maximum fy. In addition, while fish
acclimated to 1°C had a significantly higher resting tissue oxygen extraction (estimated as MO> /
Q) and a large scope to increase stroke volume (Vs) when exercised (i.e., to meet tissue oxygen
demands), the opposite was true for fish acutely exposed to 1°C (which had a high resting Vs and
a large scope for MO/ Q). Although it was expected that Vs would contribute more to the increase
in Q when the salmon were exercised at cold temperatures (Gamperl et al., 2011, 2022), it is still
not clear from this work which cardiovascular/hemodynamic trait(s) are responsible for the
modulation of Vs under these conditions. If the capacity for salmon to increase fu is limited
regardless of the time spent at 1°C (and thus, the diastolic period would be expected to be similar
between groups), and an increase in RVM (as seen in acclimated fish) does not facilitate a higher
maximum Vs, then the regulation of central venous pressure (CVP) is likely a significant factor in
determining their maximum Vs and cardiac performance (Brijs et al., 2017). Collectively, these
results show that salmon can modulate maximum cardiovascular function/cardiorespiratory
capacity via different mechanisms when acutely vs. chronically exposed to cold temperatures.
However, why fi1 doesn’t play a major role in increasing cardiac output (Q) in these environments
remains to be determined. It is possible that myocardial twitch kinetics are hindered at cold
temperatures (Gamperl et al., 2022). However, it is also likely that the cardiomyocyte’s
electrophysiology and/or the function/density of important ion channels in the heart contribute to
the observed differences (Haverinen and Vornanen, 2007, 2020; Vornanen 2016, 2017; Vornanen
et al., 2002). Lastly, while it is clear that there is considerable plasticity in how salmon meet tissue

oxygen demands (i.e., by increasing either Vs or MO/ Q) at cold temperatures, which parameter
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is modulated depends on the length of cold exposure, and it is unknown why acclimation to 1°C
impaired the swimming capacity of salmon more than an acute drop in temperature. Interestingly,
both groups had similar values of maximum metabolic rate (MMR) and absolute aerobic scope
(AS) (Table S6), indicating that differences in aerobic capacity did not contribute to the reduced
Ucrit in salmon acclimated vs. acutely exposed to cold temperatures. Therefore, it is likely that
physiological and/or anatomical limits within the red muscle itself were probably constraining the
swimming performance of 1°C acclimated fish (Crockford and Johnson, 1992; Egginton and
Cordiner, 1997; Guderley and St. Pierre, 1999; Klaiman et a., 2014; Rome et al., 1992; Taylor et

al., 1996).

4.3 Future Research
4.5.1 Cardiorespiratory physiology

Given that the intrinsic fi of both groups of salmon tested at 1°C in Chapter 2 were
extremely similar, it is likely that the effects of cold exposure on the cardiac pacemaker cells were
comparable regardless of time spent at this temperature. Intrinsic fii was not examined in Chapter
3, and therefore, I cannot conclude that acclimation to 1°C was able to fully reset the salmon’s
pacemaker function. Thus, future experiments should examine the effects of short- and long-term
cold exposure on the pacemaker cells of phenotypically plastic strains of salmon via patch-clamp
techniques to investigate how the duration of cold exposure affects the density and function of
important ion channels/currents that are responsible for initiating contraction of the heart (as
described for rainbow trout pacemaker cells by Haverinen and Vornanen, 2007). Further, we
should aim to better understand the effects of temperature on the spread of electrical excitation

propagated from the pacemaker cells and across the atrium and ventricle (Lin et al, 2015; Stoyek

127



et al., 2016). A delay at the atrioventricular (AV) junction allows for sufficient filling of the
ventricle between contractions (as reviewed in Vornanen 2017). Therefore, it would be interesting
to determine if this delay, or the conductance velocity of excitation across these chambers, is
directly impacted by changes in temperature. Further, in situ heart experiments (e.g. Lurman et al.,
2012), and those using isolated cycling muscle strips (e.g. Gamperl and Syme, 2021, Gamperl et
al., 2022) could be used to examine whether cold acclimation, and/or the elevated cortisol levels
associated with it, diminish the hearts pumping capacity, and whether this is directly related to
characteristics of myocardial performance. Ultimately, research on isolated hearts and preparations
can help answer the question: what determines maximum fy and the heart’s pumping capacity
between and within species across their thermal niche.

The modulation of Vs and role of MO»/ Q in meeting tissue oxygen demands also needs to
be examined further. Future research should explore why salmon at cold temperatures do not
increase both parameters when challenged with increased cardiac and energetic demands. For
example, it is possible that prolonged cold exposure negatively influences a salmon’s ability to
control/increase CVP while swimming. This research question could be addressed by inserting a
catheter into the Ductus Cuvier (DC; a major vein which drains into the sinus venosus) and
measuring central venous pressure (Altimiras and Axelsson, 2004; Minerick et al., 2003; Olson et
al., 1997) using a pressure transducer while salmon are resting and while they perform a U test.
In addition, blood could be withdrawn simultaneously from the DC and dorsal aortic cannulae,
and this would allow for the simultaneous measurement of arterial and venous blood oxygen
content. Such measurements would hopefully confirm that my interpretation (based MO,/ Q) of
how acute vs. long-term cold exposure affect tissue oxygen extraction is correct/accurate. These

experiments would not be easy to perform. However, such studies would provide important, and
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potentially novel, information on the control of cardiac function and cardiorespiratory plasticity in

fish at cold temperatures.

4.3.2 Red muscle function and energetics

While the collected data provide few insights into why fish acclimated to 1°C had a lower
maximum swim speed (Ucrit) than the acutely cooled fish, it could be hypothesized that red muscle
recruitment and/or performance (i.e., power production, endurance, aerobicity) in the former group
were negatively affected by chronic exposure to cold temperatures. The recruitment of red muscle
is required for sustained aerobic activity, with the fish’s white muscle only used significantly for
fast/short locomotory activities or when fish such as salmonids reach ~ 70-80% of their U [i.€.,
when they begin burst and coast swimming (Burgetz et al., 1998; Jones, 1982; Sisson and Sidell,
1987)]. There is evidence that cold acclimation can induce earlier recruitment of white muscle
(Rome et al., 1984), and this may be because the function of the red muscle has been diminished
or is fully recruited at lower swimming speeds. In this regard, the implantation of EMG electrodes
and/or sonomicrometry crystals into the red and white muscle (see Beddow and McKinley, 1999;
Cooke et al., 2004; Coughlin et al., 1996; Gollock et al., 2009; Taylor et al., 1996) would be very
useful. These techniques would allow for the timing and extent of the use of these two muscle
types to be examined when fish are chronically and acutely exposed to 1°C. Such experiments
could be followed by cycling muscle preparations (strips) where red muscle contraction kinetics
(Syme et al., 2008), performance (e.g., power output, duration of contraction and relaxation) and
efficiency could be measured at contraction rates and stains that mimic in vivo conditions (e.g., as

in Gamperl and Syme 2021), and histological analyses could be used to examine whether a
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reduction in red muscle capillary density may constrain the performance capacity of 1°C

acclimated fish (Johnston, 1982).

4.3.3 A global perspective

The research conducted in this thesis, and that by my colleague Emile Vadboncoeur
(Vadboncoeur et al., in final prep), is amongst the first to comprehensively examine which
physiological mechanisms influence/determine salmon survival at extremely cold temperatures
and may be applicable in a larger geographic context. For example, similar physiological
constraints and/or phenotypic plasticity (or lack thereof) may be observed in species from tropical
or subtropical coastal regions. Although suboptimal temperatures haven’t been a primary interest
of the fish physiology research community [with the exception of research conducted on Antarctic
fish and other polar species (Farrell and Steffensen, 2005)], these marine environments (incl. patch
reefs, mangrove forests, and other nearshore ecosystems) are projected to experience some of the
harshest impacts of climate change (IPCC 2018; 2022) and are currently inhabited by many key
species that have both economic and ecological significance. Although ‘cold’ temperatures at these
latitudes are much higher than those for salmon in the North Atlantic [i.e., 15-25°C vs. 0-3°C
(Bjornsson et al., 2007; Giomi et al., 2019; Holm 2000; Nowell et al., 2015)], the absolute
difference in temperatures they experience is relatively similar (i.e., a 15-20°C range in water
temperatures over the year). More recent work has also documented large diurnal fluctuations in
temperature and water oxygen in such environments (Giomi et al., 2019; Porter et al., unpublished
work). It would be interesting to see if warm water fishes which endure similar thermal shifts
respond to/control their cardiac function and metabolism in a similar manner to salmon:

specifically if they also rely on Vs rather than fi to increase Q near their lower thermal limits, and
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if their dependence on Vs vs. MO,/ Q is influenced by their duration of exposure to these
temperatures. By conducting such studies, we will be better equipped to understand which fishes

may/will be more susceptible or resilient to climate change on a global scale.
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Table S1. Morphometric data (mean + 1 s.e.m. with n =9 per group) for all fish used during the
experiment performed in Chapter 2. K = condition factor; RVM = relative ventricular mass.

8°C Acclimated 1°C Acclimated 8-1°C p-value
Weight (kg) 1.3£1.2 1.03+0.8 1.1+0.7 0.210
Length (cm) 44.1+1.2 41.1+£0.8 41.7+0.8 0.962
K 1.45+0.080 1.46+0.030 1.50+0.050 0.869
RVM (%) 0.0805+0.00586  0.0699+0.00252  0.0732+0.00884 0.500
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Table S2. Results for the general linear mixed effects model used to test the main effects of
acclimation group and time during the experiment in Chapter 2. These measurements were on
resting salmon.

g:?ﬁgf:sl’im“’ry Main Effect df F P
Acclim 2 142.850 <0.0001
Ju Time 7 84.580 <0.0001
Acclim x Time 14 118.540 <0.0001
Acclim 2 13.675 0.0003
0 Time 7 3.445 0.002
Acclim x Time 14 2.425 0.005
Acclim 2 0.238 0.791
Vs Time 7 0.307 0.950
Acclim x Time 14 0.926 0.533
Acclim 2 12.455 0.0002
MO, Time 7 5.898 <0.0001
Acclim x Time 14 3.556 <0.0001
Acclim 2 0.624 0.548
MO/ Q Time 7 0.854 0.545
Acclim x Time 14 1.166 0.310

Provided are the degrees of freedom (df), the F-statistic, and P-values for main the effects of
Acclim = acclimation group, Time = point in the experiment when measurements were made, and
Acclim x Time = the interaction between these main effects. The parameters are fii = heart rate, Q =
cardiac output, Vs = stroke volume, MO> = oxygen consumption, and MO2/ Q = O, extraction.
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Table S3. Results of the general linear mixed effects model and one-way ANOVA (relative Vs)
used to test the main effects of acclimation group and pharmacological antagonists on cardiac
variables in resting Atlantic salmon in Chapter 2.

Cardiac Variable | Main Effect df F P
Acclim 2 319.966 <0.0001

Si Pharma 2 64.816 <0.0001
Acclim x Pharma | 4 1.627 0.178
Acclim 2 18.380 <0.0001

0 Pharma 2 1.825 0.180
Acclim x Pharma | 4 1.687 0.181
Acclim 2 3.586 0.0489

Vs (ml kg™) Pharma 2 1.093 0.348
Acclim x Pharma | 4 3.430 0.0201
Acclim 2 5.999 <0.01

Vs (volts beat™) Pharma 2 3.971 0.0265
Acclim x Pharma | 4 5.888 <0.001
8°C Acclimated

ifrlggivlfevs After 1oC Acclimated 5.558 0.0116
8-1°C
8°C Acclimated

?fig;g;o}gj After 1oC Acclimated 9.815 <0.01
8-1°C

Provided are the degrees of freedom (df), the F-statistic, and the P-values for main effects of
Acclim = acclimation group, Pharma = pharmacological antagonist, and Acclim x Pharma = the
interaction between these main effects. Parameters are fi; = heart rate, Q = cardiac output, Vs =
stroke volume (mL kg™! and volts beat™!), and Relative Vs = relative stroke volume (%). The data
for the last 3 parameters are shown in Figure S1.
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Figure S1. Stroke volume (Vs in volts beat!) and relative changes in stroke volume (Vsin %) in
Atlantic salmon acclimated to 8 (red) and 1°C (blue), and acutely cooled from 8 to 1°C
(green), when injected with the pharmacological antagonists atropine sulfate (to block
cholinergic nervous tone) and propranolol hydrochloride (to block ;- and B»-
adrenoreceptors) in Chapter 2. Symbols without a letter in common are significantly
different (p < 0.05) between groups (lowercase) and between the pharmacological
antagonists within a group (uppercase). Values are means + 1 s.e.m. with n = 7-9 per
group. See Table S3 for statistical information.
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Figure S2. Changes in cardiac function [(«) heart rate (fiz), (b) cardiac output (Q), and (c) stroke

volume (Vs)] in Atlantic salmon acclimated to 8 (red) and 1°C (blue), and acutely
1°C (green), when injected with the pharmacological antagonists
atropine sulfate, bretylium tosylate, and propranolol hydrochloride in Chapter 2. Only
45 minutes were allowed between the injection of the pharmacological antagonists,
and thus, the effects of bretylium may not have been fully realized (see Methods
section). Symbols without a letter in common are significantly different (p < 0.05)
between groups (lowercase) and between the pharmacological antagonists within a
group (uppercase). Values are means + 1 s.e.m. with n = 5-9 per group.
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Table S4. Morphometric data (mean =+ s.e.m.) for all fish used in Chapter 3 based on acclimation
temperature and sex as fixed factors. Values of RVM (relative ventricular mass) without a letter in
common are significantly different between acclimation groups (p < 0.05). No significant
differences between male and female fish were found. Values are means + 1 s.e.m.

8°C 4°C 1°C
Weight (g)
Male 717.1+22.4 745.8 £99.0 665.6 +37.7
Female 653.7 £21.01 689.0 £ 41.7 559.7+53.6
Length (cm)
Male 38.1+£0.5 383+1.5 37.7+0.8
Female 37.3+0.5 37.6 £0.6 35.0+1.3
K
Male 1.29 £0.042 1.30 £ 0.036 1.24 £0.039
Female 1.26 £ 0.032 1.31£0.026 1.21+0.113
RVM (%)
Male 0.0857 + 0.0030? 0.0926 + 0.0056" 0.0968 +0.0058 P
Female 0.0812 +0.0030% 0.102 +0.0075" 0.103 +0.0038"




Table S5. Results for the two-way ANOVAs used to test for significant differences in the
morphometric data (mean + s.e.m.) for all fish used in Chapter 3. Fixed factors were acclimation
temperature and sex.

Morphometric Main Effect Df F P
Acclim 2 1.962 0.159

Weight Sex 1 3.984 0.0557
Acclim x Sex 2 NA NA (0.839)
Acclim 2 1.192 0.319

Length Sex 1 4.012 0.0549
Acclim x Sex 2 NA NA (0.419)
Acclim 2 1.112 0.343

K Sex 1 0.285 0.598
Acclim x Sex 2 NA NA (0.925)
Acclim 2 8.015 0.00177

RVM Sex 1 0.148 0.703
Acclim x Sex 2 NA NA (0.276)

*[f the interaction term was not significant (NA) it was taken out of the model and the model was
re-run.
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Table S6. The values for resting, maximum, absolute scope and factorial scope for heart rate (f;

beats min'!), cardiac output (Q; mL min™' kg!), stroke volume (Vs; mL kg!) and tissue-oxygen

extraction (MO:/ Q; mg O2 mL blood!) and the critical swim speed speed (Ueric; bL s™1) for salmon
acclimated to 8, 4 and 1°C and acutely cooled from 8 to 1°C in Chapter 3. Values are means + 1
s.e.m. and those without a letter in common are significant at p < 0.05; n = 7-9 per group.

8°C 4°C 1°C 8 to 1°C
fu
Rest 64.52+1.40% 45.49 +£2.24P 3414+ 1.23°¢ 27.16 +1.034
Max 77.90 +0.872 57.97£0.69" 40.57+£0.72¢ 37.88+0.89¢
AbS 13.37+1.47% 12.48 £2.06% 6.42+0.71" 10.72 + 0.93 ab
FS 1.21+£0.032 1.29+0.06 2> 1.19+£0.032 1.40 £0.05"
Q
Rest 21.37+2.112 17.61 £1.392 9.07 £0.45" 18.62+1.712
Max 3947+3.092 40.61 £2.74* 27.79 +£0.79" 28.73 +£2.50"
AbS 1948 £1.78* 23.00+3.032 18.72+0.75% 10.12 +0.87"
FS 1.98 £0.142¢ 242 +0.302 3.11+0.16" 1.55+0.02¢
Vs
Rest  0.333+0.038% 0.394 +0.0362 0.269 £0.019% 0.669 +0.081"
Max 0.546 £ 0.0432 0.734 +0.041 20 0.701 £0.0182P 0.811+0.074"°
AbS  0.230+0.0173¢ 0.370 + 0.060 2 0.424 £0.017" 0.158 £ 0.037¢
FS 1.75+0.10% 2.02+0.312¢ 2.68+0.17" 1.26 £0.08 ¢
MO:/ Q
Rest  0.050+0.0062* 0.048 +0.0047 2 0.088 =0.0058"  0.041 £ 0.00502
Max 0.168 £0.012 0.128 £0.014 0.135+0.009 0.117+£0.017
AbS 0.112 +£0.0092 0.081 +£0.0132P 0.047 £0.011" 0.076 £0.014 2>
FS 3.42+0.262 2.86+0.33% 1.58+0.16" 2.90+0.332
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Figure S3. The resting heart rate (fii; beats min'') of Atlantic salmon: (@) acclimated and tested at
8°C, (b) acclimated and tested at 4°C, (c¢) acclimated and tested at 1°C and (d) acclimated to 8
and tested at 1°C. All tracings were recorded prior to the critical swim speed (Ucrit) test in
Chapter 3.
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