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Acclimation temperature had a significant effect on the lethality of copper 

to fathead minnows in replicated 96-hour lethality tests. Lowest median lethal 

copper concentrations (LC50) were recorded at 12 and 22°C, with LC50s at 5 and 

32°C at least 140 jxg/1 higher. This research found LC50 copper concentrations in 

the 300 to 500 jj.g/1 range and a polynomial relationship between LC50s and 

acclimation temperature. 

Following a 24-hour exposure to three sublethal concentrations of copper, 

critical thermal maxima (CTMax) were tested in minnows acclimated to four 

temperatures. Sublethal exposure to copper significantly decreased the CTMaxs 

relative to controls at three of the four temperatures. Control CTMaxs ranged 

from 28.6 to 40.4°C and increased 0.46°C for each 1°C increase in acclimation 

temperature. 
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CHAPTER I 

INTRODUCTION 

One of the most challenging and important abiotic factors faced by fishes 

is environmental temperature (see reviews of Fry, 1971; Brett, 1971; Beitinger 

and Fitzpatrick, 1979). Dr. J. R. Brett (1971) labelled temperature the 

"ecological abiotic master factor". Since the vast majority of fishes are 

poikilothermic ectotherms, i.e., they can not physiologically regulate their internal 

body temperature, they have body temperatures determined by the temperature 

of their environment. During an annual cycle, most fishes are exposed to a 

variety of temperatures, and body temperature influences the rate of virtually 

every biochemical and physiological process. Ectothermy also implies that 

metabolic rates follow the van't Hoff rule and hence, will double with each 10°-C 

rise in temperature (Cairns, et al., 1975). However, according to Shelford's 

(1913) law of tolerance, many key processes will function optimally only within a 

relatively narrow range of temperatures. Outside this range, the organism will 

experience stress that could jeopardize its ability to survive, grow, and reproduce. 

Contemporary twin concerns of accelerated global warming and loss of 

biodiversity make studies of temperature tolerance particularly relevant 



(Moulton et al, 1993). Temperature tolerance may be estimated without actually 

killing a fish via Critical Thermal Maximum (CTMax) methodology, first used by 

Cowles and Bogert (1944). The CTMax is defined by Cox (1974) as: 

"The critical thermal maximum is the arithmetic mean of the 
collective thermal points at which locomotory activity becomes 
disorganized and the animal loses its ability to escape from 
conditions that will promptly lead to its death when heated from 
a previous acclimation temperature at a constant rate just fast 
enough to allow deep body temperatures to follow environmental 
temperatures without a significant time lag." 

During a CTMax trial, fish are heated from their acclimation temperature at a 

constant rate until a selected non- but near-lethal endpoint criterion is reached. 

If the fish is then immediately returned to its pretrial acclimation temperature, it 

will recover and survive (Cox, 1974). Figure 1 highlights the major 

methodological concerns in CTMax testing which are the rate of temperature 

change and the endpoint criterion. The rate of heating during a CTMax trial 

must be slow enough so that the fish's core temperature does not lag behind 

water temperature and rapid enough so the test fish do not have time to 

reacclimate during the trial. It is important to select a readily identifiable, pre-

death endpoint. Endpoints such as onset of muscle spasms (Matthews and 

Maness, 1979) and final loss of equilibrium (Watenpaugh et ah, 1985) are types 

of "ecological" and not physiological death, meaning that in these states, a fish 

would not be able to adaptively respond to harmful stimuli in its environment, 

such as a predator, and would most likely perish. Unlike the incipient lethal 
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Figure 1. The Critical Thermal Maximum (CTMax) Methodology. 



temperature (ILT) or "Fry technique" where fish are instantaneously transferred 

or "plunged" into a higher temperature, CTMax methodology is ecologically 

realistic because it exposes fish to incremental changes in temperature. 

The temperature tolerance of fishes is affected by a "cornucopia" of biotic 

and abiotic factors (Hutchison, 1976). With the increasing use of chemicals in 

the environment, it is noteworthy that exposure to sublethal concentrations of 

various toxic chemicals affects the temperature tolerance as assessed by CTMax 

methodology of many fishes (see review of Beitinger and McCauley, 1990). 

Metals such as cadmium (Middaugh et al., 1975; Carrier and Beitinger, 1988), 

nickel (Becker and Wolford, 1980), selenate (Watenpaugh and Beitinger, 1985), 

and zinc (Burton et al., 1972) cause a decrease in the CTMax of certain species 

of fish. Sublethal exposure to copper causes a decrease in the CTMax of two 

species of Etheostoma darters (Lydy and Wissing, 1988). A clear exposure 

concentration-effect (CTMax decrease) relationship was found in many of these 

studies. Arsenic (Paladino and Spotila, 1978), nitrite (Watenpaugh et al., 1985), 

and pyrethroid (Heath et al., in press) also cause a decrease in the critical 

thermal maxima of muskellunge (Esox masquinongy), channel catfish (Ictalurus 

punctatus), and fathead minnows (Pimephales promelas), respectively. Other 

chemicals, such as the antibiotic tetracycline (Schubauer et al., 1980), and a 

herbicide endothal (Takle et al., 1983), were found to have no effect on the 

maximum temperature tolerance ability of Notropis cornutus and Cyprinella 

lutrensis, respectively. 
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Not only do chemicals affect temperature tolerance of fishes, temperature 

influences the sensitivity of fish to certain chemicals in water. Given the multiple 

effects of temperature on ectotherms, it is surprising that current United States 

Environmental Protection Agency (EPA) water quality criteria do not take water 

temperature into consideration (USEPA, 1985). The relative precision with 

which an LC50 is estimated is affected by temperature (Cairns et al, 1978). 

Cairns et al. (1978) also describe a "temperature crossover" effect in which 

chemical concentrations determine which acclimation temperature will increase 

the time until death. Rehwoldt et al. (1972) report that the mercurous ion is 

significantly more toxic to several fishes at 28°C than at 15°C. Temperature has 

a considerable influence on the toxicity of chemicals such as ammonia, cyanide, 

endrin, toxaphene, malathion, parathion, and pentachlorophenol (see review by 

Cairns et al, 1975). However, the relationship between temperature and toxicity 

is complex, difficult to predict, and has not been studied much. 

Studies have confirmed that the influence of temperature on chemical 

toxicity is dependant both on the chemical and the test species (Cairns et al., 

1978). Cairns et al (1975) suggested that any chemical that increases metabolic 

demand for oxygen, e.g., copper, or interferes with oxygen uptake at the gills, e.g., 

zinc, may be more toxic at higher temperature. These effects would be 

exacerbated due to the decreasing solubility of oxygen in water which occurs with 

increasing temperatures. 



Copper, a heavy metal and a necessary trace element in animal 

metabolism, is often found in natural aquatic environments. Hodson et al (1979) 

report copper concentrations of one to 20 jigA in unpolluted surface waters in 

the United States. Copper, in the form of copper sulfate (CuS04) is 

intentionally introduced to prevent bacterial and fungal diseases in fish 

hatcheries. It is the algicide and herbicide of choice for ponds and lakes 

(Klussmann and Davis, 1988) and is recommended by the Texas Agricultural 

Extension Service as a fungicide for a variety of ornamental plants and on crops 

such as eggplant, fruit trees, lettuce, grapes, nuts, peanuts, and tobacco. Also, 

copper in various chemical forms is introduced into the environment through 

mining, smelting, and refining industries (see Phillips and Russo, 1978; Hodson et 

al, 1979; Short et al, 1990). Copper is toxic in concentrations as low as parts 

per billion (ppb) and is considered a priority pollutant by the EPA (Callahan et 

al, 1979). Pickering and Henderson (1966) report LC50s ranging from 23 jig/1 

with a water hardness of 20 mg/1 CaC03 to 1450 jigA with a hardness of 360 mg/1 

CaC03 for copper and fathead minnows. Ingestion of copper sulfate has caused 

death in humans (Gulliver, 1991). The frequent introduction of copper into the 

aquatic environment, directly and through runoff from surrounding areas, 

prompts concern about the ecological effect on aquatic organisms (see reviews 

by Black, 1976; Hodson et al, 1979; Spear and Pierce, 1979; USEPA, 1985). 

Water quality affects the bioavailability of copper. Copper tends to 

complex with both organic and inorganic compounds (Callahan et al, 1979). 



Water hardness, the concentration of calcium and magnesium present, alkalinity, 

a measure of buffering capacity, and pH are important determinants of 

bioavailability and hence, copper toxicity. As water hardness increases, copper 

becomes less toxic to fish (see summary data, U. S. EPA, 1985). Welsh et al. 

(1993) report that pH and dissolved organic carbon have a tremendous effect on 

the toxicity of copper to larval fathead minnows in low alkalinity waters. The 

form of copper believed to be most toxic, Cu++, makes up more than 60% of the 

species of copper present at pHs below 7.0, while at pHs above 8.0 the 

percentage of copper as Cu++ drops to less than 10% (Callahan et al., 1979). 

In my study, I examined the reciprocal effects of temperature and copper 

on tolerance of fathead minnows, Pimephales promelas. Fathead minnows are 

recommended by the EPA for aquatic toxicological testing because of their 

sensitivity to toxicants and the ease with which they are maintained in the 

laboratory. Also, fathead minnows are an appropriate choice because of their 

wide geographical distribution, throughout central North America from Canada 

to Mexico (Douglas, 1974, Miller and Robison, 1980), and large temperature 

tolerance. 

The first phase of my research determined the effect of four different 

constant temperatures on copper toxicity of fathead minnows. In the second 

phase, CTMaxs were determined for fathead minnows at each of these four 

acclimation temperatures after fish were acutely exposed to several sublethal 
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copper concentrations. The null hypotheses that I tested under laboratory 

conditions included: 

1. Temperature has no effect on the toxicity of copper sulfate to fathead 

minnows during a 96-hour exposure period, 

2. Acute exposure to sublethal concentrations of copper has no effect on the 

CTMax of fathead minnows, and 

3. Acclimation temperature has no effect on the CTMax of fathead 

minnows. 



CHAPTER II 

MATERIALS AND METHODS 

Fathead minnows (Pimephales promelas) used in my study were obtained 

from a culture maintained by the Aquatic Toxicology Research Laboratory at the 

University of North Texas. They were held at a 14:10 light:dark photoperiod in 

thirteen 38-liter and three 76-liter aerated, bottom-filtered aquaria filled with 

dechlorinated Denton tap water. Approximately 35 minnows were kept in each 

38-liter aquarium, while approximately 75 minnows were kept in each 76-liter 

aquarium. Room temperature was maintained at approximately 22°C. Minnows 

were fed a diet of brine shrimp or Tetra-Min conditioning flakes daily. 

The acclimation temperatures chosen (5°C, 12°C, 22°C, and 32°C) 

represent seasonal variations that might occur in aquatic ecosystems, especially in 

the southern United States. Lydy and Wissing (1988) report maximum water 

temperatures in the lower midwest reaching 30 to 35°C, and Wallen (1955) 

reports a maximum surface temperature in an Oklahoma farm pond at 35.8°C. 

Intermittent streams could isolate fish in pools that could easily exceed these 

temperatures during extreme summer heat (see Rutledge and Beitinger, 1989). 
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Minnows acclimated to 5°C and 12°C were held in 38-liter aquaria placed 

in a Frigid Units, Inc. Living Stream and cooled in a water bath 1°C per day until 

the desired acclimation temperature was reached. Minnows acclimated to 32°C 

were held in 76-liter aquaria containing submersible heaters. The temperature in 

these aquaria was raised at a rate of two to three degrees Celsius per day until 

32°C was reached. Minnows acclimated to 22°C were held in 38-liter aquaria at 

room temperature. Submersible heaters were used to maintain a temperature of 

22°C when necessary. Once the desired acclimation temperature was attained, 

minnows were held for a minimum of seven days before experimentation. They 

were fed flake food daily until 24 hours prior to testing. 

Cupric sulfate (CuS04 • 5HzO) from Spectrum Chemical Manufacturing 

Corporation was used as the copper source in all experiments. Standard 

concentrations from 0.1563 to 5 mg/1 were prepared. Absorbance levels were 

measured (± 0.001) by direct-flame atomic absorption on a Perkin-Elmer 2380 

Atomic Absorption Spectrophotometer. Absorbance levels for prepared 

standards were analyzed and compared to absorbance levels for the samples via 

linear regression. The resulting regression model was used to estimate actual 

copper concentrations (±10 jig/l) for the samples. Reconstituted hard water 

(APHA, 1992) with approximate hardness of 160 to 180 mg/1 CaCOa and 

approximate alkalinity of 110 to 120 mg/1 CaC03 was used in all experiments. 



11 

Effect of Temperature on the Toxicity of Copper 

Abbreviated protocols of both phases of my research are presented in 

Figures 2a and 2b. Experiments to test the effect of temperature on the ability 

of fish to tolerate copper were performed first. A 96-hour LC50 with two 

replicates of a control and five copper concentrations (100, 200, 300, 400, and 

500 ng/I) was carried out at each of the four acclimation temperatures. One day 

before beginning a test, 12 aquaria were filled with 17.5 liters each of 

reconstituted hard water. Each aquarium was aerated by a glass pipette and air 

tubing attached by gang-valve to a Fritz Mighty III aquarium pump. Water 

quality parameters such as pH (meter, ±0 .1 units), hardness (color-metric 

titration, ± 2 mg CaC031"1), alkalinity (titrametric method, ± 5 mg CaC031"1), 

and dissolved oxygen (meter, ±0 .1 mg Oz l"
1) were verified and recorded before 

the addition of cupric sulfate. The reconstituted hard water and copper sulfate 

were allowed to mix overnight to assure a uniform distribution of copper before 

water samples were taken for analyses. 

Copper concentrations for each replicate were determined and recorded 

before the initiation of a test. Either five or six fathead minnows of varying sizes 

were transferred by net into each of the twelve aquaria to provide a sample size 

of 11 (in most cases) for each level of copper concentration. After 1.5 hours 

(and at 3, 6, 12, 24, 48, 72, and 96 hours ) dead minnows were removed, weighed 

(± 0.1 mg), and measured (± 0.1 cm) as recommended by Standard Methods 

(APHA, 1992). Fish were not fed during the 96-hour exposure period. Copper 



12 

4 

Pimephales promelas 

V 
Acclimation Temperature 

Acclimation to desired temperatures 
for a minimum of seven days 

i i i 
96-hour exposure to copper 

(n=ll for 0,100,200,300,400, and 500/xg/l) 

Median 96-hour LC50 
and 95% confidence intervals 

for each acclimation temperature 

Figure 2a. Protocol for acclimation and determination of temperature on copper 
tolerance of fathead minnows. 
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Figure 2b. Protocol for determination of acclimation temperature and copper 
exposure on upper temperature tolerance of fathead minnows. 
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concentrations were analyzed again in samples taken at the completion of the 

test. Initial and final copper concentrations for each of the five exposure 

concentrations were averaged when determining an 96-hour LC50 value. 

Mortality data were analyzed using the Trimmed Spearman-Karber 

method for estimating median lethal concentrations in toxicity bioassays 

(Hamilton, et. al, 1977; APHA, 1992). Significant differences between the LC50s 

obtained from the four acclimation temperatures were analyzed by examining 

95% confidence intervals for overlap using the formula: 

/ u = = wtHogfoog /i)2+(log f2)
2 

where/is the factor for 95% confidence limits of the LC50, i.e., the confidence 

limits are LC50 x / and LC50 +f(f— antilog of two standard deviations of the log 

LC50). If the ratio of the greater LC50 to the smaller LC50 exceeds the value of 

f1/2, the LC50s were considered significantly different (APHA, 1992). The 

nonparametric test, Kruskal-Wallis (with ties correction), was used to determine 

if differences in length or weight existed among the groups. Differences in 

length or weight could influence the differences among LC50s. 

Percent mortality was converted to probit units for each acclimation 

temperature / copper concentration group. The data were then analyzed via 

linear regression. 
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L 

Effect of Copper on Temperature Tolerance 

After a 96-hour median LC50 was determined for each acclimation 

temperature, reciprocal experiments were performed to test the effect of 

sublethal copper toxicity on the critical thermal maxima (CTMax) of fathead 

minnows. Four aquaria containing 17.5 liters reconstituted hard water each were 

set up with aeration as described previously. Water quality parameters were 

measured and cupric sulfate added. The nominal concentrations used represent 

25%, 50%, and 75% of the estimated LC50 for each acclimation temperature. 

Water samples were taken and copper concentrations measured and 

recorded before minnows were exposed for 24 hours. Hardness was measured in 

both the exposure tanks and the CTMax test chamber. After the minnows had 

been exposed to copper for 24 hours, 10 minnows were transferred to a CTMax 

test chamber which consisted of a 38-liter aquarium with 10 partitioned chambers 

and a Haake E52 circulating thermoregulator at one end. Water temperature 

was measured in degrees Celsius (± 0.1°C) by a calibrated Cole-Parmer 

Thermistor Thermometer probe. Aeration and mixing was provided by a 10 cm 

air stone placed along the length of the aquarium. Water temperatures were 

recorded at the initiation of the test and at five-minute intervals during the trial. 

Water temperature was increased at a constant rate of approximately 0.3°C per 

minute as recommended for minnows by Becker and Genoway (1979). Time and 

water temperature were recorded as each minnow reached its end-point. For 

these trials, a recommended endpoint of loss of equilibrium combined with the 
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loss of righting ability (Carrier and Beitinger, 1988) was used. When a minnow 

reached the endpoint, it was immediately captured and returned to its 

acclimation temperature and observed for recovery. The weight (±0.1 mg) and 

length (±0.1 cm) of each minnow were recorded. All trials were performed 

between 8:00 a.m. and 1:00 p.m. to minimize possible diel fluctuations in CTMax 

(Watenpaugh and Beitinger, 1985). 

CTMax data for each group (n=9 or n=10) were tested for normality 

(Shapiro Wilks W test with a=0.05) and homogeneity of variances (Hartley's 

Fmax with a=0.01). Parametric methods including one- and two-way ANOVA 

with multiple range tests were used to detect statistical differences within and 

between acclimation temperature groups. CTMax values for the control groups 

at each acclimation temperature (no exposure to copper) were analyzed via 

linear regression to determine if a linear relationship between acclimation 

temperature and CTMax exists. Statistical analyses were conducted via the 

Statistical Analysis System (SAS, 1987). 



CHAPTER III 

RESULTS 

Effect of Temperature on the Toxicity of Copper 

Water quality parameters measured during the eight, 96-hour LC50 trials 

were quite consistent (Table 1). The ranges of pH, hardness, and alkalinity 

across these experiments were 7.8 to 8.5, 148 to 180 mg/1 as CaC03, and 125 to 

145 mg/l as CaC03, respectively. Fish size was variable, with weights and lengths 

ranging from 0.13 to 3.23 grams and 1.9 to 5.5 centimeters, respectively. Linear 

regression models used to estimate copper concentration from standard 

concentrations had coefficients of determination (R2) ranging from 0.9946 to 

0.9996. Measured copper concentrations in LC50 trials along with sample size 

(N=260) and percent mortality for each temperature acclimation / copper 

concentration group are presented in Table 2. 

Partial mortality occurred at all acclimation temperatures; however, only 

at 12°C was a 100% "kill" observed. Inspection of mortality versus copper 

concentration data (Table 2) suggests no consistent linear trends between these 

variables. Percent mortality expressed as probit units was linearly regressed on 

copper concentration as log10 copper concentration. Only at the 32°C 

acclimation temperature was a statistically significant model produced. The 

17 
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Acclimation 
Temperature 5°C 12°C 22°C 32°C 

Replicate 1 2 1 2 1 2 1 2 

Sample size 30 36 30 36 36 30 33 29 

PH 8.2-
8.3 

7.8-
8.2 

8.4-
8.5 

8.2-
8.4 

8.3-
8.4 

8.1 -
8.5 

8.4-
8.5 

8.4-
8.5 

Hardness 
(mg/1 

CaC03) 

164-
180 

152-
166 

152-
168 

148-
170 

164-
174 

162-
172 

164-
168 

162-
172 

Alkalinity 
(mg/1 

CaC03) 

125 -
140 

130-
140 

130-
140 

130-
140 

140 -
145 

140-
145 

135-
140 

135-
145 

Weights of 
minnows (g) 

0.62-
3.23 

0.42-
2.64 

0.56-
2.38 

0.30-
1.93 

0.66-
1.15 

0.13-
1.55 

0.26-
1.36 

0.23-
1.32 

Lengths of 
minnows 

(cm) 

3.3 -
5.5 

3.2-
5.2 

3.2-
4.9 

2.8-
5.1 

1.9-
4.3 

2.4-
4.6 

3.0-
4.8 

3.3-
4.8 

Table 1. Experimental conditions for each 96-hour exposure to copper. Values 
represent the ranges of measurements recorded. 
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Aodimation 
Temperature 

(°C) 

Nominal 
Concentration 

(,igflCtt++) 

Avg of Measured 
Concentrations 

(H gflCu") 
Percent 

Mortality 

Number of 
Organisms 
Exposed 

5°C 

0 4.1 0 11 

5°C 

100 103.7 0 11 

5°C 

200 199.7 18 11 

5°C 300 288.5 18 11 5°C 

400 411.8 36 11 

5°C 

500 492.2 64 11 

12°C 

0 45.8 9 11 

12°C 

100 163.1 0 11 

12°C 

200 258.5 42 12 

12°C 300 358.1 54 11 12°C 

400 451.6 100 11 

12°C 

500 565.5 90 10 

22°C 

0 0 0 11 

22°C 

100 69.5 0 11 

22°C 

200 152.3 9 11 

22°C 300 249.3 36 11 22°C 

400 361.1 64 11 

22°C 

500 446.9 54 11 

32°C 

0 52.9 0 8 

32°C 

100 161.7 9 11 

32°C 

200 247.9 18 11 

32°C 300 333.7 40 10 32°C 

400 457.4 27 11 

32°C 

500 564.2 64 11 

Table 2. Copper analyses and mortality data. 
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model was defined as Mortality (probits) = -2.26 + 2.68(log10[Cu++]) with 

p=0.0444 and R2=0.7879. Lack of statistical significance at the other three test 

temperatures is probably an outcome of the relatively small range of copper 

concentrations used in these trials. 

Copper was lethal to fathead minnows in the jig/1 or parts-per-billion 

range. The median lethal concentrations (with lower and upper 95% confidence 

intervals) estimated by a trimmed Spearman-Karber method were 450 |xg/l 

(394-515 tig/1) at 5°C, 297 jig/1 (254-347 p.g/1) at 12°C, 311 ng/1 (220-440 jig/1) at 

22°C, and 513 jig/1 (446-591 |xg/l) at 32°C (see Figure 3). The largest 96-hour 

LC50, 513 jig/1, was 1.72 times that of the smallest, 297 jxg/1. The sample sizes at 

5°C, 12°C, and 22°C were 66 while at 32°C the sample size was 62. Examining 

the 95% confidence intervals for overlap allowed the comparison of the LC50s. 

Significant differences in the LC50s were found and the following relationship was 

indicated (largest to smallest) among the four median 96-hour LC50s: 

32°C 5°C 22°C 12°C (Table 3). 

An inspection of the curve associated with the four 96-hour LC50s 

revealed a non-linear relationship with acclimation temperature (Figure 4). A 

regression analysis produced the following polynomial regression function: 

LC50 (|ig/l) = 608.93 - 38.32(AC) + 1.11(AC2) where AC = acclimation 

temperature (°C). Although this model explained more than 99% of the 

variation in 96-hour LC50 (R
2=0.9924), it is not statistically significant 

(p=0.0871), since it is based on only four observations. 
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Comparison Ratio1 
fl.2 Different? 

5°C vs 12°C 1.5150 1.2287 Yes 

5°C vs 22°C 1.4469 1.4511 No 

5°C vs 32°C 1.1400 1.2160 No 

12°C vs 22°C 1.0471 1.4627 No 

12°C vs 32°C 1.7272 1.2341 Yes 

22°C vs 32°C 1.6495 1.4547 Yes 
1 Ratio of greater LC50 to smaller LC50. 
2 A comparison of the standard deviations for each LCS0. See page 14 of Materials and 
Methods for the formula used to calculate this value. 

Table 3. Pairwise comparisons of median LC50s by examining 95% confidence 
intervals for overlap. If the ratio is greater than/ i /2, the LC50s are significantly 
different. 
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Effects of Copper on Temperature Tolerance 

Sublethal exposures equal to 25, 50, and 75% of the 96-hour LC50 were 

calculated for each acclimation group to be used in critical thermal maximum 

(CTMax) trials (Table 4). Since the measured LC50s at 12°C and 22°C were 

considerably smaller than those at 5°C and 32°C, fish at the two intermediate 

temperatures were exposed to approximately 75% of the copper concentration 

that fish at the extremes were exposed to during pre-CTMax copper exposure. 

Conditions during the CTMax trials are summarized in Table 5. The 24-hour 

nominal and actual exposure levels are presented in Table 6 along with the mean 

CTMax, standard deviation, coefficient of variance, and sample size for each 

trial. Measured copper concentrations were consistently higher than the target 

concentrations giving mean percentages of 39, 60, and 82%, instead of the 

expected nominal 25, 50, and 75% exposures. 

Mean CTMax values for the 12 groups of fathead minnows, ranging from 

25.9°C to 40.4°C, were directly related to acclimation temperature and inversely 

related to copper concentration (Table 6, Figure 5). 

Controls illustrated the effect of acclimation temperature on upper 

temperature tolerance in fathead minnows. Mean CTMaxs for controls 

acclimation from 5°C to 32°C were 28.6°C, 30.7°C, 36.4°C, and 40.4°C, 

respectively. little variation was observed as standard deviations were all less 

than 3.1% of their respective means. Mean control CTMaxs were highly 

significantly different (one-way ANOVA, p=0.0001), and each was significantly 
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distinct (SNK, a=0.05). CTMax was significantly linearly related to acclimation 

temperature (Figure 6) as described by the following model: CTMax (°C) = 

25.91 + 0.4567 (acclimation temperature (°C)),/?=0.0001, i?2=0.9699. This 

model indicated that for each 1°C increase in acclimation temperature, CTMax 

increased by 0.46°C. This regression line estimates the upper limits of a CTM 

temperature tolerance polygon. 

Copper exerted the greatest effect at 5°C, where CTMax decreased 2.6°C, 

i.e., 28.5°C to 25.9°C. In contrast and unexpectedly, copper did not significantly 

affect mean CTMax at 22°C. At this acclimation temperature, a drop of only 

0.4°C was seen between the control group and the group exposed to 81% of the 

96-hour LC50. The greatest change between exposure levels was seen in 12°C 

acclimated fish between 37% and 58% of the LC50, where the CTMax drops 

1.7°C. Statistically significant differences were found in mean CTMax among 

exposure groups at 5°C (/>=0.0169), 12°C 0=0.0050), and 32°C 0=0.0016) (one-

way ANOVA and multiple range test, both with a=0.05). 
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Acclimation 
Temperature 

96-hour median 
LCSQ 

(ngfl) 
25% of LC50 

(fxgA) 
50% of LC50 

(ugA) 
75%ofLC50 

(figA) 

5°C 450 112 224 336 

12°C 297 74 148 222 

22°C 311 78 156 234 

32°C 513 128 256 384 

Table 4. Median LC50s and target nominal copper concentrations for 24-hour 
acute sublethal exposures prior to CTMax trials. 

Acclimation 
Temperature 

Nominal 
% Of LCgo 

Water 
Hardness 

(mg/l 
CaC03) 

Rate of 
Temperature 

Increase 
(°Cper 
minute) 

Weights of 
minnows 

(g) 

Lengths of 
minnows 

(an) 

5°C 

0 174 0.24 0.35 - 1.10 2.8 - 4.1 

5°C 

25 174 0.27 0.41 - 1.00 3.0 - 3.9 

5°C 50 176 0.25 0.44 - 1.17 3.0 - 4.1 5°C 

75 172 0.29 0.41 - 1.01 2.9 - 3.7 

12°C 

0 158 0.24 0.27 - 1.30 2.7 - 4.3 

12°C 

25 168 0.23 0.26 - 1.31 2.7 - 4.2 

12°C 50 174 0.28 0.31 - 1.10 3.0 - 4.1 12°C 

75 172 0.29 0.31 - 1.29 2.8 - 4.3 

22°C 

0 168 0.28 0.39 - 1.16 3.1 - 4.2 

22°C 

25 172 0.27 0.43 - 1.00 3.2 - 4.1 

22°C 50 172 0.31 0.40 - 1.39 3.0 - 4.5 22°C 

75 176 0.31 0.32 - 1.51 2.8 - 4.5 

32°C 

0 172 0.25 0.61 - 1.28 3.3 - 4.5 

32°C 

25 168 0.25 0.44 - 1.12 3.0 - 4.2 

32°C 50 178 0.26 0.29 - 2.09 2.8 - 4.9 32°C 

75 166 0.24 0.50 - 1.15 3.4 - 4.3 

Table 5. Summary of CTMax experimental conditions. 
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Acclimation 
Temperature 

Nominal % 
of LC50 

Measured 
%of 
1X50 

Mean 
CTMax 

CP) 

Standard 
Deviation 

C V. 
(%) 

Sample 
Size 

0 14 28.6 a 0.79 2.77 10 

25 38 28.0 a 1.48 5.28 10 

5°C 50 60 27 3 ab 1.73 6.34 9 

75 83 25.9 b 2.70 10.42 10 

0 9 30.7 c 0.95 3.09 10 

25 37 30.8 c 0.93 3.02 10 

12°C 50 58 29.1 d 1.65 5.66 10 

75 81 29.0 d 1.65 5.68 9 

0 21 36.4° 0.71 1.94 10 

25 45 36.4° 0.88 2.42 10 

22°C 50 62 36.1 e 1.10 3.04 10 

75 81 36.0e 0.50 1.39 10 

0 0 40.4 £ 0.24 0.60 10 

25 35 39.8 g 0.33 0.82 10 

32°C 50 58 39.7 9 0.37 0.92 10 

75 81 39.6 0.80 2.02 9 

Table 6. Mean CTMax with standard deviation, coefficient of variance (C. V.), 
and sample size after sublethal exposures to copper. Superscripts on mean 
CTMax values indicate statistically distinct groups. 
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CHAPTER I V 

DISCUSSION 

Copper Toxicity and Temperature 

Copper is a classic environmental limiting factor. It is a necessary trace 

element, however, too little or too much can be detrimental to fishes. My study 

found copper to be lethal to fathead minnows at concentrations of about 300 to 

500 jj.g/1, i.e., parts-per-billion, relative to acclimation temperature (Figure 3). 

Copper is a required by all animals in trace amounts for redox reactions 

and for oxygen transport and binding (Eckert et aL, 1988). Each cytochrome 

oxidase complex, which accepts electrons from cytochrome c and passes them to 

oxygen during cellular respiration requires two copper atoms in its structure 

(Alberts et al., 1989). Copper in water can be toxic and even lethal to aquatic 

biota. The toxicity of copper is affected by many factors, including the ability of 

the fish to remove copper from the water, the degree of precipitation or 

complexation of copper (which determines the bioavailability to the fish) and the 

sensitivity of the fish to a given amount of copper taken up (Hodson et aL, 1979). 

Fish remove copper from the surrounding water through their gills. 

Heavy metal pollutants such as copper precipitate upon gill surfaces and 

30 
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interfere with oxygen diffusion into the blood (Hughes, 1981). Playle et at 

(1992) report the pH of the gill micro-environment to be between 5.4 and 5.9. 

At those levels of pH, more than 99% of the copper would be Cu++, the ionic 

form believed to be most toxic to fishes, at the gills (Callahan et at, 1979). 

Copper deposition on the gill surfaces is rapid and binding sites for copper, 

thought to include negatively charged carboxyl groups and sulfhydryl groups 

(Lauren and McDonald, 1986), are saturated at copper concentrations > 13 jig/1 

(Playle et at, 1993). Copper causes osmoregulatory disturbances through 

interactions with the gills and osmotic or ionic imbalance is the most probable 

mechanism of death (Hodson et at, 1979). A gill surface interaction model 

presented by Pagenkopf (1983) states that acutely toxic metals such as copper 

alter gill function by forming complexes with negatively charged gill surfaces. 

Branchial ionoregulation is impaired in freshwater trout by inhibiting the active 

transport of both Na+ and CI" and by increasing the ionic permeability of the gills 

which results in a net loss of these important ions (Lauren and McDonald, 1985, 

1986). Failure of osmoregulatory control in the gill cells can result in physical 

damage to the gills (Wilson and Taylor, 1993) which would inhibit oxygen 

consumption. 

The bioavailability of copper is affected by complexation or precipitation 

of copper with dissolved anions such as C03
-2, P04"

2, and OH", which form the 

basis of alkalinity (Hodson et at, 1979). Water hardness, generally a measure of 

cations (Ca++, Mg++,) provides a close estimate of alkalinity (Hodson et at, 1979) 
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and is usually considered the most important factor influencing the toxicity of 

copper. Although pH and dissolved organic carbon influence the toxicity of 

copper in low alkalinity waters (Welsh et al, 1993), and inorganic phosphate, 

sewage treatment plant effluents, pulp mill effluents, amino acids, sodium 

nitrilotriacetic acid, humic substances (see Hodson et al, 1979) and water 

temperature (Howe et al, 1994a; Welch et al, 1989) have all been shown to 

affect the toxicity of copper, formulas used to establish EPA water quality 

criteria for copper are based on water hardness alone (EPA, 1985). 

Copper lethality to fathead minnows has been tested previously by many 

researchers. Mount (1968) reported a 96-hr median tolerance limit (TLJ of 

430 jj.g/1 for fathead minnows and copper at a hardness of 198 mg/1 as CaC03. 

Similarly, Pickering et al (1977) reported a 96-hr median lethal concentration 

(LC50) of 460 jj.g/1 at a hardness of 200 mg/1 as CaC03. Hodson et al (1979) 

generated the following regression model relating water hardness to copper 

toxicity for fathead minnows: Log10 96-hr LC50 = 0.1266 + 1.143(Log10 hardness 

as mg/1 CaC03), r=0.923. Based on the range of water hardness in my 

experiments (148 to 180 mg/1 CaC03), this model predicts 96-hour LC50 values 

between 404 and 506 jig/1. My experiments yielded a 96-hour LC50 as low as 297 

Hg/1 at 12°C and as high as 513 |xg/l at 32°C, a 1.72-fold difference. Based on the 

hardness measured in my experiments, the 96-hour LC50 of 311 jig/1 obtained at 

22°C, considered "room temperature" in these experiments, is lower than LC50s 

reported by previous researchers also performing experiments at 
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"room temperature" (usually between 18°C and 23°C). However, my 96-hour 

LC50S do agree with the findings reported by Schubauer-Berigan et al. (1993) 

that show LC50 values for fathead minnows at pHs between 8.0 and 8.5 will be 

greater than 200 jig/1. 

Surprisingly, there have been few studies concerning the effects of 

acclimation temperature on chemical toxicity. Howe et al (1994a) found that the 

toxicity of terbufos, trichlorfon, 4-nitrophenol, and 2,4-dinitrophenol to rainbow 

trout (Oncorhynchus mykiss) was significantly affected by temperature. Welch et 

al. (1989) cite temperature as a major factor influencing the toxicity of copper to 

fish. In my experiments also, temperature had a significant effect on the 96-hour 

median lethal concentration. The 96-hour LC50 values for 5°C and 12°C were 

statistically significantly different (a =0.05) when 95% confidence intervals were 

analyzed for overlap. The 96-hour LC50s at 12°C and 32°C were also found to 

be statistically significantly different, but a difference in fish weights found 

between the two groups may have compromised the difference (one-way 

ANOVA, a=0.05, /?=0.0001). However, since the LC50 at 32°C is over 60 jig/1 

higher than the LC50 at 5°C, it is likely that the difference is at least biologically 

important. A statistically significant difference was also found between 22°C at 

311 ng/1 and 32°C at 513 jig/l possibly influenced by difference in fish length 

between the two groups (one-way ANOVA, a=0.05, p=0.0001). The lack of a 

100% mortality in lethality trials at 22°C and 32°C produced much wider 

confidence intervals around the median 96-hour LC50s. The wide 95% 
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confidence interval around the median lethal concentration at 22°C that overlaps 

with the 95% confidence interval around the LC50 at 32° do not suggest a 

definite conclusion as to whether they are statistically different, but it is likely 

that the 202 |ig/l difference between the two is even more biologically important 

than the difference between LC50s at 5°C and 32°C. 

Copper lethality appears to be related to temperature in a polynomial 

fashion (see Figure 4). While the regression model describing the quadratic 

relationship was not statistically significant (/?=0.0871), since only four 

observations were available, it accurately characterized the relationship observed 

in these toxicity experiments. Copper was most toxic to fathead minnows at 12°C 

and 22°C and less toxic at 5°C and 32°C. Cairns et al (1978) reported a similar 

"depression" in the 24-hr median lethal concentrations of copper at a mid-range 

temperature for the golden shiner (Notemigonius crysoleucus) and bluegill 

(Lepomis macrochirus) when tested at 5, 15, and 30°C. Copper was more toxic 

to Mozambique tilapia (Oreochromis mossambicus) at 15°C than at 25°C and 

35°C (Welch et al, 1989). The temperature extremes (5° and 32°C) of my 

experiments yielded the highest LC50 values at 450 and 513 jig/1. Although 450 

jig/1 is well within and 513 ng/1 is just outside the range of LC50s predicted by 

Hodson's model, it is interesting that a similar phenomenon was reported by 

Cairns et al (1978) with higher LC50 values at the temperature extremes (5° and 

30°C) for golden shiners, bluegill, and channel catfish (Ictalurus punctatus). 
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The resistance to toxicity at the temperature extremes may be related to 

temperature-mediated metabolic rates. It is reported that most chemicals exhibit 

a two- to four-fold increase in toxicity for each 10°-C increase in water 

temperature (Mayer and Ellersieck, 1988), supporting the van't Hoff rule that 

states ectothermic metabolic rates will approximately double for every 10°C 

increase in temperature, Q10 « 2 (Eckert et at, 1988). As temperature increases, 

so does chemical uptake. Howe et at (1994b) report that temperature modifies 

the rate at which toxic effects of two nitrophenols are manifested in larval 

rainbow trout. At low temperatures (such as 5°C), metabolism is reduced, 

therefore ventilation of the gills occurs at a slower rate, and direct exposure to 

the toxicant is minimized. As temperature increases, the ventilation rate and the 

amount of exposure to the toxicant increase, which may increase toxicity 

(Hodson et at, 1979; Cairns et at, 1975). At the same time, however, 

detoxification and excretory processes also increase and may offset the increase 

in exposure (Howe et at, 1994a; Cairns et at, 1978). This research supports the 

hypothesis that metabolic rate, which varies with temperatures, plays a major 

part in toxicity, but the exact relationship is unclear. Additionally, if length of 

exposure was increased beyond the acute exposure of 96 hours used in these 

experiments, it is possible that LC50 at the lowest temperature (5°C) would 

decrease as copper had more time to exert an effect and the relationship 

between acclimation temperature and copper toxicity may be radically different. 
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This hypothesis could be addressed with longer exposures and copper body 

burden data. 

This research indicates that the use of copper sulfate to eradicate 

unwanted aquatic vegetation should be managed carefully. The rate of 

application recommended by the Texas Agricultural Extension Service for control 

of filamentous algae is 0.5 to 3.0 lbs per acre foot (184 to 1,471 jig/1) (Davis, 

1993). Assuming that the application would take place in the late spring and 

early summer when filamentous algae are abundant and water temperatures are 

higher, this research indicates that fathead minnows (and presumably other 

species of fish) would be able to tolerate the copper better than they would early 

in the spring before the water has warmed. However, even my highest LC50 (513 

p.g/1 at 32°C) indicates the potential for eradicating fathead minnows along with 

the vegetation is enormous. 

Also, my research provides additional evidence that predicting copper 

toxicity based on water hardness alone is insufficient. As mentioned before, 

many factors such as salinity (Brecken-Folse et al, 1994), pH (Schubauer-Berigan 

et al, 1993), dissolved organic carbon (Welsh et al, 1993), and temperature 

(Howe et al, 1994a; Howe et al, 1994b, Cairns et al, 1978) have been 

documented as important factors affecting the toxicity of chemicals to fish. 

Seasonality may also affect 96-hour LC50s as Lydy and Wissing (1988) report that 

LC50 experiments for copper carried out at the same temperature in the 

laboratory yielded consistently higher 96-hour LC50 values for darters collected in 
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spring than they did for darters collected in winter. The 1.7-fold increase 

between my smallest and largest LC50 demonstrates that temperature has an 

important effect on copper lethality. 

Temperature Tolerance and Copper 

Several studies have documented that increased acclimation temperature 

will increase the upper temperature tolerance of fishes (e.g., Brett, 1956; 

Hutchison, 1976). However, Lee and Rinne (1980) performed one of the few 

studies relating acclimation temperature to critical thermal maxima (CTMax). 

They reported an increase in CTMax for five trout species found in the 

southeastern United States when acclimated to higher temperatures. As might 

be expected, acclimation temperature had a significant effect on CTMax in my 

research. The CTMaxs for control fish were closely clustered around the mean 

with the largest standard deviation only 3.1% of the mean. The linear regression 

model produced (p=0.0001) demonstrated that acclimation temperature 

explained almost 97% of the variation in CTMax. An increase in CTMax of 

0.46°C was predicted for each 1°C increase in acclimation temperature. 

Watenpaugh and Beitinger (1985) reported a CTMax of 35.12°C for fathead 

minnows acclimated to 21°C ± 1°C, very close to the CTMax of 35.5°C predicted 

by my model. Carrier and Beitinger (1988) reported a CTMax for fathead 

minnows of 34.83°C when fish were acclimated to 20°C, slightly lower than the 

CTMax of 35.04°C predicted by this model. Both values are similar to the 
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CTMax of 36.4°C for fish acclimated to 22° found in this study. The CTMaxs 

recorded in these experiments define the upper limits of a CTM temperature 

tolerance polygon for fathead minnows acclimated between 5°C and 32°C. 

Temperature tolerance is often compromised by exposure to heavy metals 

(see review by Beitinger and McCauley, 1990). In these experiments, acute 

sublethal exposure to copper significantly decreased the CTMax for fathead 

minnows at all test temperatures except 22°C, although a slight decrease in 

CTMax was seen even at that temperature. The coefficients of variance for the 

CTMax values ranged from a low of 0.82% to a high of 10.42%, with the 

variance tending to increase with increasing copper exposure. The tightness of 

these data made detecting statistical significant differences among means quite 

easy. Higher exposure levels (greater than 40% of the LC50) caused a more 

dramatic drop in CTMax at the lower test temperatures (5 and 12°C), suggesting 

that copper inhibited the ability to tolerate increasing temperature to a greater 

degree at lower metabolic rates. These results agree with Lydy and Wissing 

(1988) who found that sublethal exposures to copper (ranging from 

approximately 38% to 59% of the 96-hour LC50) reduced the thermal tolerances 

of the fantail darter (Etheostoma flabellare) and the johnny darter (E. nigrum) 

7.6°C and 5.2°C, respectively. No other studies investigating the effect of 

sublethal exposure to copper on CTMax were found, but similar results have 

been reported for other heavy metals. A significant decline in CTMax was found 

for the larval spot, Leiostomus xanthurus, following sublethal exposure to 
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cadmium (Middaugh et al, 1975), and for rainbow trout following sublethal 

exposure to nickel (Becker and Wolford, 1980). 

At all four acclimation temperatures, an inverse relationship was clearly 

observed between copper concentration and CTMax. As sublethal copper 

concentration increased, the CTMax continued to decrease. This relationship 

has also been reported for fathead minnows exposed to cadmium (Carrier and 

Beitinger, 1988) and selenate (Watenpaugh and Beitinger, 1985). Also, red 

shiners (Cyprinella lutrensis) exposed to cadmium (Carrier and Beitinger, 1988), 

channel catfish exposed to nitrite (Watenpaugh et al, 1985), and bluegill exposed 

to zinc (Burton et al, 1972) all exhibited an inverse relationship between toxicant 

exposure and CTMax. 

Summary 

My research supports the rejection of the hypothesis that temperature has 

no effect on the toxicity of copper to fathead minnows. It has been clearly 

demonstrated that temperature does in fact affect the 96-hour median lethal 

concentration although the relationship is complex and additional variables may 

be involved. Based on my research, copper toxicity appears to have a 

polynomial relationship with acclimation temperature. 

The hypothesis that sublethal exposure to copper has no effect on CTMax 

is also clearly rejected. Although the responses seen at the four different 

acclimation temperatures were not identical, a inverse relationship between 
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sublethal copper exposure and CTMax was demonstrated for each acclimation 

temperature group. 

Finally, my research adds to previous support of the hypothesis that 

acclimation temperature directly influences upper temperature tolerance. In this 

case, a clear increase in CTMax with increase in acclimation temperature was 

recorded for fathead minnows. 
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