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Angling practices subject Largemouth Bass Micropterus salmoides to multiple
stressors, causing homeostatic physiological disturbances. The combined effects of
ambient and live well temperature on stress responses from exercise have not been
thoroughly examined. Large numbers of fish required for stress experiments can be
produced by intensive culture, but hatchery fish may differ physiologically from wild fish
due to dietary carbohydrates. Therefore, the effects of diet, population, and temperature
on stress response and health were examined. Stress responses were similar among fish
fed formulated and live diets and liver health improved within 4-6 weeks. Although
cortisol responses of hatchery and wild fish differed, secondary stress responses were
similar. Fish subjected to simulated angling at temperatures of 17, 25, 33 °C with live
well temperature differentials of -4, 0, +4 °C, had the lowest resilience to stress at the
warmest temperatures, exhausting energy supplies, coincident with metabolic acidosis
and poor ion regulation.
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CHAPTER I
INTRODUCTION
In the 1960s, anglers started competing in Largemouth Bass tournaments. These
events have since become increasingly common (Schramm and Hunt 2007), growing
both in number of events and number of participants per event (Driscoll et al. 2012).
However, competitive fishing has gained some controversy (Schramm et al. 1991). When
tournaments first began, most fish caught were harvested (Holbrook 1975). In 1972,
anglers and tournament officials began implementing the live release of fish at the end of
competitions with the goal of reducing negative impacts on black bass populations and
improving public perception of tournaments (May 1973; Holbrook 1975; Seidensticker
1975).
Although nearly all tournaments now require the live release of Largemouth Bass,
100% survival is rarely achieved. Fish may appear healthy upon release, but delayed
mortality occurs frequently within 6 days of the tournament (Plumb et al. 1975; Schramm
et al. 1987). Fish mortality from catch-and-release angling is often attributed to
physiological changes caused by stressors (Schramm et al. 1987, Cooke et al. 2013).
Greenberg et al. (2002) defines stressors as challenges to an organism’s ability to meet its
needs. Stressors may threaten or interfere with a fish’s dynamic homeostasis (Wendelaar
Bonga 1997), and in response the fish will attempt to cope using neural and endocrine
processes to redistribute energy amongst its physiological activities (Wendelaar Bonga
1

1997; Greenberg et al. 2002). The stress response in fish consists of primary, secondary
and tertiary stress responses.
Primary stress responses involve neuroendocrine responses, which include the
release of hormones into circulation. One of the primary stress responses involves
activation of the hypothalamus, triggering the release of catecholamines from chromaffin
tissue (Randall and Perry 1992; Reid et al. 1998). Adrenaline and noradrenaline, or
epinephrine and norepinephrine, are catecholamine hormones synthesized and stored in
chromaffin cells (Reid et al. 1998). The release of these hormones into circulation is
commonly associated with a large variety of stressors, which result in increased
requirements for blood oxygen transport and the mobilization of energy substrates
(Wendelaar Bonga 1997; Reid et al. 1998). Another common primary stress response
involves the stimulation of the hypothalamic-pituitary-interrenal (HPI) axis, releasing
corticosteroids from interrenal cells, the homologue of the adrenal gland (Donaldson
1981; Wendelaar Bonga 1997; Mommsen et al. 1999). The main corticosteroid hormone
in teleost fish is cortisol (Mommsen et al. 1999), and it is commonly measured as an
indicator of stress (Wendelaar Bonga 1997; Barton et al. 2003; Wu et al. 2017). Cortisol
triggers metabolic pathways that cause changes in blood chemistry and hematology
(Barton 2002). In fish, two of the main functions of cortisol are to regulate hydromineral
balance and energy metabolism (Wendelaar Bonga 1997; Barton 2002).
Whereas primary stress responses include the release of catecholamines and
corticosteroids, secondary stress responses include the effects of these hormones in the
blood and tissues (Wendelaar Bonga 1997). These changes can generally be considered
metabolic, hydromineral, hematological, and functional changes within the fish, such as
2

increases in cardiac output, oxygen uptake, production of energy substrates, and changes
in hydromineral balance (Barton and Iwama 1991; Wendelaar Bonga 1997). The release
of catecholamines causes hematocrit to rise due to swelling and increase of erythrocytes
(Wendelaar Bonga 1997). The increase in circulating cortisol causes elevation of
systemic blood pressure and an increase in the concentration of blood glucose (Mommsen
et al. 1999). The increase in glucose results in increased levels of blood lactate, which is
produced as an end product of glycolysis (Wells and Baldwin 2006). Other secondary
stress responses include changes in the concentration of metabolites and ions in the blood
(Barton 2002) and decreases in blood pH (Wendelaar Bonga 1997) and lymphocyte
quantity (lymphopenia; Davis et al. 2008). Measures of the primary and secondary stress
responses of fish are good indicators of the degree of stress being experienced
(Wedeymeyer et al. 1990; Wu et al. 2017).
Primary and secondary stress responses help fish overcome disturbances and are
generally considered adaptive (Barton and Iwama 1991). Tertiary stress responses,
however, are usually maladaptive and occur when stress response mechanisms are forced
beyond normal limitations due to cumulative effects of multiple stressors (Barton et al.
1986; Schreck 2000), a severe or acute stressor (Donaldson et al. 2008) or chronic stress
(Wendelaar Bonga 1997). Tertiary stress responses are characterized by whole body
changes and include reductions in growth, reproductive capacity, immunocompetence
and behavioral changes such as reduced feeding (Barton and Iwama 1991; Wendelaar
Bonga 1997; Barton 2002; Carr 2002) or reflex impairment (Davis 2010). A failure to
efficiently regain homeostasis can cause mortality either directly due to metabolic
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collapse (Wood et al. 1983) or indirectly, through increased susceptibility to predation
and disease (Wendelaar Bonga 1997; Danylchuk et al. 2007).
The mechanisms of the stress response and their link with angling, whether fish
are caught and released or retained for subsequent weigh in before release in competitive
events, is complex due to the multiple stressors involved which vary in intensity and
duration. Some studies have found little or no mortality in fish subjected to a single
stressor (Gustaveson et al. 1991). Therefore, mortality of black bass in tournaments is
likely a result of a combination of sublethal stressors rather than one lethal stressor
(Schramm et al. 1987). This idea is supported by studies which have found cumulative
effects of multiple stressors in fish (Barton et al. 1987; Schreck 2000). In live-release
tournaments, angling and the weigh-in process can be two significant causes of metabolic
disturbances in Largemouth Bass (Suski et al. 2004). Other sources of stress include
ambient water temperature (Gustaveson et al. 1991; Wilde 1998; Neal and Lopez-Clayton
2001), dissolved oxygen concentration (Suski et al. 2006), handling and air exposure
(Cooke et al. 2003; Colotelo and Cooke 2011), and poor water quality in live wells
(Hartley and Moring 1993).
Ambient water temperature directly influences a fish’s physiology. The vast
majority of fishes are ectothermic, meaning their body temperatures are directly
influenced by environmental temperature. Because of the high heat capacity of water,
metabolic heat is constantly lost through the skin and gills (Moyle and Cech 2004).
Kelsch (1996) suggests fish favor temperatures that maximize the available portion of
metabolism for growth, activity, reproduction, and other functions. Diaz et al. (2007)
found lower Q10 values in juvenile Largemouth Bass acclimated to temperatures of 26
4

and 29 °C than in those acclimated to 20, 23 and 32 °C, suggesting the optimal
temperature range for maintaining homeostasis in juvenile Largemouth Bass is 26-29 °C.
In adult Largemouth Bass, the optimal temperature range for growth is 24-30 °C
(Venables et al. 1978; Stuber et al. 1982). In addition to growth, temperature can also
affect the magnitude of the stress responses induced by other stressors. For example,
Gustaveson et al. (1991) found the effects of angling on plasma glucose and lactate were
generally greater in warmer water (28-30 °C) than in colder water (≤ 20 °C). Other
studies have found a positive correlation between ambient temperature and Largemouth
Bass mortality in tournaments (Wilde 1998; Neal and Lopez-Clayton 2001).
Beyond temperature, burst swimming during angling causes metabolic
disturbances, which can increase in severity as angling duration increases (Gustaveson et
al. 1991). During an angling bout, fish resort to burst swimming, which uses anaerobic
muscle fibers (Wood 1991). This anaerobic activity can only be briefly sustained due to
acid-base and endocrine disturbances within the fish (Milligan 1996). Exercise during to
angling can cause physiological changes in fish, including a decrease in energy stores
within tissue, the buildup of lactate, and disturbances in osmoregulation (Cooke and
Suski 2005).
During the time in which fish are landed and unhooked, handling can increase
susceptibility to damage to the epithelial layer of skin and gills, and air exposure can
cause additional stress. When fish are out of water, the lamellae, which facilitate oxygen
transfer from water, collapse and the exchange of gases across the gills becomes
restricted (Tufts and Morlock 2004). In Largemouth Bass, cardiovascular disturbances
such as bradycardia can occur as a result of air exposure, followed by tachycardia after
5

release back into the water (Cooke et al. 2003). When possible, the duration of air
exposure should be minimized, as it has a positive correlation with blood glucose
concentration and the length of time needed for behavioral responses to return to normal
(White et al. 2008).
Fish kept for weigh-in are held in live wells, which are tanks built into many
fishing boats designed to hold fish and provide suitable conditions for survival by
supplying them with fresh water which flushes out wastes and maintains dissolved
oxygen. Fish can be subjected to live well retention for up to 8 hours during a tournament
(Hartley and Moring 1993) and if conditions are not maintained properly, live well
retention can subject fish to additional stressors such as increases in temperature (Meals
and Miranda 1994; Neal and Lopez-Clayton 2001; Schramm et al. 2006), high fish
densities (Cooke et al. 2002), metabolic waste (Kwak and Henry 1995), and low
dissolved oxygen (Hartley and Moring 1993). Anglers often add ice to their live wells to
cool the water (Gilliland 2002), which decreases the metabolic rate of the fish (Beamish
1970) and increases dissolved oxygen by increasing the ability of water to hold oxygen.
However, colder temperatures may slow recovery by decreasing the rate of lactate
clearance (Suski et al. 2006); a large decrease (i.e., 12 °C) in temperature can also be an
additional stressor (Vanlandeghem et al. 2010).
The weigh-in process occurs at the end of live-release tournaments and often
includes long durations of air exposure or hypoxia, inducing anaerobic metabolism in fish
(Suski et al. 2004). Plastic or vinyl bags are used to transfer fish to the weigh-in area, and
typically contain high mass of fish and low volumes of water. As a result, oxygen within
bags can deplete rapidly (Tufts and Morlock 2004). New procedures have been
6

developed to reduce the amount of time fish are held in these bags and the amount of air
exposure they receive. Two improvements include holding fish in submerged baskets
when waiting to weigh fish and a system to weigh fish in water (Tufts and Morlock
2004).
Stress and corresponding stress responses are unavoidable consequences of
angling, but minimizing stressors can reduce the magnitude of the stress responses and
decrease fish mortality. Measurement of stress through collection of physiological data
provides a way to develop practices to reduce stress and maximize survival (Cooke et al.
2013). Although determining the links between physiological data and negative
population impacts of catch-and-release practices is difficult (Cooke et al. 2013), there is
a need for studies that explicate the connection between physiological alterations from
homeostasis and mortality (Cooke and Schramm 2007). Previous studies have
demonstrated the general effects of ambient water temperature (e.g., Schramm 1987;
Wilde 1998; Neal and Lopez-Clayton 2001), live well water temperature (Suski et al.
2006; Loomis et al. 2013) and live well dissolved oxygen content (Suski et al. 2006;
Shultz et al. 2011; Loomis et al. 2013) on either survival or physiological changes in
various fish species. However, species-specific catch-and-release guidelines are needed
(Cooke and Suski 2005).
Prior to examining the optimal conditions to reduce physiological impacts on
Largemouth Bass caught in tournaments, other experiments are necessary to ensure the
quality of results. Due to the need for large numbers of relatively homogenous fish and
the desire to minimize unwanted variation in simulated tournament experiments,
experiments will be performed in a laboratory setting using intensively reared
7

Largemouth Bass obtained from a hatchery. However, there are concerns that data
obtained from hatchery-reared Largemouth Bass may not be applicable to wild fish.
Raising fish on live forage such as Bluegill Lepomis macrochirus and minnows can be
costly and produce unpredictable yields (Sloane and Lovshin 1995), so a formulated diet
is more practical. Many formulated diets contain high levels of dietary carbohydrates and
lipids, which may cause increased glycogen and lipid storage in the liver and result in
liver dysfunction and pale or translucent color (Goodwin et al. 2002; Bright et al. 2005;
Amoah et al. 2008). Csargo et al. (2013) examined the effects of four commercial diets
on performance levels of Largemouth Bass, such as percent survival, growth rate, and
hepatosomatic index and discovered performance levels were positively correlated with
protein and negatively correlated with fat and carbohydrate compositions. Dietary
carbohydrate levels > 20% have been found to lead to excessive storage, hepatic
steatosis, hepatic nodular hyperplasia, and mortality due to an inability to cope with stress
(Goodwin et al. 2002; Amoah et al. 2008). However, ≥ 20% carbohydrates are needed to
develop floating pellets (Lovell 1989). Therefore, additional studies are needed to
understand whether the physiological effects of high dietary carbohydrates and lipids can
be ameliorated through feeding a live forage diet following rearing on a formulated diet.
Further, experiments are needed to compare hatchery-reared Largemouth Bass to
wild specimens to ensure findings from research on hatchery-reared fish can provide
implications towards wild fish. Goodwin et al. (2002) attributed high mortality of
Largemouth Bass during winter months and transport to a reduced ability to handle stress
due to liver dysfunction resulting from high levels of dietary carbohydrates. However, the
stress response was not measured, so it is not clear whether mortality occurred following
8

a typical stress response or if the stress response was atypical due to increased magnitude
or duration. Little is known about the effects of dietary carbohydrates on the stress
response of fish, but they are likely species specific. For example, dietary carbohydrates
had no effect on the cortisol response of Cod Gadus morhua subjected to a 2-hour
handling and transport stressor but caused a greater and longer glucose response (Hemre
et al. 1991), whereas increasing carbohydrate to lipid ratios actually led to a decrease in
cortisol, glucose, and lactate in fingerling Blunt Snout Bream Megalobrama
amblycephala (Li et al. 2012). Although increasing levels of dietary carbohydrates have
been associated with increased blood glucose levels and mortality in Largemouth Bass,
the stress response to an exercise stressor has not been measured and compared between
Largemouth Bass raised on formulated diets and wild Largemouth Bass.
The popularity of Largemouth Bass as a sportfish has resulted in an increase in
tournament numbers and sizes since they began in the 1960s. Fish mortality caused by
tournaments and recreational angling has led to concern about negative impacts on
populations and public perception of tournaments. Largemouth Bass mortality is
associated with the cumulative effects of multiple sublethal stressors, although stress
causes other negative effects, such as reductions in growth, reproductive capability, and
disease resistance. Therefore, studies examining the physiological effects of temperature
and recreational fishing stressors on Largemouth Bass are needed for development of
guidelines for recreational angling. Because these studies require large numbers of
relatively homogenous fish, using hatchery-reared fish is more feasible than wild fish.
Prior to angling-related stress studies, studies also need to be conducted on naturalization
to understand whether negative effects of high levels of dietary carbohydrates can be
9

reversed, allowing physiological similarity between hatchery-reared and wild
Largemouth Bass. Therefore, the following objectives were addressed through this
research:
1. (a) Determine the time required for a live-forage diet to be fed to pellet-reared (reared
using a diet of formulated-feed pellets), advanced-size Largemouth Bass to cause changes
in physiological metrics pertaining to liver condition, blood chemistry, muscle condition,
visceral fat content, and stress response; and (b) Determine the time required for these
physiological metrics to stabilize and become similar to those found in wild Largemouth
Bass
2. Compare the stress response of Largemouth Bass maintained on a formulated diet
(“pellet-reared”), switched from formulated diets to live forage (“naturalized”) and
obtained from the wild to understand how the stress response may change with
naturalization and whether the stress response of pellet-reared and naturalized fish is
similar to wild fish
3. (a) Determine the effect of ambient temperature on the stress response to angling and
post-stress recovery of Largemouth Bass; and (b) Determine the effect of live well
temperature differentials on the post-stress recovery of Largemouth Bass
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CHAPTER II
CHANGES IN PHYSIOLOGY AND STRESS RESPONSES OF LARGEMOUTH
BASS NATURALIZED WITH LIVE FORAGE DIETS
Abstract
Experimentation and stocking of Largemouth Bass Micropterus salmoides often
requires large numbers of advanced-sized fish. Although intensive culture can produce
large numbers of fish, formulated diets containing high levels (> 20%) of dietary
carbohydrates may lead to high liver and muscle lipid and high liver glycogen levels.
This condition, often referred to as fatty or pale liver syndrome, may negatively affect the
ability of fish to respond to stressors, which may reduce survival. Survival and liver
health, with regard to glycogen accumulation, have been found to improve in Largemouth
Bass after switching to diets containing lower levels of dietary carbohydrates and higher
levels of protein, which may be best accomplished by feeding live forage fish. However,
the effects of switching Largemouth Bass to a natural diet of live forage (i.e.,
naturalization) and the length of time needed for naturalization to improve liver health
and stress responses are not known. Therefore, an experiment was conducted to
determine the amount of time Largemouth Bass raised to advanced size on formulated
diets need to be fed a live forage diet (1) change and stabilize liver health metrics, blood
metrics, and muscle metrics, and (2) for physiological metrics be similar to those found in
wild Largemouth Bass. In addition, (3) a chasing stressor was used to determine whether
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stress responses are affected by diet during naturalization. Physiological variables of
livers (i.e., color, hepatosomatic index, moisture, lipids, glycogen, hepatic steatosis, and
hepatic nodular hyperplasia), blood (i.e., plasma cortisol, hematocrit, plasma glucose,
lactate, osmolality, pH, leukocyte percentage, and leukocyte differentials), muscle (i.e.,
color, moisture, protein, lipids, and collagen), and viscerosomatic index were measured in
fish maintained on a formulated diet and over a 12 week naturalization period to live
forage. Hepatosomatic index decreased by week 1, liver glycogen decreased by week 2,
and liver lightness, yellowness, and steatosis decreased by week 4. Liver moisture and
lipid concentration varied inversely, stabilizing after 4 weeks. Plasma cortisol was higher
during the first 4 weeks of naturalization than in the remaining weeks, and plasma pH
decreased after 1 week of naturalization, possibly due to liver glycogenolysis. During
weeks 4-7 of naturalization, hematocrit was higher than levels in fish maintained on a
formulated diet. Muscle color changed as early as 1 week, muscle collagen stabilized by
4 weeks, and muscle lipids decreased and changed more gradually compared to the liver.
The magnitude of the response of stress indicators (i.e., plasma cortisol, hematocrit,
plasma glucose, lactate, osmolality, and pH) to a 60-second chasing stressor was
unaffected by naturalization. Therefore, following rearing on a high carbohydrate and
lipid diet (i.e., 20% carbohydrates; 16% lipids), 4-6 weeks of naturalization to a live
forage diet improves liver health, with most liver parameters similar at this time to those
found in populations of wild fish.
Introduction
The Largemouth Bass Micropterus salmoides is a popular sportfish commonly
stocked in private ponds and public reservoirs to initiate or supplement wild populations.
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Some amount of post-stocking mortality is typically expected, but survival of
Largemouth Bass in systems containing piscivorous predators is often improved by
stocking larger fish (Miranda and Hubbard 1994; Hoxmeier and Wahl 2002; Porak et al.
2002; Diana and Wahl 2009). Thus, a source of large fish for stocking is desirable.
In addition to stocking needs, advanced-size Largemouth Bass are useful for
experiments measuring the effects of environmental conditions and angling on stress
responses and survival (Suski et al. 2007). Previous studies have measured tolerance of
juvenile Largemouth Bass (10-50 g) to water quality parameters such as temperature and
ammonia (Coutant 1977; Roseboom and Richey 1977), but similar information is lacking
for adults. In particular, the effects of temperature and angling induced stress on survival
of adult-size individuals will become increasingly important as fisheries managers
anticipate the effects of natural and anthropogenic changes and their relationship to
recreational and competitive angling. Further, the effects of angling procedures on stress
responses and survival have little relevance unless conducted on Largemouth Bass of a
size typically targeted by anglers. Addressing these research needs requires substantial
numbers of relatively large and homogeneous Largemouth Bass for experiments.
Largemouth Bass can be reared to advanced sizes using a live-prey diet, but high
feed costs and variable yields make this culture practice prohibitively expensive (Sloane
and Lovshin 1995). Rearing Largemouth Bass at high densities with formulated feed in
intensive culture (Tidwell et al. 2000; Csargo et al. 2013) offers a potential solution to
this dilemma. Furthermore, rearing fish on formulated feed is advantageous for studies
requiring large numbers of relatively homogeneous individuals.
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Rearing Largemouth Bass on formulated feed enables relatively economical
production of juveniles to adults, but higher levels of dietary lipids and carbohydrates
than are typical in natural diets can cause fish to develop different physiological
characteristics than wild fish. For example, diets containing ≥ 16% lipids may increase
muscle lipid content in Largemouth Bass (Bright et al. 2005), but the liver exhibits the
most notable effect of these diets. Fish fed diets high in lipids and carbohydrates exhibit
pale, fatty livers (Goodwin et al. 2002; Amoah et al. 2008). This condition, sometimes
referred to as pale liver syndrome, has been linked to nutritional deficiencies, principally
an unsuitable protein:energy ratio resulting from high dietary carbohydrates and lipids
(Ashley 1974; Goodwin et al. 2002; Bright et al. 2005; Amoah et al. 2008; Csargo et al.
2013). Largemouth Bass with pale liver syndrome may exhibit hepatic hypertrophy
characterized by excessive levels of stored glycogen or lipids, leading to necrosis and
reduced function, elevated blood glucose, and a reduced ability to cope with stress
(Goodwin et al. 2002; Bright et. al 2005; Amoah et al. 2008; Cardeilhac 2009). Potential
treatment to improve liver health and resistance to stress involves changing to a highprotein and low-carbohydrate diet, such as a specialized formulated diet or live forage
(Goodwin et al. 2002; Bright et al. 2005; Amoah et al. 2008). Feeding live forage may
also have other benefits, such as the potential to prepare fish for successful foraging in
natural conditions (Thompson et al. 2016). However, the duration of time needed for live
forage to be fed to improve liver health and achieve natural stress responses has not been
examined.
In this study, Largemouth Bass were reared to advanced-size using formulated
diets and then switched to live forage diets (herein, termed “naturalized”) to assess the
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physiological effects of this diet change. The objectives of this study were to determine
(1) the time required for a live-forage diet to be fed to pellet-reared (reared from
fingerlings using a diet of formulated-feed pellets), advanced-size Largemouth Bass to
cause physiological metrics pertaining to liver condition, blood chemistry, muscle
condition, and visceral fat content to change and stabilize (2) the time for these
physiological metrics to become similar to those found in wild Largemouth Bass, and (3)
to determine whether switching diets to live forage (a process herein referred to as
“naturalization”) affects the stress response to a simulated angling stressor.
Methods
Specimens
Largemouth Bass fingerlings (~50 mm mean total length [TL]) trained to feed on
a formulated diet were transported from a commercial supplier (J. M. Malone and Son,
Inc., Lonoke, Arkansas) to the Mississippi State University South Farm Aquaculture
Facility in Starkville, Mississippi in June 2014. Fish were divided equally among 20,
350-L, 1.0-m diameter tanks in a recirculating water system (~400 fish per tank). Each
tank received a flow of ~ 2 L/min, dissolved oxygen was maintained > 5 mg/L by
pressurized aeration, and water temperature was maintained between 24 and 26 °C with a
temperature control unit. All tanks were scrubbed and siphoned daily, and the
recirculating system biofilters were back flushed twice weekly. Dissolved oxygen and
temperature were monitored daily using a dissolved oxygen meter (Model 85, YSI Inc.,
Yellow Springs, OH, USA), and pH, total ammonia nitrogen, and nitrite levels were
assessed twice weekly using a pH probe (pH10A, YSI Inc.) and a colorimeter (DR/850,
Hach Company, Loveland, CO, USA) to ensure maintenance of healthy rearing
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conditions. Lighting was adjusted every 2 weeks to match the local, natural photoperiod.
Fish began feeding on commercial floating feed (EXTR 450, 46% protein, 20%
carbohydrates, 16% lipids; Rangen Inc., Buhl, Idaho, USA) 1 day after transport. Feed
was provided continuously during daylight hours with belt feeders at a rate of
approximately 10% body weight per day.
Largemouth Bass were size graded five times between September 2014 and May
2015 to reduce size variation and cannibalism. Following the initial grading event, small
and large fish were divided amongst nine, 4,000-L, 2.3-m diameter tanks. After
subsequent grading events, smaller fish were returned to circular tanks, and larger fish
were placed into one of three 9,800-L, 6.1 m x 1.8 m x 0.9 m flow-through raceways.
Tanks and raceways were flushed with 20 L/min of mixed well water and recirculated
water, dissolved oxygen was maintained > 5 mg/L by pressurized aeration, and water
temperature was maintained at 25 ± 1°C. Dissolved oxygen and water temperature in
tanks and raceways were monitored daily; pH, total ammonia nitrogen, and nitrite were
measured twice weekly. All tanks and raceways were scrubbed and siphoned as needed,
and water recirculating systems were back flushed twice weekly. Feeding during this
period was approximately 5% body weight per day and divided into morning and
afternoon feedings. Pellet size was increased as the fish grew; the largest pellet size fed
was 4 mm for Largemouth Bass > 240 mm TL. Weight measured during sorting and
grading procedures was used to adjust feeding to maintain a consistent feeding rate.
These fish represented the pellet-reared treatment in naturalization experiments.
Largemouth Bass subjected to naturalization were 240 to 344 mm TL pelletreared fish stocked at 50 fish per tank into five, 4,000-L flow-through (20 L/min) outdoor
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tanks and provided a fish-only diet consisting of live wild Bluegills Lepomis macrochirus
and hatchery-reared Golden Shiners Notemigonus crysoleucas at a rate of 2% body
weight per day, which is within the range of the average daily ration for similarly sized
Largemouth Bass (~215-300 mm TL; Cochran and Adelman 1982). Live forage was
added daily at 0900 hours. Three ~40 g samples of the formulated diet, wild Bluegill, and
hatchery Golden Shiners used to naturalize Largemouth Bass (along with wild Golden
Shiners for comparison to hatchery specimens) were sent to the Thad Cochran National
Warmwater Aquaculture Center in Stoneville, MS for proximate analysis of moisture,
lipids, protein, carbohydrates, and ash. Time since transition to live forage, or
naturalization time (i.e., week 1, week 2, etc.), began on the day fish were transferred to
the outdoor tanks and provided live forage fish. Tank cleaning and water quality
monitoring were identical to the protocol used for indoor rearing facilities. Water
temperature was allowed to fluctuate between 24 and 27 °C daily to simulate outdoor
pond conditions based on data in Arnold et al. (2013). Dissolved oxygen was maintained
> 6 mg/L by pressurized aeration.
Wild adult Largemouth Bass used for comparison were collected from two local
reservoirs (hereafter, W1 and W2) containing populations of Bluegills using a boatmounted electrofisher and from a third reservoir (W3) containing populations of both
Bluegills and Threadfin Shad Dorosoma petenense by angling. Blood metrics were not
measured in W3 fish because angling was more likely to cause a stress response than
electrofishing, which stunned Largemouth Bass nearly instantly. Physiological metrics
involving weights were not measured in W3 fish due to equipment malfunction during
the time of sampling.
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Physiological indicators
Details on each physiology metric, their condition in Largemouth Bass reared on
a formulated diet, and their expected change after the onset of naturalization are provided
in Table 2.1. Liver variables measured included hepatosomatic index (HSI), liver color
(lightness, redness, and yellowness), composition (moisture, lipids, glycogen), and
histology (hepatic steatosis and nodular hyperplasia). Liver color values for each fish
were measured using a handheld colorimeter (CR-400, Konica Minolta Inc., Chiyoda-ku,
Tokyo, Japan), which was calibrated using a white calibration plate (Minolta Model No.
20933026, Japan). Color was measured at one point located at the approximate center of
the liver on the side opposite of the hepatic portal vein. The colorimeter reported three
values: L (0 to 100; black to white), a (- to +; greenness to redness), and b (- to +;
blueness to yellowness). These values will henceforth be referred to as lightness, redness,
and yellowness, respectively.
Fish and livers were weighed fresh to the nearest 0.01 g, and HSI was calculated
using the formula:
HSI (% body weight) = (L / W) * 100

(2.1)

where L represents the mass of the liver (g) and W represents the mass of the whole fish
(g). A sample of the liver tissue (stored at -80 °C) was weighed, homogenized (AHS 200;
PRO Scientific Inc., Oxford, CT), and lyophilized (Labconco Freezone, Marshall
Scientific, Hampton, NH) to remove moisture and to prepare tissue for measurement of
lipids and glycogen.
Liver moisture was calculated using the formula:
liver moisture (% wet weight) = ((w – d) / w) * 100
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(2.2)

where W represents the wet weight of the liver tissue used (g) and d represents the dry
weight of the lyophilized tissue (g). Liver lipid concentration was measured by extracting
lipids from a subset of lyophilized tissue in duplicate with a 2:1 mixture of chloroform
and methanol, evaporating the mixture, and weighing the remaining residue (Folch et al.
1957). Liver lipids were calculated using the formula:
liver lipids (% dry weight) = (R / d) * 100

(2.3)

where R represents lipid residue (mg) and d represents the dry weight of the subset of
lyphophilized liver tissue (mg). Liver glycogen was determined by digesting glycogen
using 0.5% amyloglucosidase (A9228; Sigma Aldrich, St. Louis, MO; Roehrig and
Allred 1974; Burton et al. 1997) in subsets of dry tissue samples in duplicate and a serial
dilution of a known standard of oyster glycogen (G8751; Sigma Aldrich, St. Louis, MO)
into glucose. Glucose in digested samples and standards was measured using a
commercial assay kit (DIGL-100; BioAssay Systems, Hayward, CA). The standard curve
created by oyster glycogen standards provided the formula with which to calculate
glycogen mass in liver tissues. Liver glycogen concentration was then calculated using
the formula:
liver glycogen (% dry weight) = (G / d) * 100

(2.4)

where G represents glycogen (mg) and d represents the dry weight of a subset of
lyophilized liver tissue . A subset of liver tissue (~ 1 cm3 surrounding the hepatic portal
vein) was fixed in formalin and taken to the Mississippi State University College of
Veterinary Medicine for histological analysis by a certified fish pathologist. Liver tissues
were assigned to one of four fat grades based on macrovesicular steatosis. Liver tissue
samples composed of normal, healthy hepatocytes with normal glycogen content were
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placed in grade 1. Liver tissues demonstrating mild fatty change, mild inflammation,
some microvesicular steatosis or mild fibrosis with less than ¼ of the hepatocytes
demonstrating macrovesicular steatosis were placed in grade 2. Liver tissues
demonstrating ¼ to ¾ of the hepatocytes demonstrating macrovesicular steatosis or
moderate inflammation were assigned grade 3, and liver tissue demonstrating greater than
¾ macrovesicular steatosis and marked inflammation were assigned grade 4 (Figure 2.1).
Livers were also assigned to one of four nodule grades. If no nodules were
present, liver tissue was placed in nodule grade 1. Liver tissues that demonstrated nodules
with no fibrosis or mild fibrosis, or resolving nodules were assigned nodule grade 2.
Liver tissues with nodules and moderate fibrosis or moderate leukocytic infiltration were
assigned grade 3. Liver tissues with large nodules and marked to severe fibrosis and
leukocytic infiltration were assigned nodule grade 4 (Figure 2.2).
Variables measured in whole blood were hematocrit, leukocyte percentage, and
leukocyte differential counts (neutrophils, lymphocytes, and monocytes) and variables
measured in plasma were cortisol, glucose, lactate, osmolality, and pH. For each fish,
hematocrit was measured in duplicate immediately following sampling by centrifugation
of whole blood at 4,430 RCF for 5 minutes (Clinical 200; VWR International, Radnor,
PA). Commercial assay kits were used to measure plasma cortisol (EA65; Oxford
Biomedical Research, Oxford, MI), glucose (DIGL-100; BioAssay Systems, Hayword,
CA), and lactate (A-108L; Biomedical Research Service Center, Buffalo, NY). Plasma
osmolality was measured using a vapor pressure osmometer (Vapro 5520; Wescor Inc.,
Logan, UT) and plasma pH was measured using an AccumetTM AB15 Basic pH meter
with a micro pH electrode (Fisher Scientific, Pittsburg, PA). Leukocyte percentage and
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leukocyte profiles were assessed from whole blood obtained from non-stressed fish and
smeared onto frosted microscope slides (VistaVisionTM; VWR International, Radnor, PA)
in duplicate, fixed with 100% ethanol, stained with Wright-Giemsa stain (Sigma-Aldrich,
St. Louis, MO), and examined at 40x magnification (Illuminator microscope Model # B6742DV, Bausch and Lomb, Rochester, NY). Leukocyte percentage (as a percentage of
total blood cells) was measured by enumeration of leukocytes in 100 blood cells.
Leukocyte differential counts were measured by enumeration of neutrophils,
lymphocytes, and monocytes, in 100 leukocytes (no basophils or eosinophils were seen in
any blood smear and are therefore not included in results).
Variables measured in muscle tissue were muscle color (lightness, redness, and
yellowness) and muscle composition (moisture, protein, lipids, and collagen). Muscle
color was measured immediately after collection using a colorimeter and methods similar
to those used to measure liver color. Two fillets were removed from each fish and muscle
color was measured twice (on the two thickest sections) on the vertebral side of each
fillet. The four readings obtained from each fish were then averaged. Fillets submitted for
proximate analysis were grouped into batches containing three to four fish each, and
moisture, protein, lipids, and collagen were measured as percentages of total mass of each
batch.
Viscerosomatic index (VSI) was also measured by weighing visceral fat and
organs together immediately after collection. VSI was calculated using the formula:
VSI (% body weight) = (V / W) * 100

(2.5)

where V represents the weight of visceral fat and organs other than the liver (g) and W
represents the weight of the whole fish (g).
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Naturalization: tissue and baseline stress levels
The purpose of this experiment was to determine the time required for pelletreared, advanced-size Largemouth Bass (240 to 344 mm TL) to become naturalized; i.e.,
to achieve physiological conditions and baseline levels of stress indicators within range
of wild fish or to reach a point after which continued feeding of live forage no longer
caused a change in physiological conditions or stress responses. The pellet-reared
treatment consisted of a total of 10 pellet-reared Largemouth Bass randomly collected
from five indoor tanks (2 fish per tank). Largemouth Bass undergoing naturalization (1,
2, 4, 6, 7, 9, and 12 weeks after feeding live forage commenced) were pellet-reared fish
switched to a live forage diet of Bluegills and Golden Shiners and were randomly
collected from five outdoor tanks (2 fish per tank).
Fish at all time points (0 to 12) were carefully removed from tanks to minimize
stress, euthanized in 300 mg/L of MS-222, and sampled for up to 3 mL of blood by
caudal venipuncture using 22 gauge, 4 cm hypodermic needles (PrecisionGlide, BD,
Franklin Lakes, NJ) and 3 mL syringes (MonojectTM, Fisher Scientific, Pittsburg, PA)
containing sodium heparin (Sigma-Aldrich, St. Louis, MO). Hematocrit was immediately
measured as described previously and additional blood was smeared onto frosted
microscope slides for subsequent evaluation of leukocytes. Remaining blood was
centrifuged and plasma was frozen in liquid nitrogen and stored at -80°C for later
analysis of plasma cortisol, glucose, lactate, osmolality, and pH. Blood parameters
measured from these fish represented baseline, or resting, levels of stress indices.
Livers were removed immediately after blood sampling by dissection, weighed,
and measured for color. A subsample (~ 1 cm3) of liver was removed around the hepatic
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portal vein, fixed in 10% neutrally buffered formalin, and taken to the Mississippi State
University College of Veterinary Medicine for histological analysis by Dr. Lora PetrieHanson. The remaining liver tissue was wrapped in aluminum foil, frozen in liquid
nitrogen, and stored at -80 °C for later analysis of liver moisture, lipids, and glycogen.
Muscle fillets were removed, measured for color, and transported on ice to the
Mississippi State University Department of Food Science, Nutrition and Health
Promotion for proximate analysis of moisture, lipids, protein, and collagen. Visceral fat
was removed along with the remaining organs and weighed.
Wild Largemouth Bass collected for this study were used as a reference to
determine when naturalization of pellet-reared fish was complete. Fish were euthanized
and sampled for blood immediately after capture using the methods described previously.
HSI and VSI were not obtained from W3 due to equipment malfunction, and no blood
metrics were obtained from W3 since angled fish would not represent baseline levels of
stress indicators. Blood samples collected from W1 and W2 were measured for
hematocrit, plasma glucose, lactate, osmolality, and leukocytes. These stress indices were
considered a representation of baseline stress levels since the fish were stunned by the
electrofisher and immediately (< 2 min after stunning) euthanized and sampled for blood.
Blood was centrifuged and hematocrit was measured immediately after sampling.
Plasma was immediately snap-frozen in liquid nitrogen and later stored at -80 °C for later
analysis of plasma variables.
Naturalization: stress response
In addition to collecting blood samples at baseline stress levels, additional pelletreared fish (week 0) and fish undergoing naturalization (weeks 1, 2, 4, 6, 7, 9, 12) were
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subjected to a simulated angling stressor to determine if naturalization had an effect on
the stress response. The pellet-reared treatment consisted of a total of 10 pellet-reared
Largemouth Bass randomly collected from five indoor tanks (2 fish per tank).
Largemouth Bass undergoing naturalization consisted of formerly pellet-reared fish
switched to a live forage diet of wild Bluegills and hatchery-reared Golden Shiners and
randomly collected from five outdoor tanks (2 fish per tank). These fish were placed into
200-L, 1.0-m diameter tanks and subjected to a chasing stressor, which involved moving
a 40.6 cm x 40.6 cm frame, 0.6 cm mesh, long-handled dip net as quickly as possible
throughout the tank to keep the fish swimming vigorously for 60 seconds. Chasing fish is
a method used in many studies to induce burst exercise similar to that experienced by fish
during angling (Wood 1991; White et al. 2008; Ostrand et al. 2011; Loomis et al. 2013).
Because many aspects of the stress response do not change instantaneously, fish were
given a 20 minute rest period before sampling. Fish were then removed, anesthetized in
150 mg/L of buffered MS-222 buffered with 400 mg/L NaHCO3, and sampled for blood
by caudal venipuncture using the same methods used to obtain baseline blood samples.
Hematocrit was immediately measured, remaining blood was centrifuged, and plasma
was frozen in liquid nitrogen and stored at -80°C for later analysis of plasma cortisol,
glucose, lactate, osmolality, and pH.
The magnitude of the stress responses of cortisol, hematocrit, glucose, lactate,
osmolality and pH were measured only in hatchery-reared fish and calculated using the
formula:
stress magnitude = St – Bt
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(2.6)

where St represents the mean stressed values in tank t of fish subjected to a 60second chasing stressor and sampled after a 20 minute rest period and Bt represents mean
resting, or baseline, stress values in tank t .
Statistical analysis
Data obtained from hatchery-reared Largemouth Bass were analyzed to evaluate
the effect of a diet change from formulated feed to live forage on physiological indicators
of pale liver syndrome and other physiological metrics. Data were analyzed using tanks
as replicates (5 tanks) with individual fish representing subsamples (2 per tank per
treatment). One-way analysis of variance (ANOVA) with least square means was used to
detect difference among time points (0, 1, 2, 4, 6, 7, 9, 12 weeks) for all physiological
variables, differences between least square means were assessed using Tukey’s multiple
comparisons tests. Variables that did not pass the Shapiro-Wilk W test of normality and
Levene’s test of homogeneity of variance were transformed by ranking individual fish
across the entire dataset (Conover and Iman 1981). Data obtained from wild Largemouth
Bass were analyzed to determine variability in physiological metrics among populations.
One-way ANOVA was used to detect differences among populations (W1, W2, W3) for
all physiological variables, and differences between least square means was assessed
using Tukey’s multiple comparison tests. Variables that did not pass the Shapiro-Wilk W
test of normality and Levene’s test of homogeneity of variance were transformed by
ranking individual fish across the entire data set (Conover and Iman 1981). Variables
measured in hatchery-reared fish were determined to be stable when there were no
differences among consecutive time points. Variables were determined to be within range
of wild populations if the standard errors (calculated and displayed by individual fish,
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rather than tanks) overlapped the standard errors of means of wild populations. Values
are displayed as mean ± standard error (SE) of individual fish, and statistical significance
was declared at α = 0.05. All analyses were conducted using SAS 9.4 software (SAS
Institute Inc, Cary, NC). This study was performed under the auspices of Mississippi
State University Animal Use Protocol number 14-051.
Results
Water quality and proximate analysis of live diets
Water quality during the 10 month rearing period and 12 week experimental
period was maintained at levels adequate for the healthy rearing of Largemouth Bass
(Table 2.2). The 3, ~40 g samples of wild Bluegills used for proximate analysis consisted
of 7, 8, and 13 individuals with mean ± SE individual weights of 5.41 ± 2.20 g, 5.35 ±
1.99 g, and 2.82 ± 0.35 g, respectively. Samples of hatchery-reared Golden Shiners
consisted of 9, 10, and 11 individuals with mean ± SE individual weights of 4.91 ± 0.71
g, 4.09 ± 0.36 g, and 4.21 ± 0.36 g, respectively; and samples of wild Golden Shiners
consisted of 6, 7, and 7 individuals with mean ± SE individual weights of 7.08 ± 0.63 g,
5.95 ± 0.28 g, and 6.11 ± 0.65 g, respectively (Table 2.3).
Fish sizes
Hatchery-reared Largemouth Bass (including fish kept on formulated diets and
fish subjected to naturalization) were of a similar size range to populations of wild
Largemouth Bass, although mean size was smaller. Hatchery-reared Largemouth Bass (n
= 80) were 240 - 344 mm TL (mean ± SE = 289.3 ± 2.5 mm), W1 fish (n=10) were 259 360 mm TL (mean ± SE = 303.8 ± 11.9 mm), W2 fish (n=10) were 255 - 392 mm TL
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(mean ± SE = 359.9 ± 12.8 mm), and W3 fish (n=7) were 308 - 397 mm TL (mean ± SE
= 355.0 ± 11.2 mm). Hatchery-reared Largemouth Bass subjected to a simulated angling
stressor to test the magnitude of the stress response (n = 80) were 246 - 338 mm TL
(mean ± SE = 289.3 ± 2.4 mm).
Liver
Livers visibly decreased in size and changed in color after the onset of
naturalization. Liver lightness and yellowness differed among weeks (p < 0.0001 and p <
0.0001, respectively), decreasing and stabilizing at week 4 and being within range of wild
populations at week 4 and onward (Figure 2.3a). Liver lightness did not differ among
wild populations (p = 0.0631), but yellowness did (p = 0.0025; Figure 2.3a). Liver
redness differed among weeks (p = 0.0026), where it only differed from formulated fish
at week 9, was stable by week 4, and was within range of wild populations at weeks 1, 7,
and 9 (Figure 2.3b). Liver redness did not differ among wild populations (p = 0.7971;
Figure 2.3b).
HSI differed among weeks (p < 0.0001), decreasing by week 1, stabilizing by
week 4, and being within range of wild populations at week 1 and onward (Figure 2.3c).
HSI also differed between wild populations (p = 0.0097; Figure 2.3c).
Liver moisture and lipids appeared to have an inverse relationship and both
differed among weeks (p = 0.0003 and p < 0.0001, respectively), but did not differ from
fish kept on formulated diets at any week of naturalization (Figure 2.3d). Both variables
stabilized by week 4, but liver moisture was within range wild populations at weeks 0, 4,
6, 9, and 12 and liver lipids was within range only at week 9. Neither liver moisture nor
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lipids differed among wild populations (p = 0.0801 and p = 0.1021, respectively; Figure
2.3d).
Liver glycogen differed among weeks (p = 0.0003), decreasing at week 2,
stabilizing by week 7, and being within range of wild populations at all weeks but week 7
(Figure 2.3e). Liver glycogen also differed among wild populations (p = 0.0053; Figure
2.3e)
Hepatic steatosis differed among weeks (p < 0.0001), decreasing, stabilizing, and
falling within range of wild populations at week 4 and onward (Figure 2.3f). Steatosis did
not vary among wild populations (p = 0.6856; Figure 2.3f).
Hepatic nodular formation did not differ among weeks (p = 0.6018) and was
within range of wild populations at weeks 0-9 (Figure 2.3g). Nodular formation did not
vary among wild populations (p = 0.3877; Figure 2.3g).
Blood (baseline)
Plasma cortisol was not measured in wild fish and was only measured in
hatchery-reared fish at weeks 0, 1, 4, 6, and 12. Plasma cortisol (p < 0.0001) differed
among weeks, but no week of naturalization differed from fish kept on a formulated diet
(Figure 2.4a). Cortisol was greater at weeks 1 and 4 than at weeks 6 and 12 (Figure 2.4a).
Hematocrit differed among weeks (p < 0.0001), where it was greater week 1 and
weeks 4-7 than in fish kept on a formulated diet, stabilized at weeks 9 and 12, and was
within range of wild populations at weeks 2, 9, and 12 (Figure 2.4b). Hematocrit did not
differ between wild populations (p = 0.5070; Figure 2.4b).
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Plasma glucose did not differ among weeks (p = 0.1026) and was within range of
wild populations at weeks 4 and 6 (Figure 2.4c). Glucose did not differ between wild
populations (p = 0.4007; Figure 2.4c).
Plasma lactate did not differ among weeks (p = 0.3160) and was within range of
wild populations at weeks at all weeks except week 9 (Figure 2.4d). Lactate did not differ
between wild populations (p = 0.2159; Figure 2.4d).
Plasma osmolality did not differ among weeks (p = 0.2405) and was within range
of wild populations at every week (Figure 2.4e). Osmolality did not differ between wild
populations (p = 0.2159; Figure 2.4e).
Plasma pH differed among weeks (p < 0.0001), decreasing at week 1 and
stabilizing by week 2 (Figure 2.4f). Incubating plasma to the water temperature at which
fish were sampled was necessary to accurately measure plasma pH, so pH was not
measured in wild fish since environmental temperature was not measured.
Leukocyte percentage differed among weeks (p = 0.0332), where it was highly
variable over time, stable at weeks 9 and 12, and within range of wild populations at all
weeks except week 9 (Figure 2.4g). Leukocyte percentage did not differ between wild
populations (p = 0.1012; Figure 2.4g).
Neutrophil percentage did not differ among weeks (p = 0.9625) and was within
range of wild populations at every week (Figure 2.4h). Neutrophil percentage did not
differ between wild populations (p = 0.6128; Figure 2.4h).
Lymphocyte and monocyte percentage differed among weeks (p = 0.0208 and p =
0.0133, respectively), where they only differed from fish kept on a formulated diet at
week 9 and were highly variable over time, stabilizing at weeks 9 and 12 (Figure 2.4i).
29

Lymphocytes were in range of wild populations at weeks 2 and 12 and monocytes were
within range only at week 12. Lymphocyte and monocyte percentage did not differ
between wild populations (p = 0.1349 and p = 0.1569, respectively; Figure 2.4i).
Muscle
Muscle color is an important factor in the food fish industry and may also provide
some inference to muscle composition. Muscle lightness differed among weeks (p <
0.0001), increasing and stabilizing at week 1 and being within range of wild populations
at weeks 1, 2, 4, 6, and 12 (Figure 2.5a). Muscle lightness did not differ among wild
populations (p = 0.4997; Figure 2.5a).
Muscle redness differed among weeks (p < 0.0001), where it was higher than fish
kept on formulated diets at weeks 1, 4, and 6, stabilized by week 6, and was within range
of wild populations at 0, 2, and 7-12 (Figure 2.5b). Muscle redness also differed among
wild populations (p = 0.0452), but the differences were not detected by Tukey’s multiple
comparisons test (Figure 2.5b).
Muscle yellowness did not differ among weeks (p = 0.0790) and was within range
of wild populations at weeks 0 and 12 (Figure 2.5c). Muscle yellowness did not differ
among wild populations (p = 0.5162; Figure 2.5c).
Muscle moisture differed among weeks (p = 0.0006), but no week of
naturalization differed from fish kept on a formulated diet, was highly variable over time,
stabilized by week 7, and was always below range of wild populations (Figure 2.5d).
Muscle moisture also differed among wild populations (p = 0.0027; Figure 2.5d).
Muscle protein differed among weeks (p = 0.0316), but the differences were not
detected by Tukey’s multiple comparisons test and was always above range of wild
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populations (Figure 2.5e). Muscle protein did not differ among wild populations (p =
0.0646; Figure 2.5e).
Muscle lipids differed among weeks (p = 0.0012), decreasing at week 9 and
stabilizing and being within range of wild populations at weeks 9 and 12 (Figure 2.5f).
Muscle lipids also differed among wild populations, but differences were not detected by
Tukey’s multiple comparisons test (p = 0.0479; Figure 2.5f).
Muscle collagen differed among weeks (p < 0.0001), where no week of
naturalization differed from fish kept on a formulated diet, but collagen stabilized by
week 4 and was within range of wild populations at weeks 0 and 4-9 (Figure 2.5g).
Muscle collagen did not differ among wild populations (p = 0.8855; Figure 2.5g).
VSI
VSI did not differ among weeks (p = 0.0789) and was within range of wild
populations at weeks 9 and 12 (Figure 2.6). However, VSI differed between wild
populations (p < 0.0001; Figure 2.6).
Stress response
Wild fish were not sampled for this experiment because the objective was to
determine whether a change from a formulated to a live forage diet would cause changes
in the intensity of the stress response of hatchery-reared Largemouth Bass to a simulated
angling stressor. Furthermore, wild fish were not sampled for this portion of the study
because a controlled setting similar to the one in which hatchery-reared fish were
sampled was needed to administer a consistent stressor across both hatchery and wild
populations of fish. The magnitude of change (i.e., difference between resting and
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stressed levels at each time point) in plasma cortisol (p = 0.7027), hematocrit (p =
0.1179), plasma glucose (p = 0.2630), lactate (p = 0.7641), osmolality (p = 0.1824), and
pH (p = 7864) of hatchery fish did not differ among weeks (Figure 2.7).
Discussion
Liver
Livers sampled in this study were measured for common indicators of pale liver
syndrome. Livers of fish maintained on formulated diets appeared pale and yellow-brown
in color. Previous research has found liver lightness and yellowness are positively
correlated with lipid content of diets as well as HSI and VSI and has attributed these
lighter colors to excessive amounts of stored lipids and glycogen (Csargo et al. 2013).
Naturalization was therefore expected to reverse the appearance of pale liver syndrome
by decreasing liver lightness and yellowness. In this study, both liver lightness and
yellowness decreased by week 4 of naturalization, but naturalization had no discernable
effect on liver redness. Similarly, Csargo et al. (2013) saw no correlation with redness
measured by a spectrophotometer to dietary lipids or carbohydrates, but did find a
negative correlation of redness to dietary lipids and carbohydrates when using a color
score developed from visual rankings of yellow to red (1 – 5).
In addition to color, morphological indices such as liver size can be affected by
levels of dietary carbohydrates (Goodwin et al. 2002) and lipids (Bright et al. 2005). The
decrease in HSI at 1 week of naturalization followed by the decrease in glycogen at 2
weeks is indicative of the breakdown of stored hepatic glycogen, although glycogen was
relatively high again at weeks 4 and 6. Similarly, previous studies report high or variable
HSI in Largemouth Bass fed diets containing high levels of carbohydrates and lipids
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(Goodwin et al. 2002; Bright et al. 2005; Csargo et al. 2013). In contrast to the present
study, previous research has reported dietary carbohydrates may need to be as high as >
27% before differences in HSI and increases in liver glycogen are observed (Goodwin et
al. 2002; Amoah et al. 2008). Differences among these studies and the present study may
be due to the range of dietary carbohydrate concentrations compared. For example,
Amoah et al. (2008) used diets containing 13, 19, and 25% carbohydrates and Goodwin
et al. (2002) used 21, 27, and 35%. In this study, the range of dietary carbohydrates used
(< 1% in live forage to 20% in formulated diets; Table 2.3) was greater than those used in
previous Largemouth Bass research, which had not tested levels as low as those found in
live forage.
Decreasing dietary lipids by switching fish to diets of live forage was predicted to
reduce liver lipid percentage, since > 16 % dietary lipids may increase liver lipids in
Largemouth Bass (Goodwin et al. 2002; Amoah et al. 2008). However, fish undergoing
naturalization did not have differing liver moisture or lipid percentages than fish
maintained on a formulated diet. Similarly, Amoah et al. (2008) found liver lipids did not
differ in Largemouth Bass fed dietary carbohydrates ranging from 13 – 25%. In contrast
to dietary carbohydrates, dietary lipids may cause increases in liver lipids (Bright et al.
2005). In this study, liver moisture and lipids had an inverse relationship, where liver
lipids were relatively high at week 2 and moisture was relatively low. Notably, the
relatively high liver lipid percentage at week 2 of naturalization is likely not due to an
increase in lipids, but rather due to decreases in HSI and liver glycogen. As HSI
decreases at the beginning of naturalization, stored liver glycogen appears to be
metabolized first, followed by stored lipids. In support, studies conducted on other
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species experiencing dietary changes or starvation, found liver glycogen was the first
substrate used as an energy source (Figueiredo-Garutti et al., 2002; Metón et al., 2003;
Furné et al., 2012). In addition, other studies have found a higher HSI in fish fed high
(e.g., ≥ 16%) lipid diets (Bright et al. 2005). The current study provides further evidence
that both dietary carbohydrates and lipids in formulated diets may increase HSI, as the
relatively low levels of carbohydrates (0.26 % in wild Bluegills and 0.78 % in hatcheryreared Golden Shiners) and lipids (0.57 % in wild Bluegills and 3.43 % in hatcheryreared Golden Shiners) in live forage diets led to decreased HSI by as early as one week.
Largemouth Bass fed high dietary carbohydrates develop pale and enlarged livers
consisting of hepatocytes swollen, or distended, by excessive amounts of stored glycogen
(Goodwin et al. 2002). In this study, the decrease in hepatic steatosis at week 4 of
naturalization further indicates naturalization is capable of reversing liver damage by
metabolizing the excess stored lipids and glycogen. Goodwin et al. (2002) and Amoah et
al. (2008) found a positive relationship between steatosis and dietary carbohydrates,
which has been previously attributed to intracellular storage of glycogen. However, this
study suggests steatosis may be attributed more to lipid intrusion than glycogen, as liver
lipid concentration and steatosis both decreased from week 2 to week 4.
Largemouth Bass livers characterized exhibiting hepatic steatosis may also
hepatic nodule formation, which are areas of regeneration of normal hepatocytes in
response to necrosis from excessive glycogen accumulation (Goodwin et al. 2002). In the
current study, the lack of change in hepatic nodules may indicate the level of dietary
carbohydrates used to raise Largemouth Bass was not great enough to cause necrosis of
the liver. This is supported by findings in a case study by Goodwin et al. (2002), in which
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hepatic nodules and necrosis were no longer present after switching Largemouth Bass
from diets of 27% carbohydrates to diets of 21%.
Many of the liver metrics measured fell within range of wild populations by 4
weeks or earlier, although liver lipids were almost always above range of wild
populations, with the exception of week 9. HSI fell within range of wild populations by
week 1 and onward, with the exception of a drop below range at week 7. Moisture, which
was within range of wild populations in fish fed formulated diets, dipped below range of
wild fish at weeks 1 and 2 as glycogen was being metabolized. Interestingly, one wild
population had relatively high levels of liver glycogen compared to the other populations,
and liver glycogen was in range of wild populations in fish fed formulated diets and
throughout naturalization, with the exception of a dip below range at week 7. This would
seem to indicate a 20% carbohydrate diet does not cause harmful glycogen storage in
hatchery-reared fish. However, hepatic steatosis, which did not fall within range of wild
populations until week 4, is attributed to dietary carbohydrates and can cause liver
dysfunction (Goodwin et al. 2002; Amoah et al. 2008). Liver lightness and yellowness
also fell within range of wild populations at week 4 and onward, suggesting liver color
may be more influenced by storage of glycogen and lipids specifically within hepatocytes
rather than the general excess of these substances. Nodular formation in the liver was in
range of wild populations in fish fed formulated diets and during naturalization, with the
exception of week 12. This suggests 20% dietary carbohydrates may not be high enough
to cause necrosis great enough to warrant nodular regeneration of hepatocytes. This is
supported by Goodwin et al. (2002), in which Largemouth Bass fed diets containing as
low as 20% carbohydrates did not show evidence of necrosis or nodular regeneration.
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Blood (baseline)
Resting levels of metabolites and stress indicators can provide information on
how formulated diets and naturalization affect metabolism in fish. In this study, only
plasma cortisol, hematocrit, and plasma pH showed significant changes throughout
naturalization. Resting levels of plasma cortisol peaked at the onset of naturalization,
presumably to stimulate glycogenolysis in the liver, which often occurs during periods of
fasting to maintain homeostatic levels of glucose (Mommsen et al. 1999; Pottinger et al.
2003; Barcellos et al. 2010). The sudden change in diet from 5% body weight per day of
formulated feed to 2% live body weight per day of live forage appears to have caused a
similar reaction.
Hematocrit increased during week 1 and weeks 4-7 of naturalization before
decreasing back to levels of fish maintained on formulated diets at week 9. Hematocrit,
which is the concentration of erythrocytes per volume of blood (Grant 2015), can
increase as a result of erythrocytic swelling, increase of erythrocyte number due to
splenic contraction (Ken-Ichi 1988; Wells and Weber 1990; Pearson and Stevens 1991;
Clauss et al. 2008; Grant 2015) or decreased plasma volume due to water leaving
circulation and moving into tissues (Milligan and Wood 1982; Okimoto et al. 1994; Allen
et al. 2009). Although not measured, erythrocytes examined in blood smears did not
appear to swell or change size throughout naturalization. The increase in hematocrit is
therefore more likely a result of splenic contraction or decrease in plasma volume.
Unlike cortisol and hematocrit, naturalization caused no change in resting levels
of metabolites. Diets containing > 19% dietary carbohydrates have been found to cause
higher blood glucose levels in Largemouth Bass (Amoah et al. 2008). In the present
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study, although plasma glucose levels at weeks 4 and 6 of naturalization were
approximately 50% higher than levels in fish maintained on formulated diets, this
increase was not significant, possibly due to high variation among individuals. Resting
levels of plasma lactate also did not change throughout naturalization. Lactate is a waste
product of anaerobic metabolism and is produced from glucose during glycolysis (Chen
et al. 2017), so the lack of change in resting levels of lactate is expected since resting
glucose levels also did not change. Similarly, plasma osmolality, which is a measure of
total dissolved solutes in blood and is affected by metabolites such as glucose (Wood
1991; Suski et al. 2003), did not change.
Blood pH often decreases during stress as a result of increases in lactate or CO 2
(Jensen et al. 1983; Wendelaar Bonga 1997). Lack of change in plasma lactate does not
comport with the sharp decrease in plasma pH at week 1 of naturalization. The decrease
in plasma pH may be related to another variable not measured in this study, such as blood
CO2 (Wood et al. 1977). Alternatively, catabolism of muscle lipids may have been
partially responsible for the decrease in plasma pH (Pottinger 2000).
Because increases in cortisol can lead to immunosuppressive actions (Wendelaar
Bonga 1997), quantifying leukocytes in blood smears is useful for assessing stress in fish
(Davis et al. 2008). Leukocytes in this study changed erratically throughout
naturalization, but never differed from those measured in fish maintained on formulated
diets. However, because leukocytes were quantified as a percentage of total blood cells,
their concentration could possibly be influenced by changes in erythrocyte numbers. The
changing levels of hematocrit throughout naturalization suggest the possibility that
leukocyte percentage was influenced by increases in erythrocyte numbers.
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The enumeration of the different types of leukocytes, or leukocyte profiles, may
also be used as a means of assessing stress and immunocompetence (Davis et al. 2008).
Stressors such as acute or chronic handling, crowding, and transport often cause increases
in circulating neutrophils and decreases in circulating lymphocytes (Wendelaar Bonga
1997). High neutrophil to lymphocyte ratios (N:L) are indicative of high glucocorticoid
levels, and N:L ratios are often measured to assess stress (Davis et al. 2008). In the
current study, no basophils and eosinophils were found, and neutrophils were nearly
absent compared to lymphocytes and monocytes. Lymphocyte and monocyte
concentrations both fluctuated throughout naturalization, and were generally similar to
fish maintained on a formulated diet. Therefore, naturalization of fish may have no
discernable effect on immune function and the presence of lymphocytes and monocytes
may be affected by another factor not tested in this study.
Blood metrics measured in hatchery-reared fish were within range of wild
populations before naturalization and for most of the duration of naturalization.
Hematocrit was above the range of wild populations for most of naturalization but was
within range in fish fed formulated diets and at the end of naturalization. Interestingly,
glucose was below the range of wild populations and only increased within range at
weeks 4 and 6, which is contrary to Amoah et al. (2008), in which blood glucose was
higher in fish fed diets containing > 19% dietary carbohydrates. A possible explanation is
that wild fish obtained by electrofishing did not accurately represent unstressed fish.
However, plasma lactate, osmolality, and leukocyte percentage were within range of wild
populations throughout naturalization (with the exception of week 9 for lactate and
leukocytes). However, lymphocyte percentage was above the range of wild fish, and
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monocyte percentage was mostly below. The implications lymphocyte quantity have on
immunocompetence of hatchery fish is not clear because there is no consensus on
whether lower levels of lymphocytes are indicative of immunosuppression or a lack of
parasites present (Davis et al. 2008). Furthermore, because neutrophils were nearly absent
in fish, leukocyte differentials were practically quantified as a ratio between lymphocytes
and monocytes. Therefore, changes in lymphocyte percentage may be heavily influenced
by changes in monocyte percentage. Monocytes have the ability to phagocytize foreign
particles, are often found in necrotic tissue, and may increase in response to a severe
stressor (Ellis 1977).
Muscle and VSI
Muscle color is an important factor typically evaluated in relation to marketability
of food fish but may also have inference into fish health. Muscle color can be affected by
a number of variables, such as handling, dissolved oxygen, residual blood or hemoglobin,
lipid oxidation, feed, and other environmental factors associated with aquaculture (Robb
2000; Ruff et al. 2002; Bosworth et al. 2004; Hallier et al. 2007; Li et al. 2007; Roth et al.
2007 Roth et al.2009). In this study, muscle lightness increased after 1 week of
naturalization compared to fish fed formulated diets, and muscle redness increased at
weeks 1, 4, and 6. Changes in muscle color are presumably related to the depletion of
glycogen, lipids, and proteins (Pottinger 2000) and lipid oxidation (Ruff et al. 2002). Low
dissolved oxygen in rearing ponds has been found to cause lighter fillet color in Channel
Catfish (Bosworth et al. 2004), but the cause of lighter muscle color after naturalization
of Largemouth Bass in this study is not understood. Increases in muscle yellowness have
been attributed to fish feeding on natural foods present in aquaculture ponds such as algae
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and insects (Li et al. 2007). However, in the present study, no significant change in
muscle yellowness was detected in Largemouth Bass after naturalization.
Muscle composition is another important indicator of the physiological condition
of fish. Previous studies found no difference in muscle moisture and protein content in
Largemouth Bass fed varying amounts of lipids and carbohydrates (Bright et al. 2005;
Amoah et al. 2008). Similarly, the present study found no change in muscle protein after
the onset of naturalization, and muscle moisture, although variable, showed no clear
pattern of change. Changes in muscle moisture can be caused by utilization of muscle
lipid and glycogen stores, which can also cause decreased pH (Bjørnevik and Solbakken
2010). In this study there was a sharp decrease in plasma pH at the onset of
naturalization, although muscle pH, glycogen and lactate were not measured. Evidence of
muscle compositional change is, however, also indicated by changes in muscle collagen,
which stabilized after 4 weeks of naturalization.
Naturalization resulted in no changes in VSI, although measures from wild
Largemouth Bass showed differences between populations. Because VSI has been found
to be higher in Largemouth Bass fed > 16% dietary lipids and > 12% dietary
carbohydrates (Csargo et al. 2013), VSI was expected to change in the current study.
However, stored liver lipids and glycogen appear to have been metabolized prior to
muscle lipids, and visceral fat may be slower to change.
Most muscle metrics were out of range of wild populations for the majority of
naturalization, suggesting muscle composition may change more slowly than liver.
Muscle lightness was within range of wild populations for most of naturalization, with
the exceptions of weeks 7 and 9 and muscle redness was similar to wild populations in
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fish kept on formulated feed, but moved in and out of range of wild populations until
finally falling back within range and stabilizing by week 7. Yellowness was similar to
wild populations but highly variable in fish kept on formulated feed, and was above range
of wild fish at the start of naturalization, falling back within range at week 12. Because
muscle color behaved unpredictably and did not appear to correlate well with muscle
color of wild fish, it may not be a very reliable indicator of the effects of formulated diets
in Largemouth Bass. Furthermore, muscle moisture and protein were consistently out of
range of wild populations for the entirety of the naturalization period and therefore may
not be useful variables to consider when naturalizing Largemouth Bass.
Muscle lightness increased into the range of wild populations during
naturalization, except weeks 7 and 9 where it actually increased above range. Muscle
redness moved in and out of range up until week 7 and onward, where it stayed within
range, and muscle yellowness within range of wild population in fish fed formulated
diets, but increased above range during naturalization until week 12. Muscle moisture and
protein were always below and above the range of wild populations, respectively, but
naturalization brought muscle collagen and lipids into range of wild populations by
weeks 4 and 9, respectively. In addition to muscle metrics, VSI was more resilient to
naturalization. Although VSI did not change significantly throughout naturalization, it
fell within range of wild populations by week 9 and onward, suggesting some visceral fat
may have been metabolized towards the end of the naturalization period. However,
despite a peak at weeks 1 and 2, collagen fell within range of wild populations and
stabilized by week 4. Lipids showed a gradual decrease during naturalization, stabilizing
by week 2 but not significantly decreasing below levels of fish kept on formulated diets
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and falling within range of wild populations until week 9. Muscle collagen and lipids,
being somewhat more predictable and comparable to wild fish, may be more useful than
other muscle variables in studies involving the effects of formulated diets. Furthermore,
muscle glycogen may be a variable of interest for future research to better understand the
role of muscle in glycogen accumulation and metabolism in Largemouth Bass.
Stress Response
High dietary carbohydrates may reduce the ability of Largemouth Bass to cope
with stress as a result of a decrease in liver function, leading to mortality (Goodwin et al.
2002). However, previous studies have not measured the effect of diet on the stress
response of Largemouth Bass and therefore do not specify whether the increased
mortality rates occur under a normal stress response or result from a more intense stress
response. Therefore, this study measured the magnitude, or degree of change, of stress
indicators following a 60-second simulated angling stressor, where exercise was induced
by chasing. The stress magnitude did not change over the course of naturalization for any
of the stress indicators measured. In a parallel study, survival of Largemouth Bass
switched from formulated diets of 20% dietary carbohydrates to natural forage and
subjected to a chasing stressor did not differ among fish kept on formulated diets and
those measured throughout a 12 week naturalization period (Keretz et al. 2018). After
switching Largemouth Bass from diets of 27 to 20% dietary carbohydrates, Goodwin et
al. (2002) saw improvements in liver histology and survival during transport, presumably
due to improved resistance to stress. Although the current study subjected fish to a
simulated angling stressor rather than transport, the lack of effect of 20% dietary
carbohydrates on the stress response of Largemouth Bass provides additional evidence
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that ≤ 20% dietary carbohydrates can effectively be used to rear Largemouth Bass with
normal responses to stressors.
Conclusion
The results of this study indicate naturalization to a diet of live forage low in
carbohydrates compared to a formulated diet (46% protein, 20% carbohydrates, 16%
lipids) results in changes in liver and muscle health indices and cortisol after a relatively
short period of time. Naturalization reduced HSI by week 1, decreased liver glycogen by
week 2, and liver lightness, yellowness, and steatosis by week 4. Liver moisture and
lipids, which appear to be metabolized after glycogen, had an inverse relationship and
stabilized after 4 weeks. Muscle lightness and redness changed after 1 week and
stabilized gradually and muscle yellowness was highly variable in fish kept on
formulated diets. Muscle lightness and protein were never within range of wild
populations at any point during naturalization, and may change predictably in response to
naturalization. Muscle collagen and lipids stabilized and fell within range of wild
populations by weeks 4 and 9, respectively. Plasma cortisol was high 1 week after
naturalization began, possibly to stimulate glycogenolysis, the conversion of glycogen
into glucose, in the liver. Glycogenolysis may have also been the cause of a decrease in
plasma pH at week 1. Hematocrit increased higher than levels seen in fish maintained on
formulated diets during weeks 4-7, likely as a result of increased numbers of erythrocytes
or decreased plasma volume. Although resting levels of plasma cortisol, hematocrit, and
pH were affected by naturalization, their magnitude of change they exhibited following a
60-second chasing stressor was unaffected by naturalization. Therefore, a 4-6 week
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naturalization period is adequate to reduce many of the physiological effects of a
formulated diet of 20% carbohydrates and 16% lipids.
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Table 2.1

Physiological parameters measured, their definitions, their expected
relationships to pale liver syndrome, and how they are expected to change
over the course of naturalization.

Parameters
Liver lightness (L)
Liver redness (a)
Liver yellowness
(b)
Hepatosomatic
index
Liver moisture
Liver lipids
Liver glycogen
Hepatic steatosis
Hepatic nodular
formation
Plasma cortisol
Hematocrit
Plasma glucose
Plasma lactate
Plasma osmolality
Plasma pH
Leukocytes
Lymphocytes
Monocytes
Neutrophils
Muscle lightness
(L)

Expected
condition
before
naturalization

Definition
Range of liver color from
black (0) to white (100)
Range of liver color from
green (-) to red (+)
Range of liver color from
blue (-) to yellow (+)
Liver mass relative to
whole body mass
Moisture content of liver
tissue
Lipid content of liver
tissue
Glycogen content of liver
tissue
Lipid intrusion of
hepatocytes
Mass of tissue associated
with infection or
inflammation
Primary stress
response/stress hormone
Number of red blood
cells in circulation
Secondary stress
response/metabolite
Secondary stress
response/metabolite
Circulation of dissolved
ions
Measurement of acidity
White blood cells
Type of leukocyte
responsible for antibody
production
Type of leukocyte
Type of leukocyte (more
specifically a type of
granulocyte)
Range of color from
black to white
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Light in color
Less red
Yellow in color
Enlarged
Low

Expected change
with naturalization
↓ (Goodwin et al. 2000)
↑ (Csargo et al. 2013)
↓ or none (Csargo et al.
2013)
↓ (Goodwin et al. 2000;
Csargo et al. 2013)
none (Amoah et al. 2008;
Csargo et al 2013)

High

↓ (Goodwin et al. 2000)

High

↓ (Goodwin et al. 2000)

High

↓

High

↓

High

↓

High

↓

High

↓ (Amoah et al. 2008)

High

↓

Low

↑

Low
High

↑
↓

High

↓

High

↓

High

↓ (Goodwin et al. 2000)

Unknown

unknown

Table 2.1 (continued)

Parameters
Muscle redness (a)
Muscle yellowness
(b)
Muscle moisture

Definition
Range of color from
green to red
Range of color from blue
to yellow
Moisture content of
muscle tissue

Muscle lipids

Lipid content of muscle
tissue

Muscle protein

Protein content of muscle
tissue

Muscle collagen
Viscerosomatic
index

Collagen content of
muscle tissue
Visceral fat and organ
mass relative to whole
body mass

46

Expected
condition
before
naturalization

with naturalization

Unknown

unknown

Unknown

unknown

Low due to high
lipid content
High due to high
levels of dietary
lipids
Low due to low
levels of dietary
protein

Expected change

↑
↓
↑

Unknown

unknown

High due to high
levels of dietary
lipids

↓

Table 2.2

Mean (standard error) pH, total ammonia nitrogen, and nitrite during
intensive culture (328 L tanks, indoor 4,000 L tanks, and raceways) and
experimentation (outdoor 4,000-L tanks) of Largemouth Bass.
Indoor 328 L

Variable
pH

tanks
A 7.10
(0.11)

Indoor 4,000 L
tanks &
raceways
7.92
(0.02)

Outdoor 4,000 L
tanks
8.08
(0.11)

Ammonia
(mg/L)

0.218
(0.015)

0.244
(0.014)

0.096
(0.002)

Nitrite
(mg/L)

0.316
(0.086)

0.069
(0.011)

0.034
. (0.110.)
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Table 2.3

Mean (standard error) percentages of protein, fat, carbohydrates, moisture,
and ash in formulated feed (EXTR 450; Rangen Inc, Buhl, Idaho, USA ),
wild Bluegills and both hatchery-reared and wild Golden Shiners.
Significant differences between hatchery-reared and wild Golden Shiners
are noted by different letters (student’s t-test; p < 0.05).
Formulated
diet*
45.72
(0.37)

Diet type
Bluegills Golden shiners
(hatchery)
6.02
10.16a
(0.32)
(0.57)

16.08
(0.12)

0.57
(0.15)

3.43a

Carbohydrates
(%)

20.19
(0.56)

0.26
(0.06)

0.78a

Moisture
(%)

7.90
(1.18)

91.16
(0.50)

8.85b

Ash

10.10
(0.20)

1.99
(0.09)

2.27a
(0.17)

(0.06)

n/a

63.07
(2.75)

74.83b
(1.40)

87.80a
(1.28)

n/a

4.19
(0.80)

4.38b

6.35a

Nutritional metric
Protein
(%)
Lipids
(%)

(%)
Total length
(mm)
Weight
(g)
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Golden shiners
(wild)
6.93b
(0.08)
1.97b

(0.33)

(0.22)
0.33b

(0.11)

(0.02)

(0.50)

89.09a
(0.35)
1.67b

(0.27)

(0.32)

Figure 2.1

Largemouth Bass livers assigned a grade of 1 – 4 based on hepatic,
macrovesicular steatosis.

(a) grade 1: normal, healthy hepatocytes with normal glycogen content throughout, (b)
grade 2: less than ¼ hepatocytes with macrovesicular steatosis (arrows). (c) grade 3: ¼ to
¾ of hepatocytes with macrovesicular steatosis. (d) grade 4: greater than ¾ hepatocytes
with macrovesicular steatosis
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Figure 2.2

Largemouth Bass livers assigned a grade of 1 – 4 based on hepatic nodular
formation.

(a) grade 1: no nodules were present, (b) grade 2: nodules (arrow) were present with no
fibrosis or mild fibrosis, or were resolving nodules, (c) grade 3: nodules (arrow) were
present with surrounding moderate fibrosis or leukocytic infiltration (star), and (d) grade
4: large nodules were present with surrounding marked to severe fibrosis (arrow) and
leukocytic infiltration (star)
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*a
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Mean and standard error of liver metrics: (a) lightness and yellowness, (b)
redness, (c) HSI, (d) moisture and lipids, (e) glycogen, (f) hepatic steatosis,
and (g) hepatic nodular formation in Largemouth Bass fed a formulated
diet (0 weeks since diet change), and at each week of naturalization (1, 2, 4,
6, 7, 9, 12 weeks since diet change), and in populations of wild fish (W1,
W2, W3).

Statistical differences among weeks are indicated by different lower case letters and
differences among means of wild populations are indicated by different capital letters
(ANOVA; p < 0.05; Tukey’s multiple comparison test). Means of hatchery-reared fish
marked with an asterisk (*) are not within range of wild populations (i.e., mean ±
standard error of hatchery-reared fish does not fall between the lowest and highest mean
± standard error of wild populations).
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Statistical differences among weeks are indicated by different lower case letters and
differences among means of wild populations are indicated by different capital letters
(ANOVA; p < 0.05; Tukey’s multiple comparison test). Means of hatchery-reared fish
marked with an asterisk (*) are not within range of wild populations (i.e., mean ±
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Mean and standard error of blood metrics: (a) plasma cortisol, (b)
hematocrit, (c) plasma glucose, (d) plasma lactate, (e) plasma osmolality,
(f) plasma pH, (g) leukocyte percentage, (h) neutrophil percentage, and (i)
lymphocyte and monocyte percentage in Largemouth Bass fed a formulated
diet (0 weeks since diet change), and at each week of naturalization (1, 2, 4,
6, 7, 9, 12 weeks since diet change), and in populations of wild fish (W1,
W2, W3).

Statistical differences among weeks are indicated by different lower case letters and
differences among means of wild populations are indicated by different capital letters
(ANOVA; p < 0.05; Tukey’s multiple comparison test). Means of hatchery-reared fish
marked with an asterisk (*) are not within range of wild populations (i.e., mean ±
standard error of hatchery-reared fish does not fall between the lowest and highest mean
± standard error of wild populations).
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Figure 2.4 (continued)
Statistical differences among weeks are indicated by different lower case letters and
differences among means of wild populations are indicated by different capital letters
(ANOVA; p < 0.05; Tukey’s multiple comparison test). Means of hatchery-reared fish
marked with an asterisk (*) are not within range of wild populations (i.e., mean ±
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Mean and standard error of muscle metrics: (a) lightness, (b) redness, (c)
yellowness, (d) moisture, (e) protein, (f) lipids, and (g) collagen in
Largemouth Bass fed a formulated diet (0 weeks since diet change), and at
each week of naturalization (1, 2, 4, 6, 7, 9, 12 weeks since diet change),
and in populations of wild fish (W1, W2, W3).

Statistical differences among weeks are indicated by different lower case letters and
differences among means of wild populations are indicated by different capital letters
(ANOVA; p < 0.05; Tukey’s multiple comparison test). Means of hatchery-reared fish
marked with an asterisk (*) are not within range of wild populations (i.e., mean ±
standard error of hatchery-reared fish does not fall between the lowest and highest mean
± standard error of wild populations).

55

Formulated
Live Forage
Wild

21.5

21.0

*

*

*

*
*

20.5

*

*

20.0

f

*

19.5

19.0

2.4

*a

Formulated
Live Forage
Wild

2.2

Muscle Lipids (% wet weight)

Muscle Protein (% wet weight)

e

2.0

*a

1.8

*ab

1.6
1.4

*ab

*ab

1.2

*ab

1.0

b

0.8

b

0.6
0.4
0.2
0.0

0.0
0

1

2

4

6

7

9

12

0

14 W2
15 W3
16
W1

Muscle Collagen (% wet weight)

g

1

2

4

6

7

9

12

14 W2
15 W3
16
W1

Time (weeks)

Time (weeks)
2.2

Formulated
Live Forage
Wild

*a
2.1

*a

2.0
1.9
1.8

ab
ab b

1.7
1.6

b

b

*b

1.5
1.4

0.0
0

1

2

4

6

7

9

12

14 W2
15 W3
16
W1

Time (weeks)

Figure 2.5 (continued)
Statistical differences among weeks are indicated by different lower case letters and
differences among means of wild populations are indicated by different capital letters
(ANOVA; p < 0.05; Tukey’s multiple comparison test). Means of hatchery-reared fish
marked with an asterisk (*) are not within range of wild populations (i.e., mean ±
standard error of hatchery-reared fish does not fall between the lowest and highest mean
± standard error of wild populations).
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Mean and standard error of VSI in Largemouth Bass fed a formulated diet
(0 weeks since diet change), and at each week of naturalization (1, 2, 4, 6,
7, 9, 12 weeks since diet change), and in populations of wild fish (W1, W2,
W3).

Statistical differences among weeks are indicated by different lower case letters and
differences among means of wild populations are indicated by different capital letters
(ANOVA; p < 0.05; Tukey’s multiple comparison test). Means of hatchery-reared fish
marked with an asterisk (*) are not within range of wild populations (i.e., mean ±
standard error of hatchery-reared fish does not fall between the lowest and highest mean
± standard error of wild populations).
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Mean and standard error of the magnitude of change in stress response
variables: (a) plasma cortisol, (b) hematocrit, (c) plasma glucose, (d)
plasma lactate, (e) plasma osmolality, and (f) plasma pH measured in
Largemouth Bass fed a formulated diet (0 weeks since diet change), and at
each week of naturalization (1, 2, 4, 6, 7, 9, 12 weeks since diet change).

No statistical differences were found among weeks (ANOVA; p < 0.05; Tukey’s multiple
comparison test; magnitude = stressed levels – baseline level; n = 5 tanks).
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CHAPTER III
COMPARISON OF STRESS RESPONSES IN PELLET-REARED, NATURALIZED,
AND WILD LARGEMOUTH BASS SUBJECTED TO A
SIMULATED ANGLING STRESSOR
Abstract
Formulated feeds high in dietary carbohydrates and lipids may result in negative
effects on liver health in carnivorous fishes such as Largemouth Bass Micropterus
salmoides, presumably affecting overall physiological performance. Transition to a
natural diet of live forage (i.e., naturalization) improves many of the physiological
metrics affected by formulated diets after a relatively short (i.e., 4 week) time period.
However, whether naturalization yields fish with similar stress responses to wild fish,
which may be important for their post-release survival or their use as surrogates for wild
fish in experiments, is not known. Therefore, primary (cortisol) and secondary
(hematocrit, plasma glucose, lactate, osmolality, and pH) stress responses of pellet-reared
(formulated diet; 20% dietary carbohydrates), naturalized (switched to a live forage diet
for 8 weeks), and wild Largemouth Bass were compared over a 24-hour period following
a simulated angling stressor. Stress responses among pellet-reared, naturalized, and wild
fish (treatments) were similar for most indicators measured, with few differences in
magnitude or duration. Plasma cortisol was the only stress response differing among
treatments over time, with wild fish showing no cortisol response to simulated angling,
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possibly due to chronic stress caused by temporary tank confinement. The cortisol
response of pellet-reared fish may have been affected by elevated resting levels of
cortisol, presumably due to the effect of the one week acclimation period in which
feeding was withheld, possibly causing glycogenolysis to a greater degree in pellet-reared
fish than in naturalized fish. However, despite the higher resting cortisol in pellet-reared
fish, cortisol did not differ between pellet-reared and naturalized fish at any time point
during the 24 hour recovery period. Overall regulated (i.e., normally maintained) levels
of glucose and osmolality differed among treatments, but there were no differences in the
response of these variables to a simulated angling stressor (i.e., stressed state). The
simulated angling stressor did not cause significant lactate or pH responses, and although
hematocrit, glucose, and osmolality responded to simulated angling, these variables did
not differ among pellet-reared, naturalized, and wild Largemouth Bass. Therefore, this
study did not find a clear relationship in Largemouth Bass between diet and origin of fish
in magnitude or duration of stress response.
Introduction
The intensive culture of fish using formulated diets can efficiently produce large
numbers of relatively homogenous fish for both stocking and research. Many of these
diets are comprised of high levels of dietary lipids and carbohydrates as a more costeffective energy source than protein (Webster and Lim 2002; Bright et al. 2005).
However, excessive amounts of dietary lipids and carbohydrates can have negative
impacts on carnivorous fish species (Vielma et al. 2003). Dietary carbohydrates are
difficult for many species to digest (Wilson 1994) and can lead to accumulation of
glycogen in the liver and reduced growth rate (Goodwin et al. 2002), but the impact
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varies among fish species, presumably due to differing nutritional requirements and
digestive physiology (NRC 2011). High levels of dietary carbohydrates have been found
to increase liver glycogen and reduce growth rate in Rainbow Trout Oncorhynchus
mykiss (Hilton and Atkinson 1982) and increase both liver glycogen and growth rate in
Striped Bass Morone saxatilis (Millikin 1983; Berger and Halver 1987), but neither liver
glycogen or growth rate were affected in Red Drum Sciaenops ocellatus (Serrano et al.
1992).
Largemouth Bass Micropterus salmoides are a carnivorous species and therefore
have some difficulty in digesting dietary carbohydrates. Diets containing > 20%
carbohydrates may increase blood glucose levels and hepatic steatosis in Largemouth
Bass (Amoah et al. 2008) and > 16% dietary lipids may result in increased whole body
lipid content (Bright et al. 2005). Furthermore, ≥ 27% dietary carbohydrates have been
found to cause glycogen accumulation and necrosis of the liver, but switching to diets of
20% dietary carbohydrates was found to improve liver histology and fish survival during
transport, which was attributed to improved liver function and ability to resist stress
(Goodwin et al. 2002).
Connections between dietary carbohydrates, lipids, and metabolic stress in fishes
have been suggested by several studies. A high carbohydrate to lipid ratio increased
resting plasma cortisol and glucose when coupled with low dietary protein in Siberian
Sturgeon Acipenser baerii (Babaei et al. 2017). Waagbø et al. (1994) found resting
cortisol levels in Atlantic Salmon Salmo salar increased linearly with increasing dietary
carbohydrate levels from 5-30%, and Liu et al. (2012) found resting cortisol and glucose
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levels in Top-mouth Culter Erythrocultur ilishaeformis increased when fed dietary
carbohydrate levels ≥ 27%.
Although dietary carbohydrates and lipids may affect resting levels of cortisol and
glucose, little is known of how they affect the response to an additional stressor.
Carbohydrates had no effect on the cortisol response of Cod Gadus morhua subjected to a
2-hour handling and transport stressor but caused a greater and longer glucose response
(Hemre et al. 1991). Although switching Largemouth Bass from diets of 27 to 20%
dietary carbohydrates has been found to reduce hepatic steatosis, prevent the formation of
hepatic nodules, and increase survival during transport (Goodwin et al. 2002), the effect
the diet change had on the stress response was not quantified. Dinken et al. (unpublished
[Chapter 2]) found no differences in the magnitude of the stress response (i.e., changes in
plasma cortisol, hematocrit, plasma glucose, lactate, osmolality, and pH) following a 60second simulated angling stressor among Largemouth Bass kept on a formulated diet
(46% protein, 20% carbohydrates, 16% lipids) and Largemouth Bass switched to a live
forage diet (herein referred to as “naturalized”) for up to 12 weeks.
Although decreasing dietary carbohydrates in Largemouth Bass may improve
survival and stress resistance in hatchery-reared fish, it is not known whether changing
diets will result in stress responses approximating those of wild fish and the stress
response of hatchery-reared Largemouth Bass has not been directly compared to wild
Largemouth Bass. Differences in the stress response between hatchery and wild fish have
been reported in various species, although the differences are not always attributed to
diet. In Chinook Salmon Oncorhynchus tshawytscha, hatchery and wild fish had similar
hematocrit and cortisol responses to handling, but hatchery fish had lower hematocrit and
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lower plasma cortisol response than wild fish when subjected to greater stocking
densities, presumably due to previous exposure to intensive culture conditions by
hatchery fish (Mazur and Iwama 1993). Similarly, Zuberi et al. (2011) attributed a
difference in the cortisol response between hatchery and wild Rainbowfish Malanoteania
duboulayi to unnatural selection and desensitization to reoccurring stressors in the
hatchery fish. Differences in stress responses may also be due to past selective pressure
when comparing fish of different populations, as proposed for differences in plasma
cortisol, glucose, and chloride between hatchery and wild Rainbow Trout following a net
confinement stressor (Woodward and Strange 1987).
Although naturalization through the use of live prey has been found to improve
liver health, muscle composition, and cause changes in resting levels of stress indicators
in Largemouth Bass (Dinken et al. unpublished [Chapter 2]), little is known as to whether
diet influences the ability to respond to stressors. This information would be beneficial
for hatcheries and research designed to understand stress responses in wild fish (Gallman
et al. 1999). Therefore the purpose of this study was to compare the stress response of
adult Largemouth Bass maintained on a formulated diet (hereafter referred to as “pelletreared”), naturalized, and obtained from the wild to determine how the stress response
may change with naturalization and whether the stress response of pellet-reared and
naturalized fish differs from wild fish.
Methods
Specimens
The stress response was compared among three treatment groups of Largemouth
Bass: pellet-reared, naturalized, and wild. The pellet-reared fish were raised at the
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Mississippi State University South Farm Aquaculture Facility in Starkville, Mississippi
(South Farm) on a formulated diet (EXTR 450; Rangen Inc., Buhl, Idaho, USA; 46%
protein, 20% carbohydrates, 16% fat). This commercial diet was chosen because higher
levels of carbohydrates have been found to reduce growth and increase mortality in
Largemouth Bass (Goodwin et al. 2002; Amoah et al. 2008). Feed-trained fingerlings
(~50 mm mean total length) were obtained from a commercial supplier in June 2014 and
reared indoors at South Farm for 11 months following Dinken et al. (unpublished
[Chapter 2]). Fish were initially divided equally among 20, 350-L, 1.0-m diameter tanks
(~400 fish per tank) in a recirculating water system receiving a flow of ~2 L/min. Fish
were size graded five times during this period to reduce size variation and cannibalism
and transferred to nine, 4,000-L, 2.3-m diameter recirculating tanks and three, 9,800-L,
6.1 m x 1.8 m x 0.9 m flow-through raceways as fish continued to grow. Tanks and
raceways were flushed with 20 L/min of mixed well water and recirculated water, total
ammonia nitrogen, nitrite, and pH were measured twice weekly, and temperature and
dissolved oxygen were monitored daily and maintained at 25 ± 1°C and > 5 mg/L,
respectively.
Fish representing the naturalized treatment were subjected to naturalization
following Dinken et al. (unpublished [Chapter 2]). Fifty fish per tank were transferred
into five, 4,000-L flow-through (20 L/min) outdoor tanks and provided a fish-only diet
consisting of live wild Bluegills and hatchery-reared Golden Shiners at a rate of 2% body
weight per day. Water temperature was allowed to fluctuate between 24 and 27 °C daily to
simulate outdoor pond conditions (Arnold et al. 2013; Burger et al. in press). Dissolved
oxygen was maintained > 6 mg/L by pressurized aeration. Total ammonia nitrogen,
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nitrite, and pH were measured twice weekly (Dinken et al. unpublished [Chapter 2]). Fish
were fed exclusively live forage for 8 weeks, a time period longer that the 4-6 weeks
necessary to improve liver physiology and reduce negative effects of the formulated diet
such as liver glycogen and hepatic steatosis (Dinken et al. unpublished [Chapter 2]).
Fish representing the wild treatment were collected from a nearby reservoir by
boat-mounted electrofishing. Fish were transported to South Farm in two 1,700 L hauling
tanks. Dissolved oxygen in hauling tanks was maintained > 6 mg/L, and water
temperature was maintained at 26 ± 1°C, equivalent to the water temperature in the pond
at time of capture.
Experimental procedure
Twelve Largemouth Bass of each treatment (pellet-reared, naturalized, and wild)
were transferred to 1,000-L, 2.5-m diameter flow-through tanks (3 tanks per treatment, 36
fish total per treatment, no mixing of treatments; each tank considered a replicate and
individual fish as subsamples) receiving well water at 20 L/min. Water temperature of
experimental tanks at the time fish were transferred was 26 ± 1 °C, which was similar to
the conditions in which they originated. Temperature fluctuated between 24 and 27 °C
and dissolved oxygen was maintained >5 mg/L using airstones over a 1-week acclimation
period, during which food was withheld. Following the acclimation period, 2 fish from
each tank (6 fish per treatment) were carefully removed with dip nets to minimize stress,
anesthetized in a bath of 150 mg/L of MS-222 and 400 mg/L NaHCO3, and sampled for
blood by caudal venipuncture using 22 gauge, 4 cm hypodermic needles (PrecisionGlide,
BD, Franklin Lakes, NJ) and 3 mL syringes (MonojectTM, BD, Franklin Lakes, NJ)
containing sodium heparin (Sigma-Aldrich, St. Louis, MO). These fish represented
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resting levels of stress (0-hour time point). The remaining fish were subjected to a
simulated angling stressor that consisted of moving three 40.6 cm x 40.6 cm frame, 0.6
cm mesh, long-handled dip nets as quickly as possible throughout the tank to keep all
Largemouth Bass swimming vigorously for 60 seconds. After the angling stressor, 2 fish
per tank were sampled at 20 minutes (0.33 hours) and 1, 2, 6, and 24 hours post-chasing
stressor (different fish for each time point) and blood samples were collected. Hematocrit
was measured immediately, remaining blood was centrifuged, and plasma was frozen in
liquid nitrogen and stored at -80 °C until subsequent analysis of plasma cortisol, lactate,
glucose, osmolality, and pH.
Stress indicators
For each fish, hematocrit was measured in hematocrit tubes in duplicate
immediately after sampling by centrifugation of whole blood at 4,430 RCF for 5 minutes
(Clinical 200; VWR International, Radnor, PA). Commercial assay kits were used to
measure plasma cortisol (EA65; Oxford Biomedical Research, Oxford, MI), glucose
(DIGL-100; BioAssay Systems, Hayword, CA), and lactate (A-108L; Biomedical
Research Service Center, Buffalo, NY). Plasma osmolality was measured using a vapor
pressure osmometer (Vapro 5520; Wescor Inc., Logan, UT), and plasma pH was
measured using a pH meter (Accumet AB15, Fisher Scientific, Pittsburg, PA) with a
microelectrode (Fisher Scientific, Pittsburg, PA).
Statistical Analysis
Data obtained were analyzed to evaluate the stress response of pellet-reared,
naturalized, and wild fish. Normality and homogeneity of variance were tested using the
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Shapiro-Wilk W test and Levene’s test, respectively, and data were transformed when
appropriate. Two-way analysis of variance (ANOVA) was used to detect differences
among the factors treatment (pellet-reared, naturalized, wild) and time since stress (t = 0,
0.33, 1, 2, 6, 24 hours) for each stress indicator measured. Analyses were conducted with
tanks as the experimental unit and individual fish within tanks as subsamples. Treatments
were analyzed using least square means and when the overall ANOVA was significant,
differences among least square means were determined using least significant difference
(LSD) post hoc tests. Data for variables that did not pass both normality and homogeneity
of variance tests (hematocrit, plasma osmolality, and pH) were transformed by ranking
individual fish across the entire data set (Conover and Iman 1981). Differences in total
length (TL) among treatment types were tested using one-way ANOVA and LSD post
hoc tests. Results are reported as mean and standard error (SE), and statistical
significance was declared at α = 0.05. All analyses were conducted using SAS 9.4
software (SAS Institute Inc, Cary, NC). This study was performed under the auspices of
Mississippi State University Animal Use Protocol number 14-051.
Results
Pellet-reared treatment fish (n = 36) were 263-346 mm TL (mean ± SE = 297.3 ±
3.0 mm TL), naturalized fish (n = 36) were 262-373 mm TL (mean ± SE = 302.0 ± 4.0
mm TL), and wild fish (n = 36) were 291-415 mm TL (mean ± SE = 367.6 ± 4.26 mm
TL). Although size ranges overlapped, wild fish were larger than pellet-reared and
naturalized fish (p < 0.0001).
Plasma cortisol differed among treatment types and had an interaction with time
(p = 0.0338; Figure 3.1). Resting levels of cortisol were lower in naturalized fish than in
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pellet-reared or wild fish, and cortisol levels were higher in wild fish than in naturalized
fish at 6 and 24 hours after the chasing stressor. In pellet-reared fish, cortisol did not
significantly differ from resting levels at 0.33, but decreased from its peak at 1 hour and
remained stable throughout the rest of the 24 hour recovery period. In naturalized fish,
cortisol increased 0.33 hours after the chasing stressor and decreased back to resting
levels by 6 hours for the remainder of the 24 hour recovery period. Wild fish showed no
statistically significant change in cortisol over the entire 24 hour recovery period (Figure
3.1).
Hematocrit showed no interaction between treatment types and time (p = 0.1734)
and no main effect of treatment types (p = 0.2046; Table 3.1). However, hematocrit
differed among time points (p = 0.0008), where it was higher than resting levels at 0.33,
1, 2, and 24 hours after simulated angling but did not differ from resting levels at 6 hours
(Figure 3.2a).
Plasma glucose showed no interaction between treatment types and time (p =
0.4300), but differed among treatment types (p = 0.0268), where glucose was higher in
pellet-reared and wild fish than in naturalized fish (Table 3.1). Glucose also differed
among time points (p = 0.0224), where it was higher than resting levels at 0.33, 1, 2, and
6 hours after simulated angling but did not differ from resting levels at 24 hours (Figure
3.2b).
Plasma lactate showed no interaction between treatment types and time (p =
0.2557) and no main effect of time (p = 0.4462). However, lactate differed among
treatment types (p = 0.0360), where it was higher in pellet-reared fish than in wild fish
(Table 3.1).
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Plasma osmolality showed no interaction between treatment types and time (p =
0.0704), but differed among treatment types (p = 0.0009), where osmolality was higher in
pellet-reared and wild fish than in naturalized fish (Table 3.1). Osmolality also differed
among time points (p = 0.0080), where it decreased from resting levels at 0.33 hours, but
did not differ from resting levels at 1 hour and onward (Figure 3.2c).
Plasma pH showed no interaction between treatment types and time (p = 0.6302)
and no main effect of time (p = 0.1367). However, pH differed among treatment types (p
= 0.0035), where it was higher in pellet-reared fish than in wild fish (Table 3.1).
Discussion
This study was designed to compare the stress responses of pellet-reared,
naturalized, and wild Largemouth Bass to a simulated angling stressor to evaluate
whether naturalization produces stress responses in hatchery-reared fish similar to those
in wild fish. Most of the secondary stress indicators (i.e., plasma glucose, lactate,
osmolality, and pH) showed overall differences among treatments, but no interactions
with time, indicating secondary stress responses to a simulated angling stressor did not
differ among pellet-reared, naturalized, and wild fish. Only the primary stress indicator,
cortisol, showed an interaction between treatment types and time, indicating the cortisol
response differed among pellet-reared, naturalized, and wild fish. The cortisol response
was generally similar between pellet-reared and naturalized fish, despite differing resting
levels, while in the wild fish cortisol did not change over the 24 hour recovery period.
Although there were overall differences in plasma glucose, lactate, osmolality, and pH
between treatment types, these appeared to be due to different regulated levels (i.e.,
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normally maintained levels) in contrast to stressed levels (i.e., in response to a stressor),
as there were no differences in response to simulated angling stress.
Changes in cortisol are considered a primary stress response (Donaldson et al.
2008) and precede secondary stress responses. In this study, only cortisol responded to
stress differently among treatment types. Resting levels of plasma cortisol were higher in
pellet-reared and wild fish than in naturalized fish, although underlying reasons may
differ. In pellet-reared fish, the relatively high resting cortisol concentrations may be due
to the 1-week period where food was withheld prior to experimentation. Withholding
food may increase cortisol concentrations (Blom et al. 2000; Kelley et al. 2001) to
stimulate the breakdown of liver glycogen, or glycogenolysis (Iwama et al. 1998;
Mommsen et al. 1999; Barcellos et al. 2010). This relationship appears to be speciesspecific, as some species show no changes (White and Fletcher 1986; Vijayan et al. 1993)
or decreases in resting cortisol (Barton et al. 1988). Attributing the high resting cortisol
levels of pellet-reared fish in this study to glycogenolysis is supported by Dinken et al.
(unpublished [Chapter 2]), where cortisol levels of Largemouth Bass fed 5% body weight
per day of a formulated diet (EXTR 450, 46% protein, 20% carbohydrates, 16% lipids;
Rangen Inc., Buhl, Idaho, USA) approximately doubled one week after switching their
diets to 2% body weight per day of live forage.
Resting cortisol levels in pellet-reared and wild Largemouth Bass did not differ,
but were likely elevated in wild fish as a result of the stress of tank confinement rather
than glycogenolysis. All treatment types were acclimated to experimental tanks 1 week
prior to experimentation. Although not quantified, wild fish exhibited stressed behavior
such as burst swimming and jumping several hours after transfer to experimental tanks
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and were easily startled for the first 2 days after stocking into the acclimation tanks. In
contrast, pellet-reared and naturalized fish, which were of the same origin and were
previously exposed to tanks during rearing, did not exhibit the same behavior. Chronic
stress can cause cortisol levels to remain elevated (Vijayan and Leatherland 1990;
Wendelaar Bonga 1997), explaining the high resting cortisol levels in wild fish.
Furthermore, cortisol levels of wild fish did not differ from resting levels at any time
following simulated angling, which may again be attributed to chronic stress. Multiple
stressors (transport, tank confinement, and chasing in this study) can have a cumulative
effect on the stress response (Barton et al. 1986; Schreck 2000), but chronic stress (such
as one week of tank confinement in this study) may impair cortisol responses to an
additional stressor due to increases in cortisol clearance and decreases in regulation of
adrenocorticotropic hormone or cortisol receptors (Wendelaar Bonga 1997).
Although wild fish showed no cortisol response to simulated angling, pelletreared and naturalized fish both showed changes in cortisol levels over the 24 hours
following simulated angling. In pellet-reared fish, cortisol did not significantly differ
from resting levels at any time point following simulated angling, but peak cortisol levels
occurred at 0.33 hours when compared cortisol levels at 1 hour and onward. Naturalized
fish experienced a sharp increase in cortisol 0.33 hours after simulated angling and a
gradual decrease back to resting levels by 6 hours. This difference in cortisol response
could possibly result from the additional effect of glycogenolysis on cortisol in pelletreared fish. However, the cortisol responses of pellet-reared and naturalized fish may be
considered somewhat similar because only resting cortisol levels differed and cortisol did
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not differ between these two treatment types at any time point following simulated
angling.
Although the cortisol response to simulated angling differed among pellet-reared,
naturalized, and wild Largemouth Bass, secondary stress indicators showed no interaction
between treatment types and time, indicating secondary stress responses did not differ
among pellet-reared, naturalized, and wild fish. Hematocrit, for example did not differ
between treatment types, but showed an overall response to simulated angling that was
consistent among treatment types. Hematocrit increased after simulated angling, which is
a typical response to many stressors (Grant 2015) due to increased oxygen demand
(Wendelaar Bonga 1997). In this study, the similar response in hematocrit among pelletreared, naturalized, and wild fish is presumably due to erythrocyte swelling (Blaxhall
1972), increases in erythrocyte number from splenic contraction (Ken-Ichi 1988; Wells
and Weber 1990; Pearson and Stevens 1991; Mendiola et al. 1997; Clauss et al. 2008;
Grant 2015) or plasma volume reduction (Milligan and Wood 1982; Okimoto et al.
1994). Hematocrit may have remained elevated for most of the recovery period due to an
oxygen debt (Jensen et al. 1983), in which oxygen demand remains elevated to replenish
stores of energy such as glycogen and glucose by aerobic means (Hochachka and Somero
1984).
For plasma glucose, all three treatment types responded similarly to simulated
angling, and differences among treatment types were only in normally regulated levels.
The increase in plasma glucose after the chasing stressor is attributed to a switch to
anaerobic metabolism. Burst exercise forces tissues past the limitation of aerobic
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respiration, causing a switch to anaerobic respiration to maintain exercise (Cooke et al.
2013), during which glucose is released to fuel aerobic tissues (Wood 1991).
Higher regulated levels of plasma glucose in pellet-reared and wild fish compared
to naturalized fish may be due to dietary differences and chronic stress, which were also
attributed to higher resting levels of plasma cortisol. Higher glucose levels in pelletreared fish compared to naturalized fish may be attributed to higher dietary carbohydrates
in the pellet-reared fish (Amoah et al. 2008). Because fishes are typically inefficient at
digesting high levels of carbohydrates (Wilson 1994), carbohydrates can cause increases
in liver glycogen in some species of fish (Hilton and Atkinson 1982; Millikin 1983;
Berger and Halver 1987), including Largemouth Bass (Goodwin et al. 2002; Csargo et al.
2013; Dinken et al. unpublished [Chapter 2]). In many fishes, stored liver glycogen is the
primary substrate used as an energy source to sustain glucose homeostasis at the
beginning of a period of fasting (Figueiredo-Garutti et al. 2002; Metón et al. 2003; Furné
et al. 2012). The high overall glucose levels seen in pellet-reared fish when compared to
naturalized fish could therefore be attributed to glycolysis (Iwama et al. 1998; Mommsen
et al. 1999; Barcellos et al. 2010) during the 1 week period in which food was withheld.
In contrast, the glucose levels in wild fish, although similar to pellet-reared fish, may be
attributed in part to the stress of tank confinement rather than the one week period of
withholding food. Similar to this study, Dinken et al. (unpublished [Chapter 2]) reported
higher levels of plasma glucose in wild Largemouth Bass compared to pellet-reared fish.
Plasma lactate was higher in pellet-reared fish than in wild, but no group of fish
exhibited a lactate response to the simulated angling stressor. Lactate is typically
produced during exercise as anaerobic metabolism causes stores of muscle glycogen and
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other fuel sources to be depleted, leading to the production of lactate in the blood and
muscle tissues (Black et al. 1962; Wood 1991). Although lactate did not increase in this
study, lactate increases have been reported in Largemouth Bass chased for 60 seconds
both individually (Suski et al. 2004; Suski et al. 2006) and in groups (Dinken et al.
unpublished [Chapter 4]). Normally regulated lactate levels in pellet-reared fish were
greater than in wild fish, suggesting greater use of anaerobic metabolism or deficiencies
in lactate clearance following normal activity in pellet-reared fish.
For plasma osmolality, all three treatment types responded similarly to simulated
angling, and differences among treatment types were only in regulated levels. Decreases
in osmolality both during and after stress are typical in freshwater fish. Stress causes an
increase in gill permeability to improve oxygen uptake (Wendelaar Bonga 1997), which
makes gills more permeable to water and some ions (Portz et al. 2006), causing passive
loss of ions in freshwater fish (Eddy 1981; Gonzalez and McDonald 1992). Overall
regulated plasma osmolality was higher in pellet-reared and wild fish than in naturalized
fish, possibly due in part to the higher levels of glucose and other osmotically active
particles (Wood 1991; Suski et al. 2003).
Plasma pH is typically expected to decrease after exercise due to the increase of
lactate and CO2 in the blood. In the current study however, plasma pH did not change
after simulated angling, indicating the simulated angling stressor was not intense enough
to cause shift in pH. However, overall regulated pH was higher in pellet-reared fish than
in naturalized and wild fish. These results were unexpected, as pellet-reared fish had
higher levels of lactate than wild fish. A possible explanation is a greater presence of CO 2
in naturalized and wild fish blood due to a greater capacity for aerobic activity, but this is
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speculation since CO2 was not measured in this study. The high pH in pellet-reared fish
may be a result of their diet, as Dinken et al. (unpublished [Chapter 2]) found plasma pH
decreased after 1 week of switching pellet-reared fish to live forage diets, possibly due in
part to the metabolism of muscle lipids (Pottinger 2000).
The results of this study are indicative of the difficulty in comparing hatcheryreared and wild fish directly. Aside from the innate differences in cortisol responses that
may exist between populations or strains within a species (Iwama et al. 1992; Pottinger
and Moran 1993), controlling unwanted variation is difficult when attempting to apply a
similar stressor to two populations of fish obtained from different environments.
Laboratory experiments in controlled environments are ideal for reducing unwanted
interference, but controlled environments may be an additional stressor for wild fish.
Differences in origin or tameness of different species or populations of fish can make
comparisons of the cortisol response complicated (Pankhurst and Sharples 1992; Mazur
and Iwama 1993; Portz et al. 2006; Zuberi et al. 2011). In this study, a longer acclimation
period may have allowed wild fish to adjust and become accustomed to their new
environment, but the response of a “wild” fish may have been lost with a longer time
period. Conditioning wild fish to a controlled environment and withholding food or
feeding them a diet differing from their typical diet may alter their physiology and
behavior, making them increasingly similar to hatchery fish with time. In the present
study, very large tanks were used to reduce confinement and acclimation time was
minimized, however, confinement stress may still have been present.
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Conclusion
Although cortisol, a primary stress response, responded to simulated angling
differently among pellet-reared, naturalized, and wild fish, secondary stress responses did
not differ. Overall regulated levels of glucose lactate, osmolality, and pH differed among
pellet-reared, naturalized, and wild fish. However, differences were not attributed to
stress, but were presumably due to diet or population. Therefore, this study indicates
Largemouth Bass reared using 20% dietary carbohydrates or naturalized on live forage
have similar stress responses to wild fish, particularly for secondary stress responses,
following a 60 second chasing stress. Future studies evaluating dietary and hatchery
compared to wild stress responses may benefit through further examination of the effects
of feeding during acclimation, the links between acclimation time and stress responses,
or the effects of a range of intensity of stressors.
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Table 3.1

Main effect of treatment type as mean(standard error) in Largemouth Bass
in at rest (0 hours) and 0.33, 1, 2, 6, and 24 hours following a 60-second
simulated angling stressor.

Stress indicator

Pellet-reared
a

Treatment type
Naturalized

Wild

a
Hematocrit (as % whole blood)
48.2(1.0)
45.3(1.2)
44.0(1.2)
a
b
a
Glucose (mg/dL)
121.92(6.09)
95.58(5.25)
121.06(4.25)
a
ab
b
Lactate (mM)
6.88(0.39)
6.07(0.35)
5.50(0.25)
a
b
a
Osmolality (mmol/kg)
303.1(2.3)
298.1(1.0)
304.1(2.3)
a
b
b
pH
7.82(0.03)
7.70(0.02)
7.69(0.02)
Significant differences among means are indicated by different letters (ANOVA; p <
0.05; least significant difference).
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Figure 3.1

The interaction between treatment type and time as mean ± standard error
of plasma cortisol in Largemouth Bass at rest (0 hours) and after a 60second simulated angling stressor.

Significant differences among means are indicated by different letters (ANOVA; p <
0.05; least significant difference).
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The main effect of time as mean ± standard error of (a) hematocrit, (b)
plasma glucose, and (c) plasma osmolality in Largemouth Bass at rest (0
hours) and after a 60-second simulated angling stressor.

Significant differences among means are indicated by different letters (ANOVA; p <
0.05; least significant difference).
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CHAPTER IV
THE EFFECTS OF WATER TEMPERATURE AND SIMULATED ANGLING
ON THE PHYSIOLOGICAL STRESS RESPONSE
OF LARGEMOUTH BASS
Abstract
The Largemouth Bass Micropterus salmoides is a popular recreational sportfish
amongst both recreational and tournament anglers. Tournament practices subject fish to
multiple, sublethal stressors such as high water temperatures, angling, live well retention,
and weigh-in procedures, which can cause cumulative physiological disturbances in
homeostasis. Because temperature is negatively correlated with survival, many anglers
chill live wells to reduce metabolic rate and facilitate recovery. However, recovering fish
in water below ambient temperature may impede recovery from stress. The combined
effects of ambient and live well temperature on the stress response and recovery from
exhaustive exercise have not been tested in conditions similar to those encountered in
tournaments. Therefore, the effects of ambient temperature (T = 17, 25, 33 °C) were
assessed through measurement of physiological stress response parameters in
Largemouth Bass (mean total length: 331.0 mm) at rest, following a 60 second simulated
angling stressor, and throughout 8 hours of recovery in live wells. In addition, the effects
of ambient temperature (T = 17, 25, 33 °C) and live well temperature differentials (ΔT =
−4, 0, +4 °C) were measured during recovery in live wells. Stress variables were
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measured in whole blood (hematocrit, hemoglobin, pH, pO2, pCO2, Na+, K+, Ca2+, Cl-,
and leukocytes) and plasma (cortisol, glucose, lactate, and osmolality). Fish acclimated to
17 °C showed the greatest cortisol response following the chasing stressor, however,
higher levels of glucose, lactate, pCO2, K+, and monocyte percentage were found at 33°C,
and blood pH, Cl-, and lymphocyte percentage were lower at 33 °C than at 17 °C. When
live well temperature was manipulated, cortisol levels were highest in fish subjected to
the coldest conditions (acclimated to 17 °C and retained in 13 °C and 17 °C live wells)
and the warmest condition (acclimated to 33 °C and retained in ΔT = +4 °C live wells).
However, all fish subjected to these colder extremes survived, whereas 100% mortality
occurred in the warmest condition after 8 hours of live well retention. With the exception
of cortisol, indicators of stress were less pronounced in colder temperatures. Glucose,
lactate, and K+ concentrations were highest in 37 °C live wells and blood pH, Ca 2+, Na+,
and Cl- were lowest. Mortality at high temperature may result from exhaustion of aerobic
and anaerobic energy sources, failure to recover from metabolic acidosis, and an inability
to regain ionic balance. Low lymphocyte and high monocyte percentages at 33 °C are
indicative of reduced immunocompetence or an inflammatory response.
Introduction
The Largemouth Bass Micropterus salmoides is a commonly sought fish species
by recreational anglers in the United States. In addition to recreational angling,
competitive fishing events for Largemouth Bass have increased in popularity since the
1960s (Schramm and Hunt 2007; Driscoll et al. 2012). In the earliest tournaments, little
effort was focused towards keeping fish alive, and most fish did not survive until the time
of weigh-in and were therefore harvested (Holbrook 1975). However, tournaments have
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since enforced the live release of caught fish to reduce harvest and improve public
perception of tournament fishing (e.g., May 1973; Holbrook 1975; Seidensticker 1975).
Survival rates during tournaments improved with the increased adoption of catch-andrelease (Schramm et al. 1991), but 100% survival is rarely achieved, and delayed
mortality may occur days later even though fish appear healthy upon release (Schramm et
al. 1987; Edwards et al. 2004).
Fish mortality from catch-and-release angling is often attributed to physiological
changes caused by stressors (Schramm et al. 1987; Cooke et al. 2013). Stressors can
threaten or interfere with homeostasis (Greenberg et al. 2002), which is maintained by
energy redistribution amongst physiological processes (Wendelaar Bonga 1997;
Greenberg et al. 2002). Stress responses can be divided into the primary, secondary, and
tertiary responses. The primary stress response consists of neuroendocrine responses,
which include the release of hormones such as catecholamines and corticosteroids into
circulation (Wendelaar Bonga 1997; Greenberg et al. 2002). Cortisol, the main
corticosteroid hormone in teleost fish (Mommsen et al. 1999), is commonly measured as
an indicator of stress (Wendelaar Bonga 1997; Barton et al. 2003; Wu et al. 2017). The
release of cortisol and other primary stress response hormones trigger the production of
energy substrates, resulting in changes in blood chemistry and hematology (Wendelaar
Bonga 1997; Barton 2002). These changes are referred to as secondary stress responses
and involve increases in glucose and lactate, changes in hydromineral balance, and
decreases in pH (Wendelaar Bonga 1997). The primary and secondary stress responses
help fish overcome physiological disturbances and are generally considered adaptive
responses to stress (Barton and Iwama 1991).
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If a stressor is exceedingly severe or long in duration, the physiological stress
response may become detrimental to the fish’s health and survival (Barton 2002). These
maladaptive effects on fish health are referred to as tertiary stress responses and can
occur when stress response mechanisms are forced beyond normal limitations due to an
acute stressor (Donaldson et al. 2008), chronic stress (Wendelaar Bonga 1997), or the
cumulative effects of multiple stressors (Barton et al. 1986; Schreck 2000). The tertiary
stress response is characterized by whole body changes involving reductions in growth,
reproductive capacity, immunocompetence, and behavioral changes such as reduced
feeding (Barton and Iwama 1991; Wendelaar Bonga 1997; Barton 2002; Carr 2002). A
failure to efficiently regain homeostasis can cause mortality directly due to metabolic
failure (Wood et al. 1983) or indirectly through increased susceptibility to predation and
disease (Wendelaar Bonga 1997; Danylchuk et al. 2007).
The mechanisms of the stress response and their link with mortality of
Largemouth Bass in tournaments are complex due to the multiple stressors involved that
vary in intensity and duration. Some studies have found little or no mortality in fish
subjected to a single stressor (Gustaveson et al. 1991). Therefore, much of the mortality
of Largemouth Bass in tournaments is likely a result of a combination of sequential,
sublethal stressors rather than one lethal stressor (Schramm et al. 1987). This idea is
supported by studies that have found cumulative effects of multiple stressors in fish
(Barton et al. 1987; Schreck 2000). In Largemouth Bass tournaments, angling and the
weigh-in procedure are two significant sources of anaerobic activity and metabolic
disturbance, resulting in the depletion of energy reserves and production of lactate (Suski
et al. 2004). Other sources of stress include extreme ambient water temperature
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(Gustaveson et al. 1991; Wilde 1998; Neal and Lopez-Clayton 2001), dissolved oxygen
concentration (Suski et al. 2006), handling, and air exposure (Cooke et al. 2003; Colotelo
and Cooke 2011).
Ambient water temperature, which has been negatively correlated with survival in
numerous studies (Schramm et al. 1987; Neal and Lopez-Clayton 2001; Gale et al. 2013),
directly influences a fish’s physiology and affects responses to additional stressors
(Strange 1980; Davis et al. 1984; Barton and Schreck 1987; Gustaveson et al. 1991;
Barton 2002). Warmer temperatures typically increase metabolic demands and oxygen
consumption rates of fish (Cech et al. 1979), while colder temperatures reduce metabolic
rate, limiting activity and decreasing production of metabolic waste (Beamish 1970;
Diana 1983). Because the vast majority of fishes are ectothermic, they select
temperatures that maximize the available portion of metabolism for growth, activity,
reproduction and other functions (Kelsch 1996). In juvenile Largemouth Bass, the
optimal temperature range for maintaining homeostasis in juveniles is 26-29 °C (Diaz et
al. 2007). The optimal range for growth in adults is 24-30 °C (Venables et al. 1978;
Stuber et al. 1982), and adults have been found to avoid temperatures greater than 31 °C
(Block et al. 1984). Correspondingly, the magnitude of the stress response tends to be
greater in Largemouth Bass angled in warmer temperatures (Gustaveson et al. 1991) and
tournament mortality has been correlated with increasing temperatures (Schramm et al.
1987; Neal and Lopez-Clayton 2001; Gale et al. 2013), possibly due to greater metabolic
demands and lower oxygen availability at warmer temperatures.
Angling is another stressor found to cause metabolic disturbance in Largemouth
Bass (Suski et al. 2004). During an angling bout, burst swimming exceeds the energetic
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limitations of aerobic respiration, so fish use anaerobic respiration, consuming stored
glycogen and creating an excess of lactate (Wood 1991; Wang et al. 1994), which
reduces blood pH (Holeton and Heisler, 1983; Jensen et al. 1983). Many species can only
sustain burst swimming briefly, until physiological energy stores and biochemical coping
mechanisms reach their limits (Milligan 1996). The magnitude of the stress response and
amount of time needed to recover increases with longer durations of angling (Gustaveson
et al. 1991; Wood 1991; Cooke and Suski 2005). Because the physiological response to
angling resembles responses to burst swimming exercise (Gustaveson et al. 1991; Wood
1991; Kieffer et al. 1995), many experiments chase fish to simulate angling (Cooke et al.
2001; Suski et al. 2004; Schreer et al. 2005; White et al. 2008).
Fish are further stressed during handling (i.e., landing and unhooking) following
an angling bout. When fish are removed from water, gill lamellae, the site of
environmental oxygen exchange, collapse, restricting oxygen transfer (Tufts and Morlock
2004) and resulting in hypoxia (Furimsky et al. 2003). Air exposure causes an anaerobic
response similar to what occurs during burst exercise (Suski et al. 2004), where blood
glucose increases and is then converted to lactate by anaerobic glycolysis (Barton 2002;
White et al. 2008; Chen et al. 2017). In Largemouth Bass, air exposure results in
cardiovascular disturbances, including severe bradycardia followed by tachycardia when
released back into the water (Cooke et al. 2003). Like angling, longer durations of air
exposure require more recovery time (Cooke et al. 2001, Suski et al. 2004).
During typical tournament practices and sometimes recreational fishing, angled
fish are either released or placed into boat live wells, which are tanks filled by a pump
that draws surface water from the surrounding reservoir. Live well retention of fish is
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required in the majority of organized fishing tournaments (Suski et al. 2006). In
Largemouth Bass tournaments, fish kept for weigh-in are held in live wells for up to 8-10
hours (Schramm et al. 2006). Live wells can help fish recover from angling stress (Suski
et al. 2004), but they may induce additional stress by subjecting fish to increased
temperatures (Meals and Miranda 1994; Neal and Lopez-Clayton 2001; Schramm et al.
2006), high fish densities (Cooke et al. 2002), metabolic waste (Kwak and Henry 1995),
and low dissolved oxygen (Hartley and Moring 1993). Mortality of tournament-caught
Largemouth Bass has been found to have a positive relationship with live well water
temperature (Gilliland 2002; Schramm et al. 2006). More specifically, mortality during
live well retention has been correlated with number of fish per live well (Meals and
Miranda 1994), but has also been attributed to poor use of live wells by some anglers
(Schramm et al. 1985). One practice commonly used to keep fish alive during live well
retention is adding ice to cool the water (Gilliland 2002), which decreases metabolic rate
and waste excretion (Beamish 1970; Diana 1983), and increases oxygen content of water.
However, some research suggests cooler water can interfere with recovery of Largemouth
Bass from exercise by reducing clearance rate of plasma lactate and the restoration of
energy sources (Hochachka 1988; Suski et al. 2006). Furthermore, Vanlandeghem et al.
(2010) reported a substantial decrease in temperature (20 °C to 8 °C) induced stress
responses in Largemouth Bass, with increases in lactate dehydrogenase activity after 1
hour and cortisol and glucose after 6 hours.
The weigh-in process occurs at the end of live-release tournaments and may
include air exposure and hypoxic water, inducing anaerobic metabolism in fish (Suski et
al. 2004). Water-filled plastic bags are commonly used to transfer fish to the weigh-in
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area, and fish can quickly deplete the oxygen from the water. Tournament procedures
have been improved to reduce the amount of time fish are held in these bags and the
amount of air exposure they receive (Tufts and Morlock 2004). Two improvements
include holding fish in baskets submerged in aerated water when waiting to weigh fish
and weighing submerged fish rather than subjecting them to further air exposure (inwater weigh in; Tufts and Morlock 2004), although the physiological effects of this
procedure have not been studied.
Stress and the corresponding stress response are unavoidable consequences of
angling, but minimizing stressors can reduce the magnitude of the stress response and
potentially decrease fish mortality. Measurement of stress through collection of
physiological data can facilitate development and implementation of practices to reduce
stress (Cooke et al. 2013). Specifically, studies elucidating the critical thresholds of live
well temperatures suitable for the recovery of Largemouth Bass from exhaustive angling
(Suski et al. 2004) and studies explicating the connection between physiological
alterations from homeostasis and mortality (Cooke and Schramm 2007) are needed.
Previous studies have demonstrated the general effects of ambient water temperature
(e.g., Schramm 1987; Wilde 1998; Neal and Lopez-Clayton 2001) and live well water
temperature (e.g., Suski et al. 2006; Loomis et al. 2013), on fish physiological changes
and survival. However, the interactions of these variables have not been measured, which
is necessary for determination of optimal conditions for reducing stress and improving
recovery. This information would be useful for development of species-specific
guidelines for Largemouth Bass tournament anglers. Therefore, objectives were to 1)
determine the effect of ambient temperature on the stress response to angling and post87

stress recovery of Largemouth Bass and 2) determine the effect of live well temperature
differentials on the post-stress recovery of Largemouth Bass. Studies were conducted on
fish acclimated to a range of temperatures at which most Largemouth Bass anglers fish.
Methods
Specimens
Seven thousand Largemouth Bass fingerlings (~50 mm total length [TL]) trained
to feed on formulated feed were transported from a commercial supplier (J. M. Malone
and Son, Inc., Lonoke, Arkansas) to the Mississippi State University South Farm
Aquaculture Facility in Starkville, Mississippi in June 2014. Fish were raised on a
formulated diet (EXTR 450, 46% protein, 20% carbohydrates, 16% fat; Rangen Inc,
Buhl, ID, USA) using the methods described in Dinken et al. unpublished [Chapter 2].
Largemouth Bass were transferred to 0.04 ha aquaculture ponds (400 fish/pond)
upon nearing 305 mm TL starting in March of 2015. In ponds, fish received a morning
and afternoon feeding at a combined rate of 5% body weight per day of commercial
floating feed placed within 1.9 X 1.9 m feed rings made from polyvinyl chloride pipe.
Ponds were fitted with 0.5-HP aerators (Aquarian, Air-O-Lator Corp., Grandview, MO,
USA) to maintain dissolved oxygen >5 mg/L. All fish used in experimental procedures
were held at least 5 months in outdoor ponds. Water temperatures while in ponds ranged
from 16 to 33 °C.
Fish used in this experiment were reared on formulated diets and then switched to
a diet of live forage. Live Bluegills Lepomis macrochirus and Golden Shiners
Notemigonus crysoleucas were added to ponds biweekly to supply Largemouth Bass with
2 % body weight per day of live forage for 4 weeks prior to experimentation. This
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process, termed “naturalization,” was used to reduce the physiological effects of high
dietary carbohydrates on liver and improve overall health. A separate experiment found a
naturalization period of 4-6 weeks reduced many of the negative effects of high (20 %)
carbohydrate diets on liver health and physiology (Dinken et al. unpublished [Chapter
2]), and fish had high survival following a 60-second chasing stressor (Keretz et al.
2018).
Acclimation Procedure
After naturalization, Largemouth Bass were seined from rearing ponds and
transferred into indoor 4,000 L acclimation tanks at 70 fish per tank. As closely as
possible, temperature trials were conducted to correspond to seasonal trends in pond
water temperature (i.e., when pond temperature approximated trial temperature) to
minimize acclimation requirements and to better synchronize experimental and ambient
conditions. Water temperatures in the acclimation tanks were adjusted to the temperature
of the ponds from which the fish were collected prior to transferring fish. Once in tanks,
fish were acclimated to treatment water temperatures (T = 17, 25, 33 °C) by changing the
water temperature 1 °C per day with either chillers (CY-5, ½ Hp; Aqua Logic Inc., San
Diego, CA) or heaters (S1ABT4229; Process Technology, Mentor, OH). After the tanks
reached experimental temperature, fish were held in acclimation tanks for a minimum of
1 week and a maximum of 2 weeks prior to use in experimental trials. All acclimation
tanks were partially covered with foam insulation to help maintain water temperature and
to reduce light; the tank covers were removed only when water quality was measured,
when forage fish were added, or when Largemouth Bass were removed for experimental
trials. Tanks were aerated with pressurized air to maintain dissolved oxygen
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concentrations ≥ 5.5 mg/L and flushed at a rate of 20 L/minute with water from a
recirculating system designed to remove nitrite and ammonia. Water temperature and
dissolved oxygen were measured twice daily, and nitrite and ammonia levels were
monitored every 3 days. Golden Shiners were provided as forage at a rate of 2% body
weight per day during this time. Fish were therefore naturalized for a minimum of 5
weeks prior to experimentation (4 weeks in ponds and 1-2 weeks in tanks).
Physiological variables
Blood samples obtained from fish in these experiments were used to measure
multiple stress indicators, including a primary response (cortisol), secondary responses
involving oxygen transport and consumption (hematocrit, hemoglobin, pO2, and pCO2),
anaerobic metabolism and metabolic acidosis (glucose, lactate, and pH), ion regulation
(osmolality, K+, Ca2+, Na+, and Cl-), and tertiary responses involving immune function
(total leukocytes, neutrophils, lymphocytes, and monocytes). Stress indicators measured
in this study are displayed in Table 4.1. Hemoglobin, pH, pO2, pCO2, and dissolved ions
(Na+, K+, Ca2+, and Cl-) were measured in a subsample of whole blood using a blood gas
analyzer (ABL80; Radiometer America, Brea, CA). Hematocrit was measured in
duplicate for each fish by centrifugation (Clinical 200; VWR International, Radnor, PA)
of whole blood at 4,430 RCF for 5 minutes immediately after blood collection.
Leukocytes were preserved by smearing whole blood onto frosted microscope slides
(VistaVisionTM; VWR International, Radnor, PA) in duplicate, then fixing and staining
the cells with 100% ethanol and Wright-Giemsa stain (Sigma-Aldrich, St. Louis, MO),
respectively. Blood smears were examined at 40x magnification (Illuminator microscope
Model # B-6742DV; Bausch and Lomb, Rochester, NY). Leukocyte percentage (as a
90

percentage of total blood cells) was measured by quantifying leukocytes in 100 blood
cells. Leukocyte differentials were measured by enumeration of neutrophils,
lymphocytes, and monocytes (no basophils or eosinophils were seen in any blood smear
and are therefore not included in results) in 100 leukocytes per fish.
In addition to blood smears, flow cytometry was used an alternative method of
assessing leukocyte differentials. Populations of leukocytes were measured by flow
cytometry in 1 mL subsamples of whole blood at Mississippi State University College of
Veterinary Medicine. The 1 mL subsamples were mixed with 1 mL fluorescenceactivated cell sorting (FACS) buffer. The FACS buffer consisted of 2% Bovine Serum
Albumin (A9647; Sigma-Aldrich, St. Louis, MO) in a saline solution made from 9.5 g
Hanks’ balanced salts (H4891; Sigma-Aldrich, St. Louis, MO) and 1 L deionized water.
The solution of blood and FACS buffer was then slowly added to 14 mL FalconTM roundbottom polystyrene tubes (Corning Inc., Corning, NY) containing a 3 mL solution of
polysucrose and sodium diatrizoate (Histopaque®-1077; Sigma-Aldrich, St. Louis, MO)
to form a layer on top of the Histopaque®. Erythrocytes were removed from the samples
by centrifugation (Allegra 25R; Beckmann Coulter Inc., Pasadena, CA) at 700 g at 23 °C.
This resulted in the leukocytes forming a middle, “buffy” layer, which was carefully
removed and transferred to 5 mL FalconTM round-bottom polystyrene tubes (Corning
Inc., Corning, NY). These tubes were then centrifuged at 400 x g for 3 minutes. The
supernatant was removed, 400 µL FACS buffer was added to the remaining pellet, tubes
were mixed thoroughly, and read using a flow cytometer (FACSCaliber; Becton,
Dickinson and Company, Franklin Lakes, NJ) using CellQuest TM Pro software (Becton,
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Dickinson and Company, Franklin Lakes, NJ). Leukocyte differentials were analyzed
using FlowJo 7.6.5 software (FlowJo, LLC, Ashland, OR).
Remaining blood was centrifuged for 5 minutes and the plasma was frozen in
liquid nitrogen and stored at -80°C for later analysis of cortisol, lactate, glucose, and
osmolality. Commercial assay kits were used to measure plasma cortisol (EA65; Oxford
Biomedical Research, Oxford, MI), plasma lactate (A-108L; Biomedical Research
Service Center, Buffalo, NY), and plasma glucose (DIGL-100; BioAssay Systems,
Hayword, CA). Plasma osmolality was measured using a vapor pressure osmometer
(Vapro 5520; Wescor Inc., Logan, UT).
Experimental procedure
Experiments simulated tournament conditions, and were held at three acclimation
temperatures (T = 17, 25, 33°C), which were selected to represent not only the range of
temperatures at which most bass angling and bass tournaments are held, but also the
range of temperatures associated with relatively low and high mortality of tournamentcaught Largemouth Bass (Wilde 1998). Temperatures selected were above, near, and
below the Largemouth Bass optimum temperature of 26-29 °C (Coutant 1977; Diaz et al.
2007). Blood was sampled from Largemouth Bass at different time points (t) including:
baseline or resting conditions (t = 0 hours), 20 minutes post-angling (t = 0.33 hours), and
during live well retention (t = 1, 4, 8 hours). Fish sampled at t = 0.33 hours represent the
effect of angling, independent of other tournament stressors. Fish sampled at t = 1, 4, 8
hours represent the effect of angling plus handling by the jaw for 15 seconds and air
exposure, followed by live well retention for 1, 4, and 8 hours. Live well retention
consisted of three different temperature differentials (ΔT = -4, 0, +4 °C) from ambient
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temperature. ΔT = -4 °C simulated cooling of the water in live wells with ice, a practice
that is recommended to reduce mortality of tournament-caught Largemouth Bass
(Gilliland and Schramm 2009) and found to reduce mortality of Largemouth Bass caught
in summer tournaments (Schramm et al. 2006). ΔT = 0 °C simulated conditions in which
live well temperature is the same as the ambient water temperature from which fish are
angled. ΔT = +4 °C simulated the temperature change that can occur when anglers pump
near-surface ambient water into the live well throughout a fishing day or the conditions
that are experienced by fish caught in deeper, cooler water and then held in live wells at
warmer, surface water temperatures (Gilliland 2002; Schramm et al. 2006; Loomis et al.
2013). Dissolved oxygen was maintained > 5.5 mg/L in all live wells throughout the
temperature trials.
Experimentation consisted of three trials at each acclimation temperature. Each
trial tested the effect of the angling treatment and was randomly assigned one of the three
live well temperature treatments (ΔT = -4, 0, +4 °C). Trials began by slowly corralling all
fish into one-third of a 4,000-L acclimation tank with a plastic mesh divider, taking care
not to excite fish. After fish were confined, 4 fish were carefully removed with a dip net
to minimize stress, immediately euthanized by cranial percussion, and sampled for up to
3 mL of blood by caudal venipuncture using 22 gauge 4 cm hypodermic needles
(PrecisionGlide, BD, Franklin Lakes, NJ) and 3 mL syringes (Monoject TM, BD, Franklin
Lakes, NJ) containing sodium heparin (Sigma-Aldrich, St. Louis, MO). These fish
represented resting levels for measured stress parameters (t = 0 hours). The remaining
fish were subjected to a chasing stressor that involved moving two, 41 cm x 41 cm frame,
0.6 cm mesh, long-handled dip nets as quickly as possible throughout the confined fish to
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keep them swimming vigorously for 60 seconds. Care was taken to ensure nets moved
continuously throughout the water column.
The manual chasing of fish in a confined space is an accepted method for
subjecting fish to burst exercise (Wood 1991), and previous studies have predominantly
simulated angling effects through exercise by chasing. Group-chasing has been used in
previous research to test for the effects of angling on Walleye Sander vitreus (Loomis et
al. 2013); however, previous controlled studies measuring the effects of angling on
Largemouth Bass stress responses and survival have primarily chased fish by tail
pinching, as in Suski et al. (2006) and Ostrand et al. (2011) to induce exhaustive exercise
in individual fish in an effort to subject each fish to a similar degree of stress. Stress
responses are highly variable among individual fish, regardless of species (Barton 2000;
Barton 2002; Schreck et al 2001; Koolhaas et al. 2007); therefore, increased replication
can be beneficial. A stressor that could be applied uniformly across trials and to large
quantities of individuals was necessary to fulfill the objectives of this study, so the groupchasing stressor was utilized.
Immediately after the chasing stressor was applied, 44 of the stressed fish were
removed and distributed into live wells and 20 minutes (t = 0.33 hours) after the chasing
stressor, 4 of the remaining corralled fish were sampled to measure the effect of the
simulated angling. The 44 stressed fish were randomly distributed to 4, 100 L fiberglass
Ranger® bass boat live wells, each fitted with a divider. The live wells replicated
conditions in boats commonly used in Largemouth Bass tournaments. Fish were
distributed evenly throughout the live wells by removing several fish at a time from
acclimation tanks with a dip net, handling each by grasping the lower jaw (i.e., similar to
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typical fishing practices), and placing one individual into each side of each live well
(duration of 15 seconds of air exposure). Fish used to measure stress variables (n = 24)
were randomly assigned to one side of a live well (6 fish per live well). The remainder of
the fish (n = 20) were divided among the opposite sides of the four live wells (5 fish per
live well) and were used to assess survival after weigh-in, release, and 5 day recovery
(Keretz et al. In review). Sampling time t = 0.33 hours represents fish sampled 20
minutes after simulated angling and t = 1, 4, 8 hours represent fish sampled 1, 4, and 8
hours after being placed in live wells.
Two fish were removed from the side of each live well initially containing 6 fish
at 1, 4, and 8 hours after fish were transferred to live wells. Fish sampled at 1 and 8 hours
were sampled for blood as described previously. Fish sampled at 4 hours were also used
to evaluate leukocytes by blood smear and flow cytometry. As a precaution to minimize
the possibility of cell lysis prior to analysis of leukocyte cell populations by flow
cytometry, blood obtained for fish sampled at the 4 hour time point was obtained using
larger diameter (18 gauge, 2.5 cm-long) hypodermic needles (PrecisionGlide, BD,
Franklin Lakes, NJ). A subsample of blood (1 mL) was transferred to blood collection
tubes coated with sodium heparin (VacutainerTM, BD, Franklin Lakes, NJ) and
transported on ice to the Mississippi State University College of Veterinary Medicine for
assessment of leukocyte cell populations by flow cytometry.
Well water was circulated through each live well at a rate of 7 L/minute from a
400 L reservoir tank where dissolved oxygen was maintained ≥ 5.5 mg/L. Water
temperature was controlled at either 4 °C cooler than acclimation temperature (ΔT = -4
°C), the same as acclimation temperature (ΔT = 0 °C), or 4 °C warmer than acclimation
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temperature (ΔT = +4 °C). Dissolved oxygen and water temperature were measured
hourly in each live well with an oxygen meter (ProODO; YSI Inc, Yellow Springs, OH).
Statistical analysis
Data were analyzed to determine 1) the effects of ambient temperature on the
stress response to angling and tournament handling and post-stress recovery and 2) the
effect of live well temperature differentials on post-stress recovery at different ambient
temperatures. Data analysis and results were therefore performed and presented as two
separate experiments: Angling, tournament handling, and recovery and Live well
temperature differentials. Normality and homogeneity of variance were tested using the
Shapiro-Wilk W test and Levene’s test, respectively. Data were transformed when
necessary to meet normality and homogeneity of variance assumptions, and data
measured as percentages were logit transformed. For variables that did not pass both
normality and homogeneity of variance tests, data were rank transformed by converting
each individual fish into a rank across the entire data set (Conover and Iman 1981). All
analyses were conducted using SAS 9.4 software (SAS Institute Inc, Cary, NC). This
study was performed under the auspices of Mississippi State University Animal Use
Protocol number 14-051. Data analyses for each experiment are described below.
Angling, tournament handling, and recovery
Data were analyzed in resting fish (t = 0 hours), in fish subjected to simulated
angling (t = 0.33 hours), and in fish subjected to tournament handling and post-stress
recovery in live wells (t = 1, 4, 8 hours) maintained at ambient temperatures (T = 17, 25,
33 °C). Only fish subjected to live wells maintained at ΔT = 0 °C were used for this
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analysis. For each ambient temperature, experimental units for t = 0, 0.33 hours were
represented by the 3 tanks used, with 4 individual fish at each time representing
subsamples. Experimental units for t = 1, 4, 8 hours were the 4 live wells used, with 2
individual fish at each time representing subsamples. Two-way analysis of variance
(ANOVA) with least square means was used to detect differences among the factors
acclimation temperature (T = 17, 25, 33 °C) and time (t = 0, 0.33, 1, 4, 8 hours) for each
stress indicator measured. Differences between least square means were determined using
the Tukey-Kramer post hoc test with statistical significance determined at p < 0.05.
Leukocytes measured in this experiment were only analyzed by blood smears and
were only sampled at t = 0, 4 hours. The variables hemoglobin, pO2, pCO2, pH, K+, Na+,
Ca2+, and Cl- were missing the treatment combination of T = 25 °C, ΔT = 0°C, t = 8 hours
and pO2 and Na+ were missing the treatment combination of T = 17 °C, ΔT = 0°C, t = 8
hours due to equipment malfunction. Because there were missing treatment combinations
(all occurring at t = 8 hours) for these response variables, t = 8 data were removed when
there was no interaction between ambient temperature (T = 17, 25, 33 °C) and time (t = 0,
0.33, 1, 4, 8 hours) detected by ANOVAs. These variables were then analyzed again with
the time points t = 0, 0.33, 1, 4 hours.
Live well temperature differentials
Data were analyzed in fish during post-stress recovery in live wells (t = 1, 4, 8
hours) maintained at different temperature differentials (ΔT = -4, 0 +4 °C) from ambient
temperatures (T = 17, 25, 33 °C). Experimental units were the 4 live wells used in each
ambient temperature and live well temperature change combination, with 2 individual
fish within each live well at each time representing subsamples. Three-way ANOVA with
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least square means was used to detect differences among the factors ambient temperature
(T = 17, 25, 33 °C), live well temperature differential (ΔT = -4, 0, +4 °C), and time (t = 1,
4, 8 hours) for each stress indicator measured. Differences between least square means
were determined using the Tukey-Kramer post hoc test with statistical significance
determined at p < 0.05.
Leukocytes measured in this experiment were analyzed by both blood smears and
flow cytometry, and were only sampled at t = 4 hours. Blood smears were therefore
analyzed by 2-way ANOVA between ambient temperature (T = 17, 25, 33 °C) and live
well temperature differential (ΔT = -4, 0, +4 °C). Due to equipment malfunction, no flow
cytometry data was obtained for the treatment combination of T = 33 °C, ΔT = -4 °C.
Therefore, flow cytometry data was analyzed by 1-way ANOVA using the remaining
treatment combinations. Furthermore, the treatment combination of T = 33 °C, ΔT = +4
°C, t = 8 hours was missing for all response variables due to 100% mortality prior to 8
hours of live well retention. Therefore, t = 8 data were removed when there was no
interaction between ambient temperature (T = 17, 25, 33 °C), live well temperature
differential (ΔT = -4, 0, +4 °C), and time (t = 1, 4, 8 hours) detected by ANOVAs.
Results
Angling, tournament handling, and recovery
Largemouth Bass (n = 144) acclimated to one of the three acclimation
temperatures (T = 17, 25, 33 °C) and sampled prior to the chasing stressor (t = 0 hour), 20
minutes after the chasing stressor (t = 0.33 hour), and throughout the 8-hour live well
retention period (t = 1, 4, 8 hours) at ambient temperature were 277-395 mm TL (mean ±
SE = 332.3 ± 1.9 mm).
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Plasma cortisol showed an interaction T x t (p = 0.0002), where resting levels of
cortisol were similar at all acclimation temperatures, but cortisol at 0.33 hours (herein, 20
minutes) was higher at 17 °C than at 25 °C and 33 °C (Figure 4.1a). At 1, 4, and 8 hours
of live well retention, plasma cortisol did not differ between acclimation temperatures.
Plasma cortisol in fish acclimated to 17 °C decreased to levels similar to resting levels at
8 hours, cortisol in fish acclimated to 25 °C was similar to resting levels at 1 hour and
onward, and cortisol in fish acclimated to 33 °C was similar to resting levels at every
time point (Figure 4.1a).
Hematocrit showed no interaction between T x t (p = 0.8242) nor a main effect of
acclimation temperature (p = 0.3714; Table 4.2). However, hematocrit among time points
(p = 0.0001), where it increased at 20 minutes, and was similar to resting levels at 1 hour
and onward (Figure 4.2a).
Hemoglobin showed no interaction between T x t (p = 0.7512) nor a main effect
of time (p = 0.6759). However, hemoglobin differed among acclimation temperatures (p
= 0.0007), where it was lower at 33 °C than at 25 °C (Table 4.2).
Blood pO2 showed no interaction between T x t (p = 0.3928), nor a main effect of
acclimation temperature (p = 0.6607; Table 4.2). However, blood pH differed among
time points (p = 0.0163), where it was lower at 20 minutes than at 4 hours (Figure 4.2b).
Blood pCO2 showed no interaction between T x t (p = 0.3982), but differed
among acclimation temperatures (p < 0.0001), where it was lowest at 17 °C, intermediate
at 25 °C, and highest at 33 °C (Table 4.2). Blood pCO2 also differed among time points
(p = 0.0007), where it was lower than resting levels and 20 minutes at 1 hour (Figure
4.2c).
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Plasma glucose showed no interaction between T x t (p = 0.0579), but differed
among acclimation temperatures (p < 0.0001), where it was lower at 17 °C than at 25 °C
and 33 °C (Table 4.2). Plasma glucose also differed among time points (p < 0.0001),
where it increased at 20 minutes and returned to resting levels at 8 hours and onward
(Figure 4.2d). Glucose was higher at 1 hour than at 8 hours (Figure 4.2d).
Plasma lactate showed no interaction between T x t (p = 0.6519), but differed
among acclimation temperatures (p = 0.0024), where it was lower at 17 and 25 °C than at
33 °C (Table 4.2). Plasma lactate also differed among time points (p < 0.0001), where it
increased at 20 minutes, did not change at 1 hour, decreased at 4 hours, and did not
change from 4 to 8 hours (Figure 4.2e). Lactate returned to resting levels at 4 hours and
onward (Figure 4.2e).
Blood pH showed no interaction between T x t (p = 0.5284), but differed among
acclimation temperatures (p < 0.0001), where it was higher at 17 °C than at 25 °C and 33
°C (Table 4.2). Blood pH also differed among time points (p = 0.0057), where it was
lower at 20 minutes than at 4 hours (Figure 4.2f).
Plasma osmolality showed no interaction between T x t (p = 0.9966), nor a main
effect of acclimation temperature (p = 0.1139; Table 4.2). However, plasma osmolality
differed among time points (p = 0.0298), where it increased at 20 minutes, and did not
change during live well retention (Figure 4.2g). Osmolality returned to resting levels at 1
hour and onward (Figure 4.2g).
Blood K+ showed no interaction between T x t (p = 0.6641), but differed among
acclimation temperatures (p = 0.0011), where it was lower at 17 °C and 25 °C than at 33
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°C (Table 4.2). Blood K+ also differed among time points (p = 0.0080), where it was
lower at 20 minutes than at 1 hour (Figure 4.2h).
Blood Ca2+ showed no interaction between T x t (p = 0.3552), nor a main effect of
acclimation temperature (p = 0.0969; Table 4.2). However, blood Ca 2+ differed among
time points (p < 0.0001), where it decreased below resting levels at 4 hours (Figure 4.2i).
Blood Na+ showed no interaction between T x t (p = 0.6915), nor a main effect of
time (p = 0.3350). However, blood Na+ differed among acclimation temperatures (p =
0.0454), but treatments were not differentiated by the Tukey-Kramer post hoc test (Table
4.2).
Blood Cl- showed no interaction between T x t (p = 0.2861), but differed among
acclimation temperatures (p < 0.0001), where it was highest at 17 °C, intermediate at 25
°C, and lowest at 33 °C (Table 4.2). Blood Cl- also differed among time points (p =
0.0254), where it decreased below resting levels at 4 hours (Figure 4.2j).
Leukocyte percentage showed an interaction between T x t (p = 0.0171), where
resting levels of leukocytes did not differ between acclimation temperatures, but at 4
hours leukocytes were lower at 17 °C than at 33 °C (Figure 4.1b). Leukocyte percentage
did not increase or decrease from resting levels at any acclimation temperature (Figure
4.1b).
Neutrophil percentage showed no interaction between T x t (p = 6603) and no
main effects of acclimation temperature (p = 0.7989; Table 4.2) or time (p = 0.6603).
Lymphocyte percentage showed no interaction between T x t (p = 0.4330), but differed
among acclimation temperatures (p = 0.0010), where it was higher at 17 °C than at 33 °C
(Table 4.2). Lymphocyte percentage also differed between time points (p = 0.0109),
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where it decreased at 4 hours (Figure 4.2k). Monocyte percentage showed no interaction
between T x t (p = 0.4412), but differed among acclimation temperatures (p = 0.0015),
where it was lower at 17 °C than at 33 °C (Table 4.2). Monocyte percentage also differed
between time points (p = 0.0070), where it increased at 4 hours (Figure 4.2k).
Live well temperature differentials
Largemouth Bass (n = 216) subjected to a one minute chasing stressor at one of
three acclimation temperatures (T = 17, 25, 33 °C) followed by retention in live wells
containing one of three temperature changes (ΔT = -4, 0, +4 °C) for up to eight hours (t =
1, 4, 8 hours) were 277-386 mm TL (mean ± SE = 330.3 ± 1.4 mm).
Plasma cortisol showed no interaction among T x ΔT x t (p = 0.1611), nor an
interaction between ΔT x t (p = 0.7534). However, plasma cortisol showed an interaction
between T x t (p = 0.0409), where at 1 hour plasma cortisol was higher at 17 °C than at
25 °C and 33 °C and at 4 hours there was no difference between acclimation temperatures
(Figure 4.3). Cortisol decreased from 1 to 4 hours at 17 °C, but did not change at 25 °C
and 33 °C (Figure 4.3). Cortisol also showed an interaction between T x ΔT (p < 0.0001),
where at 17 °C cortisol was higher in ΔT = -4 °C and ΔT =0°C live wells than in ΔT = +4
°C live wells, at 25 °C cortisol was higher in ΔT = -4 °C than in ΔT = +4 °C live wells,
and at 33 °C there was no difference in cortisol between live well temperature
differentials (Figure 4.4a). In ΔT = -4 °C and ΔT = 0 °C live wells cortisol was higher at
17 °C than at 25 and 33 °C, and in ΔT = +4 °C live wells cortisol was lower at 25 °C than
at 33 °C (Figure 4.4a).
Hematocrit showed no interaction among T x ΔT x t (p = 0.4950), nor interactions
between ΔT x t (p = 0.2809), T x t (p = 0.5633), or T x ΔT (p = 0.1091). However,
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hematocrit differed between time points (p = 0.0013), where it decreased from 1 to 4
hours (Table 4.3). Hematocrit also differed among live well temperature changes (p =
0.0288), where it was lower in ΔT = -4 °C live wells than in ΔT = +4 °C live wells (Table
4.4). Hematocrit differed among acclimation temperatures (p = 0.0110), where it was
lower at 17 °C than at 33 °C (Table 4.5).
Hemoglobin showed no interaction among T x ΔT x t (p = 0.7295), nor
interactions between ΔT x t (p = 0.0874), T x t (p = 0.4554) or T x ΔT (p = 0.9145).
Hemoglobin also showed no main effects of time (p = 0.6883) or live well temperature
change (p =0.9523; Table 4.4). However, hemoglobin differed among acclimation
temperatures (p = 0.0005), where it was higher at 17 °C and 25 °C than at 33 °C (Table
4.5).
Blood pO2 showed no interaction among T x ΔT x t (p = 0.7037), nor interactions
ΔT x t (p = 0.8963), T x t (p = 0.1826), or T x ΔT (p = 0.6079). Blood pO2 showed no
main effect of acclimation temperature (p = 0.9115), but differed between time points (p
= 0.0363), where it increased from 1 to 4 hours (Table 4.3). Blood pO2 also differed
among live well temperature differentials (p = 0.0394), where it was higher in ΔT = -4 °C
live wells than in ΔT = +4 °C live wells (Table 4.4).
Blood pCO2 showed no interaction among T x ΔT x t (p = 0.1328), nor
interactions between ΔT x t (p = 0.1837), T x t (p = 0.5231), or T x ΔT (p = 0.0635).
Blood pCO2 also showed no main effect time (p = 0.9365), but differed among live well
temperature changes (p < 0.0001; Table 4.4), where it was lower in ΔT = -4 °C live wells
than in ΔT = +4 °C (Table 4.4). Blood pCO2 also differed among acclimation
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temperatures (p < 0.0001), where it was lowest at 17 °C, intermediate at 25 °C, and
highest at 33 °C (Table 4.5).
Plasma glucose showed no interaction among T x ΔT x t (p = 0.3893), nor
interactions between ΔT x t (p = 0.5558) or T x t (p = 0.5380). However, plasma glucose
showed an interaction between T x ΔT (p = 0.0166), where at 17 °C and 25 °C it did not
differ between live well temperature differentials and at 33 °C it was higher in ΔT = +4
°C live wells than in ΔT = 0 °C (Figure 4.4b). In ΔT = -4 °C and ΔT = +4 °C live wells
glucose was lower at 17 °C and 25 °C than at 33 °C and in ΔT = 0 °C live wells there was
no difference between acclimation temperatures (Figure 4.4b). Plasma glucose also
differed between time points, (p = 0.0064), where it decreased from 1 to 4 hours (Table
4.3).
Plasma lactate showed no interaction among T x ΔT x t (p = 0.4077), nor
interactions between ΔT x t (p = 0.9466), T x t (p = 0.3840), or T x ΔT (p = 0.0515).
Plasma lactate showed no main effect of live well temperature differential (p = 0.0767;
Figure 4.3). However, lactate differed between time points (p < 0.0001), where it
decreased from 1 to 4 hours (Table 4.3). Lactate also differed among acclimation
temperatures (p < 0.0001), where it was lower at 17 °C and 25 °C than at 33 °C (Table
4.5).
Blood pH showed no interaction among T x ΔT x t (p = 0.0932), nor interactions
between ΔT x t (p = 0.3057) or T x t (p = 0.2754). However, blood pH showed an
interaction between T x ΔT (p = 0.0064), where at 17 °C it did not differ among live well
temperature differentials, at 25 °C it was higher in ΔT = -4 °C live wells than in ΔT = 0
°C and ΔT = +4 °C live wells, and at 33 °C it was higher in ΔT = 0 °C live wells than in
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ΔT = +4 °C live wells (Figure 4.4c). In ΔT = -4 °C live wells pH was higher at 17 °C and
25 °C than at 33 °C, in ΔT = 0 °C live wells it was higher at 17 °C than at 25 °C and 33
°C, and in ΔT = +4 °C live wells it was higher at 17 °C and 25 °C than at 33 °C (Figure
4.4c). Blood pH also differed between time points (p = 0.0025), where it increased from 1
to 4 hours (Table 4.3).
Plasma osmolality showed no interaction among T x ΔT x t (p = 0.4387), nor
interactions between ΔT x t (p = 0.0751), T x t (p = 0.5702), or T x ΔT (p = 0.3326).
Plasma osmolality showed no main effects of time (p = 0.1307) or live well temperature
differential (p = 0.4957; Table 4.4). However, osmolality differed among acclimation
temperatures (p = 0.0422; Table 4.5), but differences were not differentiated by the
Tukey-Kramer post hoc test (Table 4.3).
Blood K+ showed no interaction among T x ΔT x t (p = 0.4396), nor interactions
between ΔT x t (p = 0.1490) or T x t (p = 0.0888). However, blood K+ showed an
interaction between T x ΔT (p = 0.0115), where at 17 °C and 25 °C it did not differ
between live well temperature differentials and at 33 °C it was lower in ΔT = -4 °C live
wells than in ΔT = +4 °C live wells (Figure 4.4d). In live well temperature differentials of
ΔT = -4 °C and ΔT = 0 °C K+ did not differ between acclimation temperatures and in a
live well temperature differential of ΔT = +4 °C K+ was lower at 17 °C and 25 °C than at
33 °C (Figure 4.4d). Blood K+ showed no main effect of time (p = 0.5896).
Blood Ca2+ showed no interaction among T x ΔT x t (p = 0.2611), nor an
interaction between T x t (p = 0.0802). However, blood Ca2+ showed an interaction
between ΔT x t (p = 0.0436), where at 1 hour it was higher in ΔT = -4 °C live wells than
in ΔT = +4 °C live wells and at 4 hours it was higher in ΔT = -4 °C live wells than in ΔT
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= 0 °C live wells (Figure 4.5a). In ΔT = -4 °C and ΔT = 0 °C live wells Ca2+ decreased
from 1 to 4 hours, and in ΔT = +4 °C live wells it did not change between from 1 to 4
hours (Figure 4.5a). Blood Ca2+ also showed an interaction between T x ΔT (p = 0.0005),
where at 17 °C and 33 °C it was greater in ΔT = -4 °C live wells than in Δ = +4 °C live
wells and at 25 °C it did not differ between live well temperature differentials (Figure
4.4e). In differentials of ΔT = -4 °C and ΔT = 0 °C blood Ca2+ did not change between
acclimation temperatures and in ΔT = +4 °C live wells it was higher at 25 °C than at 33
°C (Figure 4.4e).
Blood Na+ showed no interaction among T x ΔT x t (p = 0.8678), nor interactions
between ΔT x t (p = 0.1676) or T x t (p = 0.4833). However, blood Na+ showed an
interaction between T x ΔT (p = 0.0037), where at 17 °C and 25 °C it did not differ
between live well temperature differentials and at 33 °C it was higher in ΔT = -4 °C live
wells than in ΔT = 0 °C and ΔT = +4 °C live wells (Figure 4.4f). In ΔT = -4 °C and ΔT =
+4 °C live wells blood Na+ did not differ between acclimation temperatures and in ΔT =
0 °C live wells it was higher at 17 °C and 25 °C than at 33 °C (Figure 4.4f). Blood Na+
also differed between time points (p = 0.0386), where it decreased from 1 to 4 hours
(Table 4.3).
Blood Cl- showed no interaction among T x ΔT x t (p = 0.4537), nor interactions
between T x t (p = 0.1570). However, blood Cl- showed an interaction between ΔT x t (p
= 0.0281), where at 1 hour it was higher in ΔT = -4 °C live wells than in ΔT = +4 °C live
wells and at 4 hours it did not differ between live well temperature differentials (Figure
4.5b). Blood Cl- did not change from 1 to 4 hours in any of the live well temperature
differentials (Figure 4.5b). Blood Cl- also showed an interaction T x ΔT (p = 0.0178),
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where at 17 °C and 25 °C it did not change between live well temperature differentials
and at 33 °C it was higher in ΔT = -4 °C live wells than in ΔT = +4 °C live wells (Figure
4.4g). In ΔT = -4 °C live wells blood Cl- was higher at 17 °C than at 25 °C and 33 °C, in
ΔT = 0 °C live wells it is higher at 25 °C than at 33 °C, and in ΔT = +4 °C live wells it
was higher at 17 °C and 25 °C than at 33 °C (Figure 4.4g).
Leukocyte percentage showed an interaction between T x ΔT (p = 0.0194), where
leukocyte percentage was lower in fish acclimated to 17 °C and subjected to ΔT = +4 °C
live wells than in fish acclimated to 33 °C and subjected to ΔT = 0 °C live wells (Figure
4.4h). Neutrophil percentage showed no interaction between T x ΔT (p = 0.5760), nor
main effects of live well temperature differential (p = 0.7728; Table 4.4) or acclimation
temperature (p = 0.6531; Table 4.5). Lymphocyte percentage showed no interaction
between T x ΔT (p = 0.3129), but differed among live well temperature differentials (p =
0.0194) where it was higher in ΔT = -4 °C live wells than in ΔT = +4 °C live wells (Table
4.4). Lymphocyte percentage also differed among acclimation temperatures (p < 0.0001),
where it was higher at 17 °C than at 25 °C and 33 °C (Table 4.5). Monocyte percentage
showed no interaction between T x ΔT (p = 0.2660), but differed between live well
temperature differentials (p = 0.0256), where it was lower in ΔT = -4 °C live wells than
in ΔT = +4 °C live wells (Table 4.4). Monocyte percentage also differed among
acclimation temperatures (p < 0.0001), where it was lower at 17 °C than at 25 °C and 33
°C (Table 4.5).
Flow cytometry showed two populations of leukocytes: one consisting of
lymphocytes and thrombocytes and the other consisting of granular (macrophage and
polymorphonuclear) cells. Because neutrophils, lymphocytes, and monocytes, and
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thrombocytes were the only leukocyte types seen in blood smears (although
thrombocytes were not counted), the granular cell population likely consisted of
neutrophils and monocytes. Lymphocyte/thrombocyte percentage differed among
treatment combinations (p = 0.0068), where fish acclimated to 17 °C and subjected to ΔT
= -4 °C and ΔT = 0 °C live wells and fish acclimated to 25 °C and subjected to ΔT = -4
°C and ΔT = +4 °C live wells had greater lymphocyte/thrombocyte percentages than fish
acclimated to 33 °C and subjected to ΔT = +4 °C live wells (Figure 4.4i). Granular cells
did not differ among treatment combinations (p = 0.3189; Figure 4.4j).
Discussion
The purpose of this study was to examine the effect of temperature on the stress
response and post-stress recovery of Largemouth Bass in a recreational and tournament
angling context. With the exception of the cortisol spike after simulated angling at 17 °C,
overall levels of stress responses such as pCO2, glucose, and lactate were lower at 17 °C
than at 33 °C, indicating anaerobic respiration was utilized less at lower temperatures.
Largemouth Bass subjected to the warmest live well conditions (acclimated to 33 °C and
subjected to ΔT = +4 °C live wells) experienced 100% mortality by 8 hours of live well
retention. At 33 °C, cortisol was less responsive to simulated angling (possibly indicative
of chronic stress at this temperature), whereas pCO2, glucose, lactate, and acidosis (pH)
were high, indicating a greater reliance on anaerobic respiration at higher temperatures.
Ion regulation was also greatly affected in fish subjected to the warmest live well
conditions, where blood K+ was elevated and Na+, Ca2+, and Cl- were lower than most
other treatments. Therefore, metabolic exhaustion, metabolic acidosis and ion imbalance
appear to be linked to mortality at high temperatures following angling. Furthermore, low
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lymphocyte and high monocyte percentages at 33 °C indicate immunosuppressive or
inflammatory responses. With the exception of cortisol, stress indicators were generally
less pronounced when the acclimation temperature was below 33 °C and when live wells
were chilled or maintained at ambient temperature.
Physiological responses to simulated angling, tournament handling, and live well
retention
As poikilotherms, ambient water temperature has important implications for
capacity to respond to stressors in fish. Acute increase in cortisol is a typical primary
response to stress, and is important for mobilizing secondary stress responses. In extreme
conditions, stressors can be harmful if they lead to tertiary stress responses such as
reductions in immune function and increases in mortality. As a part of recreational
fishing, angling, handling and transport can become potentially harmful stressors (Wood
et al. 1983; Maule et al. 1989; Cooke et al. 2002; Iversen and Eliassen 2009; Neal and
Lopez-Clayton 2011), although physiological capacity for maintaining homeostasis
relates closely to temperature. Interestingly, in this study, cortisol responded to chasing
the greatest in the lowest acclimation temperature examined, with an approximately
three-fold increase at 17 °C compared to 25 °C and eight-fold increase compared to 33
°C. However, despite the higher cortisol response with decreasing temperatures at 17 °C,
cortisol levels alone do not appear to be indicative of mortality, as survival was 100% at
this temperature. At all temperatures, cortisol returned to resting levels with time, but
recovery time was faster as temperature increased, possibly because there was less
cortisol to clear. This indicates that cortisol responds greater in colder temperatures, but
may also be linked to greater chronic stress resulting from higher temperatures, leading to
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a reduced cortisol response (Barton et al. 1987; Vijayan and Leatherland 1990;
Wendelaar Bonga 1997).
Physiological factors related to aerobic and anaerobic metabolism are important
components of the metabolic machinery to cope with stress. For aerobic metabolism,
hematocrit, the concentration of erythrocytes, hemoglobin, the oxygen-carrying pigment
in erythrocytes, and pO2 and pCO2 of blood are indicative of oxygen transport capacity
and utilization. In this study, hematocrit and hemoglobin were affected differently by
temperature and simulated tournament stressors. Hematocrit was unaffected by
acclimation temperature and increased following simulated angling, whereas hemoglobin
was unaffected by the chasing stressor, but was higher at 25 °C than at the warmest
temperature, 33 °C. Both hematocrit and hemoglobin can provide increased aerobic
capacity and were expected to increase in tandem. Hematocrit typically increases during
stress and likely increased after simulated angling due to an increase in size or number of
erythrocytes by splenic contraction (Ken-Ichi 1988; Wells and Weber 1990; Pearson and
Stevens 1991; Clauss et al. 2008; Grant 2015) or due to reduction in plasma volume as
water left circulation and moved into tissues (Milligan and Wood 1981; Okimoto et al.
1994; Allen et al. 2009). The decrease in hemoglobin from 25 °C to 33 °C is not typical
of previous research, where hemoglobin tends to increase with temperature (Ravichandra
2012) to provide increased aerobic capacity concomitant with greater metabolic rates in
poikilotherms. However, hemoglobin was lowest at 33 °C, presumably indicating
erythrocytes were swelling, increasing hematocrit but not increasing hemoglobin (Jensen
and Weber 1982). Although not directly quantified, red coloration of plasma was noted in
33 °C treatments following centrifugation, which may indicate lysing of erythrocytes at
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the warmest temperatures. Indirectly, increases in circulating K+ can result from
erythrocyte or white muscle lysis (Wood & Lemoigne 1991; Nielsen & Lykkeboe 1992;
Knudsen & Jensen 1998; Claiborne et al. 2002), and plasma K+ increased at 33 °C while
other ions decreased. Erythrocyte lysis would lead to lower oxygen carrying capacity in
blood, reducing capacity for aerobic activity.
Measuring pO2 and pCO2 is beneficial to assessing oxygen demand and
consumption. Exercise increases the rate of O2 consumption, concomitantly decreasing
pO2, increasing pCO2 and lactate and reducing blood pH (Jensen et al. 1983). In the
current study, pO2 did not show a sharp decrease following chasing, but was lower
compared to 4 hours of live well recovery. The lack of change in pO 2 immediately
following exercise may be attributed to sampling venous blood from the caudal vein
rather than arterial blood, where oxygen is more abundant and has not yet been delivered
to tissues. The relatively higher levels of pO2 at 4 hours when compared to 20 minutes
after chasing could be evidence of an oxygen debt in which oxygen consumption
increases to aerobically restore energy resources such as glucose and glycogen
(Hochachka and Somero 1984; Wakefield et al. 2004) and pO2 increases to compensate
for the reduction of oxygen transportation capabilities due to acidosis (Jensen et al.
1983). Blood pCO2 was higher at resting levels and 20 minutes after chasing than at 1
hour of live well retention, possibly due to a switch from aerobic to anaerobic
metabolism during and shortly after exercise. Overall increases in pCO2 with temperature
indicate increasing metabolic and oxygen consumption rates and fish were likely
maximizing aerobic capacity in warmer temperatures, as evidenced by increases of
glucose and lactate. Acidosis caused by increases in pCO2 and lactate (Wood 1977;
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Jensen et al. 1983) result in a decreased affinity and capacity for the binding of O 2 and
hemoglobin (Eddy 1973), and pO2 may become elevated during recovery to compensate
(Jensen et al. 1983).
When energy demand exceeds the aerobic capacity to fulfill energy requirements,
anaerobic metabolism may temporarily supply energy demands (Lurman et al. 2007). In
this study, use of anaerobic metabolism increased following the chasing stressor and as
temperature increased, evidenced by greater concentrations of glucose at 25 °C and 33 °C
and of lactate at 33 °C. The higher glucose concentrations following chasing and at
warmer temperatures are a result the production of glucose from glycogenolysis (Cech et
al. 1979; Iwama et al. 1998; Mommsen et al. 1999). Glycogenolysis was likely stimulated
by catecholamines (Barton et al. 1988) rather than cortisol at 33 °C, since simulated
angling did not produce a cortisol response at 33 °C. Lactate was affected by chasing
similarly to Suski et al. (2006), where lactate peaked 1 hour after a 1 minute chasing
stressor and returned to resting levels after 4 hours of recovery. Furthermore, plasma
lactate was approximately doubled at 33 °C compared to lower temperatures due to
increased oxygen demand and metabolic rate at warmer temperatures (Cech 1979) and
greater reliance on anaerobic respiration to meet energy demands, resulting in higher
rates of glycolysis and lactate accumulation at this temperature (Wood 1991; Chen et al.
2017).
Blood pH is an important factor in fish stress because it decreases during activity
due to increases in dissolved CO2 and lactate (Wood et al. 1977; Holeton and Heisler
1983; Jensen et al. 1983), which in turn reduces the affinity of hemoglobin to bind with
O2 (Jensen et al. 1983).The relatively high blood pH at 4 hours when compared to 20
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minutes after chasing may be due to a compensatory release of bicarbonate to offset
metabolic acidosis (Jensen and Weber 1982). In addition, the decrease in blood pH with
temperature (lower at 25 °C and 33 °C than at 17 °C) resulted from increases in pCO2 and
lactate at these temperatures. Warmer temperatures increase metabolic rate and oxygen
demand (Cech et al. 1979), producing dissolved CO2 (Jensen et al.1983) and lactate
(Wood et al. 1983), which are waste products of aerobic and anaerobic respiration,
respectively.
Osmolality is the measure of total solutes in plasma and therefore changes when
metabolites and ions move in and out of circulation. Plasma osmolality was expected to
decrease after simulated angling due to passive ion loss resulting from increases in gas
exchange and gill permeability (Wendelaar Bonga 1997; Eddy 1981; Portz et al. 2006).
However, osmolality increased 20 minutes after simulated angling, and then returned to
resting levels. Although unexpected, these results could be explained by the presence of
other osmotically active substances in the plasma, such as glucose, proteins, lactate, and
K+ (Wood 1991; Suski et al. 2003) or of a reduction in plasma volume (Allen et al. 2009)
due to water leaving circulation and moving into tissues (Okimoto et al. 1994) or
increased urination following exercise (Wood and Randall 1973). Circulating ions were
affected differently by chasing and temperature. For example, K+ concentration was
lower 20 minutes after simulated angling than after 1 hour of live well retention, Ca2+ and
Cl- remained at resting levels until 4 hours of live well retention, and Na+ was unaffected
by chasing. The decrease in circulating ions following exercise can be attributed to an
increase in gas exchange across the gills. This is made possible by an increase in gill
permeability, but also causes the passive loss of ions in freshwater fish (Mazeaud et al.
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1977; Wendelaar Bonga 1997; Portz et al. 2006). This would explain why the K+
concentration 20 minutes after chasing was lower than after 1 hour of live well retention,
but the delayed decrease in Ca2+ and Cl- concentration and the lack of change in Na+ was
unexpected. Ions were also affected differently by acclimation temperature, where, K+
concentration was highest at 33 °C, Ca2+ was unaffected by temperature, and Cldecreased as temperature increased. The lower concentration of Cl - (and possibly Na+,
but not detected by the Tukey-Kramer test ) at 33 °C could be attributed to passive ion
loss (Mazeaud et al. 1977; Eddy 1981; Wendelaar Bonga 1997; Portz et al. 2006).
However, increases in K+ concentration at warmer temperatures may again be attributed
to the release of K+ from lysed erythrocytes or white muscle cells (Wood & Lemoigne
1991; Nielsen & Lykkeboe 1992; Knudsen & Jensen 1998; Claiborne et al. 2002).
Because increases in cortisol can lead to immunosuppressive actions (Wendelaar
Bonga 1997), quantifying white blood cells in blood smears is useful for assessing stress
in fish (Wedemeyer et al. 1990; Davis et al. 2008). Leukocytes function both as blood
clotting agents and as defensive mechanisms by producing antibodies and phagocytizing
foreign particles (Ellis 1977; Houston 1990; Davis et al. 2008). Leukocyte levels tend to
be suppressed in stressful situations in favor of allocating energy towards coping with
stress (Wendelaar Bonga 1997; Schreck et al. 2001). Resting levels of leukocytes did not
differ between acclimation temperatures and did not show significant change after
chasing and subjection to live well retention, but at 4 hours of live well retention
leukocytes concentrations were higher at 33 °C than at 17 °C. Leukocytes in some
species may increase in warmer months of the year (Houston et al. 1996). However, the
greater number of leukocytes at 33 °C following simulated angling and live well retention
114

was unexpected, as the 33 °C treatment was predicted to be more stressful based on
previous studies correlating temperature with stress (Strange 1980; Davis et al. 1984;
Barton and Schreck 1987; Gustaveson et al. 1991; Barton 2002) and mortality (Schramm
et al. 1987; Neal and Lopez-Clayton 2001; Gale et al. 2013). However, because
leukocytes were measured as a percentage of total blood cells, the high leukocyte
percentage could be a result of a decrease in erythrocytes due to lysing rather than an
increase in leukocytes. As stated previously, lysis of erythrocytes was evidenced by the
red coloration of plasma after centrifugation and high plasma K+ concentration at 33 °C.
However, the lack of significant difference in hematocrit among acclimation
temperatures does not support this explanation.
The enumeration of the different types of leukocytes, or leukocyte profiles, may
also be used as a means of assessing stress (Davis et al. 2008). Leukocytes consist of
neutrophils, basophils, eosinophils, lymphocytes, and monocytes. Stressors such as acute
or chronic handling, crowding, and transport often cause increases in circulating
neutrophils and decreases in circulating lymphocytes (Wendelaar Bonga 1997; Davis et
al. 2008). In this study, basophils and eosinophils were not observed in any blood smears,
and the majority of leukocytes were lymphocytes, which are primarily responsible for
antibody production, and monocytes, which are responsible for phagocytizing foreign
particles (Ellis 1977; Houston 1990; Campbell 1996; Wedemeyer 1997; Davis 2008).
Simulated angling and live well retention caused lymphocytes to decrease and monocytes
to increase, and lymphocytes were lower at 33 °C than at 17 °C and monocytes were
higher at 33 °C than 17 °C. Reductions in lymphocytes are attributed partially to
extravasation, in which lymphocytes and macrophages are removed from circulation and
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gather at the sites of inflammation or infection (Wendelaar Bonga 1997). In addition,
reductions of lymphocytes are often associated with decreased pathogen resistance,
possibly leading to disease and mortality (Wendelaar Bonga 1997; Clauss et al. 2008;
Davis et al. 2008). In contrast, monocytes may increase quickly following a stress
challenge and are often found in necrotic tissues due to their phagocytic properties
(Houston 1990), although their roles beyond the stress response are not clear (Ellis 1977).
Neutrophils are components of the inflammatory response, have phagocytic ability
(Lataretu et al. 2013), and typically increase with stress (Wendelaar Bonga 1997; Davis
et al. 2008). Similarly to Dinken et al. (unpublished [Chapter 2]), neutrophils were nearly
absent in blood smears, so leukocyte differentials were practically quantified as ratios
between lymphocytes and monocytes. Therefore, it is not clear whether the low
lymphocyte percentages seen after simulated angling and in warmer conditions are
indicative of a decrease in lymphocyte quantity, an increase in monocyte quantity, or a
combination of both. However, reductions in lymphocytes frequently occur after stress in
fish as well as other vertebrates (Davis et al. 2008), so it is likely low lymphocyte
percentage in this experiment is a result of an actual reduction in lymphocyte quantity.
Physiological responses to live well temperature differentials
Fish are typically placed into live wells during recreational or tournament fishing,
and may be subjected to acute temperature increases or decreases. Temperature increases
can occur if fish have been angled from deeper, cooler water, due to conduction from the
boat if air temperatures and solar radiation are high and live wells are not flushed
frequently, or from flushing live wells with warm surface water. Subjecting fish to
elevated temperatures can result in heat shock, eliciting stress responses such as increases
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in blood cortisol, glucose, lactate, and K+ concentration (Suski et al. 2006;
Vanlandeghem et al. 2010). Alternatively, fish can be exposed to cool temperatures if
anglers manipulate live well temperature through addition of ice with the intention of
decreasing fish metabolic rates and aiding in recovery from stress (Gilliland and
Schramm 2009). However, cooling may induce cold shock, which similar to heat shock,
may be an additional stressor. Cortisol is often used as an indicator of cold shock (Tanck
et al. 2000; Hyvärinen et al. 2004), and previous studies have illustrated how the effect of
cold shock on cortisol levels can depend on the magnitude of temperature decrease in
both resting Largemouth Bass and those recovering from exercise. For example,
Vanlandeghem et al. (2010) did not find an increase in cortisol when subjecting
Largemouth Bass to a temperature decrease of 5 °C, but did when decreasing temperature
by 12 °C, indicating the magnitude of temperature decrease affected the response to cold
shock. Furthermore, Suski et al. (2006) found that a decrease in temperature from 24 °C
to 14 °C elevated cortisol levels in Largemouth Bass recovering from 60 seconds of
exercise while a decrease from 24 °C to 21 °C did not. In the current study, ΔT = -4 °C
(herein referred to as “chilled”) live wells had little effect on cortisol at 33 °C, but at 17
°C and 25 °C, cortisol levels were higher in chilled live wells than in ΔT = +4 °C (herein
referred to as “elevated-temperature”). Exposure to elevated-temperature live wells did
not cause significant increases in cortisol at any acclimation temperature, however
cortisol concentration at 33 °C was approximately two-fold higher in elevatedtemperature live wells than in chilled and ΔT = 0 °C (herein referred to as “ambient”) live
wells, and there was subsequently 100% mortality by 8 hours of live well retention in
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elevated-temperature live wells. Results indicate cold shock drives cortisol response more
than heat shock, especially in acclimation temperatures as low as 17 °C.
Although hemoglobin was unaffected by live well temperature differentials,
oxygen demand appeared to change under different live well conditions, as evidenced by
changes in hematocrit, pO2, and pCO2. Hematocrit was higher in elevated-temperature
live wells than in chilled live wells, possibly due to an increase in oxygen demand and
resulting splenic contraction (Ken-Ichi 1988; Wells and Weber 1990; Pearson and
Stevens 1991; Clauss et al. 2008; White et al. 2008; Grant 2015). Blood pO2 was lower in
elevated-temperature live wells compared to chilled live wells, possibly as a result of an
increase in oxygen consumption. This was supported by high levels of pCO2 in elevatedtemperature live wells.
Live well temperature differentials had some effect on anaerobic metabolism,
evidenced by changes in glucose. Elevated-temperature live wells caused the highest
glucose levels at 33 °C. Glucose is an energy source which can provide fuel to aerobic
tissues (Wood 1991; Cooke et al. 2013) or provide energy through anaerobic metabolism.
Elevated glucose at this extreme temperature suggests fish are using the remainder of
their energy reserves to cope with the stress. Chilled live wells did not reduce glucose
levels at any acclimation temperature, suggesting cooler water does not efficiently
prevent a glucose response or glucose is already elevated by the time fish are placed in
live wells. Decreasing recovery temperature by 4 °C in Largemouth Bass exercised for 60
seconds at 24 °C has been found to impair lactate recovery, possibly by reducing the rate
of lactate clearance (Suski et al. 2006). However, in the current study lactate was
unaffected by live well temperature differentials at all acclimation temperatures.
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Blood pH increased from 1 to 4 hours of live well retention across all treatments.
Live well temperature differentials had no effect on pH at 17 °C, but at 25 °C pH was
higher in chilled live wells than in ambient and elevated-temperature live wells. Elevatedtemperature live wells resulted in lower blood pH at 33 °C than at 17 °C and 25 °C,
indicating recovering fish in elevated temperatures increases acidosis in warmer ambient
temperatures. This could be caused by the combination of higher pCO2 (Wood 1977) at
higher acclimation temperatures and elevated-temperature live wells and higher lactate
(Jensen et al. 1983) at warmer acclimation temperatures. Both lactate and CO 2 contribute
to metabolic acidosis (Wood et al. 1983) and would contribute to low blood pH in
elevated-temperature live wells at 33 °C. Low blood pH suggests metabolic acidosis may
be partially responsible for the 100% mortality of fish by 8 hours at this treatment (Black
1958; Bennett 1978).
Plasma osmolality was not differentiated among treatments, however, circulating
ions responded to temperature stress in different ways. Typically, stressors can result in
increases in gas exchange and gill permeability, which can lead to the passive loss of ions
in fish (Mazeaud et al. 1977; Eddy 1981 Wendelaar Bonga 1997; Portz et al. 2006). At 33
°C, Ca2+ and Cl- were lower in elevated-temperature live wells than in chilled live wells
and Na+ was higher than in elevated-temperature live wells than in both chilled and
ambient live wells. It is possible that greater metabolic demands coincident with greater
gill perfusion and heart rate with increasing temperatures may contribute to the loss of
these ions. However, K+ was higher in elevated-temperature live wells than in chilled live
wells, presumably due to erythrocyte lysis as described previously. Increases in plasma
K+ have occurred in resting Largemouth Bass subjected to a severe heat shock from 20
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°C to 32 °C, and was attributed to lysing of erythrocytes or white muscle cells
(Vanlandeghem et al. 2010). Similarly to this study, Wood et al. (1983) reported higher
K+ and lower Cl- in dying Rainbow Trout than in surviving ones after subjecting them to
6 minutes of intensive exercise.
Total leukocyte counts are influenced by stress and are commonly assessed by
blood smears (Houston 1990). Total leukocyte counts showed very little difference in
leukocytes among treatments, possibly due to high variation among individual fish.
Leukocytes were lower in fish acclimated to 17 °C and held in elevated-temperature live
wells than in fish acclimated 33 °C and held in ambient temperature live wells.
Leukocytes may also increase in instances where pathogens are present in higher
concentrations or fish are infected (Lumlertdacha et al. 1995; Harikrishnan et al. 2003),
and in fish with lesions or another portal of entry for infection (Knowles et al. 2006;
Grant 2015). However, fish used in this experiment were healthy and there were no signs
of disease during acclimation. As stated previously, lysing of erythrocytes in treatments
at 33 °C may have had some effect on leukocyte percentage. Neutrophils were rarely
encountered in blood smears and were affected by live well temperature differentials.
Lymphocytes were higher in chilled live wells compared to elevated-temperature live
wells, suggesting warm temperature shock is a greater stressor than cool temperature
shock in live wells. Furthermore, the higher levels of monocytes in elevated-temperature
live wells could be indicative of an inflammatory response (Clauss et al. 2008), but since
these variables were measured as percentages of total leukocytes, it is uncertain how
much the change in one of these variables is affected by a change in the other.
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Flow cytometry detected two different populations of leukocytes. One population
was comprised of lymphocytes, but was also comprised of thrombocytes, some of which
had similar sizes and shapes as leukocytes. The other population consisted of granular
cells (macrophages and polymorphonuclear cells). The lower lymphocyte and
thrombocyte percentage in elevated-temperatures at 33 °C, is indicative of lymphopenia,
or low lymphocyte quantities, although it is unknown to what degree thrombocytes are
affecting these results. Lymphopenia, however, would suggest immunosuppression at
high temperatures (Wendelaar Bonga 1997; Clauss et al. 2008), which is consistent with
what was measured from blood smears, where low lymphocyte percentages occurred in
warm acclimation temperatures (at 33 °C compared to 17 °C) and in elevatedtemperature live wells compared to chilled live wells. The granular cell data, however,
did not differ among treatments.
Conclusion
Understanding the effects of ambient and live well temperature on the stress
response of Largemouth Bass to angling and tournament handling provides valuable
information on how to reduce potential negative impacts on recreational and tournamentcaptured fish. In this study, as ambient water temperature increased, aerobic energy
sources were depleted and dependency on anaerobic metabolism increased leading to
metabolic acidosis, decreases in ionic balance, immunosuppression, and mortality.
Generally, chilled live wells reduced oxygen demand and consumption and supported
immune function better more efficiently than elevated-temperature live wells. More
specifically, at acclimation temperatures of 17 °C and 25 °C, cortisol was higher in
chilled live wells than in elevated-temperature live wells. However, at 25 °C, chilled live
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wells may have prevented metabolic acidosis and at 33 °C, chilled live wells may
improve ion regulation and prevent the accumulation of K+ in the blood, which is likely a
result of the lysing of erythrocytes. The results of this study suggest chilling live wells
may provide physiological benefits at 25 °C and 33 °C, and physiological disturbances
may be best reduced by focusing angling efforts in cooler to moderate ambient
temperatures.
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Table 4.1

Physiological parameters measured, their definitions, and general expected
response to stress.

Stress indicator
Cortisol
Hematocrit
Hemoglobin
pO2
pCO2
Glucose
Lactate
pH
Osmolality
K+
Ca2+
Na+
ClLeukocytes
Neutrophils
Lymphocytes
Monocytes

Definition
Primary stress response/stress hormone
Concentration of erythrocytes per volume of blood
Oxygen-carrying pigment in erythrocytes
Partial pressure of oxygen
Partial pressure of carbon dioxide
Metabolite; a source of energy in metabolism
Waste product of anaerobic metabolism
Measure of acidity
Concentration of all solutes in plasma
Potassium ion
Calcium ion
Sodium ion
Chloride ion
Total white blood cells
A granulocyte with phagocytic ability
Type of leukocyte responsible for antibody production
Large, phagocytic leukocyte
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General
effect of
stress
↑
↑
↑
↓
↑
↑
↑
↓
↓ or ↑
↓ or ↑
↓
↓
↓
↓
↑
↓
↑

Table 4.2

Angling, tournament handling, and recovery: The main effect of
acclimation temperature as mean(standard error) in Largemouth Bass
sampled during resting conditions (t = 0 hours), 20 min after a 60 second
simulated angling stressor (t = 0.33 hours), and throughout live well
retention (t = 1, 4, 8 hours) for fish held in live wells at ΔT = 0 °C.

Acclimation temperature (°C)
Stress indicator
17
25
33
Hematocrit (as % whole blood)
38.3(1.5)
39.5(0.8)
38.4(1.2)
ab
a
6.84(0.19 )
7.25(0.13 )
6.16(0.20b)
* Hemoglobin (g/dL)
* pO2 (mmHg)
8.38(0.52)
8.07(0.79)
8.78(0.69)
c
b
5.90(0.44 )
8.54(0.49 )
10.61(0.53a)
* pCO2 (mmHg)
Glucose (mg/dL)
58.60(3.02b) 72.15(4.25a) 77.14(4.08a)
Lactate (mM)
3.03(0.46b)
3.28(0.57b)
5.16(0.83a)
7.67(0.04a)
7.50(0.02b)
7.44(0.04b)
* pH
Osmolality (mmol/kg)
295.4(1.2)
300.3(2.0)
300.0(1.9)
+
b
b
a
K
(mM)
3.60(0.10
)
3.36(0.11
)
4.12(0.19
)
*
2+
* Ca (mM)
1.31(0.07)
1.34(0.04)
1.24(0.05)
+
153.49(1.84) 153.34(1.23) 145.83(1.91)
* Na (mM)
120.23(2.24a) 115.57(1.50b) 99.87(2.95c)
* Cl (mM)
0.2(0.1)
0.2(0.1)
0.0(0.04)
** Neutrophils (as % leukocytes)
a
ab
92.0(4.2 )
89.0(2.4 )
71.3(6.2b)
** Lymphocytes (as % leukocytes)
7.8(4.3b)
10.8(2.4ab)
28.6(6.2a)
** Monocytes (as % leukocytes)
Statistical differences among acclimation temperatures are indicated by different letters
(ANOVA; p < 0.05; Tukey’s multiple comparison test). Stress indicators marked by an
asterisk (*) had t = 8 data removed due to missing data in the treatment combinations: 17
°C, 8 hours and 25 °C, 8 hours. Stress indicators marked by two asterisks (**) were only
sampled at t = 0 and 4 hours.
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Table 4.3

Live well temperature differentials: The main effect of time as
mean(standard error) in Largemouth Bass acclimated to 17, 25, and 33 °C
and subjected to live well temperature differentials of ΔT = -4, 0, and +4
°C.
Time (hours)

Stress indicator
1
4
a
Hematocrit (as % whole blood)
41.0(0.7 )
37.5(0.7b)
Glucose (mg/dL)
95.77(4.75a) 82.96(3.81b)
Lactate (mM)
6.58(0.66a)
3.24(0.51b)
pH
7.52(0.03b)
7.58(0.03a)
pO2 (mmHg)
9.24(0.37b)
10.49(0.51a)
Na+ (mM)
150.57(1.02a) 147.63(1.17b)
Statistical differences between time points are indicated by different letters (ANOVA; p <
0.05; Tukey’s multiple comparison test).

Table 4.4

Live well temperature differentials: The main effect of live well
temperature differential as mean(standard error) in Largemouth Bass
acclimated to 17, 25, and 33 °C and sampled at 1 and 4 hours of live well
retention.

Live well temperature change (Δ °C)
Stress indicator
-4
0
+4
b
ab
Hematocrit (as % whole blood)
38.1(1.0 )
38.4(0.8 )
41.3(0.9a)
Hemoglobin (g/dL)
6.60(0.17)
6.67(0.16)
6.63(0.24)
a
ab
pO2 (mmHg)
10.67(0.37 ) 9.39(0.53 )
9.44(0.69b)
pCO2 (mmHg)
6.38(0.44b)
7.68(0.55b)
8.67(0.42a)
Lactate (mM)
3.87(0.69)
4.75(0.60)
6.23(1.02)
Osmolality (mmol/kg)
297.95(1.66) 298.18(1.65) 296.03(1.46)
* Neutrophils (as % leukocytes)
0.0(0.0)
0.1(0.1)
0.4(0.2)
a
ab
* Lymphocytes (as % leukocytes)
84.4(4.4 )
79.1(4.6 )
71.8(5.0b)
* Monocytes (as % leukocytes)
15.6(4.3b)
20.8(4.6ab)
27.8(5.1a)
Statistical differences among live well temperature differentials are indicated by different
letters (ANOVA; p < 0.05; Tukey’s multiple comparison test). Stress indicators marked
by an asterisk (*) were only sampled at t = 4 hours.
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Table 4.5

Live well temperature differentials: The main effect of acclimation
temperature as mean(standard error) in Largemouth Bass subjected to live
well temperature differentials of ΔT = -4, 0, and +4 °C sampled at 1 and 4
hours of live well retention.

Acclimation temperature (°C)
Stress indicator
17
25
33
b
ab
Hematocrit (as % whole blood)
37.2(0.9 )
39.7(0.8 )
40.9(1.0a)
Hemoglobin (g/dL)
6.93(0.15a) 6.96(0.22a)
6.04(0.14b)
Lactate (mM)
3.98(0.53b) 3.03(0.44b)
7.71(0.97a)
Osmolality (mmol/kg)
295.7(1.3)
296.2(1.7)
300.3(1.6)
c
b
pCO2 (mmHg)
5.66(0.36 ) 7.23(0.44 )
9.67(0.30a)
* Neutrophils (as % leukocytes)
0.3(0.1)
0.1(0.1)
0.2(0.1)
a
b
* Lymphocytes (as % leukocytes) 91.0(2.8 )
77.3(4.1 )
66.9(4.6b)
b
a
* Monocytes (as % leukocytes)
8.7(2.8 )
22.6(4.1 )
32.9(4.6a)
Statistical differences among acclimation temperatures are indicated by different letters
(ANOVA; p < 0.05; Tukey’s multiple comparison test). Stress indicators marked by an
asterisk (*) were only sampled at t = 4 hours.
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Angling, tournament handling, and recovery: The interaction between
acclimation temperature and time as mean ± standard error of (a) cortisol
and (b) leukocyte percentage in Largemouth Bass held in live wells at ΔT =
0 °C.

Statistical differences are indicated by different letters (ANOVA; p < 0.05; Tukey’s
multiple comparison test). Leukocytes were only measured at time = 0 and 4 hours.
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Angling, tournament handling, and recovery: The main effect of time as
mean ± standard error of (a) hematocrit, (b) pO2, (c) pCO2, (d) glucose, (e)
lactate, (f) pH, (g) osmolality, (h) K+, (i) Ca+, (j) Cl-, and (k) lymphocyte
and monocyte percentage in Largemouth Bass acclimated to 17, 25, and 33
°C and held in live wells at ΔT = 0 °C.

Statistical differences are indicated by different letters (ANOVA; p < 0.05; Tukey’s
multiple comparison test). Some stress indicators had t = 8 data removed due to missing
data in the treatment combinations: 17 °C, 8 hours and 25 °C, 8 hours .Lymphocytes and
monocytes were only measured at time = 0 and 4 hours.

128

g

30
308

h

30
4.2

306

26

300

ab

298

24

ab

3.6

24

b
22

22

3.2

292
0

0.0

20
0 0.33
0
1

4

j

1.45

a

28

114

a

1.20
1.15

24

22

4

8

Time (hours)
Lymphocytes
Monocytes

95

20
0 0.33
0
1

8

Time (hours)
30

a
25

85

a
20

80

b

15

75
10

b

Monocytes (% leukocytes)

Lymphocytes (% leukocytes)

24

b

0

20
4

5

65
0

0
0 0.33
0
1

3

106

98

0 0.33
0
1

70

26

100

22

0.00

90

28

108

102

0.95

k

a

104

b

1.00

2

a a

110

Y Axis 2
Cl (mM)

(mM)
2+

Ca

26

1.25

1.05

30

112

1.30

1.10

8

118
116

a

1.40

4

Time (hours)

30

1.50

1.35

20
0 0.33
0
1

8

Time (hours)

i

26

ab

3.4

294

1

ab

3.8

Y Axis 2

296

ab
b

28

a

Y Axis 2

302

4.0

Y Axis 2
+
K (mM)

Osmolality (mmol/kg)

28

a

304

4

8

Time (hours)

Figure 4.2 (continued)
Statistical differences are indicated by different letters (ANOVA; p < 0.05; Tukey’s
multiple comparison test). Some stress indicators had t = 8 data removed due to missing
data in the treatment combinations: 17 °C, 8 hours and 25 °C, 8 hours .Lymphocytes and
monocytes were only measured at time = 0 and 4 hours.
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Live well temperature differentials: The interaction between acclimation
temperature and time as mean ± standard error of plasma cortisol in
Largemouth Bass subjected to live well temperature differentials of ΔT = 4, 0, and +4 °C

Statistical differences are indicated by different letters (ANOVA; p < 0.05; Tukey’s
multiple comparison test). Due to 100% mortality in fish acclimated to 33 °C and
subjected to a live well temperature differential of +4 °C at 8 hours, all t = 8 data was
excluded from analysis.
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Live well temperature differentials: The interaction between acclimation
temperature and live well temperature change as mean ± standard error of
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Largemouth Bass sampled from live wells at 1 and 4 hours.

Lymphocyte/thrombocyte and granular cell percentages were only sampled at 4 hours.
Statistical differences are indicated by different letters (ANOVA; p < 0.05; Tukey’s
multiple comparison test.
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Lymphocyte/thrombocyte and granular cell percentages were only sampled at 4 hours.
Statistical differences are indicated by different letters (ANOVA; p < 0.05; Tukey’s
multiple comparison test
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Live well temperature differentials: The interaction between live well
temperature change and time as mean ± standard error of (a) blood Ca2+
and (b) blood Cl- in Largemouth Bass acclimated to 17, 25, and 33 °C.

Statistical differences are indicated by different letters (ANOVA; p < 0.05; Tukey’s
multiple comparison test). Analysis does not include t = 8 data due to missing treatment
combinations. Due to 100% mortality in fish acclimated to 33 °C and subjected to a live
well temperature differential of +4 °C at 8 hours, all t = 8 data was excluded from
analysis.
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Hepatosomatic Index (% body weight)
(L / W) * 100

(A.1)

where L represents the mass of the liver (g) and W represents the mass of the
whole fish (g)
Liver Moisture (% wet weight)
((W – D) / W) * 100

(A.2)

where W represents the wet weight of the liver tissue used (g) and D represents
the dry weight (g)
Liver Lipids (% dry weight)
(R / D) * 100

(A.3)

where R represents lipid residue (mg) and D represents the dry weight of liver
tissue (mg)
Liver Glycogen (% dry weight)
(G / D) * 100

(A.4)

where G represents glycogen (mg) and D represents the dry weight of liver tissue (mg)
Viscerosomatic Index (% body weight)
(V / W) * 100

(A.5)

where V represents the weight of visceral fat and organs other than the liver (g) and W
represents the weight of the whole fish (g)
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Stress Magnitude
St – Bt

(A.6)

where St represents the mean stressed values in tank t of fish subjected to a 60 second
chasing stressor and allowed a 20 minute rest period and Bt represents mean resting, or
baseline, stress values in tank t.
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