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ABSTRACT 

 

 

 The main objective of this thesis was to determine the metabolic and behavioural 

outcomes from hypoxia exposure to largemouth bass (Micropterus salmoides) yearlings 

when acclimated to either winter (5°C) or summer (20°C) temperatures.  This was 

achieved by exposing largemouth bass to varying levels of hypoxia and subsequently 

quantifying metabolites, in addition to observing behavioural patterns.  The critical 

partial pressure of oxygen was also determined for fish at both temperatures. 

 Hypoxia experiments revealed that metabolite concentrations increased or 

decreased significantly compared to control values as hypoxia levels intensified at 20°C, 

however there were minimal changes for fish at 5°C.  More specifically, end product 

concentrations of lactate increased, while substrate concentrations of ATP, PCr and  

glycogen decreased and glucose concentrations did not change significantly at 20°C.  It 

was also found that the magnitude of change was greater for fish at 20°C, indicating the 

impact of hypoxia is greater at warmer temperatures.  In addition, it was noted that 

hypoxia experiments performed at either identical percent oxygen saturation (%) or 

identical dissolved oxygen (mg/L) resulted in very similar metabolite trends at both 

temperatures.   

 In terms of behaviour, ventilation rates increased significantly and peaked at 

2mg/L for largemouth bass at 20°C, however there was no change for fish at 5°C.  There 

were also more instances of aquatic surface respiration with increasing hypoxia for fish at 

20°C, but nearly no attempts at 5°C.  

Critical partial pressure of oxygen (Pcrit) values were calculated to be 1.36 ± 0.02 

mg/L (16% oxygen saturation) for 20°C and 0.77 ± 0.04 mg/L (5% oxygen saturation) for 
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5°C fish respectively.  The Pcrit levels corresponded to the hypoxia levels that initiated 

changes in metabolite concentrations at each temperature, thus indicating that largemouth 

bass undergo anaerobic metabolism.   

 This study shows that the overall impact of hypoxia on largemouth bass yearlings 

was much greater in warmer water.  These results indicate that hypoxia may become a 

very important physiological stress on younger life stages of fish as water temperatures 

increase with climate change. 
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CHAPTER 1: LITERATURE REVIEW 

 

 
1.1  Overview 

 
This literature review will first examine the environmental influences, specifically 

temperature and oxygen that affect fish in early life stages.  The subsequent section will 

discuss the physiological and behavioural responses that can result from exposure to 

environmental changes in temperature and oxygen.  The chapter will highlight relevant 

literature with respect to the effects that changes in temperature and oxygen have on the 

species being examined, the largemouth bass.  This review will demonstrate the shortage 

in the literature on the effect that temperature and oxygen have on the early lifestages of 

largemouth bass. The chapter will conclude with an outline of thesis objectives.   

 

1.2  Environmental Influences  

A species’ survival is influenced by abiotic and biotic factors that can shift the 

optimal conditions of a habitat.  Environmental conditions can have a greater impact on 

ectotherms such as fish, because these factors have a direct impact on physiological 

functions (Johnston, 1987).  Fish are particularly vulnerable to changes in their 

environment since they are geographically confined to a body of water and are therefore 

susceptible to patterns of environmental variability (Maclean, 1981).  Thus, they are often 

exposed to large variations in environmental conditions throughout their life cycle and 

must acclimatize accordingly.  The effect of many different stresses such as hypoxia, 

temperature change and starvation on adult fish have been previously studied (Czesny et 

al, 2003; Lund et al., 2003; Wendelaar Bonga, 1997).  In almost all of these studies, 
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however, the impact of each environmental factor is examined separately.   Hypoxia is 

one of the most important environmental stresses that aquatic organisms face and there 

have been numerous studies focusing on this topic (Dunn and Hochachka, 1987; 

Breitburg, 1994; van Ginneken et al.,1995; Burleson et al., 2001; Lefrançois et al., 2005).  

In temperate climates, hypoxia can occur at very different temperatures, for example in 

both summer and winter. To date, however, few studies have examined the effects of 

hypoxia at different temperatures despite its seasonal occurrence.  Accordingly, this study 

will examine the combined effects of hypoxia on the physiological and behavioural 

patterns of yearling largemouth bass at simulated summer and winter temperatures.  

 

1.3 Oxygen 

Low oxygen levels in water can have a significant impact on the early life stages 

of fish including habitat quality, growth, recruitment and survival (Spoor, 1977; Bejda et 

al., 1992; Breitburg, 1994; Robb and Abrahams, 2003).  In relative terms, water normally 

contains much less oxygen than air because of differences in oxygen interactions between 

water and air (Dejours, 1981).  For instance, at 15°C and at equal PO2 levels, air would 

have 299mg O2/L whereas water would only have 10mg/L (Kramer, 1987).   

Consequently, aquatic organisms have become acclimatized to conditions of limited 

environmental oxygen as compared to terrestrial organisms due to the differences in 

physical properties between water and air (Kramer, 1983).  

1.4  Hypoxia 

Hypoxia can be broadly defined as low levels of oxygen in the environment.  For 

aquatic systems oxygen levels below 4 mg/L are normally considered hypoxic, whereas 
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oxygen levels above this threshold are considered normoxic (van den Thillart, 1985).  

Since hypoxia is a natural phenomenon that occurs frequently in aquatic habitats, fish 

have several mechanisms to cope with this environmental disturbance.  

Fish can be exposed to severely hypoxic conditions at different times of the year. 

Eutrophication occurs when there is an upwelling of nutrients in the water body causing a 

proliferation of algal growth that consumes dissolved oxygen at night during respiration 

(Smith et al., 1999; Powers et al., 2005). This typically occurs during the spring and 

summer months when conditions are most favourable for algal growth.  During 

eutrophication, nocturnal dissolved oxygen levels are severely reduced due to lack of 

photosynthesis and increased algal respiration (Kramer, 1987). On the other hand, the 

over-wintering process of a lake begins in autumn when dissolved oxygen first becomes 

depleted at the bottom of a lake from decaying organic matter (Magnuson et al., 1985).  

As autumn progresses to winter, ice formation and snow accumulation prevent light 

penetration into the water, thus inhibiting photosynthesis and further reducing dissolved 

oxygen concentrations (Cooper and Washburn, 1949; Danylchuk and Tonn, 2006). These 

winter conditions can also be exacerbated by the short day lengths in the northern 

hemisphere that limit the amount of sunlight per day (Nilsson and Östlund-Nilsson, 

2008).  Furthermore, ice prevents aeration of water by creating a barrier that excludes gas 

exchange from the atmosphere to water (Greenback, 1945; Fang and Stefan, 2000; 

Danylchuk and Tonn, 2003).  In some cases this situation can result in extremely low 

oxygen levels that cause fish mortality from asphyxiation (Tonn et al., 2004). 

Since pronounced periods of insufficient dissolved oxygen can occur during 

different seasons, it is important to consider the impact of temperature on the hypoxic 
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responses of ectothermic water breathing organisms. The summer season brings about 

warmer temperatures, causing a higher metabolic rate in ectotherms, consequently 

increasing energy needs.  In contrast, the metabolic rate of ectotherms is typically much 

lower at colder winter temperature, which conserves energy and reduces oxygen 

requirements (Bradford, 1983). In higher latitude areas, such as Ontario, where weather 

extremes are more severe, summer eutrophication and winter snow and ice cover are both 

particularly high (Fullerton, 2000).  Therefore research on hypoxic effects of largemouth 

bass can be directly applied to populations around the Kingston area. 

 

1.5 Responses to Hypoxia 

 

1.5.1 Behavioural Responses to Hypoxia 

 

Behavioural modifications are the first level of response when fish initially face 

hypoxic conditions.  When a fish encounters an area of hypoxia, its initial response is to 

display avoidance behaviour and move out of the habitat in search of more favourable 

conditions (Spoor 1990; Breitburg, 1994; Burleson, 2001). Largemouth bass have been 

previously observed to prefer habitats with higher dissolved oxygen when given the 

choice (Burleson et al., 2001), with several other species (eg. cyprininds, centrarchids 

and percids) displaying a similar trend (Smale and Rabeni, 1995; Robb and Abrahams, 

2003).  By escaping areas of low oxygen, fish can avoid stress that is brought about by 

low oxygen availability.  However, avoidance behaviour can increase predation risk to 

fish because they will become more visible to predators and may not always be 

geographically possible for fish in small, localized habitats (Kramer, 1987).  When 

escape is not an option, fish can use various other behavioural responses to extract 
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enough oxygen from the water including increased ventilation, aquatic surface 

respiration, movement within the water column and changes in activity (Magnuson, 

1985; Kramer, 1987; Breitburg, 1994; van Raaij et al., 1996a; Robb and Abrahams, 2003; 

Furimsky, 2003).  

Increased ventilation rates and wider operculum flares are performed to increase 

water flow over the gills in order to extract the most oxygen possible from hypoxic water 

(Timmerman and Chapman, 2004).  These two behaviours have been previously shown 

to increase in magnitude with increasing hypoxia before reaching a peak and declining 

shortly before death (Petrosky and Magnuson, 1973).  Aquatic surface respiration and 

movement of fish to a higher position in the water column are both strategies for 

extracting the maximum amount of oxygen available in the water (Breitburg, 1994).  This 

occurs in nature because oxygen gradients often exist within the water column, with 

water close to the sediment having less dissolved oxygen due to its uptake by decaying 

organic matter (Kramer, 1987).   Conversely, water close to the surface is more 

oxygenated from photosynthesis and increased surface aeration (Petrosky and Magnuson, 

1973; Breitburg 1994).  Aquatic surface respiration involves fish ventilating gills just 

below the surface where the interface with the atmosphere causes water to be more 

oxygenated (Kramer, 1987; Timmerman and Chapman, 2004).  Typically aquatic surface 

respiration frequency and duration increases with severity of hypoxia, with some fish 

spending nearly all of their time at the surface during anoxia (Chapman et al., 2002). 

Active fish that engage in high performance activity (eg. rainbow trout) have also 

been observed to increase swimming speeds during hypoxia exposure in order to find 

areas with higher oxygen concentrations (Herbert and Steffensen, 2006).  Conversely, 
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less active fish (eg. largemouth bass) have been observed to decrease activity during 

hypoxia in order to conserve energy (Dalla Via et al., 1998).  Differences in activity 

strategies have also been noted as an indicator of recovery and survival from severe 

hypoxia, with calm fish being more likely to survive (van Raaij et al., 1996a).  The 

increased strenuous behaviour of active fish during hypoxia causes an increase in 

metabolism and rapidly depletes available energy (Carmichael et al., 1988; van Raaij et 

al., 1996a). For example, quick burst movements were only observed in common sole to 

be a last resort, during hypoxia, after energy saving strategies failed (Dalla Via et al., 

1998).  In addition hypoxia can weaken the sensory perception of fish and delay their 

responsiveness, thereby reducing their ability to escape from predators (Lefrançois et al., 

2005).  Since fish initially undergo behavioural modifications to counteract hypoxia 

stress, it is imperative to study the resulting behavioural pattern changes to better 

understand their survival mechanisms. 

1.5.2 Physiological Responses to Hypoxia 

If hypoxia persists and behavioural modifications are insufficient to compensate 

for oxygen deficiencies, physiological responses are then elicited to survive 

environmental hypoxia.  A fish’s initial physiological response to hypoxia is a whole 

organism and tissue level response, with hypoxia exposure causing a decrease in heart 

rate or bradycardia (Hughes, 1973; Furimsky, 2003).  However, stroke volume has also 

been observed to increase, compensating for lower heart rates and maintaining cardiac 

output (Wood and Shelton, 1980).  As a result, pulse pressure increases in addition to 

dorsal and ventral aortic blood pressure, which creates an increased resistance in systemic 

and respiratory blood flow during hypoxia (Holeton and Randall, 1967).  In addition, 
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overall metabolic suppression occurs in conjunction with the aforementioned cardiac 

changes in order to decrease energy demands and prolong survival in hypoxic conditions 

(Wood, 1991).  Decreasing oxygen availability coincides with a reduction in hemoglobin 

oxygen affinity, causing oxygen to unload into the blood making it available for tissues 

(Randall, 1982).  The number of circulating red blood cells also increases during hypoxia 

and leads to an increase in hematocrit (Randall, 1982).  As a result of declining oxygen 

availability, blood is shunted to the gills to increase oxygen extraction and to hypoxia 

sensitive tissue such as the brain or heart (Holeton and Randall, 1967). 

Different tissues of the body are known to exhibit different levels of hypoxia 

tolerance.  For instance, the brain can only tolerate up to 4 minutes of anoxia before 

permanent damage, whereas, skeletal muscle can withstand 30 minutes of ischemic 

conditions (Weinberger et al., 1940; Siesjo, 1981; MacCormack and Driedzic, 2007). 

Metabolic changes in skeletal muscle would therefore be slower to arise compared to a 

hypoxia sensitive tissue like the brain.  In this study, skeletal, white muscle was the main 

tissue examined.   

As hypoxia proceeds, fish initiate physiological responses on a metabolic and 

cellular level.  Under conditions of low oxygen (hypoxia) or no oxygen (anoxia), cellular 

respiration is decreased or does not proceed.  These conditions cause fish to respond 

through various mechanisms including metabolic suppression and detoxification of 

byproducts (Sänger, 1993; van Ginneken, 1995).  Limited dissolved oxygen in water is a 

primary factor that influences metabolic energy availability, ultimately leading to 

compromised condition, cellular dysfunction, and even death (Gutierrez, 1991). 
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During normoxic conditions, when oxygen supply is sufficient, ATP can be 

produced solely through aerobic metabolism (Gutierrez, 1991).   Briefly, the aerobic 

process involves adenosine triphosphate (ATP) being formed through glycolysis, the 

citric acid cycle and oxidative phosphorylation, producing approximately 36 ATP 

molecules per molecule of glucose.  However during hypoxia, ATP is mainly formed 

through the glycolytic pathway and through fermentation.  This anaerobic process 

produces only a net balance 2 ATP molecules from one glucose molecule; considerably 

less than aerobic respiration. 

During hypoxic exposure, several physiological responses are triggered to cope 

with decreased ATP production levels due to lower oxygen availability.  Hypoxia 

typically brings about higher energy needs than an oxygen-limited aerobic metabolism 

can supply (Gutierrez, 1991).  The responses are prompted due to the constant demand 

for ATP, despite a limited oxygen supply and declining ATP availability (Boutilier, 

2001).  A drop in the rate of ATP hydrolysis causes inorganic phosphates, adenosine 

diphosphate (ADP) and hydrogen ions to collect within cells and trigger signals to begin 

anaerobic metabolism (Gutierrez, 1991).  As a result, anaerobic metabolism is initiated to 

produce ATP through glycolysis, lactic acid fermentation, creatine kinase reactions and 

adenylate kinase reactions in order to compensate for the slowing ATP production from 

aerobic respiration (Dunn and Hochachka, 1986; Gutierrez 1991). This transition from 

aerobic to anaerobic metabolism is known as the Pasteur effect and shifts the metabolism 

to preferentially use glucose as fuel over other substrates (Gutierrez, 1991; Boutilier, 

2001). Since anaerobic metabolism relies on glycogen stores for fuel, anaerobic 

metabolism can only be sustained until energy reserves are depleted (Nilsson and 
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Östlund-Nilsson, 2008).  Thus, organisms can only survive for a limited amount of time 

under these conditions. 

Hypoxia exposure has been shown to cause an increase in tissue lactate through 

anaerobic metabolism (Dunn and Hochachka, 1987; MacCormack and Driedzic, 2007).  

In aerobic metabolism, ATP is both produced through the glycolytic pathway and also 

from the glycolytic end-product pyruvate.  Pyruvate is oxidized and converted into ATP 

through both the citric acid cycle and electron transport chain which both require oxygen.  

Conversely in anaerobic metabolism pyruvate is converted to lactate by combining with 

NADH via lactate dehydrogenase.  Consequently lactate is the primary end-product 

produced during anaerobic glycolysis.  Lactate is principally produced and retained in the 

tissues, with just 20% released into the blood, where it is transported to the liver to be 

converted back into glycogen (Turner et al., 1983; Moyes et al., 1992; van Raaij et al., 

1996a; Dalla Via et al., 1998).  This increased production of lactate and retention in the 

tissue is therefore considered a reliable indication of the extent of anaerobic metabolism 

in a system.   

 With the activation of anaerobic metabolism during hypoxia, cellular metabolism 

switches to the substrate glucose as its primary fuel source creating an elevated 

carbohydrate need from the body (Dunn and Hochachka, 1986; Dunn and Hochachka 

1987).  Excess glucose is converted into the carbohydrate macromolecule glycogen 

through glycogenesis and is stored mainly in liver and white muscle.  Subsequently 

hypoxic stress results in the catabolism of glycogen into glucose, which is released into 

the blood and transported to the cells to be used for glycolysis.  Elevated levels of blood 

glucose have been shown to be a classic stress response indicator in fish (Carmichael et 
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al., 1984; Pottinger and Carrick, 1999; Davis, 2004; Pérez-Casanova et al., 2008).  

Because of this use of stored glycogen in anaerobic conditions, one might also expect 

decreased glycogen in the cells.  Taken together, it would be expected that variations in 

blood glucose and tissue glycogen levels would indicate exposure to hypoxic conditions. 

Gutierrez (1991) defines hypoxia on a cellular level as the fall off in aerobically 

produced ATP, caused by a decrease in oxygen availability to the cells.  This lack of 

oxygen commences the onset of anaerobic metabolism to produce ATP, in which 

glycolysis is the primary pathway for this end-product.  However, anaerobic metabolism 

is inefficient in the catabolism of glucose, only producing 2 ATP molecules per glucose 

molecule compared to 36 in aerobic respiration.  Consequently during times of decreased 

oxygen, aerobic ATP supply can become rapidly depleted and fail to meet the minimum 

requirements for cell maintenance (Boutilier, 2001).  Furthermore, in extreme situations 

of ATP depletion, ATP-dependent ion pumps cease and create ion leakage across cell 

membranes, causing a disruption in membrane homeostasis eventually leading to cell 

death (Boutilier, 2001).  Therefore it is important to quantify ATP concentrations in 

tissues of fish during hypoxia as indicators of the extent and duration of anaerobic 

metabolism. 

During the onset of anaerobic metabolism, phosphocreatine is used by the creatine 

kinase reaction to produce and stabilize ATP in fish muscle (van den Thillart and van 

Waarde, 1993).  Phosphocreatine (PCr) is a high energy phosphate storage molecule 

found in muscle that is used as a substrate to maintain ATP levels during fluctuating 

energy demands. The conversion of PCr to ATP is an immediate, short-term solution that 

cannot be sustained for more than a few minutes.  Therefore under severely hypoxic 
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conditions, PCr flux can be very high causing PCr stores to become completely depleted 

(van Ginneken et al., 1995).  Hence PCr levels can be quantified with respect to ATP 

concentrations to determine PCr catabolism when sustaining ATP levels during hypoxia. 

If hypoxic conditions persist, irreversible damage in tissues can occur when the 

cellular membrane no longer has enough energy required to maintain normal function.  

This can lead to degradation of membrane structure, cellular acidosis, toxic accumulation 

of metabolic products and production of reactive oxidative species (Gutierrez, 1991). 

When the partial pressure of oxygen (PO2) in water is continuously lowered, it 

reaches a level that activates enough metabolic change to initiate anaerobic metabolism. 

In other words, the transition from aerobic to anaerobic metabolism is triggered at a 

critical partial pressure level of oxygen (Pcrit) in water (van Ginneken, 1995).  The Pcrit 

is also defined as the PO2  level below which oxygen consumption to maintain standard 

metabolic level can not be continued because there is insufficient oxygen diffusion to the 

tissues necessary to uphold aerobic metabolism (Yeager and Ultsch, 1989; Thuesen, 

2005). Therefore the Pcrit value of largemouth bass is considered a vital component of 

understanding physiological stresses to hypoxia.   

The physiological responses listed above are typically seen in most fish; however, 

the onset of these responses can vary depending on the species of fish.  Animals that are 

able to suppress metabolic energy demands with decreasing oxygen availability are 

known as oxyconformers, whereas animals that maintain high-energy demands during 

hypoxia are known as oxyregulators (Boutilier, 2001).  At the critical partial pressure of 

oxygen, oxyconfomers will switch to anaerobic metabolism and oxyregulators will 

commence anaerobic metabolism but may still partially depend on aerobic metabolism 
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(Pörtner and Grieshaber, 1993).  In addition, oxyconformers have best adapted to cope 

with hypoxic or anoxic conditions by having the ability to reduce energy demands under 

hypoxic conditions (van Ginneken et al., 1995).  Since oxyconformers are able to delay 

the onset of anaerobic metabolism, they can also survive for longer periods of time before 

energy is depleted or toxic by-products accumulate.  For example, hypoxia tolerant 

Crucian carp (Carassius carassius) are able to decrease energy demands with lowering 

aerobic ATP, thereby reducing energy costs and surviving at lower dissolved oxygen 

levels (van den Thillart et al., 1983).    

 
1.6  Temperature   

 Temperature is an abiotic component that is a primary factor controlling 

metabolism and muscle function.  Fish are ectotherms, animals whose internal body 

temperature is dependent on the temperature of their surrounding environment (Guderley, 

2004).  One primary reason for this temperature sensitivity is the use of gill breathing.  In 

order to diffuse enough oxygen through the gills, water is passed over the gill filaments 

causing them to be exposed for long periods of time (Guderley, 2004).  As a result, the 

gills are either warmed or cooled by the temperature of the water, which then 

subsequently changes the internal body temperature of the fish (Guderley, 2004).  

Changes in the internal temperature will affect metabolic processes in fish, thus creating a 

need to acclimatize to a range of yearly temperatures.   

For fish inhabiting temperate climates, changes in temperature are greatest during 

seasonal changes, when water temperature can fluctuate anywhere from 25°C or 30°C in 

the summer to 4°C in the winter (Lemons and Crawshaw, 1985; Dunn, 1988).  As a result 

of these thermal variations, fish must either remain in a habitat within its thermal niche or 
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otherwise physiologically acclimate to accommodate this environmental fluctuation.  

Consequently, fish exhibit a variety of responses to changes in temperature, ranging from 

little acclimation to almost complete acclimation. Most fish fall in between these two 

extremes of acclimatization when exposed to temperature changes.  Fish that show little 

response to changing temperatures in their environment may have initially elicit 

physiological responses, however with acclimation, fish will return to the same 

physiological state as before (Zhou et al., 2000).  Conversely, some fish can almost fully 

acclimatize to changes in temperature by altering metabolic rate, enzyme activity and 

energy demands, however, these acclimatization processes are complex and can take time 

to fully complete (Johnston and Dunn, 1987).   

For fish that do undergo temperature acclimatization, winter can produce several 

physiological adjustments to colder conditions (Guderley, 1990).  During overwintering, 

cold temperatures can greatly reduce the activity and metabolism of fish (Walsh et al., 

1983).  Fish that remain inactive when exposed to cold temperatures effectively reduce 

energy demands and food intake coinciding with a decreasing metabolism (Guderley, 

1990). For example declining temperatures cause Atlantic cod to decrease metabolic rate 

and oxygen consumption (Schurrmann and Steffenson, 1997).  On a cellular level, cold 

acclimation can cause increases in enzyme levels or mitochondrial density in muscle, 

both of which can increase aerobic capacity (Egginton, 1989; Guderley, 1990; Kolok, 

1991, Sänger, 1993; Guderely and St-Pierre, 2002).  For instance, enzymes such as citrate 

synthase, pyruvate kinase and glucose-6-phosphate dehydrogenase have been reported to 

increase during cold acclimation (Fudge et al., 1997).  Furthermore, cold acclimation 

increases the number of mitochondria in white muscle fibres increasing aerobic ATP 
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capacity (Sänger, 1993).  In addition fish have also been reported to become dormant at 

very cold temperatures, with minimal movement or food intake (Lemons and Crawshaw, 

1985).  During winter, fish are able to sustain their metabolic needs from energy stores, 

however in extreme conditions, decreased food consumption during the winter can lead 

to starvation and mortality (Miranda and Hubbard, 1994). 

Similarly, acclimatization to summer conditions include increased metabolic rate, 

energy demand and food consumption (Lemons and Crawshaw, 1985).  The increased 

energy turnover during summer temperatures can also increase growth and maturity rates, 

which are concomitant with summer food abundance creating the optimal season for fish 

development (Schurmann and Steffensen, 1997; Tidwell et al., 2003).  However fish 

exposed to higher temperatures can undergo physiological distress when exposed to 

environmental stress compared to those in cooler water (Perry and Reid, 1994).  This is 

caused by the fact that temperatures above a fish’s thermal niche can speed up the 

metabolic rate with the effect of depleting vital metabolites at a rate faster than they can 

be replaced.  Higher temperatures have also been shown to elevate certain metabolites 

and enzyme concentrations (e.g. cytrochrome oxidase) in order to keep up with the 

increased demand (Tschantz et al., 2002).  In addition, important enzymes and proteins 

can become degraded if the fish’s internal temperature is too high and fish may be at a 

greater risk from contracting disease (Davis, 2004).  Reduced hemoglobin oxygen 

affinity is also been observed in red blood cells of fish exposed to elevated temperatures 

(Perry and Reid, 1994).  Taken together these physiological consequences can either 

prolong or impair the recovery of fish from hypoxic stress at elevated temperatures 

(Suski et al., 2006).   
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Previous studies have shown some of the physiological changes that largemouth 

bass exhibit in response to temperature changes.  For example, the onset of winter 

triggers numerous physiological changes in largemouth bass.  Throughout winter, food 

intake decreases significantly until it becomes negligible at 10°C, resting metabolic rate 

decreases and spontaneous movement is reduced (Lemons and Crawshaw, 1985; Brandt 

and Flickinger, 1987).  Florida largemouth bass (M.s. floridanus) were reported to reduce 

their metabolic rate by 45% when water temperature was lowered from 22°C to 14°C 

(Carmichael et al., 1988).  In general, largemouth bass below 5°C are considered to be in 

a relatively dormant state with restricted feeding and general activity (Lemons and 

Crawshaw, 1985). 

In warmer water, largemouth are able to increase muscle recruitment to sustain 

locomotion (DeVries and Wainwright, 2006).  Previous work has also demonstrated that 

largemouth bass are able to acclimate to warmer temperatures and increase feed 

conversion efficiency and growth rate when temperatures were increased by a few 

degrees (Coutant and DeAngelis, 1983; Tidwell et al., 2003).   Increases in temperature 

have also been reported to increase oxygen consumption rates and metabolic rates in 

order to meet energy needs of largemouth bass  (Cech Jr. et al., 1979).  

1.6.1 Temperature and Oxygen 

 

Temperature and oxygen are two of the most important abiotic characteristics of 

an aquatic habitat (Magnuson et al., 1979; Kramer, 1987).  The maximum amount of 

oxygen that can be dissolved in freshwater is dependent on temperature.  In general, 

oxygen solubility decreases as water temperature increases.  This inverse relationship of 

rising temperatures and lower dissolved oxygen is a result of the physical properties of 
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water, with warmer water having more kinetic energy and less intermolecular space to 

hold O2 molecules (Benson and Krause, 1984).  With oxygen solubility properties of 

water being dependent on temperature, any changes in temperature can directly influence 

oxygen availability to fish.  For instance when hypoxic conditions prevail, many fish will 

undergo behavioural hypothermia and move to water that is cooler than their thermal 

optimum temperature because cooler water has higher oxygen solubility (Benson and 

Krause Jr., 1984; Bryan et al., 1984; Wood, 1991).  As a result of shifting to a cooler 

habitat, fish are also able to decrease metabolic rate, increase oxygen extraction and 

increase blood oxygen-affinity; thus minimizing the effects of hypoxia (Schurmann et al., 

1991; Wood, 1991). However the preference for lower temperatures at the onset of 

hypoxia may only be an acute response with fish observed to return to optimal 

temperatures once normoxia resumes (Schurmann and Steffensen, 1992).  

Increasing temperature can exacerbate the effects of hypoxia by increasing 

oxygen demand and reducing survival time (Skjaeraasen et al., 2008).  At present, 

however, there have been relatively few studies that have addressed the combined effect 

of temperature and oxygen during hypoxic exposure.  This study will aim to address this 

gap in the available literature.  Furthermore, increasing water temperature as a result of 

global warming is an unavoidable occurrence that will predominate for the years to come. 

Therefore, studying the interactions of both oxygen and temperature on fish may be vital 

to understand how fish will cope with these conditions. 

1.7  Study Organisms 

 For this study, largemouth bass (Micropterus salmoides) yearlings were used to 

investigate the physiological (metabolic) and behavioural changes resulting from 
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exposure to hypoxia at two seasonal temperatures.  Largemouth bass is a black bass 

species and one of the most popular sport fish caught in North America (US Fish and 

Wildlife Service, 1999).  These fish are economically important and have been widely 

studied species in applied fish research (Furimsky, 2003; Suski, 2004; Suski, 2006).  A 

piscivorous fish, common to southern Canada, largemouth bass have an optimal growth 

temperature range of 26.6-27.7°C and are usually found in shallow weedy waters close to 

inshore habitats (Scott and Crossman, 1973; Keast 1978).  This species is a sit and wait 

predator that tends to exhibit burst swimming over sustained swimming and therefore has 

abundant white muscle tissue (Heidinger, 1975).  

Largemouth bass are native to lakes and rivers in eastern and central North 

America (Scott and Crossman, 1973).  In Canada, largemouth bass are exposed to 

seasonal water temperatures that range from 25-30°C in the summer to 4°C in the winter 

(Kolok, 1992; Tschantz, 2002).  It has been previously reported that largemouth bass are 

more tolerant to hypoxia when compared to their closest congener, smallmouth bass 

(Furimsky, 2003).  

There has been a considerable amount of literature published on largemouth bass 

at adult life stages (Plum et al., 1999; Suski et al., 2004; Suski et al., 2007).  However, 

studies on the younger life stages of largemouth bass are less common, despite this stage 

being crucial for recruitment success (Goodgame and Miranda, 1993). The first growing 

season of a yearling (or young of the year) ultimately determines size, over-wintering 

success and recruitment of a year class (Goodgame and Miranda, 1993; Lundsin and 

DeVries 1997). In addition, small fish are thought to utilize areas of hypoxia as protection 

from larger predators that are less tolerant to these conditions (Sloman et al., 2006).  As a 
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result they compromise ideal physiological conditions for improved survival rate 

(Sloman, et al., 2006). In order to gain a complete understanding of the life history and 

factors determining year classes, more studies need to be conducted at the early juvenile 

stages of the life cycle.  Therefore largemouth bass yearlings are an ideal species and age 

class to study during periods of hypoxia exposure at seasonal temperatures. 

 
1.8  Summary of Thesis Objectives 

 
The purpose of this thesis will be to examine the impact of hypoxia on the 

behaviour and physiology of largemouth bass yearlings acclimated to different 

temperatures, aimed to mimic summer and winter conditions.  This study will increase 

our understanding of the physiological and behavioural responses of fish to 

environmental stresses that may occur during different seasons. The results of this study 

will also help us to gain insight about the potential negative impacts of the increasingly 

warm water temperatures that will be associated with climate change. 

. 
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CHAPTER 2: MATERIALS AND METHODS 

 

 

 

2.1  Source and Maintenance of Fish 

 

One hundred and seventy-five largemouth bass yearlings (Micropterus salmoides) 

were obtained from Pure Springs Trout and Walleye Farm (Shannonville, Ontario, 

Canada) in January and March 2008 and taken to the aquatic holding facility at Queen’s 

University (Kingston, Ontario, Canada).  The total length of the fish ranged from 93 to 

134 mm [mean ± S.E. (standard error) 107 ± 1 mm], with the weight ranging from 8 to 19 

g (mean = 13 ± 0.7 g).  The fish were allowed to acclimate indoors in an aerated, flow 

through holding tank supplied with dechlorinated Kingston city tap water maintained at 

5°C until they were used for experimentation.  Experiments performed at 5°C were 

conducted in a cold-room with ambient temperature set at 5±0.5°C.  Fish used for 

experimentation at 20°C were transferred to a separate aerated tank, where the 

dechlorinated water was slowly elevated by 1°C per day until 20°C was reached.  The 

experiments with largemouth bass exposed to hypoxia at 20°C were carried out in the 

aquatic facility with ambient temperature at 20±0.5°C.  Largemouth bass were fed a 

HiPro fish feed pellet diet (Corey Feed Mills Ltd., Fredricton, NB, Canada) to satiation 

once daily.  Fish were not fed 24 hours before experimentation to ensure complete food 

absorption. 

 

2.2  Hypoxia Apparatus 

 To assess the physiological (metabolic) changes induced in largemouth bass due 

to hypoxia, groups of fish were placed in a modified apparatus used by Hasler et al. (in 
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press) (Appendix 1). Each group consisted of six fish individually placed in separate, 

spouted 1000mL Erlenmeyer flasks connected in a closed circuit to a central basin of 

water.  The central basin was used to collect water overflow from each flask, while 

continuously circulating water into each Erlenmeyer flasks using a submersible pump 

(Model PE-1H, Little Giant Pump Co., Oklahoma City, USA).  The overflow of water 

from each flask was collected via a network of tubing attached to each spout, which then 

emptied into the central basin.  All of the central basin, Erlenmeyer flasks and tubing 

were sealed from the surrounding atmosphere thus having the effect of creating an 

enclosed re-circulating water supply that could be maintained accurately at the desired 

oxygen level to ±0.5%.  The hypoxia apparatus was calibrated before each set of 

experiments to ensure uniformity of oxygen levels between flasks and the central basin 

(Appendix 2).  It was also determined that the partial pressure of oxygen in water 

between matched percent oxygen levels and matched dissolved oxygen levels were 

nearly equivalent between temperatures (Appendix 3). Therefore additional experiments 

were not required to equalize levels of partial pressure of oxygen. 

 The oxygen level in the enclosed system was continuously monitored and 

controlled by an oxygen analyzer and regulator device (Loligo Systems, Tjele, Denmark) 

through the readings of an attached galvanic oxygen probe submersed in a seventh flask 

within the circuit.  This device allowed the user to input the desired oxygen level to be 

maintained throughout the apparatus for the necessary experimental duration.  

Subsequently, if the water oxygen levels were too high, the device opened the gas inflow to 

releases nitrogen gas (99.95% pure) (Praxair, Mississauga, ON, Canada) in a controlled 

and accurate manner to the central basin to attain the desired oxygen level.  The enclosed 

nature of the apparatus limited air exposure between the water in the system and the 
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surrounding atmosphere.   

 

2.3  Hypoxia at Identical Oxygen Saturation Levels 

2.3.1 Experimental Design 

Fish for both 5°C and 20°C temperature groupings were randomly selected for six 

different percent oxygen exposure levels namely 100%, 40%, 30%, 20%, 10% and 5%. A 

previously conducted pilot study confirmed that fish did not respond significantly to 

percent oxygen saturation between 100-40% and thus the intermediate levels were 

eliminated. Each grouping consisted of 6 largemouth bass yearlings to enable a 

satisfactory statistical analysis.  

In order to study the possible effects of hypoxia on largemouth bass, groups of six 

fish were exposed to different levels of percent oxygen in an apparatus as described in 

section 2.2.  The required percent oxygen level was obtained by first exposing the fish to 

fully oxygen saturated water (100%) for one hour, thus allowing for acclimation in the 

flask.  After one hour of acclimation, nitrogen gas was diffused into the water circulation 

to decrease oxygen saturation by 20-30% increments, which were each held for 30 

minutes, until the desired oxygen saturation was achieved.  Consequently, decreasing the 

percent oxygen saturation in smaller increments before final hypoxia exposure ensured 

largemouth bass were slowly exposed to hypoxic conditions rather than shocking the 

fish’s system.  Once the final oxygen level was achieved, the fish where exposed to the 

assigned percent oxygen saturation level for 3 hours. In total, each group of fish was held 

in the apparatus for a period of 5-6 hours.  Water samples were also collected at one hour 

intervals throughout each experiment and kept at -20°C until analysis for ammonia levels. 
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2.4  Hypoxia at Identical Dissolved Oxygen Levels 

Oxygen solubility properties of  water are inversely related to temperature, since 

increasing temperatures cause a decrease in maximum oxygen solubility in water. 

Because of this inverse relationship, matching percent oxygen levels in the first set of 

experiments did not have equal corresponding dissolved oxygen levels between 5ºC and 

20ºC temperatures (Appendix 4). To ensure that the differences in metabolite 

concentrations were not caused by the difference of dissolved oxygen between identical 

percent oxygen levels, another experiment was conducted.  This experiment exposed fish 

to identical dissolved oxygen levels at both 5ºC and 20ºC, which also examined the 

effects of hypoxia on largemouth bass yearlings.   

2.4.1 Experimental Design 

In order to set a baseline for experimental dissolved oxygen levels, results from 

fish from the previous experiments at 5ºC were used for this dataset.   Dissolved oxygen 

levels were calculated for each percent oxygen level at 5ºC and the conversions are 

summarized in Appendix 4.  Based on the calculated dissolved oxygen levels of fish at 

5ºC, the equivalent dissolved oxygen levels were then used for experiments conducted 

with fish at 20ºC.  These dissolved oxygen levels were: a control at maximum dissolved 

oxygen, 2.6, 1.4 and 0.8 mg/L, which is equivalent to 100, 20, 10 and 5% oxygen 

saturation at 5ºC.  Oxygen levels at 40 and 30% were eliminated since these levels did 

not produce any significant differences in the previous experiments.  Fish were again 

randomly selected for each group, which consisted of 6 largemouth bass yearlings. 

 Hypoxia exposure was achieved by the same method as the percent oxygen 

saturation groups described in Section 2.3.  Once more, each group experienced a gradual 
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decrease in dissolved oxygen with each interim level held for 30 minutes and the final 

level held for 3 hours. 

 

2.5  Tissue and Blood Sampling 

All fish were sacrificed following three hours of exposure to the desired level of 

hypoxia with the exception of 20°C fish at both 5% oxygen saturation and 0.8mg/L 

dissolved oxygen.  This exception occurred because early mortality was observed in fish 

exposed to both 5% oxygen saturation and 0.8mg/L dissolved oxygen at 20°C before the 

end of the three hour exposure period.  For animal care purposes, the experiment was 

halted and all fish were sacrificed in the same manner as the fish exposed for 3 hours, as 

soon as one fish was observed to display signs of fatality (erratic and abrupt swimming to 

the surface).  For both hypoxia exposure groups at 5% or 0.8mg/L at 20°C, fish were 

sacrificed between 2-2.5 hours into the exposure time.  All other groups of fish were 

exposed to their respective hypoxic levels for 3 hours.  After the 3 hours of exposure, the 

water circulation was shut off and a lethal concentration of buffered anesthetic (250 mg/L 

3-aminobenzoic acid ethyl ester methanesulfonate [MS-222] and 500 mg/L sodium 

bicarbonate [NaHCO3]) was dissolved directly into each flask.  Following cessation of 

ventilation, largemouth bass were measured for total length and weight.  Each fish was 

then decapitated and blood from the dorsal aorta was immediately analyzed for blood 

glucose and blood lactate using an Accu-check Aviva Blood Glucose Meter (Roche 

Diagnostics, Laval, Quebec) and a Lactate Pro Portable Blood Lactate Analyzer (Arkray, 

Kyoto, Japan).   Each fish was then immediately sampled for a portion of white muscle 

(approximately 1 g), which was freeze clamped in liquid nitrogen between pre-cooled 
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tongs. The liver of each fish was also removed and placed in a 1.5 mL microcentrifuge 

tube and immediately frozen in liquid nitrogen.  All tissue samples were held at -80°C 

until processing.   

 

2.6  Calculations 

Partial pressure of oxygen in water (PO2) was calculated from the following equations 

(Cech Jr., 2002): 

 

     PO2 in water (torr) = O2 concentration of water (mg/L) x PO2 in air (torr) 

                  O2 concentration of air saturated water (mg/L)  

 

where:  

PO2 in air (torr) = (total barometric pressure (torr) – water vapour pressure at     

    experimental temperature (torr)) x 0.2094 

 

 

 

2.7  Laboratory Analyses 

2.7.1  Metabolite Assay Analysis 

All assays were run in a 96-well plate and absorbance determined using a SpectraMax 

Plus
384

 Spectrophotometer. 

2.7.2  Tissue Glucose and Glycogen  

Both liver and white muscle tissue glycogen were quantified using the techniques 

outlined in Hassid and Abraham (1957).  More specifically, 0.5g frozen tissue samples 

were digested in 1mL of 5.3M potassium hydroxide and 500!L saturated sodium 

sulphate solution, and twice boiled in 4mL 0.07M ethanol.  Then glycogen was broken 

down into glucose by adding 20!L amyloglucosidase (970 units/mL) to 500!L digested 

tissue solution and 500!L acetate buffer solution (0.1M glacial acetic acid and 0.2M 

sodium acetate at pH 4.8) which was then incubated for 2 hours at 37°C.  After 

incubation, 25!L of 70% perchloric acid and 80!L 3.0M potassium carbonate were 
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added.  A 7.5!L aliquot of the sample was then assayed for free glucose by adding 

150!L of a solution containing 0.3M triethanoleamine hydrochloride, 0.01M magnesium 

sulphate, 25!L glucose-6-phosphate dehydrogenase (25units/mL), 2mM NAD
+
, 0.01M 

ATP, 1!L diluted hexokinase (1500units/mL), and pH was adjusted to 7.5 with 1M 

sodium hydroxide.  A standard curve was prepared using controls of glucose solution at 

concentrations ranging from 0- 100mM that were assayed in the same manner as the 

samples.  The linear equation of the curve was then used to calculate the glycogen 

concentrations of the samples. 

2.7.3  Tissue Metabolite Extraction 

Tissue metabolite extraction of white muscle was performed in accordance with Suski 

et al. (2003) for subsequent analysis of tissue lactate, ATP and PCr.  In brief, frozen 

tissue samples were ground to a fine powder with a liquid nitrogen pre-cooled mortar and 

pestle.  The 0.5g sample was then extracted with a 2mL mixture of 8% perchloric acid 

and 1mM EDTA.  The acidified samples were centrifuged and supernatant was then 

neutralized with a 0.6 volume solution of 2M potassium hydroxide, 0.4M potassium 

chloride and 0.3M imidazole.  Samples were centrifuged to remove precipitate and 

supernatant were stored at -80°C until assayed for tissue lactate, ATP and PCr. 

2.7.4  Tissue Lactate 

Quantification of tissue lactate followed the enzymatic methods summarized by 

Lowry and Passonneau (1972a).  Tissue lactate was measured at 340nm after adding 

150!L hydrazine solution (0.2M hydrazine sulphate, 9mM NAD
+ 

and pH was adjusted to 

9.5 with 10M potassium hydroxide) and 1!L lactic dehydrogenase (1000units/mL) to 

8!L thawed acid-extraction sample.  A standard curve was prepared using controls of L-
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lactic acid at concentrations ranging from 0-22M that were assayed in the same manner 

as the acid-extraction samples.  The linear equation of the curve was then used to 

calculate the lactate concentrations of the samples. 

2.7.5  Tissue ATP and PCr 

Tissue ATP and PCr were measured using the procedure outlined by Lowry and 

Passoneau (1972b).  A 1mL solution of 0.6M magnesium chloride, 0.1M glucose, 0.5mM 

NAD
+ 

and 43!L glucose-6-phosphate dehydrogenase (43units/mL) was added to 100!L 

of thawed acid-extraction sample followed by 2!L hexokinase (3000units/mL).  The 

assay plate was then measured at 340nm to quantify ATP levels.  To the same plate a 

solution of 0.2M glycine buffer at pH 9.2 (1M glycine with 0.5mg creatine kinase 

(88units/mL) and 0.03M ADP was then added and read at 340nm to measure PCr levels. 

Two standard curves were prepared using controls of ATP at concentrations ranging from 

0-1.3mM and PCr at concentrations ranging from 0-4mM, that were both assayed in the 

same manner as the acid-extraction samples.  The linear equations of the curves were 

then used to calculate the ATP and PCr concentrations of the samples. 

2.7.6  Water Ammonia 

Total water ammonia (NH3 and NH4
+
) was quantified based on the techniques of 

Ivancic and Degobbis (1984).   Total water ammonia was measured at 630nm after 

adding 10!L phenol solution (1M phenol and 0.2M ethanol), 20!L of solution with citric 

acid solution (1.4M citric acid trisodium salt dihydrate and 0.8M sodium hydroxide) and 

0.02M sodium dichloroisocyanuric acid, and 10!L of 0.02M sodium nitroprusside to a 

200!L water sample.   
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 2.8  Determination of the Critical Partial Pressure of Oxygen 

 

 The critical partial pressure of oxygen (Pcrit) of largemouth bass was determined 

by monitoring the oxygen consumption of individual fish.  A total of six fish were 

individually monitored in 1L glass respirometry chambers (approximately 100mL 

water/g fish) at either 5°C or 20°C.  Oxygen content was measured in the chamber by a 

galvanic oxygen probe (Loligo Systems, Tjele, Denmark) embedded in the top of the 

chamber and submersed in water.  Fish were acclimated in the chamber for 1 hour with 

air saturated water after which point the air stone was removed, air bubbles were 

extracted from the surface and the chamber was sealed to commence respiration 

measurements.  Oxygen levels of the water were recorded onto a computer with Logger 

Pro 2.0 (Vernier Software and Technology, Georgetown, ON, Canada).  Pcrit values were 

calculated using a program created by Yeager and Ultsch (1989) designed to calculate the 

intersection of two regression lines that fit onto the data set.  These regression lines are 

the best fit across all of the data (over the ranges of oxyregulation and oxyconformation) 

to give the minimum combined residual sum of square (Ultsch et al., 2004). 

2.9  Behavioural Observations During Hypoxia Exposure 

During Pcrit measurements, fish were also simultaneously videotaped with a 

camera (550GL Sea-drop camera, PowerLinx, Inc., St. Petersburg, FL, USA) to observe 

behaviour under infra red light.  Recordings of largemouth bass were then observed for 

ventilation rates, calculated by measuring buccal or opercular movements (MacCormack 

et al., 2003) and for occurrences of aquatic surface respiration by counting the number of 

times a fish would approach the surface of the water (Kramer, 1987).  For both 
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behavioural measurements, fish were observed for one minute intervals at each dissolved 

oxygen level. 

 

2.10  Statistical Analyses 

 Lengths and weights of fish between treatment groups were compared using 

analysis of variance (ANOVA) or a Kruskal-Wallis test (Zar, 1999).  A two-way 

ANOVA test was used to determine the statistical differences for each response variable 

across all exposure groups for largemouth bass at both 5°C and 20°C.  A Tukey post hoc 

test was then performed to detect significant differences between exposure groups (Zar, 

1999).  A Mann-Whitney U test was used to determine the statistical difference between 

Pcrit results at 5°C and 20°C (Ennos, 2007). Statistical analyses were performed using 

JMP 7.0 (SAS Institute Inc., Cary, NC, USA), and the level of significance (!) for all 

tests was 0.05.  All values are reported as means ±1 SE where appropriate. 
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CHAPTER 3: RESULTS 

 

 

Experiments were performed to quantify metabolite concentrations of largemouth 

bass yearlings exposed to a broad range of oxygen levels to mimic hypoxic conditions. 

To assess the physiological changes brought on during hypoxia, several relevant 

metabolites were measured including blood and muscle lactate, blood glucose, muscle 

and liver glycogen, muscle and liver glucose, muscle adenosine triphosphate (ATP), and 

muscle phosphocreatine (PCr).  Experiments on largemouth bass were performed at two 

temperatures, 20ºC and 5ºC, which were used to reproduce seasonal temperature 

variations.  The results of the experiments are presented below and a summary of 

statistical values is listed in Appendix 7.   

 

 

3.1  Hypoxia at Identical Oxygen Saturation Levels 

3.1.1  Size Measurements 

Random assignment of fish to different oxygen saturation groups did not produce 

any significant differences in the length or weight of fish acclimated to 5ºC, thus 

eliminating the possibility that changes in metabolite concentrations resulted from 

differences of fish size.  There were also no significant differences of length or weight 

between oxygen saturation groups of largemouth bass used for experiments at 20ºC 

(Table 1). 
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Table 1: The average length and weight of largemouth bass at 5ºC and 20ºC at each 

percent oxygen saturation level.   
 

 Fish at 5°C Fish at 20°C 

O2 Saturation (%) Length (mm) Weight (g) Length (mm) Weight (g) 

100 108 ± 4 13.90 ± 1.74 107 ± 3 11.58 ± 1.17 

40 103 ± 3 11.54 ± 0.96 106 ± 3 11.24 ± 1.16 

30 117 ± 5 16.02 ± 1.90 106 ± 3 11.24 ± 1.16 

20 107 ± 3 13.36 ± 1.19 105 ± 2 11.40 ± 0.98 

10 103 ± 1 11.19 ± 0.39 106 ± 4 11.53 ± 1.22 

5 106 ± 4 12.53 ± 1.24 96 ± 2 8.93 ± 0.33 

Values are expressed as mean ± SE.  No significant difference was observed between 

groups (one-way ANOVA, F5,30= 2.42, p>0.05; Kruskal-Wallis, !
2
=8.02, 9.83, and 7.53, 

p>0.05, n=6). 
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3.1.2  Blood and Muscle Lactate 

Blood lactate values for fish exposed to hypoxia at 5ºC and 20ºC are depicted in 

Figure 1a.  It was found that reductions in water oxygen levels caused a significant 

increase in blood lactate for fish at both temperatures when compared to 100% oxygen 

saturation (control values).  For fish at both 5ºC and 20ºC, significant increases of blood 

lactate were observed when oxygen saturation was at or below 20%.  More specifically, 

the highest blood lactate levels were observed at 5% oxygen saturation and resulted in a 

7-fold increase over the control value at 5ºC and a 8-fold increase at 20ºC.  Differences in 

blood lactate levels were also observed between temperatures at 10% and 5% oxygen 

saturation where blood lactate values were an average of 1.3 fold higher at 20ºC 

compared to 5ºC values.  

Muscle lactate values increased significantly with decreasing percent oxygen 

saturation for largemouth bass yearlings at both 5ºC and 20ºC (Figure 1b).  At 5ºC, the 

increase was observed at 5% oxygen saturation when muscle lactate was 14 times higher 

than the control value.  At 20ºC, muscle lactate levels were also significantly higher at 

10% and 5% oxygen saturation with an over 3-fold increase from 100% oxygen 

saturation.  In addition, all values of muscle lactate at 20ºC were significantly higher than 

values at 5ºC with up to 5 times more muscle lactate at certain oxygen levels.   
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A) 

 

B) 
 

 

Figure 1: Temperature comparison between a) blood lactate values and b) white muscle 

lactate values of largemouth bass exposed to varying levels of percent oxygen saturation 

for 3 hours at 5ºC and 20ºC. Values are expressed as mean + SE and significant 

differences between groups are denoted by letters.  Significant differences between 

temperatures at each percent oxygen saturation level are denoted by + (two-way 

ANOVA, F11,60=34.14 and 56.36, p<0.05; Tukey’s test, p<0.05). 
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3.1.3  Blood, Muscle and Liver Glucose  

Blood glucose values for fish at 5ºC and 20ºC are depicted in Figure 2a.  It was 

found that reductions in water oxygen levels caused a significant increase in blood 

glucose at 20ºC but not at 5ºC.  However, the only significant change of blood glucose 

was at 20% oxygen saturation at 20ºC, which was nearly 3 times higher than 100% 

oxygen saturation.  There were no significant differences observed for blood glucose 

values between the two temperatures.  Decreasing oxygen levels and differences between 

experimental temperatures resulted in muscle glucose values that did not change 

significantly from control levels (Figure 2b).  

Reductions in oxygen saturation levels did not produce significant changes in 

liver glucose values for fish at either 5ºC or 20ºC.  However, there was a significant 

difference between temperatures at 10% and 5% oxygen saturation that resulted in 5 

times lower liver glucose concentrations at 20ºC compared to 5ºC (Figure 2c). 
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A) 

 
B) 

 

C) 

 
Figure 2: Temperature comparison between a) blood glucose values, b) white muscle 

glucose values, and c) liver glucose values of largemouth bass exposed to varying levels 

of percent oxygen saturation for 3 hours at 5ºC and 20ºC. Values are expressed as mean + 

SE and significant differences between groups are denoted by letters.  Significant 

differences between temperatures at each percent oxygen saturation level are denoted by 

+ (two-way ANOVA, F11,60=4.90, 2.39, and 2.35, p<0.05; Tukey’s test, p<0.05). 
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3.1.4  Muscle and Liver Glycogen  

Decreasing oxygen levels and differences between experimental temperatures 

generated muscle glycogen values that did not change significantly from control levels 

(Figure 3a).  

Reductions of water oxygen saturation levels did not significantly change liver 

glycogen concentration for fish at either 5ºC or 20ºC.  However, the increased 

temperature of 20ºC was associated with liver glycogen values that were 11 times lower 

than 5ºC values at both 10% and 5% oxygen saturation levels (Figure 3b). 
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A) 

 

B) 
 

 

Figure 3: Temperature comparison between a) white muscle glycogen values and b) liver 

glycogen values of largemouth bass exposed to varying levels of percent oxygen 

saturation for 3 hours at 5ºC and 20ºC. Values are expressed as mean + SE and 

significant differences between groups are denoted by letters.  Significant differences 

between temperatures at each percent oxygen saturation level are denoted by + (two-way 

ANOVA, F11,60= 2.38 and 2.14, p<0.05; Tukey’s test, p<0.05). 
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3.1.5  Muscle ATP and PCr 

 

Muscle ATP concentrations quantified in white muscle tissue are presented in 

Figure 4a.  It was found that reductions in water oxygen levels caused a significant 

decrease in muscle ATP at 20ºC, but no significant changes were observed in fish at 5ºC.  

More specifically, at 20ºC, a decrease in concentration was observed at 5% oxygen 

saturation, resulting in a 3-fold decline in ATP compared to the control level.  The 

difference in temperature also resulted in muscle ATP values that were 3 times higher at 

20ºC than values at 5ºC, across oxygen saturation levels, with the exception of ATP 

levels at 5% oxygen saturation.   

 Muscle PCr values are depicted in Figure 4b.  At 20ºC, it was found that 

reductions in oxygen saturation and differences in temperature only resulted in a 

significant change at 5% oxygen saturation.  At this sample time, decreasing oxygen 

levels resulted in a nearly 4-fold decline of PCr concentration for fish at 5% oxygen 

saturation when compared to the control level.  There were no significant differences in 

muscle PCr values caused by hypoxic exposure in fish at 5ºC.  
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A) 

 
 

B) 
 

 

Figure 4: Temperature comparison between a) white muscle ATP values and b) white 

muscle PCr values of largemouth bass exposed to varying levels of percent oxygen 

saturation for 3 hours at 5ºC and 20ºC. Values are expressed as mean + SE and 

significant differences between groups are denoted by letters.  Significant differences 

between temperatures at each percent oxygen saturation level are denoted by + (two-way 

ANOVA, F11,60=20.83 and 7.39, p<0.05; Tukey’s test, p<0.05). 



 39 

3.1.5  Ammonia Concentrations in the Water 

 

Water samples were taken at one-hour intervals throughout each percent oxygen 

saturation level and were tested for total ammonia.  Water ammonia levels were all well 

below toxic levels for largemouth bass (see Appendix 5) as outlined by Suski et al. 

(2007). 

 

3.2  Hypoxia at Identical Dissolved Oxygen Levels 

3.2.1  Size Measurements 

Randomly assigning fish to different dissolved oxygen level groups did not 

produce significant differences in length or weight of fish acclimated to 5ºC or 20ºC 

(Table 2).  Thus, changes in metabolite concentrations did not result from differences in 

fish size. 
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Table 2: The average total length and weight of largemouth bass at 5ºC and 20ºC at each 

dissolved oxygen level.   

 

 Fish at 5°C Fish at 20°C 

Dissolved O2 (mg/L) Length (mm) Weight (g) Length (mm) Weight (g) 

control 108 ± 4 13.90 ± 1.74 100 ± 4 9.4 ± 1.19 

2.6 107 ± 3 13.36 ± 1.19 101 ± 3 9.65 ± 0.76 

1.4 103 ± 1 11.19 ± 0.39 97 ± 4 8.96 ± 1.40 

0.8 106 ± 4 12.53 ± 1.24 96 ± 3 8.08 ± 0.86 

Values are expressed as mean ± SE.  No significant difference was observed between 

groups (one-way ANOVA, F5,20= 0.53 and 0.91, p>0.05; Kruskal-Wallis, !
2
=0.35 and 

0.44, p>0.05, n=6). 
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3.2.2  Blood and Muscle Lactate 

The blood lactate values for fish exposed to hypoxia at 5ºC and 20ºC are depicted 

in Figure 5a.  It was found that reductions in water oxygen levels caused a significant 

increase in blood lactate at both temperatures compared to control values.  For both 5ºC 

and 20ºC, significant increases were observed when dissolved oxygen was at or below 

1.4 mg/L.  More specifically, the highest blood lactate levels were observed at 0.8 mg/L 

dissolved oxygen and resulted in over a 7-fold increase over the control value at 5ºC and 

a 5-fold increase at 20ºC.  Differences in blood lactate levels were also observed between 

temperatures at 1.4 mg/L and 0.8 mg/L dissolved oxygen where blood lactate values were 

an average 1.2-fold higher at 20ºC compared to 5ºC values.  

Muscle lactate values increased significantly with decreasing dissolved oxygen 

levels for largemouth bass yearlings at both 5ºC and 20ºC (Figure 5b).  In particular, at 

20ºC, muscle lactate levels were significantly higher at 1.4 and 0.8 mg/L dissolved 

oxygen.  Similarly at 5ºC, increases in muscle lactate were observed at 1.4 and 0.8 mg/L 

dissolved oxygen resulting in 5-fold and 14-fold increases of lactate concentration 

compared to control fish.  All values of muscle lactate at 20ºC were significantly higher 

than values at 5ºC. 
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A) 

 
 
 

B) 

 
 

Figure 5: Temperature comparison between a) blood lactate values and b) white muscle 

lactate values of largemouth bass exposed to varying amounts of dissolved oxygen at 5ºC 

and 20ºC. Values are expressed as mean + SE and significant differences between groups 

are denoted by letters.  Significant differences between temperatures at each dissolved 

oxygen level are denoted by + (two-way ANOVA, F7,40=22.70 and 10.76, p<0.05; 

Tukey’s test, p<0.05). 
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3.2.3  Blood, Muscle and Liver Glucose 

Blood glucose values for fish at 5ºC and 20ºC are depicted in Figure 6a.  It was 

found that reductions in water oxygen levels caused no significant changes in blood 

glucose at either 20ºC or 5ºC.  However, there was also a 5-fold difference between 5ºC 

and 20ºC blood glucose values at 0.8 mg/L.  

Reductions in oxygen levels did not cause any significant changes in muscle 

glucose values for fish at 5ºC.  At 20ºC, however, muscle glucose significantly decreased 

at 0.8 mg/L and was nearly 8 times lower compared to the control (Figure 6b).  In 

addition, muscle glucose values at 20ºC were 5-10 times lower than 5ºC values at 2.6, 

1.4, and 0.8 mg/L dissolved oxygen.  

Liver glucose values did not change significantly when dissolved oxygen levels 

were reduced at either 5ºC or 20ºC.  However, liver glucose values at 20ºC were 4 times 

lower than 5ºC at 2.6 and 1.4 mg/L, and 24 times lower at 0.8 mg/L (Figure 6c).   
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A) 

 

B) 

 

C) 

 
Figure 6: Temperature comparison between a) blood glucose values, b) white muscle 

glucose, and c) liver glucose values of largemouth bass exposed to varying amounts of 

dissolved oxygen at 5ºC and 20ºC. Values are expressed as mean + SE and significant 

differences between groups are denoted by letters.  Significant differences between 

temperatures at each dissolved oxygen level are denoted by + (two-way ANOVA, 

F7,40=3.61, 4.03, 4.08, p<0.05; Tukey’s test, p<0.05). 
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3.2.4  Muscle and Liver Glycogen 

Muscle glycogen values did not change significantly when dissolved oxygen 

levels were reduced at either 5ºC or 20ºC (Figure 7a).  However, muscle glycogen values 

at 20ºC were 2-5 times lower than 5ºC values at all dissolved oxygen levels.   

 Reductions in dissolved oxygen levels did not produce significant changes in liver 

glycogen values in fish at 5ºC.  At 20ºC, however, liver glycogen significantly decreased 

at 0.8 mg/L and was 24 times lower compared to the control (Figure 7b).  In addition, the 

increased temperature of 20ºC resulted in muscle glucose values that were 2-30 times 

lower than 5ºC values at 2.6, 1.4, and 0.8 mg/L dissolved oxygen.  
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A 

 
 

B) 

 

Figure 7: Temperature comparison between a) white muscle glycogen values and b) liver 

glycogen values of largemouth bass exposed to varying levels of dissolved oxygen for 3 

hours at 5ºC and 20ºC. Values are expressed as mean + SE and significant differences 

between groups are denoted by letters.  Significant differences between temperatures at 

each percent oxygen saturation level are denoted by + (two-way ANOVA, F7,40=2.40 and 

5.38, p<0.05; Tukey’s test, p<0.05). 
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3.2.5  Tissue ATP and PCr 

 

Muscle ATP concentrations quantified in white muscle tissue are shown in Figure 

8a.  It was found that reductions in water oxygen levels caused a significant decrease in 

muscle ATP at 20ºC, but there was no significant change in ATP levels at 5ºC.  More 

specifically, at 20ºC, a decrease in concentration was observed at 1.4 and 0.8 mg/L 

dissolved oxygen, generating a 3-fold decline in ATP concentrations compared to the 

control level.  The difference between temperatures also produced muscle ATP values 

that were about 3 times higher at 20ºC than values at 5ºC, across dissolved oxygen levels, 

with the exception of 0.8 mg/L where no difference was observed.   

 Muscle PCr values are depicted in Figure 8b.  It was found that at 20ºC, 

reductions in dissolved oxygen levels created a 5-fold decrease of muscle PCr at 1.4 and 

0.8mg/L compared to the control value.  There were no significant differences between 

muscle PCr values for fish at 5ºC.  In addition, muscle PCr at 20ºC was also found to be 

up to 5 times lower in magnitude compared to the 5ºC PCr values at 2.6, 1.4, and 0.8% 

dissolved oxygen. 
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A) 

 
 

B) 

 

Figure 8: Temperature comparison between a) white muscle ATP values and b) white 

muscle PCr values of largemouth bass exposed to varying amounts of dissolved oxygen 

at 5ºC and 20ºC. Values are expressed as mean + SE and significant differences between 

groups are denoted by letters.  Significant differences between temperatures at each 

dissolved oxygen level are denoted by + (two-way ANOVA, F7,40=15.20 and 18.46, 

p<0.05; Tukey’s test, p<0.05). 
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3.2.6  Ammonia Concentrations in the Water 

 

Water samples were taken at one hour intervals throughout each dissolved oxygen 

level and were tested for total ammonia.  Water ammonia levels did not follow a 

consistent trend (Appendix 6), however, all results were below toxic levels to largemouth 

bass as outlined by Suski et al. (2007).  

 

3.3  Determination of the Critical Partial Pressure of Oxygen Exposure 

 

 The critical partial pressure (Pcrit) of oxygen for largemouth bass at 20°C was 

calculated to be 1.36 ± 0.02 mg/L, equivalent to 16% oxygen saturation, or 22.58 torr.  

Largemouth bass at 5°C had a Pcrit value of 0.77 ± 0.04 mg/L, equivalent to 5% oxygen 

saturation, or 9.38 torr, as seen in Figure 9.  The Pcrit of largemouth bass at 20°C was 

nearly double the Pcrit value for bass at 5°C. 
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Figure 9: Critical partial pressure of oxygen (Pcrit) values of largemouth bass at 5ºC and 

20ºC. Values are expressed as mean ± SE.  Significant differences between groups are 

denoted by letters.  Significant differences between temperatures are denoted by + 

(Mann-Whitney test, !
2
=8.43, p>0.05, df=1). 
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3.4  Behavioural Observations During Hypoxia Exposure 

Ventilation rates were quantified for fish exposed to declining dissolved oxygen 

levels at both 20°C and 5°C temperatures, as seen in Figure 10a. It was found that at 

20°C, decreasing oxygen availability produced faster ventilations per minute when 

dissolved oxygen went below 4mg/L.  In contrast, fish at 5°C did not display any 

significant change in ventilation during hypoxic exposure.  Ventilation rates were 3 times 

higher for fish at 20°C compared to fish at 5°C.  Ventilation rate was not measured at 0.7 

mg/L for fish at 20°C because this level of dissolved oxygen would have resulted in fish 

mortality.  

 The number of aquatic surface respiration attempts by largemouth bass 

significantly increased with decreasing dissolved oxygen (Figure 10b).  The number of 

attempts to surface respirate was 4 times greater for largemouth bass at 20°C compared to 

5°C.  All aquatic surface respiration attempts were observed when water was below 

4mg/L dissolved oxygen at both 5°C and 20°C.  Fish were also observed to be less active 

at 5°C throughout all behavioural recordings in comparison to fish at 20°C.   
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A) 

 

B) 

 

Figure10: Temperature comparison between a) ventilation rates and b) number of aquatic 

surface respiration attempts by largemouth bass when the environment reached varying 

levels of dissolved oxygen at 5ºC and 20ºC. Values are expressed as mean + SE.  Letters 

denotes significant differences between groups.  Significant differences between 

temperatures at each dissolved oxygen level are denoted by + (two-way ANOVA, 

F11,60=58.74 and 14.05, p<0.05; Tukey’s test, p<0.05). 
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CHAPTER 4: DISCUSSION 

 

 Previous studies have examined the physiological effects of hypoxia on fish.  Of 

these studies, those investigating largemouth bass have primarily examined the species in 

an applied fisheries setting (Furimsky et al., 2003; Suski et al., 2004; Siepker et al., 2006; 

Suski et al., 2006).  Several scientists have looked at the effects of temperature on the 

physiology and morphology of fish (eg. Guderley, 1990; Kolok, 1992; Tidwell et al., 

2003; Dhillon and Tufts, in prep) but few have looked at largemouth bass as a study 

species.  The majority of both hypoxia and temperature papers generally focus on 

rainbow trout, carp, goldfish, and perch, with research on largemouth bass lacking despite 

its economic importance.  In addition there has been a gap in the research looking at the 

combined effects of hypoxia and temperature.  Furthermore, most largemouth bass 

studies are focused on adults with relatively little information on this species during the 

yearling lifestage, despite it being a crucial age for survival.  This thesis therefore aims to 

fill an important gap in this area by looking at the combined effects of hypoxia and 

temperature on the early life stages of largemouth bass. The ultimate goal of this research 

is to determine the seasonal impacts of hypoxia, on the physiology and behaviour of 

largemouth bass yearlings, in order to gain a better understanding of the species’ 

responses to natural environmental disturbances in North American climates.  

4.1 Hypoxia at Identical Oxygen Saturation Levels 

4.1.1 Blood and Tissue Lactate 

Lactate is a primary indicator of anaerobic metabolism and respiratory distress 

since it is a principle end product of lactic acid fermentation (van Raaji et al., 1996b; 
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Haman et al., 1997; Virani and Rees, 2000; Herbert and Steffensen, 2006).   In the 

present study blood and muscle lactate increased up to 5 times higher than controls when 

exposed to extreme hypoxia (5% and 10% oxygen saturation).  This significant upward 

trend was seen in fish at both 5°C and 20°C, however, the magnitude of lactate increase 

was significantly higher in fish at 20°C.  Previous work by Hasler and colleagues (in 

press) found that muscle lactate concentrations remained consistently low, in largemouth 

bass at 5°C, during exposure to 80-10% oxygen saturation levels.  Conversely, the results 

of the present study observed a significant increase in muscle lactate at 5°C, however this 

occurred when largemouth bass were exposed to a lower oxygen saturation level of 5%. 

Muscle lactate levels at 20°C significantly increased at a higher oxygen saturation level 

of 10% compared to 5% oxygen saturation at 5°C.  The earlier increase of muscle lactate 

at 20°C suggests an earlier onset of anaerobic metabolism of fish at 20°C compared to 

fish at 5°C.  Taken together, these results suggest that cold temperatures can create lower 

metabolic demands and delay the onset of anaerobic metabolism, allowing fish to survive 

at lower dissolved oxygen levels when acclimated to cold temperatures.  

Largemouth bass exposed to hypoxia at 5°C produced higher blood lactate 

concentrations compared to corresponding muscle lactate concentrations at 5°C.  

Discrepancies between blood and muscle lactate concentrations may be evidence that 

lactate is preferentially shuttled from tissues into the systemic circulation of the blood.  

Lactate is then used as a substrate for gluconeogenesis to provide additional glucose to 

tissues with high-energy requirements like the brain and the heart (Brooks, 2002; 

Soengas and Aldegunde, 2002).  However this preferential shuttling of lactate can only 

occur when metabolic rate (and energy demand) is low, for instance when largemouth 
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bass are at 5°C, and oxygen is still present in the cells (Lemons and Crawshaw, 1985; 

Dunn and Hochachka, 1986; Brooks, 2002).  Oxygen is required because lactate 

conversion to glycogen requires ATP and anaerobic metabolism is not sufficient for 

minimum cell maintenance and gluconeogenesis from lactate (Moyes et al., 1992).  

Conversely, largemouth bass exposed to hypoxia at 20°C produced blood lactate levels at 

similar concentrations to tissue lactate levels. 

4.1.2 Blood Glucose, Tissue Glucose, and Tissue Glycogen 

Carbohydrates (e.g. glucose and glycogen) are the main energy source for 

metabolic functions during hypoxia, whereas lipids and proteins are the main fuels 

metabolized under normoxic conditions (van Raaij, et al., 1996a).  Glycolysis is the 

primary anaerobic energy producing pathway during hypoxia, which produces ATP by 

mobilizing glucose or glycogen in fish (Gutierrez, 1991).  In this study, decreasing 

oxygen levels only produced significantly higher blood glucose levels when largemouth 

bass were exposed to 20% oxygen saturation at 20°C.  Herbert and Steffensen (2006) 

found that hypoxic exposure in herring resulted in a decrease in blood glucose levels, 

presumably caused by a greater rate of consumption and slower rate of regeneration by 

endogenous fuels.  Van Raaij and colleagues (1996b) found that gluconeogenesis is only 

a minor contributor to increasing glucose levels in fish exposed to hypoxia because of 

slow re-uptake into tissues.  In addition, similar to the lack of observed increase in blood 

glucose levels at 5°C, Dunn and Hochachka (1986) found that trout exposed to acute 

hypoxia at 4°C did not display any significant change in plasma glucose concentration 

compared to controls.  Dunn and Hochachka (1986) also found no differences between 

plasma glucose levels despite significant changes in lactate concentrations.  In addition, 
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rainbow trout exposed to acute cold temperatures had a large decline in glucose turnover 

rates (Haman et al., 1997).  However, liver glucose levels at 20°C were significantly 

higher than levels at 5°C  when largemouth bass were exposed to extreme hypoxia.  The 

lack of significant changes in glucose may be the result of increased glycolysis and slow 

renewal of glucose levels, particularly for fish with higher energy demands at 20°C.  The 

overall difference of blood glucose levels between the 5°C and 20°C treatments may 

indicate a greater impact of hypoxia on fish in warmer water.  

In order to provide enough energy during hypoxia, fish may rely heavily on 

muscle and liver glycogen stores during anaerobic metabolism (Hochachka, 1980; 

Haman et al., 1997; Zhou et al., 2000).  In this study, hypoxic largemouth bass did not 

exhibit any significant differences in muscle glucose and glycogen, at either 5°C or 20°C. 

Similarly, Zhou and colleagues (2000) found stable muscle glycogen concentrations in 

carp and attributed this to the lack of activity of the fish during hypoxia exposure, thereby 

limiting energy needs in muscle.  Interestingly, largemouth bass yearlings in this study 

also displayed minimal activity during hypoxia exposure.  Therefore, the limited energy 

needs of largemouth bass during these experiments may also have lead to the lack of 

significant changes in muscle glycogen. 

Overall survival of fish during extreme hypoxia relies on liver glycogen reserves 

to provide energy through the conversion of glycogen into glucose (Zhou et al., 2000).  

The main source of increased blood glucose levels can be from the liver, since the liver is 

able to release glucose at significant levels in teleosts (Moon and Johnston, 1980; van 

Raaij et al., 1996a).  For instance, salmonids have been previously shown to increase 

plasma glucose levels during hypoxia as a result of liver glycogen glucogenolysis 
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(Wright et al., 1989).  Haman and colleagues (1997) found that hypoxia could trigger 

hepatic glucose production in rainbow trout, but found no subsequent increase in glucose 

uptake leading to high blood glucose levels.  In this experiment, extreme hypoxia 

produced liver glycogen values that were significantly lower for largemouth bass at 20°C 

compared to fish at 5°C when exposed to 10% and 5% oxygen saturation.  Consequently, 

the difference in magnitude of liver glycogen, between temperatures, may reflect the 

greater energy demands of fish at 20°C compared to fish at 5°C. 

It is interesting to note that the use of liver glycogen for energy in hypoxia is not 

observed in all fish.  For example, trout produced no significant change in liver glycogen 

when exposed to acute hypoxia (Dunn and Hochachka, 1986).  In the aforementioned 

study trout were exposed to hypoxia at 4°C, similar to this study with largemouth bass at 

5°C, which also did not document any significant differences in liver glycogen.  Liver 

glycogen stores are used to supply energy to several tissues, whereas muscle glycogen is 

used mainly for anaerobic muscle activity (Hochachka and Somero, 2002). Muscle 

glycogen appears to be mobilized secondarily to liver glycogen in the absence of activity.  

Therefore mobilization of liver glycogen over muscle glycogen may account for the 

observed increase of blood glucose at 20°C. 

4.1.3 Tissue ATP and PCr 

ATP is the immediate energy molecule for almost all biochemical reactions 

requiring energy (Jorgensen and Mustafa, 1980).  In this study, increasing hypoxia at 

20°C caused a significant decrease in tissue ATP, but this was not observed at 5°C (Fig. 

3a).  Decreasing ATP levels with increasing hypoxia can indicate metabolic regulation by 

largemouth bass.  For instance, oxyconforming carp were found to maintain consistent 
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levels of ATP in muscle when exposed to extreme hypoxia, whereas largemouth bass 

exhibited decreased ATP concentrations.  

It is interesting to note that ATP levels for fish at 5°C were at very low 

concentrations throughout hypoxia exposure, comparable to the levels of 20°C fish at 5% 

oxygen saturation.  In addition, no obvious signs of behavioural distress were observed in 

largemouth bass at 5°C, despite the low ATP concentration in tissues.  Similarly, 

previous work by van Dijk and colleagues (1999) reported that eelpout (Zoarces 

viviparus) had very low white muscle ATP concentrations after cold acclimation at 3°C.  

Minimal ATP levels at low temperatures may be due to the low metabolic requirements 

of largemouth bass at 5°C causing their metabolic functions to go into dormancy 

(Lemons and Crawshaw, 1985).  In addition, the comparatively high levels of PCr at 5°C, 

suggests that the substrate is maintained at the cost of ATP concentrations (Suski, 

personal communication).  Since largemouth bass are sit and wait predators, they engage 

in short bursts of swimming to catch prey.   Therefore the higher levels of PCr could be 

used to accommodate short periods of ATP needs, such as burst swimming.  For instance, 

van Waarde and colleagues (1983) found ATP levels in control eel muscle to be 8 times 

lower than PCr levels, similar to what was observed for largemouth bass yearlings.  

Consequently, low muscle ATP concentrations in fish at 5°C may possibly match the 

metabolic energy demands for largemouth bass at winter temperatures.  

Phosphocreatine is an anaerobic fuel source that is converted by creatine kinase 

into creatine and ATP for organs with high energy demands, such as the heart, brain and 

skeletal muscle (Gutierrez, 1991).  It is typically utilized during anaerobic generation of 

ATP, when oxygen levels fall below Pcrit values (Nilsson and Ostlund-Nilsson, 2008).  
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However in most teleosts, PCr is quickly used during anaerobic metabolism and can only 

generate ATP for a few minutes (Nilsson and Ostlund-Nilsson, 2008).  In the present 

study, PCr levels remained relatively stable for fish at 5°C, whereas fish at 20°C 

exhibited a decline at 5% oxygen saturation.  ATP levels at 20°C also decreased 

significantly at extreme hypoxia.  A previous study by van Ginneken et al., (1995) found 

that ATP levels of fish remained relatively stable during severe hypoxia until PCr levels 

decreased.  Therefore PCr levels in this experiment may reflect the ATP needs of 

largemouth bass yearlings during extreme hypoxia.  

4.1.4 Overall Trends 

In general, the metabolite results from this study indicate that at 20°C there is an 

important threshold between 20% and 10% oxygen saturation where anaerobic 

metabolism becomes significant.  Conversely, hypoxic exposure had less of an effect on 

muscle metabolites in largemouth bass at 5°C, with significant changes only observed at 

the most extreme levels of hypoxia (5% oxygen saturation). The magnitude of change for 

most metabolites, specifically lactate, ATP, PCr, and blood glucose, were higher for fish 

at 20°C compared to 5°C.  The aforementioned results suggest that largemouth bass 

yearlings at 5°C can tolerate lower levels of oxygen than bass at 20°C with little effect on 

the fish until 5% oxygen saturation is reached.  The combined changes in all muscle 

metabolites therefore indicate that the effects of hypoxia are much greater in warmer 

water, presumably due to the fact that fish at higher temperatures have higher metabolic 

rates and higher energy requirements. 
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4.2 Hypoxia at Identical Dissolved Oxygen Levels 

In order to address an important issue associated with the first experiment 

resulting from the fact that warmer water has lower oxygen solubility than colder water at 

similar oxygen saturations, a second series of experiments was carried out (further 

described in section 2.4).  In this set of experiments, largemouth bass were again exposed 

to progressive hypoxia, except this time dissolved oxygen levels in water were matched 

at both 5°C and 20°C.  Since these experiments were conducted to reinforce the outcome 

of the previous experiment, the results will be discussed only in comparison to the 

previous set. 

Similar to the initial oxygen saturation experiments, hypoxia had a greater effect 

on blood and muscle lactate levels in fish during the 20°C treatment as compared to the 

5°C treatment.  Analogous to the previous set of experiments, decreasing oxygen levels 

did not elicit significant changes in blood glucose, tissue glucose, or tissue glycogen at 

either 5°C or 20°C.  However, the values of the previously mentioned substrates were 

significantly lower during extreme hypoxia (1.4 and 0.8 mg/L) for largemouth bass at 

20°C compared to fish at 5°C.  The difference of metabolite concentrations between 

temperatures is also similar to the trends of the oxygen saturation experiment and 

indicates hypoxia had a greater impact on largemouth bass at warmer temperatures.  

Taken together, the decreased levels of glucose and glycogen at higher temperatures also 

indicate carbohydrates are being used as the major fuel source during hypoxia at 20°C.   

The results of ATP and PCr concentrations were also very similar to the previous 

experiment.  For example, decreasing dissolved oxygen caused ATP and PCr levels to 

significantly decline for fish at 20°C, but caused no significant change for fish at 5°C.  
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There was also a significant difference in ATP and PCr concentrations between 

temperatures, indicating a greater response to hypoxia by largemouth bass at 20°C. Taken 

together, the results of this experiment indicate that decreasing dissolved oxygen levels 

cause significant changes in metabolite concentrations, particularly when fish are 

acclimated to 20°C water. 

4.2.1 Overall Trends 

In general, the same metabolic trends are observed when largemouth bass 

yearlings are exposed to hypoxia in either series of experiments.  Similarly to the first set 

of experiments, the greatest metabolic change in largemouth bass from the second series 

of experiments resulted from exposure to extreme hypoxia (1.4 mg/L) at 20°C.  

Furthermore, hypoxia had less of an impact on the final metabolite levels of largemouth 

bass at 5°C as compared to 20°C, as also seen in the first series of experiments.  Thus, the 

results of this experiment demonstrate that the impact of temperature on the hypoxic 

response was not simply related to variations in oxygen solubility.  When oxygen levels 

are equalized, hypoxia still has a greater impact on largemouth bass at 20°C, compared to 

5°C.   

 

4.3 Determination of Critical Partial Pressure of Oxygen 

Important insight about the relative ability of a fish to cope with hypoxia can also be 

obtained by determining the critical partial pressure of oxygen (Pcrit) for a particular 

species under a given set of conditions.  The critical partial pressure of oxygen (Pcrit) for 

largemouth bass at 20°C (1.36 ± 0.02 mg/L or 16% oxygen saturation or 22.58 torr) was 

found to be significantly higher than the Pcrit value at 5°C (0.77 ± 0.04 mg/L or 5% 
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oxygen saturation or 9.38 torr).  The increased Pcrit level at 20°C suggests that the onset 

of anaerobic metabolism occurs at a higher dissolved oxygen level than observed at 5°C, 

possibly due to the lower metabolic rate at 5°C.  The Pcrit values obtained in this study 

are consistent with previously reported literature values for Pcrit levels for largemouth 

bass.  For example, Yamanaka and colleagues (2007) found the Pcrit value of largemouth 

bass of comparable size (between 1-34g) was 1.93 mg/L.  This value is 0.5-1mg/L higher 

than the two Pcrit values in the present study, but this would be expected because 

Yamanaka and scientists (2007) conducted their experiments at a higher temperature of 

30°C.  Furthermore, the Pcrit value for largemouth bass at 5°C is consistent with the 

findings by Johnson (1965) who reported that winterkill of this species will only occur 

when they have been exposed to water below 0.6 mg/L for an extended period of time. 

Overall, these findings reflect the important influence of temperature on the hypoxia 

tolerance of largemouth bass. 

It is possible that body size might have an important influence on Pcrit values in 

largemouth bass.  Cech Jr. and colleagues (1979) reported that adult largemouth bass had 

a Pcrit value of 40 torr at 20°C, whereas this thesis found largemouth bass to have a Pcrit 

of about 22 torr, nearly half of what was observed in their study.  The principle reason for 

this difference may be the size of the fish used by Cech Jr. and colleagues (1979), which 

were over 20-40 times heavier than the ones used in this study.  Moss and Scott (1961) 

measured the oxygen tolerance limit of juvenile bass with a flow through respirometer 

and found it to be approximately 17 torr at 20°C, similar to the findings presented in this 

study.   In addition, small largemouth bass (<500g) were observed to use water with 

lower oxygen levels more readily than adult fish (>1000g) (Burleson et al., 2001).  Taken 
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together the combined Pcrit results for all of these studies indicate that younger and 

smaller largemouth bass may have a greater hypoxia tolerance compared to their adult 

counterparts.  

The Pcrit results from this study also correspond to the dissolved oxygen levels that 

indicate a metabolic response to hypoxia at both 5°C and 20°C treatments.  If oxygen 

levels are below the Pcrit value, there will not be enough oxygen for oxidative 

phosphorylation to sufficiently meet energy demands and anaerobic metabolism is 

activated (van Ginneken et al., 1995; Zielinski et al., 2000; Yamanaka et al., 2007).  The 

changes in metabolites, previously discussed, indicated the onset of anaerobic 

metabolism was between 10-20% oxygen saturation or 1-2mg/L at 20°C and 5% oxygen 

saturation or 0.8mg/L at 5°C.  These values are analogous to the Pcrit values measured, 

indicating that the results from the different series of experiments are consistent.  The 

onset of anaerobic metabolism at Pcrit values and the concomitant changes in metabolite 

concentrations may indicate that largemouth bass act as oxyregulators.  These fish 

maintain high-energy demands even throughout anaerobic metabolism, as indicated by 

the significantly higher lactate concentrations and significantly lower ATP, PCr, and 

glucose levels.  Oxyregulators initiate anaerobic metabolism at higher PO2 concentrations 

than oxyconformers and are therefore susceptible to an earlier onset of fatal energy 

depletion or acidosis (van Ginneken et al., 1995).  The mortality of fish at the lowest 

oxygen levels when acclimated to 20°C may have been a result of the lethal 

consequences of anaerobic metabolism as seen in the declines of ATP, tissue 

carbohydrates and increase in lactate concentrations.  
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4.4 Behaviour of Largemouth Bass Exposed to Hypoxia 

Ventilation rate is the most commonly observed behavioural change in fish during 

hypoxia, with rates increasing as dissolved oxygen decreases (Kramer, 1987; Timmerman 

and Chapman, 2004).  Increased ventilation rates are also accompanied by an increase in 

gill ventilation volume and perfusion, which allows fish to regulate oxygen uptake with 

fluctuating ambient oxygen availability (Boutilier, 1988; Nilsson and Östlund-Nilsson, 

2008).  In this study, largemouth bass at 20°C were observed to significantly increase 

ventilation rate in extreme hypoxia and exhibited significantly faster ventilation rates 

compared with fish at 5°C.  Previous findings have also observed this trend with Hughes 

et al., (1983) observing an increased ventilation frequency and amplitude in carp (C. 

carpio L.) when exposed to hypoxia.   

Hypoxia and elevated temperatures increase the ventilation volume of water through 

gills while decreasing heart rate and increasing stoke volume to maintain cardiac output 

(van den Thillart, 1982; Jensen et al., 1993; Zielinski et al., 2000).  Hasler et al. (in press) 

observed hypoxia exposure in largemouth bass at 5°C and found that yawning and 

vertical movement was only evident after dissolved oxygen was below 2mg/L.  In this 

study, largemouth bass at 5°C showed no significant differences in ventilation rate or 

aquatic surface respiration across all ranges of dissolved oxygen.  In addition, ventilation 

rate and aquatic surface respiration were drastically lower for fish at 5°C compared to the 

behavioural changes by fish at 20°C.  The lack of significant change in ventilation rates 

and aquatic surface respiration during hypoxia suggests that largemouth bass are better 

able to cope with decreasing oxygen levels due to a lower metabolic rate at 5°C. 
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Aquatic surface respiration (ASR) is a typical behaviour of fish under hypoxic 

stress.  However, fish have only been observed to engage in aquatic surface respiration 

when exposed to extremely low levels of dissolved oxygen (Kramer, 1987).  In the 

present study, aquatic surface respiration was more pronounced for fish at 20°C, with fish 

at 5°C very rarely displaying these actions.  Largemouth bass also performed increased 

ASR attempts below 2 mg/L at 20°C while intermittingly remaining still.  The quiescent 

state of fish during hypoxia may have been a behavioural strategy to decrease ATP 

requirements during hypoxia. For instance, van Raaij and colleagues (1996a) found that 

rainbow trout displaying burst swimming avoidance behaviour were more likely to die 

than those who remained inactive.  This premature death was because burst swimming 

requires a high amount of ATP turnover and thus accelerating energy depletion.  Virani 

and Rees (2000) and Herbert and Steffenson (2006) also noted fish that decreased activity 

when encountering hypoxia were able to conserve energy and avoid extreme 

physiological stress.  These studies are all in accordance with Kramer (1987), who 

proposed that a fish’s behavioural ecological approach to hypoxia is to react in a fashion 

that minimizes energy expenditure.   

 

4.5  Temperature Comparisons 

Centrarchids demonstrate a range of responses to fluctuations in the seasonal 

temperature of the surrounding environment (Tschantz et al., 2002).  Hypoxia exposure 

of largemouth bass at 20°C had a greater physiological and behavioural impact compared 

to largemouth bass at 5°C.  These differences can be seen through significant metabolic 
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differences, higher Pcrit values and increased behavioural responses of fish in warmer 

water as discussed earlier. 

One of the ways fish can cope with hypoxia stress is to reduce metabolic rate so 

that the body can meet ATP requirements (Boutilier et al., 1988).  As in other fish, 

decreases in temperature have been previously shown to lower metabolic rate of hybrid 

largemouth bass (Carmichael et al., 1988).  Many fish species, including largemouth 

bass, have also been shown to become dormant at cold temperatures and posses higher 

enzymatic activity in aerobic pathways allowing for maximization of ATP production 

(Lemons and Crawshaw, 1985; Gudereley, 1990).  In the present study, the colder 

conditions for the 5°C fish created a naturally decreased metabolic rate, contrasting the 

increased metabolic rate at 20°C, allowing fish at 5°C to be more tolerant of hypoxia. 

Evidence to support this interpretation is provided by the significantly lower blood and 

tissue lactate levels of 5°C largemouth bass at extreme hypoxia. 

It is also interesting to note that there was some degree of mortality of fish at the 

lowest oxygen concentrations at 20°C, however no mortality was observed at 5°C.  

Similarly, this can be attributed to the reduced metabolic rate in fish at 5°C compared to 

20°C and the associated conservation of energy and lower accumulation of toxic 

metabolic end products in fish at 5°C.  Van den Thillart and colleagues (1983) also found 

that the anoxia survival of goldfish increased as temperature decreased largely due to 

declines in metabolic demand.  Therefore, lower energy requirements are probably also 

one of the main reasons largemouth bass at winter temperatures were more tolerant of 

hypoxia than their summer counterparts. 
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4.6  Hypoxic Effects on Yearlings vs. Adults 

One of the objectives of this study was to conduct hypoxic experiments on the 

yearling lifestage of largemouth bass in order to document any differences in comparison 

to their adult counterparts.  In another study, Furimsky and colleagues (2003) found that 

when adult largemouth bass (approximately 400 g) were exposed to graded hypoxia at 

20°C, the fish had significantly increased plasma lactate values at 45 torr (equivalent to 

30% oxygen saturation or 2.9 mg/L dissolved oxygen).  This level is 10% higher than the 

oxygen levels at which yearling largemouth bass displayed significant differences in 

blood lactate at the same the temperature.  The results of Furimsky et al. (2003) and the 

present study indicate that adult largemouth may exhibit more physiological stress at 

lesser levels of hypoxia than their smaller counterparts.   

One reason for this physiological difference between body sizes may be because 

smaller fish have adapted to areas of lower oxygen, which serve as ecological refuges 

from predators (Robb and Abrahams, 2003; Yamanaka et al., 2007).  Additionally, 

Miranda and Hubbard (1994) found that winter survival of largemouth bass yearlings was 

improved when there was greater available shelter from predators.  Sloman and 

colleagues (2006) also found that juvenile oscars (A. ocellatus) seek shelter from 

predators in areas that are prone to hypoxia, causing juvenile oscars to undergo greater 

physiological stress in order to maintain safety.  

However, a recent review by Nilsson and Östlund-Nilsson (2008) concluded that 

larger fish are able to withstand anaerobic metabolism longer than small fish because the 

latter would deplete glycogen stores and fatally accumulate anaerobic end products. In 

addition, Almeida-Val et al. (2000) found that larger oscars had higher levels of lactate 
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dehydrogenase and malate dehydrogenase.  Davies and Moyes (2007) also documented 

increased glycolytic capacity in largemouth bass with increased mass.  However, the Pcrit 

levels of larger fish may be higher, thus creating a greater need for larger fish to activate 

anaerobic metabolism to withstand hypoxia (Robb and Abrahams, 2003; Sloman et al., 

2006).  This is analogous to what was discussed previously when largemouth bass 

yearling Pcrit values were found to be lower compared with adult values.  Consequently, 

the lower Pcrit values of smaller fish may permit them to delay the onset of anaerobic 

metabolism to offset their decreased glycolytic ability. 

The results of this study in combination with other studies therefore suggest that 

smaller juvenile largemouth bass may be better able to withstand hypoxic water than their 

larger adult counterparts.  This ability could be a survival adaptation for juvenile 

largemouth bass that inhabit areas of decreased oxygen availability in order to avoid less 

hypoxia tolerant predators.   Prior to drawing any final conclusions on this issue, 

however, further experiments that directly compare the responses of different size bass to 

the same levels of hypoxia need to be carried out. 

 

4.7  Conclusions 

Anaerobic metabolism is a short-term process that cannot be sustained for long 

periods of time by most animals due to energy limitations (van den Thillart, 1982; 

Zielinski, 2000).  Temperature largely dictates the duration of time a fish can tolerate 

hypoxia, since metabolic rate ultimately determines the rate of energy fluxes.  For 

instance, Lemons and Crawshaw (1985) observed that largemouth bass become dormant 

when acclimated below 7°C and drastically reduce food intake and swimming activity. 
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Conversely, largemouth have been observed to experience an abrupt decline in condition 

factor when exposed to warmer water due to the faster depletion of energy reserves (Rice 

et al., 1983).  Almeida-Val and colleagues (2000) found that a slower metabolic rate 

could significantly increase survival time to hypoxia exposure. Therefore largemouth 

bass at 5°C were probably better able to tolerate lower levels of dissolved oxygen due to 

their decreased metabolic rate and energy demand.  The effect of temperature on 

metabolic rate is the primary reason for the variation of hypoxia tolerance, in this study, 

between fish acclimated to 5°C and 20°C. 

Ventilation rates and attempts at aquatic surface respiration dramatically 

increased at 4 mg/L for largemouth bass at 20°C, while there was no change for fish at 

5°C.  The onset of behavioural changes at 4mg/L is much higher than the lower oxygen 

levels (< 2 mg/L) that caused significant metabolic changes in largemouth bass.  The 

previously discussed differences between oxygen levels may be because behavioural 

responses are first utilized before physiological changes are initiated.  Nilsson and 

Östlund-Nilsson (2008) noted that by increasing ventilation rate during hypoxia, oxygen 

levels in blood could be maintained, allowing aerobic respiration to continue at the same 

rate.  Largemouth bass remained relatively quiescent during the Pcrit experiments, 

allowing fish to reduce oxygen and energy requirements (Carmichael et al.,1988).  In 

addition, common carp (Cyprinus carpio, L.) that remained inactive survived when 

exposed to extreme hypoxia, whereas rainbow trout (Oncorhynchus mykiss, L.) that 

hyperventilated and performed escape reactions leading to early mortality (van Raaij et 

al., 1996b).  Taken together, these findings indicate that fish are able to survive hypoxia 
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by first undergoing behavioural alterations before proceeding to physiological 

adjustments. 

 

4.8  Implications 

 With increasing anthropogenic disturbances and global warming, it is expected 

that the severity of hypoxia and temperature fluctuations will increase in the coming 

years.  This is alarming since seasonal variations already have a pronounced effect on the 

physiology of largemouth bass, with the species encountering areas of low oxygen during 

both winter and summer months (Kolok, 1992).  Therefore, it is important to understand 

how largemouth bass are able to cope with current seasonal hypoxic conditions in order 

to recognize the physiological stresses that may lie ahead for this temperate species. 

This study shows that the impact of hypoxia was greater in warmer water (20°C) 

due to the elevated metabolic rate of fish at this temperature.  Largemouth bass at colder 

temperatures have a naturally lower metabolic rate, which decreases energetic needs and 

allows fish to sustain energy limiting anaerobic metabolism at elevated degrees of 

hypoxia (Cech Jr. et al., 1979; Tidwell et al., 2003). Fish acclimated to lower 

temperatures are also known to have increased oxidative capacity resulting from 

increased mitochondrial density (Guderley, 2004).  The ability to better acclimate to cold 

periods may help offset other stresses that can occur, such as weight loss, increased 

disease, and predation (Miranda and Hubbard, 1994).  Taken together, fish at lower 

temperatures have a survival advantage due to several reasons including a reduced 

metabolic rate, increased aerobic capacity and higher oxygen content. 
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4.9  Future Work 

 While these experiments have resolved several key issues, there remain a few 

areas that require further investigation to achieve a complete understanding of the 

consequences of hypoxia on largemouth bass yearlings.  Another important aspect of this 

area of research, which may be more ecologically relevant, would be to observe the 

effects of long-term hypoxia on largemouth bass.  For instance, Zhou and colleagues 

(2000) found that carp adapt different physiological strategies when exposed to short-

term hypoxia compared to long-term hypoxia.  Similar trends may be observed with bass 

since in the wild they are exposed to hypoxic conditions for an entire season. 

 This study focused solely on the effects of low oxygen on largemouth bass, 

however, fish that experience environmental hypoxia may in addition be exposed to 

hypercapnia.  These episodes of high carbon dioxide exposure in water may be a result of 

microbial decay of organic matter and can be quite common in nature (Jensen et al., 

1993).  Therefore future studies involving the examination of hypercapnia can further 

elucidate physiological responses to such conditions. 

Hypoxia has also been previously noted to reduce growth, which can be 

detrimental for yearling fish, since it can determine when they are able to switch to a 

piscivorous diet (Kramer and Smith Jr., 1962; Miranda and Hubbard, 1994; Takamura, 

2007).  Therefore future studies should examine the effects of hypoxia on largemouth 

bass growth rates and if this can affect overall year class size. 

Perhaps the most interesting, but challenging area for future studies, based on the 

results of this thesis, would be to compare the effects of hypoxia and temperature in 

natural settings.  Studies in the field looking at the same metabolic outcomes evaluated in 
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this thesis would be a logical next step in this area, although these studies would be 

logistically very difficult.  While additional studies will likely be required to fully 

understand the physiological outcomes of combined temperature and hypoxia stress, this 

study has provided an important foundation for future work. 
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APPENDICES

 

Appendix 1: A simplified schematic of the apparatus used for the hypoxia experiments.  

The picture is not to scale 
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A) 

 
 

B) 

     

Appendix 2: Percent oxygen saturation calibrations for the hypoxia apparatus for each 

individual flask at a) 5ºC and b) 20ºC.  
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A) 

 
 

B) 

 
 

Appendix 3:  Values for the partial pressure of oxygen of water at 5ºC and 20ºC for a) 

hypoxia at similar percent oxygen levels and b) hypoxia t similar dissolved oxygen 

levels. 
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Appendix 4: Dissolved oxygen concentrations (mg/L) at 5ºC and 20ºC at varying water 

oxygen percentages 

Percent Oxygen 

in Water (%) 

Dissolved Oxygen 

at 20ºC (mg/L) 

Dissolved Oxygen 

at 5ºC (mg/L) 

100 9.3 12.8 

40 3.9 5.4 

30 2.9 4 

20 2 2.6 

10 1.1 1.4 

5 0.6 0.8 
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a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 

 

Appendix 5: Water ammonia concentrations taken at 1 hr intervals for oxygen saturation 

groups at a) 100%, b) 40%, c) 30%, d) 20%, e) 10% and f) 5% at 5°C. Values are 

expressed as mean ± SE. All results were below toxic levels to largemouth bass. 
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a) 

 

b) 

 
c) 

 

d) 

 

Appendix 6: Water ammonia concentrations taken at 1 hr intervals for dissolved groups 

at a) maximum dissolved oxygen, b) 2.6 mg/L, c) 1.4 mg/L and d) 0.8 mg/L at 20°C. 

Values are expressed as mean ± SE. All results were below toxic levels to largemouth 

bass. 
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Appendix 7: Statistical results from data represented in the figures and tables of  

Chapter 3: Results 

 

Figure or Table Test Test Value p-value Post hoc test p-value 

 

Table 1 (length 5ºC) 

 

One-way 

ANOVA 

 

F5,30= 2.42 

df=5 

 

p>0.05 
  

Table 1 (weight 5ºC) Kruskal-Wallis !
2
=8.02 

df=5 

p>0.05 
  

Table 1 (length 20ºC) Kruskal-Wallis !
2
=9.83 

df=5 

p>0.05 
  

Table 1 (weight 20ºC) Kruskal-Wallis !
2
=7.53 

df=5 

p>0.05 
  

 

Figure 1a 

 

Two-way 

ANOVA 

 

F11,60=34.14 

 

p<0.05 

 

Tukey’s test 

 

p<0.05 

Figure 1b Two-way 

ANOVA 

F11,60=56.36 p<0.05 Tukey’s test p<0.05 

Figure 2a Two-way 

ANOVA 

F11,60=4.90 p>0.05 Tukey’s test p<0.05 

Figure 2b Two-way 

ANOVA 

F11,60=2.39 p>0.05 Tukey’s test p<0.05 

Figure 2c Two-way 

ANOVA 

F11,60=2.35 p<0.05 Tukey’s test p<0.05 

Figure 3a Two-way 

ANOVA 

F11,60=2.38 p<0.05 Tukey’s test p<0.05 

Figure 3b Two-way 

ANOVA 

F11,60=2.14 p>0.05 Tukey’s test p<0.05 

Figure 4a Two-way 

ANOVA 

F11,60=20.83 p>0.05 Tukey’s test p<0.05 

Figure 4b Two-way 

ANOVA 

F11,60=7.39 p<0.05 Tukey’s test p<0.05 

 

Table 2 (length 5ºC) 

 

One-way 

ANOVA 

 

F5,20= 0.53 

df=3 

 

p>0.05 
  

Table 2 (weight 5ºC) One-way 

ANOVA 

F5,20= 0.91 

df=3 

p>0.05 
  

Table 2 (length 20ºC) Kruskal-Wallis !
2
=0.35 

df=3 

p>0.05 
  

Table 2 (weight 20ºC) Kruskal-Wallis !
2
=0.44 

df=3 

p>0.05 
  

 

Figure 5a 

 

Two-way 

ANOVA 

 

F7,40=22.70 

 

p<0.05 

 

Tukey’s test 

 

p<0.05 
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Figure  Test Test Value p-value Post hoc test P-value 

 

Figure 5b 

 

Two-way 

ANOVA 

 

F7,40=10.76 

 

p<0.05 

 

Tukey’s test 

 

p<0.05 

Figure 6a Two-way 

ANOVA 

F7,40=3.61 p<0.05 Tukey’s test p<0.05 

Figure 6b Two-way 

ANOVA 

F7,40=4.03 p>0.05 Tukey’s test p<0.05 

Figure 6c Two-way 

ANOVA 

F7,40=4.08 p>0.05 Tukey’s test p<0.05 

Figure 7a Two-way 

ANOVA 

F7,40=2.40 p<0.05 Tukey’s test p<0.05 

Figure 7b Two-way 

ANOVA 

F7,40=5.38 p<0.05 Tukey’s test p<0.05 

Figure 8a Two-way 

ANOVA 

F7,40=15.20 p<0.05 Tukey’s test p<0.05 

Figure 8b Two-way 

ANOVA 

F7,40=18.46 p<0.05 Tukey’s test p<0.05 

 

Figure 9 

 

Mann-Whitney 

 

!
2
=8.43 

df=1 

 

p<0.05 

  

Figure 10a Two-way 

ANOVA 

F11,60=58.74 p<0.05 Tukey’s test p<0.05 

Figure 10b Two-way 

ANOVA 

F11,60=14.05 p<0.05 Tukey’s test p<0.05 

 

 

 

 


