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A total of 670 critical thermal maxima (CTMax) and 

minima (CTMin) were determined for three freshwater fishes 

acclimated to three constant temperatures and a diel regimen 

cycling between the lowest and highest acclimation 

temperatures. In all species temperature tolerance was 

directly related to acclimation temperature and slopes 

relating these variables indicate that acclimation 

temperature has a greater influence on tolerance of low 

rather than high temperatures. CTMax and CTMin values 

generated following exposure to 32 days of oscillating 

temperatures indicate that in general, fishes had 

temperature tolerance acclimation states consistent with the 

average temperature and not either the highest or lowest 

temperature of the diel cycle. 
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CHAPTER I 

INTRODUCTION 

The combination of low endogenous heat production and 

little effective insulation give most fishes slight or no 

physiological control over their body temperature (Paladino 

et al., 1980). These physiological and anatomical 

limitations exacerbated by the large specific heat of water 

and high rates of conductive and convective heat exchange 

result in body temperatures of fishes that closely track 

water temperatures. Because fishes are obligate thermal 

conformers, temperature is considered to be the master 

abiotic factor regulating physiological activity (pers. 

comm. Beitinger, Brett 1970). Temperature, really heat, 

effects biochemical/physiological rate functions, , 

biological activities and defines the range of species 

distributions (Bennett 1994). 

Thermal tolerances of fishes vary greatly. For 

example, off the coast of Belize, large populations of 

pupfish (Cyprinodon artifrons) , mosquitofish (Gambusia 



yucatana) , and Floridichthys carpio thrive at daily-

temperatures in excess of 40°C (Heath et al., 1993) . In 

contrast, Arctic icefish (Trematomus sp.) complete their 

entire lifecycle at temperatures just above -1.8°C and die 

due to excessive heat at temperatures of about 6°C (Brett 

1970). Sheepshead minnows (Cyprinodon variegatus) living in 

shallow, south Texas tide pools experience seasonal shifts 

of 40°C in water temperature (Bennett and Judd 1992) and in 

the laboratory survive temperature extremes of <0°C to 

approximately 45°C (Bennett and Beitinger, in press). 

Temperature tolerances of fishes have been either 

estimated or quantified by several methods. One approach is 

to observe fish kills following periods of extreme 

temperatures (Storey 1937, Gunter and Hildebrand 1951, Holt 

and Holt 1983). This technique neither leads to a 

determination of accurate lethal temperatures nor assures 

that fish were killed by temperature rather than other 

biotic or abiotic factors. Determining maximum and minimum 

water temperatures within a species' natural distribution is 

another approach to estimate thermal tolerance (Brett 1956, 

Eaton et al. 1995). This method may not reflect accurate 



tolerance limits, because most fishes can survive 

temperatures which they do not voluntarily occupy in nature 

(Brett 1956) . Consequently, the most accurate measures of 

thermal tolerance are achieved under controlled conditions 

in the laboratory. 

Thermal tolerances of fishes in the laboratory have 

been quantified by both static and dynamic methods. In the 

Fry, plunge or static technique, a temperature lethal to 50% 

of a fish sample (TL50) is determined by plunging groups of 

fish from various constant acclimation temperatures into a 

series of static test temperatures near estimated upper and 

lower temperature limits (Fry 1947). Mortality is recorded 

over time, and estimates of the temperature tolerated by 

50% of the sample for various time intervals, e.g., 24, 48, 

96 hours, are made from a regression of percentage mortality 

on acclimation temperature. The plunge test does not 

reflect the temperature tolerance of fishes accurately in 

nature because, it does not simulate naturally occurring 

temperature exposures. 

The critical thermal methodology is a second 

laboratory approach to characterize temperature tolerances 



of fishes (Cox 1974, Paladino et al.,, 1980). This is both 

an experimental approach, i.e., a technique, and a 

statistical parameter. In this method, fish are subjected 

to a dynamic change in temperature until a predefined 

sublethal endpoint (e.g., loss of equilibrium or muscle 

spasms) is reached (Figures 1 and 2). Critical thermal 

maxima (CTMax) and minima (CTMin) are defined as pre-death 

thermal points at which locomotory movements become 

disorganized and an organism losses the ability to escape 

from conditions which may ultimately lead to its death 

(Cowles and Bogert 1944). The CTMax and CTMin are 

calculated as the arithmetic mean of the collective thermal 

points at which the endpoint was reached (Cox 1974). This 

methodology provides an ecologically relevant lethal index, 

since fishes in nature may encounter such temperatures 

either temporally or spatially as acute fluctuations outside 

of their tolerance limits (Hutchison 1976) . 

Although both CTM and TLS0 are quantitatively expressed 

as a temperature, determined experimentally with animals 

acclimated to a preset temperature level, and involve time 

and temperature as major test variables, the two methods do 



not quantify the same response. The CTM requires a 

constant, progressive change of temperature upward or 

downward from acclimation until physiological 

disorganization occurs. In contrast, the TLS0 method 

requires an abrupt transfer to temperatures either above or 

below acclimation and exposure until lethality occurs. Loss 

of equilibrium is the usual endpoint for dynamic tests 

involving fish, whereas, death is the usual endpoint for 

TL50 tests (Becker and Genoway 1979). In contrast to the 

static TLS0 method, the dynamic (CTM) method is faster, 

requires fewer fish, does not confuse handling stress with 

thermal stress and approximates natural conditions better 

than static methods (Bennett and Judd 1992). The CTM 

approach, due to its ease, has been used to bioassay the 

effects of many stressors (see review by Beitinger and 

McCauley 1990) . 

Ironically most laboratory tolerance estimates for 

fishes are measured for high temperatures, whereas, most 

fish kills in nature are caused by low temperatures (Bennett 

and Judd 1992) . Upper temperature tolerances of most fish 

are well above typical temperatures of their natural 



habitats (Mundahl 1990). In addition, both static and 

dynamic methods typically test fish that have been 

acclimated to constant temperatures. Although many fish 

experience large temperature changes in their natural 

environment (Hokanson et. A1 1977), surprisingly few studies 

have quantified thermal tolerances of fishes acclimated to 

cycling temperature, examples include Brett (1956), Heath 

(1963), Feldmeth et al. (1974), Otto et al. (1976), Barton 

(1985), Heath et al. (1993) and of these, only Feldmeth et 

al.(1974) examined shifts in cold tolerance following 

temperature cycling. Temperature tolerances of fishes 

exposed to cycling temperatures varied among these studies. 

Brett (1956), studying numerous freshwater species, found 

that fishes acclimatized to daily thermal cycles in nature 

had higher CTMax values than those acclimated to a constant 

temperature equal to the highest temperature attained during 

the diel cycle. Conversely, Barton (1985) reported that 

Pholis ornata acclimated in the laboratory had a CTMax that 

exceeded that measured in the field. Heath (1963) 

demonstrated that cutthroat trout (Salmo clarkii clarkii) 

exposed to a diel thermoperiod of 10 to 20°C had a CTMax 
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equivalent to trout acclimated to a constant 20°C. Similar 

results were seen in desert pupfish, Cyprinodon nevadensis 

amargosae (Feldmeth et al., 1974). In contrast, the CTMax 

of mosquitofish, Gambusia affinis affinis, exposed to a 

temperature cycle, did not reach values equivalent to the 

CTMax for the peak temperature of the cycle (Otto 1974). 

These contrasting results might be attributed to differences 

among species and experimental protocols, including duration 

and amplitude of the temperature cycle. 

The objective of my research was to evaluate upper and 

lower temperature tolerances via CTM methodology of three 

game-fish species exposed to a diel cycling temperature 

regimen, i.e., thermoperiods. My experiments tested a 

series of null hypotheses: (l)no significant differences 

exist among CTMax and CTMin values of fish acclimated at a 

constant high and low temperature equal to the peak high and 

low cyclic temperature and fish exposed to cycling 

thermoperiods; (2) no differences will be found among 

acclimation rates of fishes exposed to cycling 

thermoperiods; (3) no significant differences occur among 

acclimation scopes, i.e, CTMax minus CTMin, within or 



between species exposed to either constant or cyclic 

temperatures. 

This research has many ecological benefits. Besides 

contributing to our basic understanding of thermal 

tolerances of fish, findings from this research may have 

applications in fish rearing, transportation and stocking 

programs. Since humans are continuing to alter the physical 

habitats of the Earth, it is crucial that we understand the 

physiological responses of organisms, before we can 

determine if new habitats can be found and old ones 

restored. Finally, knowledge of temperature tolerance is 

important to estimate possible changes in fish distributions 

relative to potential global warming predictions (Beitinger 

and McCauley 1990, Matthews and Zimmerman 1990, McCauley and 

Beitinger 1992). 

In my research largemouth bass (Micropterus salmoides) , 

channel catfish (Ictalurus punctatus), and rainbow trout 

(Oncorhynchus mykiss) were chosen because they are 

economically important, widely distributed, represent a 

diverse phylogeny, and have different habitat requirements. 

The largemouth bass has a wide zoogeographical distribution 



and is among the most important freshwater game-fish in the 

United States. This fish is a mid-water piscivore found in 

a wide range of abiotic habitats (Robison and Buchanan 

1984). The native range of largemouth bass consisted of the 

area east of the Rocky Mountains (Figure 3), from southern 

Quebec and Ontario through the Great Lakes and the 

Mississippi Valley to the Gulf of Mexico and from 

northeastern Mexico to Florida and the Carolinas (Hubbs and 

Lagler 1964). Its range has been extended via extensive 

introductions into medium to large rivers, lakes, ponds and 

tributaries. The largemouth bass is a warmwater fish 

preferring shallow water and seldom occurs at depths greater 

than 6 m. Its preferred water temperature ranges from 27.2 

to 30°C (Neill and Magnuson, 1974) with a reported upper 

lethal temperature of 35.6°C (Clark 1969) . It is generally 

assumed that largemouth bass do not spawn at temperatures 

below about 18°C. The need for warm waters for successful 

spawning limits northward dispersal of the species in North 

America and Europe (Becker 1983). 

The channel catfish is primarily a benthic omnivore 

occupying deep-water lotic habitats as adults and is an 
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extremely valuable sport and commercial fish, especially in 

the southern United States. The species is distributed in 

all of the central midwestestern United States from Texas to 

Canada and all of the southern states north to the Great 

Lakes region (Figure 3), excluding the New England states. 

Channel catfish occupy clear, rocky, well oxygenated streams 

as well as slow-moving, silty, sluggish streams, lakes and 

large reservoirs. They prefer water averaging 25.2°C 

(Coutant 1977) and have an optimal spawning temperature of 

26.7°C (Becker 1983). West (1966), studying the effects of 

controlled temperatures on growth of channel catfish, found 

that maximum growth occurred at temperatures between 29°C 

and 30°C. In plunge tests, channel catfish 6 days and 11 

months old acclimated at 26, 30, and 34°C had upper lethal 

temperatures of 36.3, 37.3 and 37.8°C (Allen and Strawn 

1967). Kilambi et. al (1970) reported that under a LD 14:10 

photoperiod, maximum growth was at 28°C, but under a LD 

10:14 photoperiod, maximum growth occurred at 32°C. 

Both largemouth bass and channel catfish are considered 

warm-water species, unlike rainbow trout which do not 

usually occupy temperatures above approximately 20°C in 
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nature (Spigarelli et al. 1974, Robison et al., 1984). The 

rainbow trout is predominately a stream-dwelling piscivore, 

although it is found, or released, in lakes. Of all trout 

species, it is the most tolerant of high temperatures 

(Becker 1983). Rainbow trout prefer fast, whitewater 

sections of cool streams. This species can withstand 

temperatures from 0.0 to 28.3°C (Embory 1938) and spawns at 

temperatures between 5 and 13°C. When water temperatures 

are below 21.1°C, rainbow trout are usually near the 

surface, but as the upper layers become warmer, they move 

downward, tending to concentrate at temperatures between 

15.6 and 21.1°C (Becker 1983). Hokanson et al. (1977) 

reported a 24-hr upper incipient lethal temperature for 

rainbow trout of 25.6°C, and Coutant (1977) reported a 

temperature preference range of 18.9 to 21.1°C. Although 

they prefer well-oxygenated water, they can survive low 

oxygen levels, especially at lower temperatures and after 

long periods of acclimation (Becker 1983). The native range 

of this species includes drainages of the Pacific coast from 

Alaska to Mexico and the waters of the Pacific Ocean (Figure 

3). They were first introduced in 1874 outside their native 
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range and by 1971 had become established in 39 states and in 

all Canadian provinces except the Northwest Territories and 

on all continents except Antarctica. Rainbow trout are not 

native east of the continental divide, with the exception of 

a few small populations (Willers 1981). The species has 

been extensively introduced to cold water habitats, but only 

a few of these introductions have produced breeding 

populations and, the fish is generally introduced on a "put 

and take" basis, including introductions in the Trinity and 

Brazos Rivers in Texas. 

All three of these species are important economically 

and are among the top game-fishes in North America. 

Revenues gained from fishing licenses and trout stamps are 

fundamental to the maintenance and operation of many state 

Fish and Game agencies. The diverse phylogeny and habitat 

requirements of these fishes suggests a hypothesis that they 

may have different acclimatory responses to cycling thermal 

periods. 



CHAPTER II 

MATERIALS AND METHODS 

Source and Acclimation of Fishes 

Largemouth bass (M. salmoides) and channel catfish (J. 

punctatus) were obtained from Inslee's Fish Farm in 

Connerville, Oklahoma. All largemouth bass and channel 

catfish were juveniles approximately 10 cm long and had a 

mean weight of approximately 15 g. Rainbow trout (0. 

mykiss) were purchased from the Crystal Lake Fish Hatchery 

in Ava, Missouri. Rainbow trout were approximately 6 weeks 

old, 4 cm in length and had a mean weight of 2 g. 

In the laboratory, fish were separated into groups 

and placed into three 570-L Living Streams (Frigid Units 

Inc.) for temperature acclimation (see Figure 4 for 

experimental design schematic). Critical thermal minima and 

maxima were determined using groups of 40 individuals of 

largemouth bass and channel catfish acclimated to constant 

temperatures of 20.0°C, 25.0°C and 30.0°C (±0.1°C) for a 

minimum of 20 days, and 40 individuals of rainbow trout 

13 
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acclimated to 10.0°C, 15.0°C and 20.0°C (±0.1°C) for a 

minimum of 20 days. Constant acclimation temperatures of 

30.0°C and 25.0°C were maintained via a Haake 

thermoregulator combined with Frigid Units, Inc. cooling 

units. Cooler constant acclimation temperatures, i.e., 

10.0°C, 15.0°C, and 20.0°C were maintained by the cooling 

units. Channel catfish and largemouth bass were fed 

Farmer's Choice 42% Bass Feed twice daily. Fish were fed 

until sated, and unconsumed feed was vacuumed from thQ 

living stream. Rainbow trout were fed crumble feed obtained 

from the hatchery three times daily until fish no longer 

consumed food, and then excess food was vacuumed from the 

living stream. 

The following water quality parameters were measured 

in the acclimation tanks daily; dissolved oxygen (± 0.1 

mg/L) , conductivity (± 10 //mho/cm2) , total ammonia (NH4 and 

NH 3
+, ± 0.1 mg/L) nitrites (mg N02/L as N, ± 0 . 1 mg/L), 

temperature (± 0.1 °C) and pH (temperature corrected, ± 0.1 

pH unit). Dissolved oxygen was measured using a YSI Model 

54 oxygen meter. Conductivity was measured using a YSI 

Model 33 SCT meter. Both meters were used following 
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standard operating procedures provided by the manufacturer. 

A Markson Science Inc. Model 88 digital meter was used to 

monitor pH in the acclimation tanks. Ammonia and nitrites 

were measured using a chemical testing kit manufactured by 

Aquarium systems. Temperature was recorded using a 

calibrated mercury thermometer. 

After the first week of acclimation, water quality was 

measured twice weekly (Table 1). Water was changed in all 

acclimation tanks four times a week to prevent a build up of 

ammonia and nitrites. Ammonia is the major nitrogenous 

waste product of fishes and other aquatic organisms with 

nitrite the intermediate compound formed during the 

nitrification of ammonia. In aquatic recirculation systems 

nitrite can attain lethal levels or result in stress that 

may decrease growth and disease resistance (Beitinger and 

Huey 1981) , performance (Watenpaugh and Beitinger 1985) and 

even temperature tolerance (Watenpaugh et al. 1985). 

Determined by the acclimation temperature of the tank, 5 to 

20% of the water in each tank was siphoned daily along with 

waste materials and was replaced with tap water passed 

through a carbon filter. The water was treated with a 
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dechlorinator to prevent chlorine poisoning. When 

conductivity readings begin to increase, tank water was 

replaced with de-ionized water. The percentage of water 

replaced was adjusted to prevent more than ±1°C change in 

acclimation temperature. For water temperatures of 15°C and 

10°C, water was cooled prior to replacement in acclimation 

tanks. All three species were kept under a diel LD 12:12 

photoperiod. 

Critical Thermal Methodology 

During CTMax and CTMin trials, ten fish were randomly . 

selected from each acclimation temperature and placed 

individually, into mesh baskets. The baskets were submerged 

into a 190-L glass CTM chamber. Prior to each trial, 

selected water quality variables, e.g., pH, dissolved 

oxygen, conductivity (see previous page for techniques and 

accuracy), of both the acclimation tank and test chamber 

waters were measured. Test water was continually mixed and 

aerated during trials by vigorously bubbling air through air 

stones in the chamber. 
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Chamber water was cooled by a Blue—M constant flow 

portable cooling coil during CTMin trials. Three Haake 

thermoregulators circulated (but did not heat) test chamber 

water across the coil to promote uniform cooling. Water 

temperatures in the test chamber were increased during CTMax 

trials by activating the heating element of one or more 

circulating thermoregulators. Chamber water temperature was 

decreased or increased during CTM experiments at a rate of 

0.3 ± 0 . 01°C,min"1. 

Critical thermal methodology dictates that the 

temperature change during trials should be constant and 

proceed at a rate just fast enough to permit deep body 

temperatures to follow test temperatures without a 

significant time lag (Cox 1974). Rates that are too fast 

may overestimate endpoint values, whereas, slow rates may 

allow partial temperature tolerance acclimation of fishes 

during trials (Elliott 1981; Becker and Genoway 1979) . 

Loss of equilibrium (LOE) was the endpoint criterion 

during my CTM trials (see Beitinger and McCauley 1990 for a 

discussion of CTM endpoint criteria). Equilibrium loss 

represents a systemic disorganization that prevents fish 
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from escaping conditions that ultimately result in death 

(Cox 1974) and is considered an ecological index of 

lethality (Hutchinson 1976; Paladino et al. 1980). Loss of 

equilibrium was defined as failure of a fish to maintain 

dorso-ventral orientation for at least one minute. Once a 

fish reached this endpoint, the temperature was measured to 

0.1°C with a calibrated mercury thermometer. The fish was 

removed from the basket, weighed (± 0.5 g), measured 

(standard length ± 0.1 cm), returned to its prior 

acclimation temperature and assessed for survival. 

Temperature change trials continued until LOE was observed 

in all ten test fish. 

Critical thermal minima and maxima of fishes were 

described for each acclimation temperature as the arithmetic 

mean temperature at which LOE was observed. CTMax and CTMin 

was determined for each constant acclimation temperature. 

Largemouth bass and channel catfish were tested at constant 

acclimation temperatures of 20°C, 25°C, and 30°C. Rainbow 

trout were tested at 10°C, 15°C, and 20°C. CTMin and CTMax 

values generated under constant acclimation were compared to 

those measured under cycling temperatures for each species. 
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Temperature Cycling Methodology 

Approximately 120 largemouth bass and 120 channel 

catfish were held at 25°C in a 570-L Living Stream for a 

minimum of ten days. Rainbow trout were held at 15°C for at 

least 10 days. Then fish were placed into a 570 L Living 

Stream in which temperatures were cycled over a 24-hour 

period from 20°C to 30°C for largemouth bass and channel 

catfish, and 10°C to 20°C for rainbow trout. Cycling 

temperatures were maintained via two Haake thermoregulators 

and a Frigid Units, Inc. cooling unit. Running time of 

individual Haake thermoregulators was controlled with 24-

hour timers. Water quality parameters were measured and are 

reported in Table 2. Critical thermal maxima and critical 

thermal minima were determined using ten fish for each trial 

and testing on initial introduction to the cycling tank, 

then again on days 1, 2, 4, 8, 16, and 32; this allowed 

testing of the second and third hypotheses (see 

introduction) for each species. 

Statistics 

For each of the three test species both CTMin and CTMax 

were measured under ten different conditions: three constant 
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acclimation temperatures and at seven different times during 

the 32-day exposure to diel cycling temperatures. 

Statistics describing CTMax and CTMin values are presented 

graphically for each species. Linear regression was used to 

test for relationships between temperature tolerance (CTMax 

and CTMin individually) and acclimation temperature. Within 

and among species, hypotheses were statistically tested via 

a series of one-way and two-way ANOVAs and Student-Newman-

Keuls multiple range tests (SAS Institue, Inc.,1987). 

Choice of parametric or nonparametric statistics were 

determined following assessments for normality of 

distributions (Shapiro and Wilk) and equality of variances 

(Hartley's Fmax). Statistical decisions were made with an 

alpha of 0.05. 



CHAPTER III 

RESULTS 

Effects of constant acclimation temperature on CTM Values 

Channel catfish acclimated to constant temperatures of 

20°C, 25°C, and 30°C had mean CTMax values of 36.36°C, 

38.70°C and 40.31°C, and mean CTMin values of 2.69°C, 6.53°C 

and 9.76°C, respectively (Table 3). Variation in both 

CTMins and CTMaxs was small, as standard deviations ranged 

from 0.25°C to 0.41°C (Table 3). Standard deviations 

expressed relative to their respective means, i.e., 

coefficient of variation (CV), were <1% for all three CTMax 

groups and ranged from 4.2 to 15.1% for the three CTMin 

groups. Larger CVs in CTMins is a function of their smaller 

means. A Shapiro Wilk normality test for channel catfish 

indicated that temperature at loss of equilibrium (LOE) was 

not distributed significantly different than normal (p>0.05) 

for the majority (4 of 6) of the test groups (Table 4). 

Descriptive statistics for standard length and weight are 

given in Table 5. Both CTMin and CTMax were related to 

21 
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acclimation temperature as indicated in the following highly-

significant linear models: CTMax= 28.58 + 0.40(acclimation 

temperature, °C), p < 0.0001, R2= 0.957; and CTMin= -11.36 -

0.71 (acclimation temperature, °C), p < 0.0001, R2= 0.980 

(Figure 5). The coefficients of determination, i.e., R2, 

suggest that approximately 96% of the measured variation in 

CTMax and 98% in CTMin is accounted for by acclimation 

temperature. The regression slopes indicate that for each 

1°C increase in acclimation temperature, the mean CTMax 

increased 0.40°C and the mean CTMin increased by 0.71°C. 

These represent a gain in heat tolerance of 0.4°C and loss 

of cold tolerance of 0.71°C for each 1.0°C increase in 

acclimation temperature. At 20°C, temperature tolerance 

scope (i.e., CTMax-CTMin) was maximum, 33.7°C and it 

decreased linearly as the acclimation temperature increased 

(Table 3). A regression analysis indicated no significant 

relationship between LOE and weight (p>0.05) and no 

significant relationship between LOE and standard length 

(p>0.05). Mean CTMax and CTMin values were found to be 

highly significantly different at the three acclimation 
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temperatures (one-way ANOVA, p=0.0001), and each acclimation 

temperature was statistically distinct (SNK, a=0.05). 

Largemouth bass acclimated to constant temperatures of 

20°C, 25°C and 30°C had mean CTMax values of 35.35°C, 

36.66°C and 38.53°C, and mean CTMin values of 3.15°C, 7.26°C 

and 10.71°C, respectively (Table 6). Regressions of CTMax 

and CTMin on constant acclimation temperature showed highly 

significant relationships expressed by the following linear 

models: CTMax = 28.92 + 0.32 (acclimation temperature, °C) , 

p < 0.0001, R2 = 0.851 and CTMin = -11.87 - 0.76(acclimation 

temperature, °C), p < 0.0001, R2 = 0.974 (Figure 6). 

Similar to channel catfish, acclimation temperature 

explained approximately 85% and 97% of variation in the two 

measures of temperature tolerance. The regression slopes 

indicate that for every 1°C increase in acclimation 

temperature, largemouth bass increased CTMax by 0.32°C and 

increased CTMin by 0.76°C. The maximum thermal tolerance 

scope was 32.2°C at an acclimation temperature of 20°C. 

Again, variation in both CTMax and CTMin was small with 

standard deviations ranging from 0.27 to 0.61 °C (Table 5). 

A Shapiro Wilk normality test indicated that temperatures at 
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which loss of equilibrium occurred were not distributed 

differently than normal for 50% (3 of 6) of the test groups. 

Descriptive statistics for standard length and weight are 

given in Table 7. A linear regression analysis indicated no 

significant relationship between LOE and weight (p>0.05), 

but indicated a slightly statistically significant 

relationship (p=0.043) between CTMin and standard length for 

largemouth bass acclimated to 25°C. A one-way ANOVA 

indicated that mean CTMax and CTMin values were 

significantly different (p<0.0001) for the three acclimation 

temperatures. A multiple range test indicated three 

statistically distinct groups for mean CTMin values, but no 

significant differences were indicated between the mean 

CTMax values at acclimation temperatures of 20 and 25°C (SNK 

a=0.05) . 

Mean CTMax values of 27.98°C, 29.14°C and 29.80°C and 

mean CTMin values of <0.0°C, 0.19°C, and 2.0°C were recorded 

for rainbow trout acclimated to constant temperatures of 

10°C, 15°C and 20°C (Table 8). CTMin values for rainbow 

trout acclimated to 10°C were recorded as <0.0°C, because 

LOE was not observed at 0.0°C, the lowest temperature 
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attained in CTMin trials. The following linear models 

indicate highly significant relationships between 

acclimation temperature and temperatures at which fish lost 

equilibrium: CTMax = 26.23 + 0.18 (acclimation temperature, 

°C), p < 0.0001, R2 = 0.975 and CTMin = -5.31 - 0.36 

(acclimation temperature (°C)), p < 0.0001, R2 = 0.959 

(Figure 7). Temperature tolerance scope was maximum, 

28.95°C, at a constant acclimation temperature of 15°C 

(Table 8). Regression slopes indicate that, for each 1°C 

increase in acclimation temperature, the CTMax of rainbow 

trout increased by 0.18°C and the CTMin increased by 0.36°C. 

CTMax and CTMin values were not distributed differently than 

normal for 50% of the test groups. (Sharpiro Wilks, all 

p>0.05, Table 4). Summarizing statistics for standard 

length and weight of rainbow trout are reported in Table 9. 

Mean CTMax and CTMin values were significantly different 

among the three acclimation temperatures (one-way ANOVA, 

p<0.0001), and both CTMax and CTMin values were 

significantly distinct at each acclimation temperature (SNK 

a-0.05). 
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Channel catfish were more tolerant of both high and low 

temperatures than largemouth bass. At each of the three 

constant acclimation temperatures, mean CTMaxs of channel 

catfish were highly significantly greater than those of 

largemouth bass (t values from one-tailed, independent t 

tests at 20°C, 25°C and 30°C were 8.5, 13.2 and 18.8, 

respectively; all probabilities were << 0.0005). Similarly, 

mean CTMins of channel catfish were highly significantly 

lower than those of largemouth bass at each of the 

acclimation temperatures (one-tailed, independent t test, t 

values at acclimation temperatures of 20°C, 25°C and 30°C 

equaled 4.2, 5.0, and 5.8 respectively; again all 

probabilities were < 0.0005). The tight data (small 

standard deviations) and relatively large sample size of 

each group (n=20) combined to generate the extremely large t 

values and highly significant probabilities. 

At 20°C, the only acclimation temperature common to all 

three species, rainbow trout had significantly lower mean 

CTMax and mean CTMin values than either channel catfish or 

largemouth bass (one-way ANOVA followed by SNK multiple 
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range test with alpha = 0.05). The latter is consistent 

with the zoogeographical distribution of the rainbow trout. 

For all three species, channel catfish had the highest 

temperature tolerance, 33.67°C at an acclimation temperature 

of 20°C, approximately 1.5°C and 3.9°C higher than the 

temperature tolerance of largemouth bass and rainbow trout 

at the same acclimation temperature. 

Comparisons of regression slopes relating temperature 

tolerance and acclimation temperature between species showed 

highly significant differences (Table 19). CTMax slopes 

represent a gain in heat tolerance. CTMin slopes represent 

a loss of cold tolerance. Slopes relaiting CTMax and CTMin 

with acclimation temperature between channel catfish and 

largemouth bass yielded t values of 3.87, (p > 0.0001) and 

2.38, (0.02 > p> 0.01); between channel catfish and rainbow 

trout t values for CTMaxs were 14.67, (p > 0.001) and for 

CTMins 28.33, (p > 0.0001, independent t test for slopes, 

Zar 1984). Comparisons of slopes between largemouth bass 

and rainbow trout yielded t values for CTMaxs of 6.83, (p > 

0.0001) and for CTMins 23.67, (p > 0.0001). Comparisons of 

slopes for CTMax and CTMin within each species were also 
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highly significantly different (Table 20): channel catfish 

yielded a t values of 17.92, (p > 0.0001), largemouth bass 

the t value was 18.49, (p > 0.0001) and rainbow trout had a 

t value of 15.38, (p > 0.0001, independent t test for 

slopes). Statistical significance was gained in all 

comparisons of slopes, even when the absolute difference 

between two slopes was small, e.g., 0.40 and 0.32 for 

channel catfish and largemouth bass (Table 19). Statistical 

significance was aided by the strong fits between 

temperature tolerance and acclimation temperature and the 

large sample size (n = 60) for each regression model. 

Responses of fishes to cycling temperatures 

Channel catfish exposed to cycling temperatures of 

20°C to 30°C for 0,1,2,4,8,16,and 32 days had mean CTMax 

values that ranged from 38.51°C to 39.61°C and mean CTMin 

values that ranged from 6.06°C to 6.63°C, respectively 

(Table 10). After 8 days of cycling temperatures, channel 

catfish had the highest temperature tolerance scope, 33.13°C 

(Table 11). Standard deviations for CTMins ranged from 

0.24°C to 0.82°C and those for CTMaxs from 0.19°C to 0.49°C. 
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Descriptive statistics for standard length and weight are 

reported in Table 12. A Shaprio Wilk normality test 

indicated that temperature at loss of equilibrium (LOE) was 

distributed differently than normal for all but 3 of the 14 

test groups (p>0.05). Both CTMin and CTMax were related to 

the days exposed to cycling temperatures as indicated in the 

following significantly linear models: CTMax = 38.65 + 

0.03(days exposed to cycling temperatures), p < 0.0001, R2 = 

0.34; and CTMin = 6.18 + 0.01(days exposed to cycling 

temperatures), p <0.0464, R2 = 0.0571 (Figure 8). The 

regression slopes indicate that as the number of days 

exposed to cycling temperatures increased from initial 

introduction to day 32, the mean CTMax increased and the 

mean CTMin increased by 0.03°C and 0.01°C per day, 

respectively. An independent t test comparing the largest 

mean CTMax of 39.61°C (at day 32) to mean CTMax values at 

constant acclimation temperatures indicated statistical 

differences at 20°C, 25°C and 30°C (all p < 0.0000). The 

mean CTMax value of 39.61°C was closest to the mean CTMax 

value, 40.31°C, reported for an acclimation temperature of 

30°C. An independent t test comparing the lowest mean CTMax 
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of 6.06°C after 4 days of exposure to cycling temperatures 

also indicated significant statistical differences at all 

three acclimation temperatures, 20°C (p < 0.0000), 25°C (p = 

0.0039) and 30°C (p < 0.0000). The lowest mean CTMin for 

cycling temperatures was most closely related to the mean 

CTMin value of 6.53°C at an acclimation temperature of 25°C. 

Mean CTMax and mean CTMin values for largemouth 

bass exposed to cycling temperatures ranged from 35.60°C to 

37.34°C and 5.91°C to 7.73°C, respectively (Table 13). 

Temperature tolerance was maximum, 31.40°C, after 4 days of 

cycling temperatures (Table 14). Standard deviations for 

CTMaxs ranged from 0.34°C to 1.55°C and those for CTMins 

from 0.15°C to 0.78°C. Descriptive statistics for standard 

length and weight are given in Table 15. Regressions of 

CTMax and CTMin on days exposed to cycling temperatures 

showed highly significant relationships expressed by the 

following linear models: CTMax = 37.18 - 0.036(days exposed 

to cycling temperatures), p < 0.0008, R2 = 0.16; and CTMin = 

6.51 + 0.022(days exposed to cycling temperatures), p < 

0.0148, R2 = 0.09 (Figure 9). The largest mean CTMax, 

37.34°C, at day 8 was significantly higher than the mean 
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CTMax value reported for the constant acclimation 

temperature of 20°C and significantly lower than the mean 

CTMax value reported for a constant acclimation temperature 

of 30°C (both p < 0.0000) but no significant statistical 

difference was indicated at 25°C (one-tailed, independent t 

test, p = 0.1135). Statistical significance was found 

between the lowest mean CTMin value recorded for exposure to 

cycling temperatures (5.91°C at day 4) and all three mean 

CTMin values from exposure to constant acclimation 

temperatures, 20°C (p < 0.000), 25°C (p = 0.0001) and 30°C 

(p = 0.0001) (independent t test). 

Rainbow trout exposed to cycling temperatures had mean 

CTMax and CTMin values that ranged from 27.31°C to 29.30°C 

and 0.13°C to 1.45°C, respectively (Table 16). The 

following linear models indicate no significant relationship 

between days exposed to cycling temperatures and CTMax but a 

significant relationship is indicated between days exposed 

to cycling temperatures and CTMin: CTMax = 28.83 - 0.001 

(days exposed to cycling temperatures), p < 0.4350, R2 = 

0.01; and CTMin = 0.81 + 0.018(days exposed to cycling 

temperatures), p < 0.009, R2 = 0.103 (Figure 10). 
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Regression slopes indicate that as exposure to cycling 

temperatures increased, the CTMax of rainbow trout decreased 

by 0.01°C per day and the CTMin increased by 0.018°C per 

day. Standard deviations for CTMax ranged from 0.19°C to 

1.57°C and ranged from 0.16°C to 0.55°C for CTMins. 

Temperature tolerance scope for rainbow trout was maximum, 

29.08°C, at introduction (day 0) into the cycling tank 

(Table 17). Descriptive statistics are reported in table 

18. An independent t test comparing the largest mean CTMax, 

29.32°C, after 2 days of cycling to mean CTMax values from 

constant acclimation temperatures indicated that the mean 

CTMax at 20°C constant acclimation, although, only 0.55°C 

higher, is highly significantly greater than the largest 

CTMax reported from exposure to cycling temperatures (p < 

0.0000) and the mean CTMax reported from an acclimation 

temperature of 10°C was significantly lower than the 

measured cycling CTMax value (p < 0.0000). No significant 

difference was indicated between the mean CTMax value from 

the constant acclimation temperature of 15°C and the largest 

cycling CTMax value of 29.32°C (independent t test, p = 

0.0871). An independent t test indicated that the mean 
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CTMin value of 2.0°C from constant acclimation temperature 

at 20°C was significantly higher than the lowest mean CTMin 

value 0.13°C at the initial day of exposure to cycling 

temperatures (p < 0.000). No significant difference was 

indicated between the mean CTMin value 0.19°C at a constant 

acclimation temperature of 15°C and the lowest mean CTMin 

value from cycling exposure (p = 0.3419). No statistical 

test was possible for an acclimation temperature of 10°C 

because LOE was not observed. 

Unexpectedly under my cycling conditions, channel 

catfish had a maximum mean CTMax that was closest to those 

measured at the peak of the temperature cycle , i.e., 30°C 

but had a mean low CTMin temperature that was closest to the 

mean of the temperature cycle (25°C). Largemouth bass and 

rainbow trout had both mean CTMax and CTMin values which 

were closest to those measured at the middle temperature of 

the cycle, i.e., 25°C for largemouth bass and 15°C for 

rainbow trout. Under cycling temperatures, the maximum 

CTMax for channel catfish was within 0.70°C of the CTMax 

value measured at the highest temperature (30°C) of the diel 

thermoperiod. Mean CTMax values for largemouth bass and 
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rainbow trout were within 0.68°C and 0.16°C of the CTMax 

values measured at the middle temperature of the 

thermoperiod. CTMin values for channel catfish and 

largemouth bass were within 0.47°C and 1.35°C of the CTMin 

values measured at the middle temperature of the cycle 

(25°C). CTMin values for rainbow trout were 0.06°C within 

the middle of the temperature cycle corresponding to 15°C. 



CHAPTER IV 

DISCUSSION 

According to Dr. J.R. Brett (1956), temperature sets 

lethal limits to life; conditions the animal through 

acclimation to meet levels of temperature that would 

otherwise be intolerable; governs the rate of development; 

sets the limits of metabolic rate within which the animal is 

free to perform; and acts as a directive factor resulting in 

the congregation of fish within given thermal ranges, or 

movements to new environmental conditions. Lacking a means 

of maintaining an independent body temperature, fishes may-

become victims of rapid internal temperature change caused 

by sudden changes in environmental temperature (Brett 1956). 

In simple terms, temperature is, for fishes and most if not 

all poikilotherm, the master abiotic factor (Brett 1971). 

In a majority of research involving functional aspects of 

fishes, temperature is either a key study variable or must 

be controlled or at least measured (Beitinger, pers. comm.). 

Since temperature has been recognized as a major factor in 

35 
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fish ecology it is understandable that the amount of 

published thermal research is vast. Thermal studies of 

fishes have been going on for more than 75 years, and many 

of the earlier studies involved temperature tolerance (Loeb 

and Wasteneys 1912, Wells 1914, Sumner and Doudoroff 1938, 

Fry et al. 1942) . The upper and lower limits of temperature 

that fish can withstand define the extremes of a tolerable 

thermal environment (Brett 1956). Quantitative laboratory 

studies of temperature tolerance of fishes date to the 

1930's and 1940's with papers by Sumner and Doudoroff 

(1938), Brett (1941, 1944, 1946), Fry et al. (1942, 1946), 

Doudoroff (1942, 1945) and Hart (1947). 

Sumner and Doudoroff (1938) appear to be the first to 

use a modified dynamic temperature methodology to measure 

thermal tolerance of a fish, the longjaw mudsucker, 

Gillichyhys mirabilis; although, Cowles and Bogert (1944) 

are given credit for originating this methodology and 

coining the terms CTMax and CTMin in their classic paper on 

desert reptiles. 

The critical thermal methodology was an effective 

technique to generate accurate and precise thermal tolerance 
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data for my three test species. This approach is easily and 

inexpensively conducted, requires a minimum of space and 

equipment and completed in a minimal amount of time. My 

typical CTMax trial required approximately 2-hrs, while a 

CTMin determination took around 3-hrs to complete. A single 

trial yielded ten separate data points. Loss of equilibrium 

(LOE) as a nonlethal endpoint has been used in previous 

studies (see Cox 1974, Beitinger and McCauley 1990) and is 

ecologically defensible (Coutant 1969). During CTMax 

trials, loss of equilibrium was obvious as test fish 

approached physiological death. During CTMin trials, loss 

of equilibrium was not as easily observed, but signs of 

disorientation appeared in individuals of all three species 

as temperatures decreased, except rainbow trout acclimated 

to 10°C. My experimental approach yielded temperature 

tolerance data which were statistically precise. Standard 

deviations in a majority (39 of 59, 67%) of trials were less 

than 0.5°C. Unexpectedly, Shapiro Wilk normality tests 

indicated that temperature tolerance data for 8 of 17 trials 

were not normally distributed. Non-normality was not 

caused by the presence of outliers, but rather, by extreme 
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leptokurtic distributions. In these cases the individual 

values were tightly clustered around their mean, i.e., less 

variation occurred than would be found in a typical normal 

distribution. 

Exposure to Constant Acclimation Temperatures 

In addition to generating "control data" to be compared 

to those from exposures to diel cycling exposures, data 

collected from exposure to constant acclimation temperatures 

provides basic information concerning temperature tolerance 

in these three important fish species. In constant 

acclimation experiments, a total of 78 trials yielded 250 

CTMaxs and 250 CTMins for the three test species. As 

acclimation temperatures increased so did the critical 

thermal maximum and minimum of each species. 

Of the three species of fish tested, channel catfish 

had the largest temperature tolerance scope and were most 

tolerant to high and low temperatures. A review of the 

literature revealed five papers in which upper temperature 

tolerance values have been published for channel catfish. 

Temperature dynamic methods were employed in three and 
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static (plunge) methods in two of these studies. Over a 

range of acclimation temperatures of 12 to 32°C, Cheetham et 

al. (1976) found a linear increase from 34.5°C to 41°C in 

CTMax of immature channel catfish. At a single acclimation 

temperature of 22.7°C, Reutter and Herdendorf (1976) 

reported a CTMax of 38.0°C for this species. Finally in a 

previous study in my laboratory, Bennett et al. (1995) 

reported CTMax values of 35.8°C and 40.1°C in juvenile 

catfish acclimated to 20°C and 30°C, respectively. CTMax 

values of these three studies are similar with the CTMax 

values of 36.6°C, 38.7°C and 40.3°C for catfish acclimated 

to 20, 25 and 30°C, respectively, generated in my research. 

In two separate publications (Strawn 1958, Allen and Strawn 

1967), 24-hr incipient upper lethal temperatures (IULTs) of 

channel catfish acclimated to six temperatures between 15 

and 34°C ranged from 30.03°C to 37.8°C. 

At similar acclimation temperatures, the IULT is 

approximately 3°C lower than the CTMax. This consistent 

difference between IULT and CTMax is a result of differences 

between static and dynamic temperature tolerance methods. 

Comparisons of these two methods for estimating temperature 
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tolerance have been provided by Fry (1947), Hutchison 

(1947), Kilgour and McCauley (1986), Bennett and Judd 

(1992), and Bennett and Beitinger (1995). 

Published research studying the critical thermal 

minimum or IULTs of channel catfish was not found. Very 

little research dealing with cold tolerance has been done 

for any fish species (Beitinger and McCauley 1990) . This 

lack of published research on cold tolerance makes the CTMin 

values generated by this research the only measured values. 

Channel catfish acclimated to 20, 25 and 30°C had mean CTMin 

values of 2.69°C, 6.53°C and 9.76°C. 

Previously published upper temperature tolerance 

values for largemouth bass acclimated to constant 

temperatures between 20°C to 30°C are similar to those 

generated by my research. Over this range of temperature 

acclimation, mean CTMaxs of largemouth bass in my study 

equaled 35.4°C, 36.4°C and 38.5°C, respectively. Similar 

but somewhat higher CTMax values, i.e., 36.7°C and 40.1°C, 

were reported by Smith and Scott (1975) for largemouth bass 

from Georgia acclimated to 20°C and 28°C. Brett (1956) 

reported IULTs of 32.5°C, 34.5°C and 36.4°C for bass 
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acclimated to the same temperatures as those used in my 

research. An additional source of temperature tolerance 

variation was demonstrated by Hart (1952) who using static 

techniques, found differences in 24-hr IULTs in largemouth 

bass populations that were geographically and taxonomically 

distinct, i.e., subspecies. He reported that largemouth 

bass acclimated to 20°C had IULTs of 32.5 and 31.8°C, at 

25°C acclimation the values were 34.5 and 32.7°C and finally 

at 30°C largemouth bass had values of 36.4 and 33.7°C. The 

observation that the IULTs reported by Hart (1952) and Brett 

(1956) are about 2 to 4°C lower than mine further 

corroborates an explanation based on the methodological 

differences between dynamic and static temperature tolerance 

estimation. 

Similar to channel catfish, very little published data 

on cold tolerance exist for largemouth bass. This makes the 

values generated from this study the only cold tolerance 

data available for this species. Largemouth bass acclimated 

to constant temperatures of 20, 25 and 30°C had CTMin values 

of 3.15°C, 7.26°C and 10.71°C. Lemon and Crawshaw (1985) 

reported the behavioral and metabolic adjustments to low 
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temperatures in largemouth bass but they did not determine 

either CTMin or ILLT values. 

Apparently, Black (1953) published the first lethal 

temperature, 24°C, at an acclimation temperature of 11°C, 

for rainbow trout. Since then I could find only three 

publications reporting temperature tolerance in rainbow 

trout. Kaya (1978) measured static 7-d IULTs in fingerling 

and juvenile rainbow trout from three sources that were 

acclimated to six constant temperatures between 5 and 

24.5°C. A 7-d, ultimate IULT of 26.6°C was determined. Lee 

and Rinne (1980) reported CTMax values of 28.45°C, and 

29.35°C for rainbow trout acclimated to 10 and 20°C, 

respectively. These authors concluded that these upper 

temperature tolerances were high enough to allow rainbow 

trout to be introduced into the southwestern USA. Finally, 

Strange et al. (1993) reported a mean CTMax of 29.4°C for 

rainbow trout fingerlings acclimated to 15°C. In this 

research, CTMax was utilized to bioassay the potential 

stressful effects of electroshock and confinement. The 

CTMax values reported by Lee and Rinne (1980) and Strange et 

al. (1993) are similar to those in my research which ranged 
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from 28.0 to 29.8°C for rainbow trout acclimated from 10 to 

20°C. 

Research on the cold tolerance of rainbow trout is 

limited. Since rainbow trout is a coldwater species 

inhabiting waters that seasonally reach 0.0°C or lower, 

little interest exists concerning their ability to tolerate 

cold temperatures. Becker et al. (1977) compared the cold 

tolerance of rainbow trout with that of that of pumpkinseed 

(Lepomis gibbosus) and a northwestern crayfish (Pacifastacus 

leniusculus). A 96-hr static (plunge) test determined that 

rainbow trout acclimated to 10, 15 and 20°C had IULTs of 

0.5°C, 1.4°C and 3.3°C, respectively. In my study, rainbow 

trout acclimated to 10, 15 and 20°C had CTMin values of 

<0.00°C, 0.19°C and 2.00°C. Since loss of equilibrium was 

not observed in fish acclimated to 10°C, it is believed that 

their CTMin would be a few degrees below 0.0°C which allows 

them to survive in habitats that are ice covered. 

Channel catfish were observed to be more tolerant to 

both high and low temperatures than the largemouth bass, 

having a CTMax of 40.31°C at an acclimation temperature of 

30°C and a CTMin of 2.69°C at 20°C acclimation temperature, 



44 

this is 1.78°C higher and 0.46°C lower than the CTMax and 

CTMin values of largemouth bass acclimated to the same 

constant temperatures. Greater temperature tolerance of 

channel catfish is reflected in its larger zoogeographic 

range compared to the largemouth bass (Figure 3). Hart 

(1952) reported that upper lethal temperatures of fishes are 

related to habitat. Of the three species, rainbow trout 

were found to have the lowest tolerance of high and highest 

tolerance of low temperatures; this is consistent with the 

more northern zoogeographic distribution of this species. 

Brett (1956) reported that, among freshwater fishes, 

salmonids have the lowest upper thermal tolerance, with 

maximum upper lethal temperatures barely exceeding 25°C. 

The mathematical effect of acclimation temperature on 

temperature tolerances is reflected by the magnitude of the 

slopes relating these two variables. As acclimation 

temperature increased, both CTMax and CTMin increased in all 

three species. The former represents a gain in heat 

tolerance and the latter, a loss of "cold" tolerance. Gain 

in heat tolerance and loss of cold tolerance were different 

both intraspecifically and interspecifically (Figure 11). 
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In general it appears that in fishes with wider temperature 

tolerances, i.e., eurythermal, acclimation temperature has a 

larger effect on changes in temperature tolerance. Channel 

catfish and largemouth bass gained heat tolerance, i.e., 

increased CTMax, by approximately 0.4°C and 0.32°C, 

respectively, for each 1°C in acclimation temperature. This 

gain in heat tolerance is consistent with previous studies 

of warmwater fishes. Slopes relating upper temperature 

tolerance to acclimation temperature in brown bullhead, 

Ictalurus nebulosus, is 0.31°C (Brett 1944), goldfish, 

Carassius auratus, is 0.33°C (Fry et al. 1942), 0.46°C in 

fathead minnows, Pimephales promelas, (Richards and 

Beitinger 1995), and 0.28°C in sheepshead minnow, Cyprinodon 

variegatus, (Bennett and Beitinger 1995). In contrast, 

coldwater species including members of the Salmonidae have 

far smaller slopes relating heat gain and acclimation 

temperature. My slope for rainbow trout, 0.18°C for each 

1°C increase in acclimation temperature, is consistent with 

values of 0.14°C for speckled trout, Salvelinus fontinalis, 

(Fry et al. 1946), 0.12°C for chum salmon, Oncorhynchus 
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keta, and approximately 0.2°C in sockeye salmon, 

OAcorhynchus nerka, (Brett 1952). 

The effects of changes in acclimation temperatures on 

low temperature tolerance have received little research 

attention. It is noteworthy that over the 10°C temperature 

range studied, slopes relating acclimation temperature to 

CTMin are approximately twice those relating acclimation 

temperature to CTMax for each of the three species (Table 

20). For example in rainbow trout, CTMax increased 0.18°C 

for each 1°C increase in acclimation temperature, while 

CTMin decreased 0.36°C for each 1°C decrease in acclimation 

temperature. Equivalent values for channel catfish and 

largemouth bass are 0.40°C and 0.71°C, and 0.32°C and 

0.76°C. This consistent trend suggests that changes in 

acclimation temperature have a greater effect on low 

temperature tolerance than tolerance of high temperatures. 

This aspect of my research warrants further attention. 

Bxpnsure fn Cycling Temperatures 

Subsequent to the determination of both CTMax and CTMin 

under three constant acclimation temperatures of either 20, 
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25 and 30°C (channel catfish and largemouth bass) or 10, 15 

and 20°C (rainbow trout), CTMax and CTMin values were 

measured periodically in fish exposed to a diel thermoperiod 

oscillating between either 20 to 30°C (channel catfish and 

largemouth bass) or 10 to 20°C (rainbow trout) for 32 days. 

This was done to determine if CTMax and CTMin values under 

cycling temperatures were consistent with fish acclimated to 

the highest, middle or lowest temperature of the diel 

thermoperiod. It is possible that a fish exposed to a diel 

thermoperiod could have a CTMax equivalent to acclimation to 

the highest temperature of the cycle and CTMin equivalent to 

acclimation at the lowest temperature of the cycle, i.e., 

enhancement of tolerance to both higher and lower 

temperatures. 

Previous research suggested that under cycling 

temperatures, several species (Cyprionodon nevadensis 

amargosae, Salmo clarkii clarkii) had upper temperature 

tolerances (either CTMax or IULT) consistent with 

acclimation to the highest temperature of the temperature 

cycle. Other studies, (e.g., Sumner and Doudoroff 1938) 

indicated that fish exposed briefly to high temperatures did 
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not lose heat tolerance. With the exception of Feldmeth et 

al. (1980), no one has determined the effect of exposure to 

cycling temperatures on lower temperature tolerance. 

Feldmeth et al. (1974) reported that Amargosa pupfish, 

Cyprionodon nevadensis amargosae, acclimated to a diel 

temperature cycle of 15°C to 35°C had CTMax equal to those 

acclimated to constant 35°C (maximum of the cycle) and had 

CTMin equal to those acclimated to a constant 25°C (the mean 

of the cycle). This is consistent with the results reported 

for channel catfish acclimated to a temperature cycle of 20 

to 30°C in my study. Channel catfish had a CTMax that was 

within 0.7°C of the mean CTMax value reported at an 

acclimation temperature of 30° and a CTMin that was within 

0.47°C of the mean CTMin value reported at an acclimation 

temperature of 25°C. Largemouth bass had a CTMax value 

within 0.7°C and a CTMin value within 1.35°C of fish 

acclimated to 25°C; this would coincide with the mean of the 

temperature cycle. Similarly, rainbow trout had CTMax and 

CTMin values that most closely related to the values 

obtained from fish acclimated to the mean of the temperature 

cycle (15°C). This contrasts with findings by Heath (1963) 
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who acclimated cutthroat trout, Salmo clarki clarki, to 

constant and cycled temperatures (10°C-20°C). Heath 

reported that maximum tolerance to high temperature was 

observed on a 24-hr acclimation cycle, and the lethal 

temperature of cycled trout suggests that they acclimate to 

the peak (20°C) rather than to the mean temperature. The 

observed responses to diel fluctuating temperatures can be 

attributed to differential rates of thermal acclimation to 

high and low temperatures (Hokanson et al., 1977). 

Brett (1946) acclimated fish to increasing and 

decreasing temperatures for various time periods and found 

that temperature tolerance/acclimation was faster to higher 

than to lower temperatures. Channel catfish in this study 

did not reach their peak CTMax temperature until after 32 

days of exposure to cycling temperatures but did reach their 

minimum CTMin value within 4 days of exposure to cycling 

temperatures. Largemouth bass reach their maximum 

temperature tolerance after 8 days of exposure to cycling 

temperatures and also reached minimum cold tolerance after 4 

days of exposure. Rainbow trout reached peak CTMax 

temperature (29.30°C) after four days of cycling 
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temperatures but experienced minimum cold tolerance at 

initial introduction to cycling temperatures. 

Feldmeth et al. (1974) indicated that pupfish 

(Cyprinodon nevadensis amargosae) increased their 

temperature tolerance scope significantly from 39°C to 41°C 

upon acclimation to cycling temperatures. This increase in 

tolerance scope shows an enhancement to both high and low 

temperatures. Channel catfish showed the largest 

temperature tolerance scope (33.67°C) at a constant 

acclimation temperature of 20°C, this was 0.12°C higher than 

the maximum temperature tolerance scope reported after 32 

days of exposure to cycling temperatures. The largest 

temperature tolerance range for largemouth bass (32.2°C) was 

also reported for a constant acclimation temperature of 20°C 

and was 0.80°C higher than the temperature tolerance range 

after exposure to cycling thermoperiods. Similar to the 

results reported by Feldmeth et al., rainbow trout showed a 

0.12°C increase in their temperature tolerance range, 

unfortunately this increased occurred at initial 

introduction to the cycling tank; therefore, their increase 
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in thermal tolerance range cannot be attributed to cycling 

temperatures. 

Summary 
i 

Channel catfish were more tolerant to high and low 

temperatures than either largemouth bass or rainbow trout 

when exposed to constant acclimation temperatures. Channel 

catfish exposed to 32 days of cycling temperatures showed a 

significant gain in heat tolerance (0.03°C per day) and a 

slightly significant loss of cold tolerance (0.01°C per 

day). The highest CTMax and lowest CTMin value for channel 

catfish during exposure to cycling temperatures suggests 

that they acclimate to cold tolerance equal to the mean of 

the cycle and acclimate to heat tolerance equal to the peak 

of the temperature cycle. Largemouth bass had statistically 

significant loss of both mean heat tolerance (0.03°C per 

day) and mean cold tolerance (0.02°C per day) during 32 days 

of exposure to cycling temperatures and acclimate to CTMin 

and CTMax values that are equivalent to a constant 

acclimation to the mean of the cycle. Rainbow trout exposed 

to cycling temperatures had no change in heat tolerance and 
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slight (but statistically significant) loss of cold 

tolerance, with a mean loss of cold tolerance of 0.18°C per 

day of cycling. Rainbow trout also had maximum and minimum 

temperature tolerances equivalent to acclimation to the mean 

of the temperature cycle. 

My research findings indicate that fish do not 

acclimate to higher temperatures faster than lower 

temperatures when exposed to cycling temperatures but rather 

experience faster acclimation to low temperatures. Exposure 

to a cycling temperature regimen did not enhance either 

tolerance to high or low temperatures. Differences in 

acclimation rates and acclimation scopes between species 

exposed to constant and cycling temperatures can be 

attributed to the different genetic backgrounds which adapt 

them to differing habitat requirements. 
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Table 1. Descriptive statistics of water quality parameters for 
all three fish species exposed to constant temperatures. 

Species 

Parameters 
Channel Catfish Largemouth Bass Rainbow Trout 

Parameters 
20°C 25°C 30°C 20°C 25°C 30°C 10°C 15°C 20°C 

Temp 
X 20.2 25.0 29.7 19.9 25.1 28.2 10.2 15.2 19.77 

Temp 
SD 0.847 0.548 0.393 0.643 0.203 2.372 0.678 0.735 0.898 

pH 
range 7.1-

8.0 
7.42-
8.03 

7.1-
7.72 

6.99-
7.44 

6.84-
7.53 

7.1-
7.56 

7.43-
7.64 

7.19-
7.49 

7.26-
7.46 pH 

median 7.47 7.55 7.43 7.31 7.2 7.25 7.55 7.38 7.40 

DO 
X 8.5 7.8 5.8 7.7 7.47 6.0 9.0 8.4 7.1 

DO 
SD 0.535 0.282 0.733 0.884 0.395 1.041 0.0 0.0 0.250 

Cond 
5< 366 398 435 280 358 376 290 270 310 

Cond 
SD 23.38 49.97 24.29 29.66 18.35 36.0 0.0 0.0 0.0 

NH3 
X 0.0 0.0 0.0 0.0 0.0 0.06 0.3 0.025 0.025 

NH3 SD 0.0 0.0 0.0 0.0 0.0 0.089 0.0 0.05 0.05 

NO3 
X 0.14 0.5 0.14 0.1 0.0 0.1 0.25 0.0 0.0 

NO3 SD 0.055 0.6 0.06 0.0 0.0 0.1 0.0 0.0 0.0 
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Table 2. Summary statisticis for water quality parameters for 
all three species exposed to diel cycling temperatures. 

Species 

Water Quality Parameters 
Channel Catfish Largemouth Bass Rainbow Trout 

Water Quality Parameters 
Cycle 20°C to30°C Cycle 20°C to 30°C Cycle 10°C to 20°C 

DO 
X 6.0 8.45 8.4 

DO 
SD 1.138 1.48 0.0 

Conductivity. 
X 467 358 270 

Conductivity. 
SD 20.82 44.45 18.61 

Total NH3 
X 0.067 0.0 0.017 

Total NH3 
SD 0.115 0.0 0.041 

Nitrites 
X 0.033 0.0 0.0 

Nitrites 
SD 0.058 0.0 0.0 

pH 
range 6.62-7.87 6.9-7.46 7.37-7.60 

pH 
median 7.07 7.27 7.41 

Temperature 
X 25.0 25.0 15.0 

Temperature 
SD 0.0 0.0 0.0 
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Table 3. Critical thermal minima, critical thermal maxima and 
temperature tolerance scope of channel catfish at three different 
constant acclimation temperatures. All temperatures are °C. 

Test Group (°C) 
N umber of 
Individuals 

Critical Thermal Minima 
Test Group (°C) 

N umber of 
Individuals 

Mean,°C SD,°C CV(%) 

20 20 2.69 0.406 15.1 

25 20 6.53 0.396 6.1 

30 20 9.76 0.408 4.2 

Test Group (°C) 
Number of 
Individuals 

Critical Thermal Maxima 
Test Group (°C) 

Number of 
Individuals 

Mean,°C SD,°C CV(%) 

20 20 36.36 0.254 0.7 

25 20 38.70 0.365 0.9 

30 20 40.31 0.286 0.7 

Test Group (°C) Mean CTMin,0C Mean CTMax,°C Tolerance Scope,°C 

20 2.69 36.36 33.67 

25 6.53 38.70 32.17 



Table 4. Reported probabilities for normality (Shapiro Wilk 
normality test) for all three species at constant acclimation 
temperatures °C. Sample size for all test groups was 20. 
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Species 
Test 

Group°C 
CTMin CTMax 

Species 
Test 

Group°C 
Mean °C SD (P Y Mean °C SD (P Y 

Channel 
Catfish 

20 2.69 0.406 0.0295 36.36 0.254 0.2946 
Channel 
Catfish 25 6.53 0.396 0.2944 38.70 0.365 0.1874 
Channel 
Catfish 

30 9.76 0.408 0.0621 40.31 0.286 0.0022 

Largemouth 
Bass 

20 3.15 0.272 0.036 35.35 0.468 0.3223 
Largemouth 

Bass 25 7.26 0.524 0.0798 36.66 0.588 0.0001 
Largemouth 

Bass 

30 10.71 0.611 0.0001 38.53 0.345 0.6455 

Rainbow 
Trout 

10 <0.002 0.00 0.0 27.98 0.357 0.0002 
Rainbow 

Trout 15 0.19 0.162 0.0386 29.14 0.272 0.0478 
Rainbow 

Trout 

20 2.00 0.219 0.8558 29.80 0.323 0.2680 
1 Probablity of a normal distribution ( Shapiro Wilk test for normality). 
2 Loss of equilibrium was not observed in trout acclimated to 10°C. 
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Table 5. Standard length and mean weight descriptive statistics 
of channel catfish exposed to constant acclimation temperatures. 
Lengths are cm and weights reported in g. 

Test 
Group 

Number of 
Individuals 

Critical Thermal Minima 
Test 

Group 
Number of 
Individuals Standard Length (cm) Weight (g) 

Test 
Group 

Number of 
Individuals 

Mean SD CV(%) Mean SD CV(%) 

20 20 10.55 0.851 8.07 17.89 4.55 25.43 

25 20 10.49 0.930 8.87 18.47 4.75 25.72 

30 20 10.44 0.976 9.35 17.0 4.40 25.88 

Test 
Group 

Number of 
Individuals 

Critical Thermal Maxima 
Test 

Group 
Number of 
Individuals Standard Length Weight 

Test 
Group 

Number of 
Individuals 

Mean SD CV(%) Mean SD CV(%) 

20 20 10.45 1.067 10.21 20.34 5.901 29.01 

25 20 11.09 0.896 8.08 20.69 5.170 24.99 

30 20 10.55 1.090 10.34 19.72 5.470 27.74 
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Table 6. Critical thermal minima, critical thermal maxima and 
temperature tolerance scope of largemouth bass at three different 
constant acclimation temperatures. All temperatures are °C. 

Test Group (°C) 
Number of 
Individuals 

Critical Thermal Minima 
Test Group (°C) 

Number of 
Individuals 

Mean,°C SD,°C CV(%) 

20 20 3.15 0.272 8.6 

25 20 7.26 0.524 7.2 

30 20 10.71 0.611 5.7 

Test Group (°C) 
Number of 
Individuals 

Critical Thermal Maxima 
Test Group (°C) 

Number of 
Individuals 

Mean,°C SD,°C CV(%) 

20 20 35.35 0.468 1.3 

25 20 36.66 0.588 1.6 

30 20 38.53 0.345 0.9 

Test Group (°C) Mean CTMin,0C Mean CTMax,°C Tolerance Scope,°C 

20 3.15 35.35 32.2 

25 7.26 36.66 29.4 

30 10.71 38.53 27.82 
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Table T. Standard length and mean weight descriptive statistics 
of largemouth bass exposed to constant acclimation temperatures. 
Lengths are cm and weights reported in g. 

Test 
Group 

Number of 
Individuals 

Critical Thermal Minima 
Test 

Group 
Number of 
Individuals Standard Length (cm) Weight (g) 

Test 
Group 

Number of 
Individuals 

Mean SD CV(%) Mean SD CV(%) 

20 20 9.96 0.830 8.33 20.36 4.520 22.21 

25 20 9.45 0.739 7.82 17.88 3.826 21.39 

30 20 9.61 0.867 9.03 18.34 4.715 25.70 

Test 
Group 

Number of 
Individuals 

Critical Thermal Maxima 
Test 

Group 
Number of 
Individuals Standard Length Weight 

Test 
Group 

Number of 
Individuals 

Mean SD CV(%) Mean SD CV(%) 

20 20 9.97 0.499 5.01 19.96 2.950 14.78 

25 20 9.32 0.659 7.07 17.18 3.233 18.82 

30 20 9.37 1.049 11.20 17.79 4.790 26.87 
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Table 8. Critical thermal minima, critical thermal maxima and 
temperature tolerance scope of rainbow trout at three different 
constant acclimation temperatures. All temperatures are °C. 

Test Group (°C) 
Number of 
Individuals 

Critical Thermal Minima 
Test Group (°C) 

Number of 
Individuals 

Mean,°C SD,°C CV(%) 

10 20 C0.001 0.00 0.0 

1 5 20 0.19 0.162 85.3 

20 20 2.00 0.219 11.0 
^oss of equilibrium was not observed in trout acclimated to 10°C. 

Test Group (°C) 
Number of 
Individuals 

Critical Thermal Maxima 
Test Group (°C) 

Number of 
Individuals 

Mean,°C SD,°C CV(%) 

10 20 27.98 0.357 1.3 

15 20 29.14 0.272 0.9 

20 20 29.80 0.323 1.1 

Test Group (°C) Mean CTMin,°C Mean CTMax,°C Tolerance Scope,°C 

10 <0.0 27.98 >27.98 

15 0.19 29.14 28.95 

20 2.0 29.8 27.8 
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Table 9. Standard length and mean weight descriptive statistics 
of rainbow trout exposed to constant acclimation temperatures. 
Lengths are cm and weights reported in g. 

Test 
Group 

Number of 
Individuals 

Critical Thermal Minima 
Test 

Group 
Number of 
Individuals Standard Length (cm) Weight (g) 

Test 
Group 

Number of 
Individuals 

Mean SD CV(%) Mean SD CV(%) 

10 10 4.57 0.414 9.06 1.36 0.467 34.34 

15 20 5.08 0.438 8.67 2.89 0.709 24.53 

20 20 5.01 0.468 9.34 2.13 0.977 45.87 

Test 
Group 

Number of 
Individuals 

Critical Thermal Maxima 
Test 

Group 
Number of 
Individuals Standard Length Weight 

Test 
Group 

Number of 
Individuals 

Mean SD CV(%) Mean SD CV(%) 

10 20 4.42 0.228 5.16 0.82 0.271 33.25 

15 20 5.18 0.499 9.63 3.38 0.596 17.64 

20 20 4.82 0.491 10.20 1.93 0.796 41.14 
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Table 10. Critical thermal maxima and critical thermal minima of 
channel catfish exposed to cycling temperatures (20-30°C). 

Days exposed to 
temperature cycle 

Number of 
Individuals 

Critical Thermal Maxima 
Days exposed to 

temperature cycle 
Number of 
Individuals Mean, °C 8 o O

 

CV(%) 

0 10 38.51 0.370 0.96 

1 10 38.62 0.316 0.82 

2 10 38.77 0.368 0.95 

4 10 38.81 0.493 1.27 

8 10 39.36 0.265 0.67 

16 10 39.13 0.298 0.76 

32 10 39.61 * 0.185 0.47 

Days exposed to 
temperature cycle 

Number of 
Individuals 

Critical Thermal Minima 
Days exposed to 

temperature cycle 
Number of 
Individuals Mean, °C SD, °C CV(%) 

0 10 6.38 0.527 8.26 

1 10 6.13 0.474 7.73 

2 10 6.34 0.344 5.42 

4 10 6.06 0.295 4.87 

8 10 6.23 0.818 13.13 

16 10 6.19 0.242 3.91 

32 10 6.63 0.430 6.49 
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Table 11. Temperature tolerance scope for channel catfish 
exposed to cycling temperatures. Temperatures cycled from 20 to 
30°C. 

Days exposed to 
temperature cycle 

Mean CTMm,°C Mean CTMax,°C Tolerance Scope,°C 

0 6.38 38.51 32.13 

1 6.13 38.62 32.49 

2 6.34 38.77 32.43 

4 6.06 38.81 32.75 

8 6.23 39.36 33.13 

16 6.19 39.13 32.94 

32 6.63 39.61 32.98 
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Table 12. Standard length and mean weight descriptive statistics 
of channel catfish exposed to cycling temperatures. Lengths are 
cm and weights reported in g. 

Test 
Group 
(Days) 

Number of 
Individuals 

Critical Thermal Minima Test 
Group 
(Days) 

Number of 
Individuals Standard Length Weight 

Test 
Group 
(Days) 

Number of 
Individuals 

Mean SD CV(%) Mean SD CV(%) 

0 10 11.15 1.243 11.15 20.70 5.860 27.44 

1 10 10.22 0.565 5.53 17.24 2.770 16.07 

2 10 10.69 0.942 8.81 18.99 4.885 25.72 

4 10 11.94 1.011 8.47 23.79 6.043 25.40 

8 10 10.74 0.897 8.35 19.49 4.225 21.68 

16 10 10.45 0.613 5.87 19.83 3.803 19.18 

32 10 11.31 1.042 9.21 26.33 6.245 23.72 

Test 
Group 
(Days) 

Number of 
Individuals 

Critical Thermal Maxima Test 
Group 
(Days) 

Number of 
Individuals Standard Length Weight 

Test 
Group 
(Days) 

Number of 
Individuals 

Mean SD CV(%) Mean SD CV(%) 

0 10 10.50 1.011 9.63 17.94 5.339 29.76 

1 10 10.20 0.516 5.06 16.69 2.532 15.17 

2 10 10.37 1.139 10.98 16.95 5.745 33.89 

4 10 10.84 0.961 8.87 17.61 4.192 23.80 

8 10 10.91 1.139 10.44 20.32 5.516 27.15 

16 10 10.63 0.645 6.07 19.03 2.505 13.16 
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Table 13. Critical thermal maxima and critical thermal minima of 
largemouth bass exposed to cycling temperatures (20-30°C). 

Days Exposed to 
Temperature Cycle 

Number of 
Individuals 

Critical Thermal Maxima 
Days Exposed to 

Temperature Cycle 
Number of 
Individuals Mean, °C SD, °C CV(%) 

0 10 36.66 0.672 1.85 

1 10 37.02 0.577 1.56 

2 10 36.97 0.643 1.73 

4 10 37.31 0.390 1.05 

8 10 37.34 0.341 0.91 

16 10 37.19 0.381 1.02 

32 8 35.60 1.55 4.35 

Days Exposed to 
Temeperature Cycle 

Number of 
Individuals 

Critical Thermal Minima 
Days Exposed to 

Temeperature Cycle 
Number of 
Individuals Mean, °C SD, °C CV(%) 

0 10 7.44 0.474 6.37 

1 10 6.48 0.459 7.08 

2 10 6.77 0.779 11.51 

4 10 5.91 0.152 2.57 

8 10 6.45 0.560 8.68 

16 10 6.34 0.232 3.66 

32 8 7.73 0.729 9.43 
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Table 14. Temperature tolerance scope for largemouth bass 
exposed to cycling temperatures. Temperatures cycled from 20 to 
30°C. 

Days Exposed to 
Temperature Cycle 

Mean CTMin, °C MeanCTMax, °C Tolerance Scope, °C 

0 7.44 36.66 29.22 

1 6.48 37.02 30.54 

2 6.77 36.97 30.20 

4 5.91 37.31 31.40 

8 6.45 37.34 30.89 

16 6.34 37.19 30.85 

32 7.73 35.60 27.87 
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Table 15. Standard length and mean weight descriptive statistics 
of largemouth bass exposed to cycling temperatures. Lengths are 
cm and weights reported in g. 

Test 
Group 
(Days) 

Number of 
Individuals 

Critical Thermal Minima Test 
Group 
(Days) 

Number of 
Individuals Standard Length (cm) Weight (g) 

Test 
Group 
(Days) 

Number of 
Individuals 

Mean SD CV(%) Mean SD CV(%) 

0 10 9.20 0.899 9.77 17.75 4.441 25.02 

1 10 9.33 0.881 9.44 17.87 4.906 27.45 

2 10 9.16 0.786 8.58 16.13 3.646 22.60 

4 10 9.29 0.983 10.58 16.71 4.760 28.49 

8 10 9.83 0.556 5.66 20.13 3.562 17.69 

16 10 9.92 0.439 4.43 19.02 2.329 12.25 

32 8 9.60 1.071 11.16 17.25 4.409 25.56 

Test 
Group 
(Days) 

Number of 
Individuals 

Critical Thermal Maxima Test 
Group 
(Days) 

Number of 
Individuals Standard Length (cm) Weight (g) 

Test 
Group 
(Days) 

Number of 
Individuals 

Mean SD CV(%) Mean SD CV(%) 

0 10 9.03 0.609 6.74 15.94 2.677 16.79 

1 10 9.24 0.610 6.60 17.27 3.393 19.94 

2 10 9.05 0.692 7.65 16.35 3.260 19.94 

4 10 9.50 0.878 9.24 14.48 4.914 35.94 

8 10 9.57 1.467 15.33 20.71 9.662 46.66 
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Table 16. Critical thermal maxima and critical thermal minima of 
rainbow trout exposed to cycling temperatures (20-30°C). 

Days Exposed to 
Temperature Cycle 

Number of 
Individuals 

Critical Thermal Maxima 
Days Exposed to 

Temperature Cycle 
Number of 
Individuals Mean, °C SD, °C CV(%) 

0 10 29.21 0.191 0.65 

1 10 28.60 0.346/ 1.21 

2 10 29.30 0.214 0.73 

4 10 29.19 0.218 0.75 

8 10 27.31 1.567 5.74 

16 10 29.13 0.506 1.74 

32 8 28.63 0.367 1.28 

Days Exposed to 
Temperture Cycle 

Number of 
Individuals 

Critical Thermal Minima 
Days Exposed to 
Temperture Cycle 

Number of 
Individuals Mean, °C SD, °C CV(%) 

0 10 0.13 0.157 120.77 

1 10 0.72 0.297 41.25 

2 10 1.06 0.433 40.85 

4 10 1.26 0.554 43.97 

8 10 1.45 0.470 32.41 

16 10 0.97 0.177 18.25 

32 8 1.20 0.290 24.17 
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Table 17. Temperature tolerance scope for rainbow trout exposed 
to cycling temperatures. Temperatures cycled from 20 to 30°C. 

Days Exposed to 
Temperature Cycle 

Mean CTMiii, °C Mean CTMax, °C Tolerance Scope, °C 

0 0.13 29.21 29.08 

1 0.72 28.60 27.88 

2 1.06 29.30 28.24 

4 1.26 29.19 27.93 

8 1.45 27.31 25.86 

16 0.97 29.13 28.16 

32 1.20 28.63 27.43 
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Table 18. Standard length and mean weight descriptive statistics 
of rainbow trout exposed to cycling temperatures. Lengths are cm 
and weights reported in g. 

Test 
Group 
(Days) 

Number of 
Individuals 

Critical Thermal Minima Test 
Group 
(Days) 

Number of 
Individuals Standard Length (cm) Weight(g) 

Test 
Group 
(Days) 

Number of 
Individuals 

Mean SD CV(%) Mean SD CV(%) 

0 10 4.96 0.448 9.03 2.69 0.703 26.13 

1 10 4.87 0.411 8.44 1.95 0.493 25.28 

2 10 4.71 0.213 4.52 2.415 0.370 15.32 

4 10 5.32 0.557 10.47 2.92 1.091 37.36 

8 10 5.32 0.361 6.90 2.39 0.541 22.64 

16 10 6.08 0.541 8.90 3.96 1.065 26.89 

32 6 6.55 0.869 13.27 5.04 2.030 40.28 

Test 
Group 
(Days) 

Number of 
Individuals 

J-

Critical Thermal Maxima Test 
Group 
(Days) 

Number of 
Individuals Standard Length(cm) Weight(g) 

Test 
Group 
(Days) 

Number of 
Individuals 

Mean SD CV(%) Mean SD CV(%) 

0 10 5.21 0.491 9.42 2.55 0.623 24.43 

1 10 4.90 0.368 7.51 2.06 0.631 30.63 

2 10 4.92 0.257 5.22 2.23 0.420 18.83 

4 10 5.19 0.363 6.99 2.42 0.461 19.05 

8 10 5.63 0.481 8.54 3.10 0.766 24.71 
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Table 19. Interspecific comparisons of regression slopes 
relating temperature tolerance to acclimation temperature. 
Values for slope represent °C change in either CTMax or CTMin for 
each 1°C increase in acclimation temperature. The t value and 
probabilities are from independent sample t test for slopes (Zar 
1984) . 

Comparison 
CTMax CTMin 

Comparison 
Slopes t value P Slopes t value P 

CC1 vs LMB2 0.40, 0.32 3.86 <0.0001 0.71, 0.76 2.38 0.02>p>0.01 

CC1 vs. RBT3 0.40, 0.18 14.7 <0.0001 0.71, 0.36 23.3 <0.0001 

LMB2 vs. RBT3 0.32, 0.18 6.83 <0.0001 0.76, 0.36 23.7 <0.0001 
1 = Channel Catfish 2 = Largemouth Bass 3 = Rainbow Trout 
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Table 20. Intraspecific comparisons of regression slopes 
relating CTMax and CTMin to acclimation temperature. Values for 
slope represent °C change in either CTMax or CTMin for each 1°C 
increase in acclimation temperature. The t values and 
probabilities are from independent sample t test for slopes (Zar 
1984) . 

Species 
Slopes 

t value probability (p) Species 
CTMax CTMin 

t value probability (p) 

Channel Catfish 0.40, 0.71 17.9 <0.0001 

Largemouth Bass 0.32, 0.76 18.5 <0.0001 

Rainbow Trout 0.18, 0.36 15.4 <0.0001 
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Figure 1. Schematic description of critical thermal maximum 
methodology. Fish are exposed to a constant increase in water 
temperature until the selected endpoint (loss of equilibrium) is 
reached. Once the endpoint is reached the fish is returned to 
its pretest acclimation temperature. This endpoint which is 
measured as a temperature, occurs before physiological death. 
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Figure 2. Schematic description of critical thermal minimum 
methodology. Fish are exposed to a constant decrease in water 
temperature until the selected endpoint (loss of equilibrium) is 
reached. Once the endpoint is reached the fish is returned to 
its pretest acclimation temperature. This endpoint which is 
measured as a temperature, occurs before physiological death. 
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Figure 3. Distributions of largemouth bass (A), channel 
catfish (B) and rainbow trout (C). All maps represent 
species ranges exclusive of present stocking programs. 
(Robinson et al. 1984). 
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Figure 4. Experimental design schematic. Fish are placed 
into cooling units (i.e., living streams) for an acclimation 
period of 20 days. Fish tested at constant acclimation 
temperatures are transferred into a CTM text chamber for 
determination of CTMin and CTMax values. Fish to be tested 
at cycling temperatures are placed into a cycling tank for 
acclimation, then transferred into the CTM test chamber for 
determination of CTMin and CTMax values at 0, 1, 2, 4, 8, 16 
and 32 days of exposure. 
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Figure 5. Mean critical thermal maxima (CTMax) and critical 
thermal minima (CTMin) of channel catfish acclimated to 
constant temperatures of 20°C, 25°C and 30°C. Sample size 
for each of the six determinations was 20. Both CTMax and 
CTMin are highly significantly linearly related to 
acclimation temperature. 
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Figure 6. Mean critical thermal maxima (CTMax) and critical 
thermal minima (CTMin) of largemouth bass acclimated to 
constant temperatures of 20°C, 25°C and 30°C. Sample size 
for each of the six determinations was 20. Both CTMax and 
CTMin are highly significantly linearly related to 
acclimation temperature. 
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Figure 7. Mean critical thermal maxima (CTMax) and critical 
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constant temperatures of 10°C, 15°C and 20°C. Sample size 
for each of the six determinations was 20. Both CTMax and 
CTMin are highly significantly linearly related to 
acclimation temperature. 
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Figure 8. Mean critical thermal maxima (CTMax) and critical 
thermal minima (CTMin) of channel catfish exposed to cycling 
temperatures. Temperatures cycled from 20° to 30°C. Sample 
size for each of the fourteen determinations was 10. CTMax 
and Ctmin determinations were made at 0, 1, 2, 4, 8, 16 and 
32 days of exposure. Both CTMax and CTMin are highly 
significantly related to acclimation temperature. 
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size for each of the fourteen determinations was 10. CTMax 
and Ctmin determinations were made at 0, 1, 2, 4, 8, 16 and 
32 days of exposure. Both CTMax and CTMin are highly 
significantly related to acclimation temperature. 
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