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STATEMENT OF PURPOSE 

Large amounts of cooling water are required by the condensers 

of steam-electric generating plants to convert steam back to water t 

thus creating a negative back pressure behind the turbine which 

results in greater efficiency of power production. Fouling organisms 

are brought in with the cooling water drawn from rivers or lakes. 

These organisms coat, or completely block, the condenser tubes which 

results in a decreased heat exchange efficiency. 

Chlorine is used as an antifouling agent by many steam-electric 

generating plants and usually is injected into the cooling water 

prior to its passage through the condensers. Some of the chlorinated 

water is released into a receiving stream or lake intermittently 

during the cooling-tower blowdown operation thus exposing nontarget 

organisms to a pulse of chlorine. The blowdown operation is necessary 

because the condid8rable evaporation of water from the cooling tower 

concentrates particulate material brought in from the natural water 

source. This blowdown operation flushes out the accumulated 

particulate material, but also releases chlorinated water into the 

receiving body of water. 

Most of the literature concerning chlorine deals with 

continuous exposure, and is not readily applicable to this intermittent 

release of chlorine. Brungs(1973) reported that very little work 

has been done on the effects of intermittent exposure on fish, and 

that temperature has little or no effect on chlorine toxicity. 

1 
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Despite the widespread use of chlorine there is little information 

available on the physiological and histopathological responses of 

fish to chlorine exposure. 

Since many steam-electric generating plants are on streams with 

predominantly warmwater fish, it was important to determine the 

effects of the intermittent release of chlorine on a fish of this 

type. The toxicity of intermittent chlorination, and the possible 

interaction with temperature to a warmwater fish, bluegill (Lepomis 

macrochirus) was investigated with the support of the American 

Electric Power Corporation. Because relatively little is known 

about the physiological effects of intermittent chlorination on fish, 

a study of this problem was performed using the rainbow trout 

(Salmo gairdneri). This species was chosen because of the 

availability of large mature specimens. the ease of handling- and the 

considerable amount of physiological background data in the literature. 

Another part of this study was to investigate the histological 

changes occurring in the bluegill and rainbow trout that resulted 

from intermittent chlorination. The data obtained were used to 

construct an hypothesis concerning the toxic mode of action of 

chlorine to freshwater fish. 



CHAPTER I 

Toxicity of Intermittent Chlorination to Bluegill, Lepomis 

macrochirus: Interaction with Temperature 

Introduction 

Treatment of water by chlorination is undertaken for two reasons: 

protection of the public health and antifouling in industry (Brungs, 

1973). The primary impetus for my work came from this second use of 

chlorine. 

Steam-electric generating plants use chlorine to reduce slime 

in the condensers, permitting more efficient cooling behind the 

turbine thereby yielding a greater generating potential. 

Chlorine is added to the cooling water to maintain a residual 

chlorine concentration of about 0.5-1.0 mg/l at the condenser. In 

many plants water goes from the condenser to the cooling towers 

where further cooling takes place before the water is recirculated 

(Draley, 1972). 

There is considerable evaporation of water from the cooling 

towers which tends to concentrate suspended material in the water. 

Periodically (2 to 4 times daily), cooling-tower blowdown is per

formed to wash out the accumulated solids and this chlorinated water 

is released into a stream or,lake. This exposes the biota in the 

receiving water to a "pulse" of residual chlorine. 

Because most of the bioassay data in the literature was 

determined from continuous exposure to chlor"ine, they are not readily 

3 
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applicable to the normal intermittent release of chlorine by some 

industries. Brungs (1973) stated that temperature has little or no 

effect on chlorine toxicity although no evidence was cited. Cairns, 

et 21. (1975) reviewed the literature on the effects of temperature 

to toxicity of many substances and found information on chlorine 

lacking. 

The objectives of this study were to determine the following: 

(1) what concentration of intermittent exposure of chlorine can be 

tolerated by bluegill (Lepomis macrochirus), and (2) how the water 

temperature affects the tolerance of this species to chlorine? 
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Methods and Materials 

Juvenile bluegill of 4.6 ± 0.02 cm (mean ± S. E.) average 

length and 3.91 ± 0.11 g average weight were obtained from the King 

and Queen Virginia State Hatchery and were treated with oxytetra

cycline as a prophylatic. They were fed ground Purina Trout Developer 

da i ly. 

For convenience the bluegill were maintained in laboratory 

holding tanks that were not temperature controlled (range 12-20 C). 

It is important to note that the fish were tested at the colder 

temperatures when the holding temperature was near the lower end of the 

range and tested at the warmer temperatures when the holding tank 

temperature was near the upper end of the range. 

Ten bluegill, which had been acclimated in 190-liter aquaria 

to each test temperature (6, 15, 25 and 32 C) for a minimum of 2 

weeks, were placed in each bioassay container and further acclimated 

for 48 h before chlorine exposure. The fish were not fed for 24 h 

prior to or during the test. 

A laboratory system (Figure 1) was built to simulate the pattern 

of change in chlorine concentration of water below a steam-electric 

generating plant as described by Dickson et~. (1974). Chlorine, 

as calcium hypochlorite, was introduced to the bioassay system in 

an intermittent pulsing manner. Blacksburg tap water was dechlorinated 

by passage through activated charcoal filters to produce dilution 

water. Dechlorinated dilution water flowed into ten 25-liter glass 
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Figure' 1. Diagram of bioassay system used for intermittent 

exposure to chlorine: A. dechlorinated tapwater 

source for dilution water; B, temperature control; 

C, dilution water reservoir; 0, chlorine stock 

reservoir; E, metering pump; F, flowmetersj 

G, water baths for temperature control; H. bioassay 

aquaria; I, standpipes for bioassay aquaria; 

J, standpipe for water bath; K, drain for bioassay 

system. 
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aquaria on a continuous flow basis throughout the experiment. The 

water flow was monitored using size 5 Gilson flowmeters, and was 

controlled with tension tubing clamps. Flow rates of approximately 

560 ml/m;n, which allowed 99% turnover of the water in each aquarium 

in approximately 180 minutes, were maintained. 

Chlorine was introduced into the dilution water using timer

controlled model SO Harvard metering pumps for 45 minutes three times 

daily, at 0700 h, 1500 hand 2300 h for 7 days (Figure 2). Chlorine 

was added to achieve peaks of total residual chlorine concentration 

of 0.21,0.31,0.41 and 0.S2 mg/l, respectively, in each of 4 aquarium 

at the temperatures used in the test. Both free and total chlorine 

peaks were monitored by amperometric titration (Standard Methods, 

1973) using a WalJace and Tiernan model Alga titrator. Chlorine 

was monitored three times daily during the first 3 days of each 7 

day experimental run, and once or twice daily during the remaining 

4 days of the experiment. Four replicate bioassays were run at 

each temperature. A summary of the water quality data monitored 

during the experiments is given in Table I. 

Two statistical parameters were obtained in the time-until-death 

analysis. The first was the median lethal time (LT50) which is the 

time required for the death of 50% of the test organisms at a specific 

concentration of chlorine. The second was the median lethal 

concentration (LC50) which is the concentration at which the death of 

50% of the test organisms occurs. The Le50 is associated with a 
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Figure 2. Example of two successive chlorine pulses at the 

highest concentration (0.52 mg/1 total chlorine 

and 0.41 mg/l free residual chlorine). 
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Table I. Water Quality Parameters for Dilution Water. 

Total Hardness: 41.5-46.3 mg/l 

Alkalinity: 42-45 mg/l CaC03 

pH: 7.25-7.55 units 

Zinc: 0-0.007 mg/l 

Copper: 0 

Conductivity: 99-110 lJMHO 
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specific time interval. 

The LC50 and the LT50 were calculated by the probit analysis 

methods first proposed by Bliss (1935 t 1937). In the LT50 analyses t 

resistance time in minutes was converted to 10910 and a regression 

was determined on percent mortality converted to probit. In the 

LCSO analyses, each concentration was converted to 10910 and regressed 

on percent mortality as probit. The LT50 and LC 50 data were 

computed with a program written by Dr. Ford Calhoun (personal 

communication) from Finney's (1971) equations. 

Moribund and surviving fish were taken from the bioassay 

containers, sized for weight and length and prepared for histological 

sectioning as described in Chapter III. 
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Results 

No deaths occurred in control tanks at any of the four 

temperatures used. Likewise, no deaths occurred at any of the 

four experimental temperatures at 0.21 mg/l peak total chlorine, 

although these fish did appear to be in distress during the 

chlorination pulse at the two highest temperatures and especially 

at 32 C. These fish were near the surface and were showing a 

definite coughing reflex during the pulse. They also were less 

responsive to the observer's presence than those fish exposed to 

chlorine at lower temperatures. Less than 15% mortality occurred at 

0.31 mg/l peak total chlorine with the highest mortality observed 

at 6 C. Some bluegil1s exposed to 0.42 or 0.52 mg/l peak total 

chlorine became lighter in color during and after exposure, and 

they died shortly thereafter. This was infrequently observed. 

The mean total chlorine in Table II refers to the mean 

concentration for the entire experimental period. The peak free and 

total chlorine concentrations were measured at the maximum in the 

aquaria during the intermittent pulse (refer to Figure 2). A 

notable temperature effect was found at a peak total chlorine 

concentration of 0.52 mg/l where the LT50 was 74 h at 6 C and 

respectively decreased to about 20 h at 32 C. These LT50 values 

correspond to the free chlorine concentrations of 0.44 and 0.39 mg/l, 

respectively (Table II). This shows that the free chlorine 

constituted approximately 85% of the peak total chlorine at 6 C 



Table II. Average Median Lethal Time (LT5Q) of Four Replications for Juvenile Bluegill at 
Different Concentrations of Resldual Chlorine and Four Temperatures. 

Mean Peak Peak 95% Confidence 
Temp. Total Chlorine Free Chlorine Total Chlorine LT5~ Interva 1 

(C) (mg/l) (mg/l) (mg/l) (h (h) 

6 0.073 0.440 0.516 74.0 75.3-72.7 
6 0.060 0.375 0.420 105.6 107.6-103.9 
6 0.045 0.265 0.307 181.1 201.0-171.8 
6 0.037 0.165 0.210 0 0 

15 0.074 0.425 0.524 62.4 63.3-61.5 
15 0.060 0.310 0.416 162.9 174.9-154.1 
15 0.045 0.185 0.310 * * 
15 0.037 0.140 0.280 0 0 

....... 

25 0.074 0.415 0.520 
.,f::I. 

44.7 46.3-43.1 -
25 0.060 0.300 0.415 72.2 77.7-67.5 
25 0.045 0.205 0.312 134.4 212.5-34.5 
25 0.038 0.130 0.212 0 0 

32 0.074 0.390 0.523 19.9 21.1-18.7 
32 0.060 0.290 0.417 * * 
32 0.046 0.195 0.311 * * 
32 0.037 0.110 0.211 0 0 

* Insufficient data to calculate 
0 No mortality 
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while it was only 75% of the peak total chlorine at 32 C. 

There appears to be little temperature effect on the lethal 

concentration (Table III). The 96 h LC50 was approximately 0.40-

0.45 mg/l peak total chlorine at all four temperatures. Extending 

the exposure time to 168 h (7 days) does not significantly 

reduce the LC50 except at 6 C where it is lowered to 0.33 mg/l. 



Tabl e I I 1. Average Median Lethal Concentration (LCSO) of Total Residual Chlorine 
For Juvenile Bluegill at Four Temperatures. 

Temp. Time Mean Total LC50 95% Confidence Peak Total LC50 95% Confidence 
(C) (h) (mg/l) Interval (mg/l) Interval 

6 72 0.075 0.086-0.071 0.532 0.611-0.500 
6 96 0.064 0.067-0.062 0.452 0.472-0.429 
6 168 0.048 0.050-0.045 0.331 0.348-0.312 

15 96 0.063 0.066-0.061 0.443 0.461-0.426 
15 168 0.060 0.062-0.057 0.415 0.432-0.348 

....... 
0\ 

25 48 0.076 0.097-0.069 0.539 0.693-0.483 
25 72 0.059 0.063-0.056 0.410 0.436-0.385 
25 96 0.057 0.060-0.054 0.392 0.415-0.369 
25 168 0.054 0.057-0.052 0.373 0.391-0.354 

32 0.071 0.075-0.068 0.501 0.533-0.478 
32 48 0.067 0.069-0.065 0.470 0.487-0.453 

0.067 0.069-0.065 0.470 0.487-0.453 
96 0.065 0.067-0.063 0.455 0.473-0.411 
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Discussion 

Although there were no deaths at 0.2 mg/l peak tota1 chlorine, 

the behavior of the fish exposed at the two highest temperatures 

definitely indicated that they were under stress. The threshold of 

0.3 mg/1 peak total chlorine observed in this study, at which chlorine 

becomes toxic to bluegills, is rather distinct. This is above the 

0.2 mg/l limit proposed by Brungs (1973) for situations where warm

water fish may be exposed intermittently to residual chlorine. The 

color changes observed in some of the test bluegill, and subsequent 

mortality was not observed frequently enough to be stated as a general 

pattern. 

Referring to Table II, the LT50 at 0.5 mg/l peak total chlorine 

showed a definite temperature effect. However, a temperature effect 

on the LC50 was not apparent. Although the temperature appears to 

have little effect on the LC50' it may make the sublethal levels 

more stressful. The 96 h LC50 of approximately 0.4 mg/l for blue

gill was higher than most of the values for related species that 

were found in the literature and were based on continuous exposure 

experiments (Arthur, 1971; Arthur and Eaton, 1971; Esvelt, 1971). 

In this study most of the total residual chlorine was in the 

free form which would be the "worst case" because of the greater 

toxicity of free chlorine as compared with a combined chloram"ine 

form (Zillich, 1972; Brungs, 1973). Other work in progress in 

this laboratory on different species indicates the combined form 
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has a higher LCSO (i. e. is less toxic). This evidence could be 

used by industry to minimize the lethal effects of the chlorine 

released into the receiving water. The LTSO values could be used to 

predict the toxicity of chlorine to fish that are only in a 

chlorinated area for a short time. 



CHAPTER II 

Cardiovascular and Respiratory Changes in Rainbow Trout, Salmo 

gairdneri, Exposed Intermittently to Chlorine 

Introduction 

Chlorine is used extensively in various industries and 

municipalities for antifouling and water purification. When it 

gets into streams and lakes, it acts on non-target organisms such as 

fish .. At present, relatively little is known about the physiological 

effects of chlorine on fish (Brungs, 1973). 

In brook trout (Salvelinus fontinalis) exposure to high lethal 

levels of chlorine increases the rate of the coughing reflex and 

leads to heavy mucus secretion (Dandy, 1972). Fobes (1971) reported 

that there was no statistical difference between in vitro 02 

consumption of isolated control gills and those exposed to chlorine. 

He assumed that any chlorine damage to either filamental or lamellar 

gill tissue would be reflected in an altered respiration rate of 

these tissues. Because there was no significant difference in 02 

consumption, he concluded that death after short exposure to lethal 

chlorine concentrations was not caused by gill damage. However, 

the continued oxygen uptake of excised gill tissue may be different 

from the function of normal gills. 

Eaton ~~. (1973) reported a physiologically significant 

increase in methemoglobin in the blood of fathead minnows 

(Pimephales promelas) after short exposure to chloramines. This 

19 



20 

would impair the ability of blood to carry 02 because methemoglobin 

is the oxidized form of hemoglobin, and cannot bind oxygen (Beck, 

1971). 

Most laboratory studies concerning the effects of chlorine 

exposure on fish have been done in a continuous exposure regime. 

However, many industries release chlorine-treated water on an 

intermittent basis, which exposes aquatic organisms to pulses of 

chlorinated and unchlorinated water. 

In this study I measured several respiratory and cardiovascular 

responses of chlorine-exposed rainbow trout. Monitoring of the 

different responses of the fish prior to, during, and after successive 

exposures allowed me to gain a better overall idea of the cause of 

death from exposure to residual chlorine, and the degree of physio

logical recovery that may occur between chlorination exposures. 
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Methods and Materials 

Rainbow trout (Salmo gairdneri) were obtained from the 

Wytheville National Fish Hatchery. Wytheville, Virginia. These trout, 

averaging 38 ± 0.41 cm (mean ± S. E.) in length and 934 ± 33 9 ;n 

weight, were acclimated in the laboratory to the test temperature 

(15 ± 1 C) in a 920 liter epoxy-coated holding tank and were fed 

daily with Purina Trout Developer pellets. 

In preparation for obtaining physiological data, trout were 

anesthesized with tricanemethanesulfonate (MS-222) at a concentration 

of 90 mg/l and placed, ventral side up, ;n a plastic cloth hammock 

of the operating table. The gills were continuously irrigated with 

water containing MS-222 during the operation and were then irrigated 

with anesthetic-free water after the operation, before the fish were 

transferred to the test boxes. The buccal cavity was cannulated after 

the method of Saunders (1961) to detect the pressure changes produced 

by breathing and coughing. Pressure changes were recorded with a 

Statham pressure transducer in conjunction with a Grass 5D polygraph. 

A small polyethylene catheter (PE 50) was inserted into the dorsal 

aorta using a modification of the method discussed by Smith and Bell 

(1~64) to obtain blood samples from the fish. Two teflon-coated 

stainless steel wires, exposed at the tip, were inserted under the 

skin and sutured into place on the ventral side of each fish. 

These electrodes were attached to the Grass polygraph to monitor heart 

rate. Two test fish and a control fish were prepared in the same 
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manner for each experimental run. These fish were allowed to acclimate 

to the test chambers for 18 to 24 h before any testing was done. 

The test chambers were epoxy-coated wooden boxes t 6 cm x 10 cm x 

13 cm, which received temperature controlled dechlorinated tap water 

continuously (Figure 3). Chlorine, administered as a calcium hypo

chlorite solution, was metered in three times daily using a timer

controlled metering pump at 0700 h, 1500 hand 2300 h. This produced 

a "pulse ll of residual chlorine (Figure 2) in the test boxes that 

simulated the situation encountered below many steam-electric 

generating facilities (Dickson et ~., 1974). All experimental runs 

were carried out at 15 ± 1 C and at concentrations of 0.40 ± 0.02 

mg/1 or 0.53 ± 0.03 mg/l total chlorine. Chlorine concentrations 

were measured by amperometric titration (Standard Methods, 1973) 

using a Wallace and Tiernan model A790 titrator. 

Blood samples of 30 ~l were taken from each test fish and control 

prior to exposure and then after every other pulse. The catheter 

was filled with teleost saline (Hickman, 1961) between each pulse. 

Blood P02 and pH were measured using the Radiometer Copenhagen 

microelectrode system maintained at 15 C. The percent methemoglobin 

was determined by the micromethod of Hegesh et~. (1970). Hematocrits 

were determined using heparinized hematocrit capillary tubes in the 

normal manner (Hesser, 1960): Plasma water content was determined 

using an American Optical Concentrimeter. Blood lactate levels were 

determined by the Lactate test--UV method (Boehringer Mannheim Corp.). 
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Figure 3. Diagram of experimental apparatus. G) . 

Statham pressure transducers;(]) EKG leads; 

Tl and T2, chlorine exposure chambers. 



BLACKSBURG 
TAP WATER 

• 
FILTER 

• 

CONTROL -

----:> 

THERMOSTAT 

RESERVOIR 

~ 

+ 

POLYGRAPH 

+ 

MIXING 
RESERVOIR 

l 

TI 

METERING 
PUMP 

T2 

AUTOMATIC 
TIMER 

N 
+::>0 



25 

Blood samples were taken before chlorine exposure. after every other 

pulse and at death when possible. 

Moribund trout were removed from the test chambers and autopsied 

after ventilarory movements had stopped. Gills, liver and kidney were 

removed from the fish and were preserved in 10% neutral buffered 

formalin and tissues were prepared for a separate histological study 

as described in the next chapter. 
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RESULTS 

In every case chlorine exposure altered the heart rate and 

breathing patterns of the trout. Figure 4a is a sample polygraph 

record of a test fish with uniform breathing rate, heart rate and 

the absence of coughing in the prechlorine state. Figure 4b is a 

record of the fish which was taken 70 minutes into the second exposure. 

Note the increased coughing frequency and decreased heart rate as 

well as the increased T wave of the ECG. 

Figures 5 and 6 are plots of mean ventilation, heart and coughing 

rates of 10 fish run at 0.40 mg/l and 0.53 mg/l t respectively. These 

are computer plots of data taken every twenty minutes immediately 

prior to and during the exposure period and then taken hourly for 2 

minutes between exposures. The same pattern is seen at both concen

trations, the primary difference being the duration of survival. It 

appears from these data that the coughing rate peaks about 20 minutes 

prior to the heart rate reaching its lowest pOint. 

The heart rate of the trout exposed to one pulse of 0.4 mg/l 

peak total chlorine decreased by 32% of that before chlorine exposure, 

while the trout exposed to one pulse of 0.5 mg/l peak total chlorine 

decreased by 36%. Comparing the percentage decrease in heart rate 

during the next four pulses of the trout exposed to 0.4 or 0.5 mg/l 

of chlorine, there was a 56.0 ± 2.1% and 55.5 ± 2.6% decrease, 

respectively. The percentage increase in ventilation rates (22.3 ± 

6.8% and 20.3 ± 5.8% respectively) for these fish were also similar. 



27 

Figure 4. Sample polygraph record of trout ventilatory and 

cardiac activity. A. prechlorine exposure activity; 

B, activity during chlorine exposure. 
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Figure 5. Plot of average respiratory and cardiovascular 

rate changes of 10 trout exposed to 0.40 mg/l 

peak total chlorine. 
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Figure 6. Plot of average respiratory and cardiovascular rate 

changes of 10 trout exposed to 0.53 mg/l peak total 

chlorine. 
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The coughing rate for the first four pulses increased 15.0 ± 5.0 and 

16.6 ± 8.7 times above the pre-exposure rate for the 0.4 and 0.5 mg/' 

concentrations. 

Methemoglobin analysis showed a statistically significant change 

in the test fish exposed to chlorine with an increase to 5 times the 

control methemoglobin concentration (Table IV). 

In early exposures there is a recovery of blood P0
2 

to within 

20% of the control level (Figure 7). Blood pH followed a similar 

pattern (Figure 8). Generally when the blood pH dropped below 7.4, 

death was imminent within two pulses. 

After three chlorine exposures, the hematocrits of 6 rainbow trout 

had increased 48.B ± 3.0% with a range of 37 to 57%. The average 

percent change over the same time period for 4 controls was a net 

increase of 4.B ± 2.7%. The mean plasma total solids values for the 

prechlorine and control trout were 5.0B ± 0.13 and 5.18 ± 0.02 g/100ml. 

After three chlorine exposures the total solids increased to 6.38 ± 

0.21 g/100ml. This increase in total solids corresponded to a decrease 

in plasma water content of 0.93 g/100ml. 

Mean blood lactic acid levels in 4 prechlor;ne-exposed fish was 

8.7 ± 0.5 mg/100ml with a range of 7.7 to 10.0 mg/100ml. The lactate 

level increased to 41.3 ± 6.5 mg/100ml at 70 minutes into the first 

chlorine exposure. The prechlorine-exposure levels increased with 

each successive pulse. For example, the blood lactate level immediately 

previous to pulse 4 was 23.8 ± 2.5 mg/100m1. One fish sampled at death 
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Table IV. Methemoglobin Levels of Rainbow trout Exposed 

Intermittently to 0.52 ± 0.02 mg/l Total Chlorine. 

Values are Percent of Total Hemoglobin Present. 

% Me~hemoglob;n 
Treatment (x ± S. E. ) N 

Pre-pulse: test group 0.45 ± 0.01 8 

Pre-pulse: controls 0.42 ± 0.02 5 

Peak of pulse 3 1.01 ± 0.03 5 

Peak of pulse 5 2.15 ± 0.11 2 

Control (post experiment) 0.37 ± 0.02 5 
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Figure 7. Changes in blood P02 in trout exposed to 0.53 mg/l 

peak total chlorine. Sample number (N) is given in 

parentheses. Vertical lines represent ± one 

Standard Error. 
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Figure 8. Changes in blood pH in trout exposed to 0.53 mg/l 

peak total chlorine. Sample number (N) is given 

in parentheses. Vertical lines represent ± one 

Standard Error. 

/ 



38 

-~ ...... 
0 

/ 
-0-

I 

0 

I 

~~ 
I 

..0-

0 

V> 
W - V> 
..-J LO - ::) 

0... 
-0-

-D-~ 
W 

, 
I 

-0--
-0- -, 

I""--
.......,; 1 

-0- Z 
0::: 
0 
..-J 

NI 
U 

0 0 

I I 
I 

-OJ - 0 0 
..c 
U) 0 

'+- L 
-+-' 

+-' c: 
tJ) 

0 (!) 
U -+-' 

(Y) . . 
f' 1'-' f'. 

(j) • 
('. • 

~ 

Hd 



39 

had a blood lactate of 76 mg/lOOml. This fish had thrashed about in 

the test chamber during the chlorine exposure. 
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Discussion 

The pathological and physiological responses of rainbow trout 

observed in this study were primarily due to free chlorine (actually 

hypochlorous acid). In the presence of equimolar ammonia, chlorine 

reacts to form chloramine which is not as strong an oxidizing agent 

as the hypochlorous acid (White, 1972). Consequently, it may require 

a much higher concentration of chloramine to achieve the same response, 

or the response may even be different. For example, Eaton ale 

(1973)' found a 30% increase in methemoglobin in fathead minnows 

exposed to chloramines. In my work using free chlorine, a 

physiologically insignificant increase occurred. Even though a five

fold increase is significant statistically, I feel this has little 

physiological importance as only 2.5% of the hemoglobin was in the 

inactive methemoglobin form after several chlorine exposures 

(Table IV). 

The effects of chlorine on breathing, coughing and heart rate 

observed in this study were similar to those reported by Skidmore 

(1970) in trout exposed continuously to zinc. The blood P02 and pH 

results were also similar to those found by Sellers et~. (1975) 

who exposed rainbow trout continuously to sublethal levels of zinc. 

The increased ventilatory rate and decreased heart rate of chlorine

exposed rainbow trout was probably a response to a reduced P02 in 

the arterial blood (Holeton and Randall, 1967; Marvin and Heath, 

1968). Bamford (1974) showed that the brain is the most likely site 
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for reception of P02 changes in rainbow trout rather than receptors 

on the gill surface or in the pseudobranch, as previously had been 

suggested. The blood P02 measurements do indeed show a severely 

lowered P02 in chlorine-exposed fish. 

During 0.5 mg/l chlorine pulses, the breathing became 

extremely irregular (Figure 6). This irregularity wa~ less in the fish 

exposed to 0.4 mg/l (Figure 5). The latter fish also exhibited much 

more rapid recovery to a normal pattern of breathing between pulses. 

This ability for recovery may be important for fish that happen to 

swim into the outfall from an industry that is using chlorine inter

mittently. Such fish may experience only one or two pulses before 

moving out of the vicinity so their ability to recover quickly to 

essentially normal function suggests what may be a fairly important 

threshold between 0.4 and 0.5 mg/1 free chlorine. 

The other respiratory parameter measured, coughing frequency, 

has a different cause and time relationship than the ventilatory 

frequency changes. The cause of the coughing increase during the 

chlorination was undoubtably irritation of the buccal and gill surfaces 

from the oxidizing activity of the chlorine. This irritation in turn 

caused greatly increased buildup of mucus in the gills, as discussed 

in the next chapter. This may contribute to the stimulation of the 

coughing reflex but is not necessary for it. Coughs can be induced in 

trout almost instantaneously (i. e. with no time for mucus formation) 

by squirting weak acid solutions in the mouth (Heath~ personal 
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communication). It is noteworthy that the coughing preceeded the 

increase in ventilatory frequency each time the fish were exposed to 

chlorine (Figures 7 and 8), further suggesting irritation as the key 

factor for coughing. 

It seemed that the coughing reflex "saturated ll at a frequency 

of 15 to 20 per minute. Preliminary exposures of fish to a concen

tration of chlorine as high as 1.0 mg/l did not cause a higher 

frequency of coughs. In addition, there was little variability 

between test fish in maximum coughing frequency. There was 

variability, however, in the frequency of coughs when comparing the 

maximum rate with the prepulse rate. 

A marked increase of coughing has been recorded in fish exposed 

to mercury (Drummond ~., 1974), zinc (Sellers et ,1975), 

copper (Drummond et !i. s 1973) and kraft mill effluent (Walden et ~., 

1970). Thus, the measurement of coughing in fish is proving to be a 

particularly useful factor with which to indicate respiratory 

irritants of low concentration in the water. 

The low arterial P02 observed during chlorination clearly 

indicates a blockage of oxygen absorption by the gills. Because 

there ;s some recovery of P02 between the first two chlorine pulses, 

the blockage apparently is not permanent at this time and probably 

is due to excess mucus which then partially sloughs off between 

chlorine pulses. The high coughing rate also may interfere with 

oxygen transport. With repeated chlorine exposures, there is a 
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progressive decline in the oxygen absorption by the gills as reflected 

by the lower arterial P02 levels and less interpulse recovery in 

heart rate, ventilatory frequency and coughing. Acute tissue damage, 

along with accumulation of mucus, in the gills eventually results 

in death from suffocation. 

The blockage of oxygen uptake in the gills caused by the chlorine 

damage brings on a shift to some anaerobic metabolism. This is 

indicated by the limited data which show accumulation of blood lactic 

acid and the decline in blood pH as suggested by Holeton and 

Randall (1967) and Burton et~. (1972). Trout are known to be more 

sensitive to chlorine than most other fish species (Brungs t 1973) and 

are also relatively sensitive to hypoxic water. Hypoxic water also 

causes internal hypoxia so it may be that the relative toxicity of 

chlorine rests with a species sensitivity to hypoxia, no matter how 

that hypoxia is induced. 

Several of the responses to chlorine observed may be considered 

adaptive in that they promote survival when mucus accumulates on the 

gills and/or physical damage occurs to these structures (e. g. 

increased hematocrit, bradycardia, anaerobiosis). However, the 

elevated breathing rate seems clearly maladaptive because it causes 

more of the toxicant to come into contact with the gills and raises 

the oxygen demand of the fish. Such responses tend to hasten the 

toxic crisis. 



CHAPTER III 

Histopathological Effects of Intermittent Chlorine Exposure 

on Bluegill (Lepomis macrochirus) and Rainbow Trout (Salmo 

gairdneri) 

Introduction 

Chlorine has been used as a disinfecting agent for municipal 

water supplies since 1850 (Sawyer and McCarthy, 1967) and commonly 

is useq by industry (Water Quality Criteria, 1968). Steam electric

generating plants use chlorine as an algicide and fungicide to 

prevent slime buildup that decreases the efficiency of the cooling 

system. Chlorine doses of about 0.5 mg/l are used in an intermittent 

pulse regime from two to four times per day (Draley, 1972). Some of 

the chlorinated water is released into a receiving stream or lake, 

exposing the biota to an intermittent pulse of chlorine. Brungs 

(1973) reported that very little work has been done on the effects 

of intermittent exposure of fish to chlorine, and that temperature 

has little or no effect on chlorine toxicity. 

Despite the widespread use of chlorine, there are few data 

available on the physiological and histopathological responses of 

fish to chlorine exposure. Concentrations ranging from 0.1 rng/l 

to 0.4 mg/l chlorine have been reported to affect fish respiration 

(Reichenbach-Klinke, 1973) and alter the gill epithelial cell layer 

(Amlacher, 1970; Penzes, 1971). 

44 
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Wood (1960) stated that any factor which increases the thick

ness of the gill surface epithelium handicaps the respiratory 

exchange. He found that hydrogen sulfide caused swollen lamellar 

epithelium and edema in gills. Later, Skidmore (1970, 1972) 

presented convincing evidence that zinc produced histopathological 

changes in the gill which caused an increase in rates of opercular 

movements, ventilation volume. coughing frequency and a corresponding 

d~crease in O2 utilization and P02 of the arterial blood. 

Pollutants such as pesticides, heavy metals, and kraft mill 

effluent have been shown to cause hepatic histopathology in a 

variety of fish species (Fujiya, 1961; Crandall and Goodnightt 1963; 

Cope ~ al., 1969, 1970; Kennedy et ~., 1970; Earnest, 1971). 

Some of the changes noted include glycogen depletion, swollen 

hepatocytes, nuclear pycnosis, distorted radial cords and liver 

parenchymal shrinkage. No reports of effects of chlorine exposure 

on hepatic tissue were found in the literature. 

In this work, tissue changes in gill, liver and kidney tissue 

of bluegill exposed to different peak concentrations of total 

chlorine at different temperatures were investigated. The effects 

of chlorine on these same tissues of rainbow trout treated at 15 C 

also were investigated. An attempt was made to correlate histological 

changes in these tissues to other physiological changes and to the 

cause of death in fish exposed to chlorine. 
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METHODS AND MATERIALS 

The bluegills (Lepomis macrochirus) from which tissues were 

taken for histological examination were used in a chlorine bioassay 

which is described in detail ;n Chapter I and reported by Bass 

and Heath (1975a). The fish (average weight, 3.9 g and length 4.6 

cm) were obtained from King and Queen Virginia State Hatchery and 

were treated with oxytetracycline as a prophylatic. The bluegill 

were maintained ;n laboratory holding tanks which were not temperature 

controlled, and were fed ground Purina Trout Developer daily_ 

The fish were acclimated at the test temperatures for at least two 

weeks prior to the bioassay. The 25 liter bioassay containers 

received a continuous flow of dechlorinated tap water (560 ml/min) 

calculated to allow 99% water exchange in each aquarium every 180 

minutes. 

Chlorine was introduced into the dilution water uSing timer

controlled metering pumps for 45 minutes three times per day at 8 

h intervals for 7 days (Figure 2). Chlorine was added to achieve 

peak total residual chlorine concentrations of 0.21, 0.31, 0.41 and 

0.52 mg/l at the temperatures of 15, 25 and 32 C used in the test. 

The chlorine was primarily free residual chlorine in this work. 

Duplicate tests were conducted and controls were maintained in the 

same continuous flow manner without added chlorine. The fish were 

not fed during the test. Residual chlorine was measured by 

amperometric titration (Standard Methods, 1973) using a Wallace and 
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Tiernan model A790 titrator. 

The trout (Salmo gairdneri) were used in physiological studies 

described in detail in Chapter II and reported by Bass and Heath 

(1975b). These fish (average weights 934 g and length t 38 cm) were 

obtained from the National Fish Hatchery, Wytheville, Virginia. 

Prophylactic treatment was the same as for the bluegill. All trout 

were maintained in the laboratory at 15 ± 1 C and were fed Purina 

Trout Developer daily. 

Before being placed in the test chambers, the fish were 

cannulated for recording buccal breathing pressures, and for dorsal 

aortic blood samples (Holeton and Randall, 1967). In addition, ECG 

wires were sutured into place on the ventral side. The fish were 

transferred to the test chambers (15 ± 1 C) and were allowed to 

recover from the surgery for 18 to 24 h. After the recovery period, 
~ 

chlorine was delivered intermittently, as described previously, at 

peak concentrations of 0.41 or 0.52 mg/l until the fish expired. 

Moribund and surviving trout and bluegill were removed from the 

test chambers and the abdominal cavity opened to insure proper 

fixation in 10% buffered formalin. For both trout and bluegill, 

slides of gills, liver and kidney were prepared using routine 

histological methods (Wood and Yasutake, 1955) and stained with 

hematoxylin and eosin. All tissues were cut to give sections with a 

thickness of 12 microns. Duplicate slides of gills were stained with 

Periodic Acid--Schiff1s reagent (PAS) for mucoprotein (Luna, 1968). 
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RESULTS 

Gill 

Gills from control trout had distinct interlamellar spaces 

with a smooth lamellar epithelium (Figure 9). At 0.4 mg/l total 

chlorine peak exposures t trout gill lamellae were deformed and 

epithelial cells were swollen giving the surface epithelium a 

rough appearance (Figure 10). An increase in the number of mucous 

cel]s on the distal portion of the lamellae was noted. Epithelial 

cell hyperplasia occasionally caused adjacent lamellae to fuse. 

Although a range of gill damage was found, gill lesions from trout 

exposed to 0.5 mg/l peak chlorine were generally more extensive than 

those from fish exposed to 0.4 mg/1. Hyperplastic lesions were 

considerably more advanced and caused fusion of most lamellae 

(Figure 11). This damage was accompanied by desquamation in lamellar 

crypts leaving an edematous space between the raised epithelium and 

basal lamellae. Some necrotic epithelial cells were apparent. 

Gills from control bluegill and prominent interlamellar spaces 

and smooth lamellar epithelium (Figure 12). Gills from fish exposed 

to 0.2 or 0.3 mg/l peak chlorine pulses showed hyperplasia and 

swelling of epithelial cells which cause some blockage of the inter

lamellar space and thickening of the surface epithelium (Figure 13). 

However t fish affected in this way remained alive after 7 days 

exposure. Gills from fish exposed to 0.4 and 0.5 mg/l peak chlorine 

pulses showed a range of injury but most had extensive hyperplastic 



49 

--" 

Figure 9. Photomicrograph representative of trout gills from 

control rainbow trout. Each lamella (L) is separated 

from the interlamellar space (is) by a smooth epithelial 

cell layer which lies in close association with the 

lamella (lOOx). 



50 

Figure 10. Photomicrograph representative of gill filaments and 

lamellae from rainbow trout exposed to chlorine 

(0.4 mg/l) pulses. Note fusion of some lamellae 

(F) and swollen and hyperplastic lamellar epithelial 

cells (100x). 
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Figure 11. Photomicrograph representative of gill lamellae 

from rainbow trout exposed to chlorine (0.5 mg/l) 

pulses. Note hyperplasia with lamellar fusion (H) 

and edematous areas at the base of lamellae (ed) 

(100x). 
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Figure 12. Photomicrograph representative of gill filaments 

and lamellae from control bluegill. Each lamella 

(L) is separated from the interlamellar space by 

a smooth epithelial cell layer (100x). 



53 

Figure 13. Photomicrograph representative of gill lesions of 

bluegill held at 32 C and exposed to chlorine 

(0.4 mg/l) pulses. Note thickening of ep i thelial 

cell layer (100x). 
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lesions which completely filled interlamellar spaces (Figure 14); 

survival was less than 7 days. The extent of gill damage did not 

seem to be influenced by the test temperatures. 

Liver 

Liver histology of control bluegills was characterized by 

extensive glycogen storage inclusions (Figure 15). Glycogen inclusions 

dislocated hepatic cell cytoplasm and nuclei toward the hepatic sinus. 

A constant change found in liver of all\ fish exposed to chlorine 

was a reduction of these inclusions (Figure 16). Hepatic cells were 

uniformly stained~ the cord-like nature of the liver remained obvious 

and the cytoarchitecture appeared normal, except for the reduction 

of glycogen in livers from bluegil1s exposed to 0.4 or O.S-mg/l at 

15 C. Another form of change was observed in fish exposed to 0.4 or 

0.5 mg/l concentrations at 25 or 32 C. At these temperatures, large 

areas of necrotic hepatic cells could be found (Figure 17). Cell 

membranes were no longer apparent and cell integrity and the cord

like organization were lost. The incidence and severity of liver 

lesions in fish exposed to chlorine at 25 C was generally intermediate 

between those in fish exposed at 15 C and fish exposed at 32 C. 

No changes were found in livers from trout which died from 

chlorine exposure when compared to the controls. No histological 

chan~e~ were found in either trout or bluegill kidney. 
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Figure 14. Photomicrograph representative of gill lesions in 

bluegill held at 15 C and exposed to chlorine 

(0.4 mg/l) pulses and of those held at 15 t 25 and 

32 C and exposed to chlorine (0.5 mg/l) pulses. 

Note hyperplastic lesions and necrotic epithelial 

cells completely filling interlamellar spaces (100x). 
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Figure 15. Photomicrograph representative of liver of control 

bluegill held at 15 t 25 and 32 C. Note glycogen 

inclusions of cells with cell cytoplasm and nuclei 

located adjacent to hepatic sinus (5) (400x). 
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Figure 16. Photomicrograph representative of liver of bluegill 

held at 15 C and exposed to chlorine (0.2 to 0.5 

mg/l) pulses. Note lack of glycogen inclus ions 

(400x). 
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Figure 17. Photomicrograph representative of liver from 

bluegill held at 32 C and exposed to chlorine 

(0.4 to 0.5 mg/l) pulses. Note necrotic hepatic 

cells in surrounding sinus (5) (400x). 
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DISCUSSION 

In the bioassay experiments discussed previously (Bass and 

Heath. 1975a), the 96 h LC50 for bluegills exposed to chlorine three 

times per day was 0.44 ± 0.03 mg/l peak chlorine concentration. 

No death occurred in seven days exposure to 0.2 mg/l and a low 

percentage death occurred in 0.3 mg/l chlorine. However the lower 

concentrations are clearly harmful because deleterious histo

pathological changes were evident in gills and liver tissues from 

fish exposed to 0.2 to 0.5 mg/l chlorine. 

Glycogen inclusions in the normal teleostean liver are a common 

feature (Simon et AL. t 1967; Kennedy et ~., 1970; Hinton ~., 

1972; Larmoyeux and Piper, 1973) and depend on type and abundance of 

food (Weinreb and Bilstad, 1955; Robertson and Wexler, 1960; Black 

et AL., 1961; Cope et ~., 1970; Malevski et !l., 1974). Therefore, 

the degree of glycogen vacuolization of fish liver is variable and 

must be considered during histopathological or biochemical examination 

of experimentally treated fish. Nakano and Tomlinson (1967) could 

not find consistent stress-related changes in liver glycogen 

concentration in trout. The absence of inclusions in the control 

trout livers in this study may have been due to a maintenance diet 

which did not allow for glycogen storage. On the other hand, I 

found highly vacuolated livers of bluegill sampled from the laboratory 

holding tanks. These inclusions were still evident in control fish 

after bioassay tests, but was not evident in chlorine-exposed fish. 
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Liver glycogen depletion also has been reported in fish exposed to 

pesticides and herbicides (Andrews ~. t 1962; King, 1962; Cope 

~., 1970; Grant and Mehrle, 1970; Kennedy et ~., 1970), acetone 

(Walsh, 1972). kraft mill waste (Fujiya, 1961) and sodium penta

chlorate (Crandall and Goodnight, 1962). This may be a general stress 

response mediated by the adrenal corticoids (Robertson et !L., 1963; 

Nakano and Tomlinson. 1967; Wedemeyer, 1970). 

As mentioned, Bass and Heath (1975b) found breathing rate and 

coughihg rate of trout increased rapidly and heart rate slowed during 

chlorine exposure. These rates returned toward normal after each 

pulse. The bradycardia and hyperventilation are indicative of 

hypoxia (Marvin and Heath, 1968) which may result from both the 

increase of mucus production on the gill lamellae and the interruption 

of the normal water flow past the gills by the increased coughing. 

The increased rate of coughing and opercular movements were evidently 

compensatory reactions to the fish's inability to obtain oxygen. 

Blood P02 declined about 60% during the chlorine pulse, which indicated 

a severe reduction in respiratory gas transport--a probable cause 

of death from acute chlorine exposure. Other authors also have 

reported such respiratory changes as a result of gill damage due to' 

detergents (Schmid and Mann, 1961), zinc (Skidmore, 1971, 1972) and 

a mercurial compound (Timsan) (Amend et ~., 1969). 

In this study I attribute the hepatic glycogen depletion to the 

stressful effects of the arterial hypoxia produced by chlorine 
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damage to the gills. The massive liver necrosis found at chlorine 

concentrations of 0.4 or 0.5 mg/l at 25 and 32 C may have been due 

to direct chlorine toxicity, but we have no evidence that chlorine 

entered the fish. The hepatic degeneration may have been caused by 

an increased anaerobic metabolic demand that occurred as a result 

of the extreme hypoxia. This energy demand was compounded by the 

increased energy cost of compensatory hyperventilation visually 

observed in the bluegill (Chapter I) and recorded in trout (Chapter 

II). the fact that fish exposed at lower temperatures and hence 

lower metabolic rates, exhibited less extensive liver damage gives 

support to this hypothesis. 



CHAPTER IV 

Conclusions 

In the bluegill bioassay using 4 temperatures and 4 chlorine 

concentrations, there ;s a definite effect of temperature on the 

median lethal time (LT50)' This was especially pronounced at the 

highest concentration of 0.52 mg/l peak total chlorine where 50% 

mortality occurred in less than 75 h at 6 C and in less than 21 h 

at 32 C. However, the 96 h median lethal concentration (LC50) was 

approximately 0.40-0.45 mg/l peak total chlorine at all 4 temperatures, 

indicating little effect of temperature. There was no death at 0.21 

mg/l peak total chlorine at any of the 4 temperatures, but the fish 

did appear to be under stress at the higher temperatures and especially 

at 32 C. Even though a higher temperature seems to have little effect 

on the LC50' it may make the sublethal levels more stressful. The 

threshold of 0.31 mg/l, at which chlorine became toxic in this study, 

is rather distinct. Histological examination of gills from bluegills 

exposed to chlorine showed a range of severity of damage, with the 

fish exposed at the higher concentrations and higher temperatures 

being the most severe. Even fish exposed to 0.2 or 0.3 mg/l peak 

total chlorine, which did not die, had increased mucus accumulation 

in the interlamellar spaces. 

The glycogen depletion t seen in livers of all chlorine exposed 

bluegil1s, was probably due to stress and increased metabolic demand. 

The severity of the liver damage in bluegills exposed to chlorine at 
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32 C and which would have an increased metabolic rate gives support 

to this hypothesis. 

In the study of the physiological effects of intermittent 

chlorination on large rainbow trout (38 cm)>> the breathing rate and 

coughing rate increased rapidly and heart rate slowed during 

chlorination. The bradycardia and hyperventilation are indicative of 

hypoxia, as occurred in my work, with P02 declining about 60% during 

the chlorination. This was probably caused by increased mucus 

production and damage to the respiratory epithelium as well as the 

interruption of the normal flow of water over the gills by the 

increased coughing rate. Recovery of blood P02 to near normal levels 

after the initial pulse indicates that damage may not be permanent 

at that time. Increased blood lactate levels after chlorine exposure 

and the lack of recovery to the control blood lactate levels further 

indicates anaerobosis. Therefore, the severe damage to the gills 

(and subsequent reduction of 02 transport) that results with repeated 

chlorine exposure probably is a major factor in the cause of death. 
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A STUDY OF LETHALITY AND TOXIC MECHANISMS OF INTERMITTENT 

CHLORINATION TO FRESHWATER FISH 

by 

MICHAEL LAWRENCE BASS 

(ABSTRACT) 

Chlorine commonly ;s used as an antifouling agent in the 

operation of steam-electric generating plants. Some of the 

chlorinated water is released into a receiving stream or lake 2 

to 4 tlmes daily exposing the biota intermittently to chlorine. 

Laboratory systems were designed to simulate this intermittent 

chlorine exposure pattern with chlorine being metered into the 

dilution water 3 times daily. This produced chlorine pulses that 

reached maximum concentrations in 46 minutes and returned to the 

initial level in about 180 minutes. 

In the bioassay, groups of juvenile bluegill (Lepomis 

macrochirus) were exposed to four total chlorine peak concentrations 

(0.21, 0.31, 0.42 and 0.52 mg/l) at four temperatures (6, 15, 25 

and 32 C) for 7 days with each group being exposed to only one 

concentration and at one temperature. There was no mortality at any 

of the four temperatures at 0.21 mg/l. There was less than 15% 

lethality at 0.31 mg/l. A concentration of 0.52 mg/l caused 50% 

mortality in less than 75 hours with the higher temperatures causing 

a shorter time to death. 

Large (38 em) rainbow trout (Salmo gairdneri) were used to 



study the physiological effects of intermittent chlorination. 

Breathing and coughing rates were monitored by recording buccal 

pressure changes t and heart rate was detected with bipolar electrodes. 

Serial blood samples were drawn from a dorsal aortic cannula. During 

each chlorination, blood P02, pH and heart rate decreased while 

breathing and coughing rates increased. Partial recovery of all 

parameters occurred after each chlorination but the amount of 

recovery became progressively less with each pulse. Methemoglobin 

remained physiologically unchanged and hematocrits increased 

48.8 ± 3.0% after 3 chlorine pulse exposures. Blood lactate 

levels showed a gradual increase with successive chlorinations 

from a prechlorine level of 8.7 (S. E. 0.5) mg/100ml to 23.8 (5. E. 

2.5) mg/100ml after 3 chlorine pulses. 

Studies of histological changes of gills, liver and kidney 

were made on fish used both in the bioassay and physiological 

investigations. Gills from bluegills exposed to 0.2 or 0.3 

mg/l peak total chlorine showed hyperplasia and swelling of the 

epithelial cells which caused some blockage of the interlamellar 

space and thickening of the surface epithelium. Greater 

hyperplasia and mucus accumulation on gills were seen in bluegill 

and trout exposed to 0.4 and 0.5 mg/l total chlorine. The extent 

of gill damage in the bluegill did not seem to be influenced by 

the test temperature. 

Livers from treated bluegill showed characteristic lack of 



glycogen as compared with control liver. At 25 and 32 C) bluegill 

exposed to 0.4 and 0.5 mg/l showed large areas of necrotic hepatic 

cells. No abnormal changes were found in livers from trout which 

died from chlorine exposure. No histological changes were found 

in either trout or bluegill kidney. 

It is concluded that the primary mode of action of acute 

concentrations of chlorine is gill damage resulting in death by 

asphyxiation. 




