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STATEMENT OF PURPOSE 

This dissertation is divided into two parts having the following 

objectives: 

1. The literature review (Part I) indicates why there is a need 

for alternatives to methods currently available f6r monitoring 

waste effluent toxicity and how toxicant detection devices 

using aquatic organisms may help solve this problem. The 

requirements that must be met by these biological monitoring 

systems as well as the possible physiological and behavioral 

parameters that cduld be used as indicators of toxicity are 

discussed. 

2. Part II describes the testing and evaluation of a method which 

uses the ventilatory patterns of fish to continuously and 

automatically determine the toxicity of an industrial waste 

effluent being discharged into a river. The operation of this 

system including probl~ms encountered and design Suggestions 

for future such systems are detailed. 

1 



PART I. Literature Review. The Use of Aquatic Organisms as Indicators 
of Toxic Water Conditions 

The release of toxic materials from industrial point source dis

charges should decrease considerably as waste water treatment technology 

improves and pollution control regulations are enforced. Even so, spills 

of harmful materials due either to human or mechanical failures will 

undoubtedly continue. Along with increasing demands on water resources, 

these facts make the development of rapid methods for the detection of 

toxic waste spills a necessity. Early warning of toxic conditions lead-

ing to prompt correction of the problem would not only benefit the organ

isms living in the receiving body of water, but would also prevent a 

possible danger to public health. Assimilative capacity, defined by 

Cairns (1977),as the ability of an aquatic ecosystem to assimilate a 

substance without degrading or damaging its ecological integrity, would 

be protected. The discharger would be spared the chance of legal penal-

ties, lowered public esteem, and the loss of potentially valuable process 

materials. 

Early detection of developing toxic waste conditions implies the 

need for automatic and frequent or continuous sampling and determination 

of critical waste parameters. This requirement immediately puts a 

limitation on the chemical-physical parameters that can be monitored 

since some analytical methods (for example, the standard BOD test) 

require a great deal of time to complete (Ripley, 1972). Also, some 

complex wet-chemical methods may be difficult to use in a field situation 

(Klein et al., 1968). Continuous monitoring is still possible with many 

parameters, including temperature, pH, conductivity, chloride, dissolved 

2 
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oxygen, suspended solids, total carbon, ammonia, and others~ Specific 

ion electrodes further extend the list, but there remains a 'large number 

of toxic substances which cannot'yet be monitored in a continuous manner. 

A'number of physical-chemical monitoring systems have been developed. 

One approach was to relay data on waste composition to a central loca

tion where an alarm was sounded if the value of any parameter ~xceeded 

previously established limits. Provisions were made for diversion of 

effluent to an emergency holding basin in the event of an alarm (Ostendorf 

and Byrd, 1969). One of the earliest systems to speed processing by 

using computer analysis of waste data was constrcuted by the Ohio River 

Valley Water Sanitation Committee (Klein et a1., 1968). Along similar 

lines, Briggs (1975) described a minicomputer-controlled telemetry sys

tem for monitoring water quality.' Another system based on computer 

polling of several remote stations has been used in Finland (Vuolas, 

1976). An alarm system is activated if any parameter exceeds preset 

values. 

Despite advancements in waste water monitoring, predictions of 

waste toxicity from analyses of several individual physical or chemical 

factors are 'not entirely satisfactory. Most industrial waste's are quite 

complex mixtures varying continuously in composition and volume, so that 

monitoring a fixed number of single parameters may not adequately predict 

the toxicity of the whole effluent due to interactive effects or to the 

presence of an unsuspected material. Furthermore, the toxicity of a 

given quantity of toxicant may depend on the pattern of its delivery, 

whether constant or fluctuating, although the small amount of research 

done in this area has not supported this contention. 
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Even if it could be assumed that the potentially toxic 'components 

of a waste effluent would remain, at constant levels~ variatibns, in the 

water quality of the receiving body of water itself could have a great 

effect 'on overall waste toxicity. Variations would include simple 

diurnal changes in temperature and dissolved oxygen levels. Thus, even 

a fairly complete continuously acquired set of data on the major com

ponents of a waste may not provide an adequate basis for toxicity assess

ment. It is the objective of this review to examine an approach to 

effluent evaluation which would complement currently available chemical

physical monitoring systems and would give a direct assessment of waste 

toxicity. This approach involves using the automatically and continously 

recorded responses of aquatic organisms, particularly fish~ to monitor 

the toxicity of industrial waste effluents. Included in the discussion 

are some potential benefits and design considerations pertinent to the 

, use of living organisms as toxicity monitors and the requirements any 

such monitoring system must meet if it is to operate in an industrial 

situation. Some of the many possible organisms and physiological or 

behavioral parameters which may be used to monitor toxicity are reviewed; 

the second portion of this dissertation examines in detail 'the results 

of a project which used one of these parameters to monitor waste toxic

ity at an actual industrial site. 

The possibilities for using organisms as real-time monitors of water 

quality has been considered for some time (Henderson and Pickering 1963, 

Jackson and Brungs 1966, Willingham and Anderson 1966~ 1967, and Cairns 

et a1. 1970). Perhaps the most important advantage of this type of 

biomonitoring is the ability of an organism to respond to the totality 
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of its environment, thus integrating the effects of all th~ various 

chemical and physical parameters into an overall indication of·toxicity. 

A vast amount of aquatic toxicology literature indicates the sens,itivity 

of many fish and invertebrates to a broad range of materials. In some 

cases thi's sensitivity may approach the limits of detection of currently 

available chemicals and physical sensors. Hasselrot (1975) related an 

incident in 1962 in which mortality due to anemia in salmon was success

fully used to trace a toxicant source by placing cages of fish at various 

points in the affected river in Sweden. The toxicant involved, yellow 

phosphorous, was present in quantities estimated to be at or below a 

part per billion. As further evidence of fish sensitivity, Morgan (1977) 

cited data from Jung (1973) which showed that for 97% of the materials 

tested, fish were more sensitive than humans to acute pollutant intox

ication. No matter how sensitive the organism, however, its response to 

any material is not likely to reveal the identity of the toxicant. 

Therefore, chemical-physical monitoring systems are necessary to com

plement the biological tests and allow a precise determination of the 

cause of a harmful spill. 

The speed of detection of toxic materials depends upon the partic

ular response of the organism being measured and the method of measure

ment. Earlier systems using fish (Henderson and Pickering 1963, Jackson 

and Brungs, 1966) relied primarily on visual observation of mortality 

as an indicator. The major problem in addition to the need for con

tinuous inspection of the fish is th,e possibility of a time lag between 

the onset of toxic waste conditions and the actual death of the fish. 

Hasselrot (1975) reported that fish have been exposed to diluted waste 
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from a cellulose plant in Sweden since 1965; the condition of the fish 

was observed severa 1 times a day.. Thi s approach has apparen·tly been 

helpful in detection of the source of toxic effects, but not in their 

immediate prevention. 

To shorten the delay time between the onset of toxicity and death, 

emphasis has turned to the monitriring of pre-lethal symptoms of poison

ing. These methods allow more immediate detection of acutely toxic 

waste conditions, the primary goal, but may not be appropriate for the 

determination of long-term chronic or cumulative toxicity. In addition 

to improving the speed of response, monitoring several physiologic~l or 

behavioral parameters from different kinds of fish or other organisms 

allows a great deal of flexibility in choosing the combinations best 

suited for a particular waste. It may be possible to match the known 

sensitivity and response characteristics of an organism to the composi-

. tion of a particular type of effluent to optimize the function of the 

overall monitoring system. 

Once an organism has changed its behavior in some way to indicate 

a toxic environment, this information must be rapidly recorded and 

analyzed. To this end, the recent advances in electronic technology 

have been most important. Low cost microcomputer-based data acquisition 

systems can continuously monitor and rapidly analyze any parameter which 

can be transduced into an electrical signal and digitized. This require

ment is not very restrictive; for example, fish ventilatory signals 

(van der Schalie and Westlake, 1975) and fish activity patterns have 

already been monitored by small computers (Cairns et al., 1975, and 

K1eerekoper, 1977). Many other quantities (such as oxygen consumption) 
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which have up to now been recorded as analogue electrical signals may 

also be analyzed in this manner. Other electronic but non-computerized 

systems have been used as well (for examples see Morgan and Kuhn, 1974, 

Poels, 1975, Besch et al., 1977). Although their cost may be lower, 

these systems lack the flexibility and data analysis and control function 

capabilities possible with a small computer system. 

The recognition of the possible need for biological monitoring in 

a broad sense is included in an important piece of federal legislation 

as noted by Cairns et a 1 ., 1975: II Sect ion 308 of the Federa 1 ~Ja ter 

Pollution Control Act Amendments of 1972 states that the Administrator 

of the Environmental Protection Agency shall require the owner or opera

tor of any point source to 'install~ use, and maintain such monitoring 

equipment or methods (including where appropriate, biological monitoring 

methods) as the Administrator may require in fulfilling the objectives 

and requirements of the Act. III In spite of this recognition, the use

fulness of the specific type of biological monitoring considered here 

in the prevention of acutely toxic waste spills depends upon certain 

requirements being met. The following list of requirements includes 

suggestions outlined by Poels (1975, 1977) and Ladd (1977)', and is given 

as a set of general guidelines for a toxicity early warning system based 

on the automatic and continuous monitoring of aquatic organisms. 

1. The physiological or behavioral parameters of the organism 

selected for monitoring should be quantifiable in digital terms 

througD appropriate interfacing techniques for analysis by either 

a computer or other electronic recording equipment. This will 

enable the operation of the system to be both continuous and 
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automatic. However, the method itself should not result in undue 

stress on the organism. Techniques requiring restraint of the 

organi sm or the attachment of devi ces to it may be 1 ess des i.rab 1 e 

for this reason. 

2. 'Rapid detection of developing toxic waste conditions is of 

prime importance. The speed with which an organism will 'react 

depends on a large number of variables, including the type of 

organism and the particular response being monitored, the concen

tration of the material with respect to acutely toxic levels, the 

toxicant's mode of acti~n, and the chemical-physical characteris

tics of the dilution water (temperature, pH, dissolved oxygen, 

etc.) Table 1 gives some response times for parameters either 

potentially or actually used in monitoring systems. While a delay 

of several hours between introduction of a toxicant and a reaction 

by the organisms being tested would not seem rapid enough to allow 

prevention of a toxic waste spill, this table is only a small 

sampling of the organisms and functions which could be monitored. 

In addition, the reliability of the method which determines when 

an organism is behaving abnormally may be as critical as the ability 

of the organism itself to respond to a toxicant. 

Some delay in the response of the organism involved could be 

compensated for by placement of a waste monitoring system well 

ahead of the point at which the waste enters the receiving body of 

water. The speed of response s~ould also be considered in con

junction with the level of toxicant present. By increasing the 
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concentration of waste effluent to which the test organisms are 

exposed to a level above that entering the receiving body.of water, 

response times could be decreased and a safety factor introduced 

(Cairns et a1., 1972) . 

. 3. The organisms should have the ability to respond to a 

number of different toxic situations. Since different types of 

wastes will tend to consistently have a certain composition, it 

may be possible to choose the best available organism likely to be 

most sensitive to these particular components. 

4. A monitoring system should have a minimum of "false 

alarms ll
: responses to non-harmful variations in the waste effluent 

or in the environment. Certain qualities of the water (or waste 

water) such as temperature, pH, and dissolved oxygen may act to 

produce responses in the organisms even when there is no specific 

toxic material present. Cairns et al. (1974) reports that b1ue

gills (Lepomis macrochirus) in a pollution monitoring system showed 

increased breathing and activity rates when the diurnal temperature 

cycle was changed from a cycle of 24.8-26.00 C to a cycle of 24.8-

29.2oC. A similar system did not respond to a non-toxic change in 

calcium of from 10 to 107 mg/1 (Cairns et al., 1973). Ventilatory, 

coughing, and metabolic rates of young rainbow trout mo 

gairdneri) were all affected by sublethal variations in pH between 

pH 6 and pH 9 (Hargis 1976). Fluctuations in dissolved oxygen 

levels are likely to have a direct effect on the operation of 

pollution monitoring systems measuring oxygen consumption or 

breathing rates. Some regulation of these water quality parameters, 
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or at least knowledge of their values, are necessary i~ proper 

conclusions are to be draw~ about the cause of an abnormal reaction 

by an organism. 

5. Once a suitable organism and physiological, parameter 

have been chosen for use in a monitoring system, appropriate methods 

must be developed for analysis of the data. The normal range of 

variation must statistically be determined so that reliable criteria 

can be established for abnormal responses caused by toxic conditions. 

When individual organisms are used (as opposed to, for example, a 

bacterial culture), variation between individuals probably makes it 

advisable to use each organism as its own control and to monitor 

several individuals at each concentration of waste tested. In this 

case, a period of time would be set aside after acclimation to test

conditions but prior to waste introduction during which data would 

be collected from each organism and used to generate confidence 

intervals by which abnormal responses could subsequently be evalu

ated. To do this, the statistical distribution of the data must 

first be known. This approach has been used for monitoring systems 

which utilize fish activity patterns (Cairns et a1., 1973, Hall 

et al., 1975) and breathing patterns (Cairns et al., 1973, Morgan 

and Kuhn, 1975). In situations (e.g. fish breathing and activity) 

with definite diurnal patterns for the quantities being monitored, 

it may be necessary to compute a normal range of values separately 

for the several different periods of the day. 

6. In order to be practically useful, a monitoring system 
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should be relatively easy to operate and should produce results 

which are easy to interpret~ This would not be difficult for a 

computer-based system in which all data analysis and most control 

functions could be done automatically. The computer ,could, for 

example, turn on an alarm light when it determined that.toxic 

waste conditions were developing (Westlake et al., 1976).' Highly 

trained personnel would not be required to run such a system. 

7. Organisms should tolerate exposure to the waste effluent 

for a reasonable period of time without having to be replaced or 

losing their sensitivity to toxic components in the waste. Cairns 

et ale (1973) exposed bluegil1s to a biologically "safe" con

centration of 0.075 mg/l zinc for periods of up to 41 weeks and 

found that this did not decrease their sensitivity to a simulated 

zinc spill (3 mg/1 zinc), as measured by responses in breathing 

and activity. This type of information is naturally quite depen

dent on the organism involved and the composition of the waste 

being monitored. 

8. The organism used in the monitoring system should be 

fairly inexpensive and easy to acquire. This restriction would in 

practice limit flexibility in selection considerably since the 

number of species widely available commercially is not that great. 

The advantage of using standard test organisms would be access to 

the large amount of toxicity literature currently available. Using 

an organism common to the body of water receiving the waste could 

also improve the usefulness of the monitoring system. 
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9. Equipment used~ including the computer system and electrical 

transducers~ should be as reliable and maintenance-free as possible. 

There may be some need for environmental control (temperature, 

humidity, etc.) depending on the location of the equipment. Avoid

ance of complex hardware arrangements would also be helpful. 

10. Economic considerations should playa part in system'design 

for no matter how effective a system is in preventing toxic spills, 

high cost will discourage its widespread use. Once developed, cost 

considerations should include equipment used, manpower required for 

installation and maintenance, ,and operating expenses. Biological 

monitoring systems need not be more expensive than chemical-physical 

monitoring systems. 

Future in-plant biological monitoring units are likely to have cer

tain features in common especially if the above recommendations are 

. followed. The suggested design would include a waste delivery system, 

experimental chambers and enclos~re, electronic transducers.and computer 

(electronic) data analysis system, and an alarm system. 

The waste delivery system would provide a constant flow of waste 

diluted to a level at which the test organism could survive for a 

reasonable length of time and yet respond should toxic conditions develop. 

This level would probably have to be empirically determined so that an 

adjustable dilution rate is important. One diluter capable of this is 

described in Westlake et a1. (1976), but many other designs are possible. 

The form of the experimental chambers will depend on the organism 

and parameters being monitored. With higher organisms, an enclosure 

may be necessary to eliminate the effe~ts of external noise vibrations, 
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human presence, etc. Photoperiod control may also be necessary_ 

The_ biological parameter be-i ngmoni tored will determi ne·the type 

of electronic transducer used in the acquisition of data. This device 

could be an amplifier which magnifies either the microvolt signal 

generated by fish as they ventilate their gills or the electrical output 

of an oxygen electrode measuring oxygen consumption. Interfacing any 

of these electrical signals to a small computer could easily be done 

using standard techniques. Commercial multi-channel data acquisition 

systems are available for this purpose. 

Once toxic waste condit~ons are indicated by the response of the 

organisms, an alarm system is needed to rapidly provide this information 

to the proper personnel. This could be done by means of an audible or 

visual signal and could be handled in a manner similar to the warnings 

from chemical and physical sensors, if these are in use at the industrial 

site. 

The most basic problem in the design of an effluent mODitoring sys

tem is the choice of the organism and physiological or behavioral para

meter to be recorded. In describing some of the many possibilities 

below, emphasis will be on techniques using fish, since most work has 

been done in the area. There have, however, been a number of methods 

developed for invertebrates. Willingham and Anderson (1966, 1967) 

suggested several possible means of using microorganisms to detect toxic 

materials in water. The possibility of continuously monitoring the 

phototacti c response of mi crocrustac.eans such as Oaphni a and Artemi a 

was discussed, as were continuous-flow bacterial systems based on 

measurement of bioluminescence or oxygen uptake. Bowdre and Krieg (1974) 
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found that cessation of motility in the large aquatic bacterium Spirillum 

volutans was a sensitive indica~or of the presence of heavy metals. 

Automatic monitoring of this reaction could be difficult, but an -automa

tic photographic or video method might be possible. 

R~spiration (oxygen consumption) is probably the most widely tested 

bacterial monitoring technique. An experimental chamber is,continuously 

supplied with a bacterial nutrient material as well as the water to be 

tested. Oxygen electrodes measure the difference in dissolved oxygen 

between the influent and effluent liquids. Normally, bacterial respira

tion results in a certain decrease in oxygen concentration in the efflu

ent depending in part on the retention time of the chamber and tempera

ture. Toxic materials, by inhibiting bacterial respiration, will reduce 

the difference between the two oxygen levels. A monitoring system of 

this type described by Morgan (1976) was developed by Axt (1972, 1973a, 

b). Responses were obtained to several heavy metals at concentrations of 

0.1 mg/l, but organic pesticides tested (e.g. endosulphan) did not cause 

a response at levels less than 10 mg/l. 

Oyxgenconsumption in a biological filtration system has been used 

to monitor the toxicity of the effluent from a pharmaceutical company in 

Sweden since 1974 (Solyom et al., 1976). Synthetic sewage is added to 

the filter along with the industrial waste or toxicant being tested; the 

oxygen level in the water leaving the filter is then monitored by an 

oxygen electrode. Toxicity is indicated by an increase in oxygen con

centration, which is shown on a recording device. Effluent toxicity 

has been found once since the system began operation and was due to a 

high pH of about 11 in the waste. Tests with toxicants indicate that 
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this system responds to copper, cyanide, and low and high pH (Table 1). 

Reeves (1976) evaluated an influent toxicity monitoring system which 

used a commercially available respirometer to continuously record. oxygen 

uptake in a small activated sludge unit. Tests were done with both 

simulated raw waste water from several sources and with actual influent 

at a municipal plant. The respirometer showed rapid and significant 

changes in oxygen consumption to a wide range of toxicants, but only at 

relatively high toxicant levels. Reeves describes a similar device 

called the Biomonitor (Brubaker and Moss, 1976) in which toxicity is 

determined by the degree of .oxygen uptake by two samples of aeration 

basin liquor exposed to raw wastewater. 

Nitrification is another functional parameter besides bacterial 

respiration which has been used to indicate a toxic environment. This 

method used "a continuously operating percolating filter in which nitri

fying organisms were selectively cultured ll (Holland and Green, 1975). 

Ammonia was continuously introduced into the filtration column along 

with the water being tested. A specific ion electrode measured the re

duction in ammonia concentration after its passage through the column. 

The presence of a toxicant inhibiting nitrification made the inlet and 

outlet ammonia levels nearly equal. Tests with a number of toxicants 

showed that nearly all produced a measurable response within three hours 

after their introduction. Toxicity threshold concentrations (the level 

of toxicant resulting in a 50% decrease in nitrification efficiency) 

were determined. With three exceptions (hydrochloric acid, paraquat, 

and diquat) recovery of the column's function was quite rapid after 

toxicant addition was stopped. 
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Field tests of the nitrification column were conducted to determine 

its usefulness in monitoring pol'lutibn levels in several river~ (Stroud 

and Jones, 1975). The rivers tested had varying pollution loads,. but in 

no case was the toxicity threshold of the column reached .. An addition of 

cyanide to the water of one river did cause a response by the system at 

a level of the same order as in earlier laboratory tests (see Table 1). 

The operation of the column was quite reliable. With periodic mainten

ance, it was capable of running for several months without deteriorating. 

In contrast to the amount of work done with developing continuous 

microbial monitoring systems., little effort has been devoted to toxicity 

testing devices employing macroinvertebrates. In general, activity and 

respiration (oxygen consumption) are the principal quantities that have 

been measured. Arnold and Keith (1976) developed a continuous flow 

respirometer suitable for recording changes in respiration of larger 

macroinvertebrates. Oxygen concentrations are measured with a dissolved 

oxygen meter; most of these have. an analogue or digital voltage output 

that could readily be adapted to an automatic, computer-based recording 

system. A continuous respirometry device used by Livingston (1968, 1970) 

could be automated only with some difficulty due to the degree of manual 

operation required by the manometrit technique used to determine oxygen 

levels. Another disadvantage is that water flow must be stopped while 

oxygen consumption measurements are made. It may be possible to modify 

other methods for continuous respirometry of fish (described below) for 

use with macroinvertebrates. 

Several types of instruments have been used to record activity 

levels of smaller aquatic organisms. One, developed by Kapoor (1971), 
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continuously monitored the respiratory body movements of aqu.atic insects. 

The animal was placed on a small. beam connected to strain guages in such 

a manner that any movement of the animal produced a proportional electri

cal signal which could then be recorded. A different approach was taken 

by Heusner and Enright (1966). Activity was measured indirectly by 

sensing heat loss from a thermistor caused by water currents produced by 

the animal's movements. An electronic circuit then emitted continuous 

electrical pulses, the frequency of which was related to the Tate of water 

movement past the thermistor. It is necessary to keep the water tempera

ture fairly constant in order to insure proper operation of the device. 

Either of these two techniques could be used in a computer-based system. 

A third kind of activity monitor using crayfish has already been 

automated by Maciorowski et al. (1977). Movements of the crayfish in 

individual chambers created small electrical signals (apparently due to 

muscle contraction) which were received by wire electrodes affixed to 

the ends of the chamber. This same method was used previously by Camougis 

(1960). After amplification, signals from a total of eight crayfish were 

monitored by a microcomputer; the number of peaks in the electrical sig;.. 

nal per unit time, corresponding to the total amount of movement, were 

counted and totaled every 15 minutes. At this time, the counts for each 

crayfish were recorded in digital form on paper tape for later analysis. 

Several days of data taken prior to toxicant exposure were used by a 

previously developed statistical program to set 95% confidence limits on 

the movement counts for each crayfish and hour of the day (Hall, 1972, 

Hall et al., 1975). Data taken during toxicant exposure were compared 
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to the appropriate confidence limits to determine if abnormal movement 

was pres'ent. This approach is s'.imilar to that for two other 'systems 

using fish ventilatory and movement patterns (Cairns et al., 1973-). In 

tests with cadmium, the crayfish showed a definite response within one 

hour to concentrations of 2.5 and 0.5 mg/1. Responses to 0.10 mg/l were 

registered after 40-45 hours (Table 1). 

There has been much more work on the sublethal effects of toxicants 

on fish than on invertebrates, so there are many more techniques using 

fish which may potentially be used for automatic and continuous monitor

ing of toxicity. Morgan (1977) summarized several parameters from fish 

which may be altered by the presence. of toxicants. This list included 

the cough reflex, oxygen consumption, movement patterns, avoidance and 

rheotaxis. Changes in blood analyses, heart rate, and swimming endurance 

might also be added. Each of these possibilities is discussed in the 

following paragraphs, along with any automatic toxicant detection systems 

already developed based on these parameters. 

Measurement of changes in heart rate and blood composition would 

require some restraint of the fish and attachments to its body. The 

stress placed on the fish and a greater likelihood of equipment mal

function makes these techniques less desirable. Although measurement 

of heart rate generally requires the use of implanted electrodes, 

Venables and Smith (1972) developed a method which allows the fish to 

be unrestrained, while Ibaragi (1970) used a small FM transmitter 

attached to the fish to provide remote sensing of heart rate. 

There is evidence that both heart rate and blood composition are 

sensitive to toxicant-induced changes in the organism. Changes in heart 
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rate in response to environmental hypoxia has been widely described 

(Randall and Shelton, 1963, Mar~in arid Heath, 1968, Marvin and-Burton, 

1973, and others). Swimming activity also has an effect on heart rate 

(Stevens and Randall, 1967). Lunn et al. (1976) found th~t DDT altered 

the heart rate of rainbow trout at sublethal levels, but that dieldrin 

did not have an effect until lethal concentrations were recorded. Car

bamyl did not affect heart rates at the levels tested. Acutely toxic 

levels of zinc caused decreased heart rates in bluegi11s within two hours 

(Cairns et al., 1970). 

Blood composition could be monitored through the use of cannulae 

and commerical1y available blood analysis equipment. Some toxicants 

have been found to cause rapid changes in blood composition, but the need 

to restrain the fish and the possibility of the cannulae being dislodged 

are disadvantages of this technique. Donaldson and Dye (1975) exposed 

sockeye salmon to both sublethal and lethal levels of copper and found 

significantly higher levels of cortisol, cortisone, and "total" corticos

teroid levels one to four hours after exposure, depending on the concen

tration of ~opper. Plasma glucose in the blood of juvenile coho salmon 

(Oncorhynchus kisutch) increased following a 12 hour exposure to Kraft 

pulp mill effluent (McCleay, 1973). Glucose levels were also altered 

in the freshwater fish Etheostoma nigrum after 15 days of exposure to a 

sublethal concentration of dieldrin (Silbergeld, 1973). Sellers et al., 

(1975) found that the blood pH and arterial P02 of rainbow trout were 

both decreased by a 48 hour exposure to a concentration of zinc near the 

96 hour LC50. Copper at the LC50 level produced a transient pH increase 

but had little effect on P02. Frequent analyses of several of the blood 
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components reported here could form the basis of a useful toxicant de

tecti on ,system. 

Measurement of total fish activity can be done with much less stress 

on the fish. One method used by S~oor (1946) related the,'amount of 

activity to the degree of deflection of an aluminum paddle. ' These de

flections, caused by water currents produced by the fish, acti~ated a 

relay that generated impulses which could then be recorded. Another 

method is to provide a chamber in which the fish is free to swim; the 

amount of activity is recorded as the number of breaks per unit time in 

a light beam from a photocell{s) which crosses the tank. With some 

variations, this technique has beeh used by several investigators (Shirer 

et al., 1968, Hudson and Bussell, 1972, and Hafeez and Barber, 1976). 

Cripe et a1. (1975) recommended using an infrared light-emitting diode 

as the light source to avoid possible disturbance of the animal being 

monitored. One difficulty with using light beams is that the beam may 

be blocked in turbid water or in water having large particuJate matter. 

Alignment of the light source and light detector can also be a problem. 

An automatic monitoring system based on changes in total activity 

of bluegills has been under development by Cairns and others at Virginia 

Polytechnic Institute and State University. An earlier version (vJaller 

and Cairns, 1972) recorded the breaks by a single fish in three red 

light photocell beams (650 nm) at three different levels in the test 

tank. Data were stored in counters and automatically photographed and 

reset each hour. Normal and abnormal movements were determined by 

changes in the variance of light beam interruptions. In a 96 hour ex

posure, the lowest detectable levels ~f zinc were between 2.94 and 
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3.64 mg/l. 

Further automation of this, system was achieved by West'lake et a1. 

(unpublished). Data from electronic counters of photocell beam inter

ruptions were fed every half-hour,directly into a minicomputer which 

stored each record for later statistical analysis. A statistical pro

gram (used also by Maciorowski, discussed previously) used several days 

of pre-toxicant exposure data to set upper and lower 95% confidence 

limits for each fish and half-hour of the day. Subsequent corresponding 

values recorded outside of these limits were said to indicate abnormal 

movement. This system was able to detect sublethal levels of complex 

effluents from a u.S. Army munitions plant) including TNT and nitroglyc

erine wastes (Westlake et al., 1974a,b). No significant response was 

found to changes in pH between pH5 and pH 10 (Westlake et a1., 1973c). 

Another parameter related to activity which has been used as an 

indicator of toxicity is the loss of rheotaxis, which is the ability of a 

fish to maintain its position in a current. Rheotaxis is to some extent 

a function of swimming ability, and laboratory studies have shown the 

swimming performance of fish to be affected by a number of toxic mate

rials, including zinc and ammonia (Herbert and Shurben, 1963), hydrogen 

sulfide (Oseid and Smith, 1972), pulpwood fiber (Macleod and Smith, 

1966), pulp mill effluent (Howard and Walden, 1974), detergents (Cairns 

and Scheier, 1962), and the insecticide fenitrothion (Peterson, 1974). 

Poels (1975, 1977) designed an automatic system which employs photocells 

to determine when loss of rheotaxis. occurs ;n a chamber through which 

test water is flowing. When anyone of the three fish in the chamber 

falls back to the downstream end of the chamber, photocell beams are 
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broken and a mild electric shock is applied to force the fish back into 

the upstream area. If two of the three fish spend too much time in the 

downstream end, or pass into it more often than normal in a 15 minute 

period, an alarm switch is actuated. This system has been tested for 

18 months' using Rhine River water. No toxicant alarms have occurred 

during this time and there have been no operational difficulties despite 

the turbid nature of the river water. Experiments with toxic substances 

(Table 1) do show that acutely toxic levels can be detected well before 

death occurs. A very similar arrangement was used by Besch et ala (1977). 

Loss of rheotaxis is again measured by the interruption of appropriately 

placed photocells, but a new device known as a kinetic screen, which 

produces electrical impulses when touched by the fish, has been added 

at the downstream end of the chamber~ This provides not only a measure 

of the amount of time spent in the downstream area but also allows the 

electric shocking device used by Poels (above) to be disconnected, since 

contact with the screen apparent)y encourages the fish to swim upstream. 

Besch employed alternate periods of rest (generally 10 minutes of slow 

vertical current) and stress (5 minutes of strong longitudinal current) 

instead of a continuous downstream flow of test water. Although this 

automatic system detected phenol at sublethal concentrations and DDT at 

acutely toxic levels, the response time was quite slow. 

A fish monitoring system based on rheotaxis was used as part of an 

automatic toxicant detection station at a water treatment plant on the 

Oise River near Paris (Vivier, 1972),_ An audible alarm was generated 

when the three fish in use were unable to swim against the flow of river 

water under stimulation by an electric field. Data on the operation of 
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of this unit were not given. Another system utilizing regions of light 

rather than electric shock to keep fi$h in the upstream area was used to 

continuously monitor the final effluent of a wastewater treatment plant 

in Sweden (Hasselrot~ 1975). The success of this unit in .identifying 

acutely toxic material was not discussed. 

A different arrangement to test the ability of a fish to maintain 

position in moving water was developed at the University of Uppssala 

(Lindahl and Schwanbom, 1971 a and b, Lindahl et al., 1976 and 1977). 

Fish are placed in flowing water in a narrow tube which is rotated 

around the direction of flow until the fish is unable to compensate and 

also begins to rotate. The "critical revolutions per minute" at which 

this occurs was found to be less for fish exposed to sublethal levels of 

methyl-mercuric hydroxide than for non-exposed fish. Bengtsson (1974) 

found that the minnow (Phoxinus phoxinus L.) had an impaired critical 

revolution rate after long term exposure to concentrations of zinc lower 

than levels shown to affect mortality, growth, reproduction, activity or 

histology. Unfortunately, use of this technique in a continuous monitor

ing system would be difficult, since automation of the testing procedure 

would be complex. Also, the fish could not be tested too frequently 

because time would be required for recovery of the fish. 

Another test for the presence of toxicants involves the assessment 

of locomotor patterns and the avoidance by the fish of regions containing 

toxic substances. The study of locomotor behavior has been automated by 

a group headed by Kleerekoper at A & M. In one tank, a square 

matrix of photocells monitored by a minicomputer a1lows tracking and 

rapid detailed analysis of fish movements in response to environmental 



variables including various toxicants (Kleerekoper et al., 1970 and 

1972, Kleerekoper, 1977). Studies 6n locomotor patterns under"normal 

conditions have led to the construction of predictive statistical models 

which may be used to determine the occurrence of toxicant-related ab

normalities. 

A more specific type of locomotor behavior that has been "widely 

studied is the avoidance reaction displayed by fish to low levels of 

many toxicants (for example, Jones 1947, 1948, 1951, 1952, Ishio 1964, 

Sprague 1964, 1968a, 1968b, Hansen 1969, Fava and Tsai, 1976). Avoid

ance behavior is apparently Ruite dependent on the particular toxicant 

involved. Summerfe1t and Lewis (1967) tested the avoidance reaction of 

green sunfish (Lepomis cyanellus) to 40 toxic substances; only 8 had a 

replusive action. Still, at least for some toxicants and fish, the 

avoidance reaction could be a useful way of indicating the presence of 

a harmful substance. Automatic monitoring would be possible with a tank 

similar to the one used by Kleerekoper (described above). Spoor and 

Drummond (1972) described a chamber;n which electrical signals received 

by electrodes in a gradient tank were used to follow movement; inter

facing this to a small computer would not be difficult. Direct computer 

monitoring of fish movement has been accomplished through digital analyses 

of a video signal from a television camera. The camera continually scans 

a preference-avoidance chamber in which a single fish is placed (Westlake 

and Lubinski, 1976, Lubinski et a1., with editor). The chamber is de

signed so that water flowing across .it remains in two halves with 

virtually no intermixing despite the lack of any physical barrier. For 

testing purposes, a toxicant can be introduced into one side or the other 
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and the movement of the fish automatically recorded. The principal 

limitation at the moment is the ability of the small computer 'to store 

the large amount of data generated by the fish in a relatively short 

time. 

On a more physiological level, oxygen consumption has been used, 

as with invertebrates, to assess toxic effects. Several methods are 

available, but two are well suited for automation. Oxygen electrodes 

may be used to measure oxygen uptake in a flow-through system (for 

examples see O'Hara, 1971, Rosseland, 1976, Marais et al., 1976). Deter

mination of oxygen levels in ,the water before and after passage through 

the test chamber combined with a known flow rate of water permits com

putation of oxygen consumption. Voltage signals from the oxygen elec

trodes can be handled on a continuous basis by a computer or some type 

of recording device. An alternate technique involves the use of an 

electrolysis cell which can be used to automatically replenish oxygen 

depleted in the atmosphere inside a sealed respiration chamber (Callahan, 

1974, Tackett et al., 1974). The amount of electricity used by the cell 

is directly related to the amount of oxygen used by the fish in the 

chamber, and can also be automatically recorded. Oxygen levels in the 

test chamber can be maintained at any desired level. One disadvantage 

is the need to stop water flow through the chamber while oxygen con

sumption is being determined. 

In designing an apparatus for testing the effects of toxicants on 

fish respiration, consideration should be given to the large number of 

variables affecting oxygen consumption. Among these are temperature 

(Beamish and Mookherjii, 1964), oxygen level (Beamish, 1964), day length 



26 

and reproductive development (Burns, 1975), and activity level (swimming 

speed, Brett, 1964). In view of this', standardization of test conditions 

would be necessary. 

Toxic effects on fish oxygen consumption have been reported for 

copper (O'Hara, 1971b), bleached Kraft pulp mill effluent (Davis, 1973), 

pulpwood fiber (Macleod and Smith, 1976), benzene (Brocksenand Bailey, 

1973), ammonia (Callahan, 1974) and pH (Hargis, 1976). At least two 

systems have been developed to automatically monitor toxicity by record

ing changes in oxygen consumption. Kitsutaka (1974) developed a simple 

system for detecting the presence of acutely toxic materials in waste

water. The difference in dissolved oxygen between the influent and 

effluent flow from a chamber containing several fish was monitored. When 

the difference was less than a certain amount, an alarm was sounded to 

indicate that the fish had died. Another automatic system for the 

. detection of sublethal toxicity used 13 individual respirometers of the 

electrolytic type (Callahan, 1974). This was a continuous flow system, 

but for determination of oxygen consumption flow was automatically 

stopped. A data acquisition system recorded on paper or m~gnetic tape 

the total amount of oxygen used, and restarted water flow. Preliminary 

testing showed that respiration of trout was affected by sublethal levels 

of ammonia and two aircraft firefighting foams. 

An indirect means of assessing the oxygen consumption of a fish is 

to examine its ventilatory movements; the amount of oxygen removed from 

the water is related to the rate at which water is passed over the gills 

as well as to the degree of contact between the water and the respiratory 

surface. In addition, the gill tissues are quite delicate and therefore 
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likely to be sensitive to toxic materials in the water. Many techniques 

for monitoring fish ventilatory ~ovem~nts have been developed; ~everal 

of these were reviewed by Heath (1972). The simplest method and the 

one causing the least stress on the fish was found to be the use of dual 

external electrodes affixed to opposite ends of a test chamber. These 

electrodes receive the small electrical signals generated each time the 

fish moves its ventilatory apparatus. This approach has been used 

successfully with fish by Kleerekoper and Sibakin (1956), Spoor et al. 

(1971), and Cairns and Sparks (1971). Lonsdale and Marshall (1973) 

used an electrode arrangement in conjunction with an FM transmitter to 

record ventilatory signals from trout. The electrical nature of the 

signal makes it ideal for recording either by a physiograph or by a small 

computer after sufficient amplification. 

The principal information that can be derived from the ventilatory 

signal includes the rate of breathing and the coughing rate. The cough 

is a rapid movement of the ventflatory apparatus which results in a 

reversal of water flow over the gills and is probably a response to 

irritation of the gill surface (Hughes, 1975). The depth of breathing 

may also be inferred from the amplitude of the peaks in the electrical 

signal, but the orientatio·n of the fish with respect to the electrodes 

will also affect the signal amplitude. Large body movements by the 

fish may obscure the ventilatory signal entirely. 

It has long been know that ventilatory patterns are affected by 

toxic substances (Belding, 1929). A large number of materials have 

been shown to affect ventilatory and/or coughing rates at sublethal 

levels, including heavy metals (Sparks et a1., 1972, Sellers et al., 
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1975, ~1clntosh and Bishop, 1976, Morgan, 1977), pesticides (Schaumburg 

et al., 1967, Lunn et al., 1976; Mo~gan, 1977), complex waste ~ff1uents 

(Schaumburg et al., 1967, Walden et al., 1970, Davis, 1973, Howard and 

Walden, 1974, Thomas and Rice, 1975)~ and other materials,such as coal 

dust, wood pulp and kaolin (Hughes~1975). There is some indication 

that coughing rates may be useful asa short term indicator ,of 10ng-

term toxic effects; cough response in brook trout (Salvelinus fontinalis) 

occurs at levels of copper and mercury close to the chronically toxic 

levels (Drummond et a1., 1973, 1974). Various environmental variables 

will also alter ventilatory patterns. Among these are dissolved oxygen 

(Hughes and Saunders, 1970), temperature (Hughes and Roberts, 1970), 

activity level (Heath, 1973, Sutterlin, 1969), pH (Hargis, 1976) 

turbidity (Horkel and Pearson, 1976), season of the year (Beamish, 1964), 

and even seismic shock (Sparks and Cairns, 1972). 

The nature of the ventilatory signal generated by the fish has led 

to the development of several continuous monitoring systems. The simplest 

of these involves timing devices used to periodically activiate a 

physiograph on which the ventilatory signals are recorded (Sparks et al., 

1972, Drummond et al., 1974). The problem is that ventilatory and cough

ing rates must still be laboriously determined by hand from the record. 

A more thoroughly automated system has been designed by Morgan in 

South Africa (Morgan and Kuhn, 1974, Morgan, 1977). An electronic system 

monitors 12 fish in electrode chambers and produces a D.C. voltage 

proportional to breathing rate every minute. Breathing rate data gath

ered in this way from each fish over a five day period is used to set 

a 99·% upper confidence 1 im; t on breath'; ng rate; a vol tage va 1 ue pro-
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portional t6 this level is then set into an alarm device which activates 

an alarm light should any fish exce~d its confidence limit. "Using the 

response of 60% or more of the fish as the criteria"for toxicant detec

tion, a wide variety of materials were detected at levels of 5-10% of 

the 48 hour LC50. 

The sensitivity of the many individual physiological and "behav

ioral parameters discussed here to toxic substances and the availability 

of fairly low cost monitoring equipment indicates the real possibility 

for development of automatic biologi~al monitoring systems. Simultaneous 

monitoring of more than one of these parameters (for example, fish move

ment and breathing, Cairns et a1., 1973) should provide greater sensi

tivity and reliability in identifying toxic waste conditions. If the 

basic requirements described above for a biological monitoring system 

are met, the resulting system could prove to be a useful tool for water 

pollution control. 



PART II. The Development and Evaluation of a System which uses 
Fish Ventilatory Patterns to Monitor Waste Effluent Toxicity 
at an Industrial Site. 

OBJECTIVES 

With the help of the Celanese Corporation and the Manufacturing 

Chemist1s Association, an on-line evaluation of a computer-based fish 

monitoring system has been carried out at a Celanese plant on the New 

River in Virginia. An automated version of an earlier laboratory toxi-

cant detection system (Cairns et al., 1975), this system continuously 

and automatically monitored the toxicity of the waste effluent stream 

by checking for abnormalities in the ventilatory patterns of bluegill 

sunfish (Lepomis macrochirus Raf.). The purpose of this section is to 

review the design and operation of this project, which had four basic 

objectives: 

1. Establishment of the ventilatory patterns of fish under normal 

(non-toxit) conditions. In order to have proper criteria for determining 

the abnormal ventilatory patterns indicative of a toxic spill, the normal 

range of variability had to be found. A statistical package previously 

developed for monitoring fish movement patterns (Hall et al., 1975) was 

used to establish 95% confidence limits on the ventilatory counts from 

each fish for each half-hour of the day_ Evaluation of the suitability 

of this statistical approach was an important part of the overall pro-

ject, as were determing the validity of the confidence limits and the 

kind of environmental factors that would interfere with the normal opera

tion of the monitoring system. 

2. Investigation of the ventilatory reactions of fish continuously 

exposed tofndustrial waste effluent. Appropriate dilutions of waste 

30 
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had to be found at which the fish could survive and also respond rap

idly should toxic conditions develop.. Comparisons were to be made bet

ween waste abnormalities detected by the physical-chemical sensors cur

rently in use at the plant (primarily pH) and the toxic situations in

dicated by the fish monitoring system. The frequency of false warnings 

of waste toxicity (abnormal responses by the fish under normal effluent 

conditions) was also to be determined. 

3. Optimization of system design. The design of the monitoring 

system was new in many respects, especially with regard to the electron

ic devices and the effluent dilution system. Evaluation of this hard

ware, including the computer arrangement, fish breathing signal ampli

fiers, waste diluter, water delivery apparatus, and the fish test tanks 

was an important aspect of this project, as was the assessment of the 

computer software (programming) responsible for counting and evaluating 

the ventilatory patterns of the fish. The performance of all these 

components formed the basis for recommendations on the construction of 

a "second generation ll biological monitoring system. 

4. Evaluation of the economic costs of a fish monitoring system. 

If a biological monitoring system is to become useful in an industrial 

situation~ it must not only be reliable in operation but also economical

ly feasible. An estimate of expense was made for the equipment and man

power which would be required for the construction of a second generation 

system. Also included were the approximate development time and the 

amount of maintenance needed to keep the system running. 



DESCRIPTION OF THE WASTE CHARACTERISTICS 
AND WASTE TREATMENT FACILITIES 

The fish monitoring system was located at the Celanese Fibers 

Company's Celco Plant on the New River at Pearisburg~ Virginia. This 

plant~ a large producer of cellulose acetate fibers, has three princi-

ple sources of discharge into the New River. Most of the water used is 

for cooling purposes; this is discharged at rates ranging from 2.19 to 

2.63 cubic meters/second (ems). The outflow from a fly ash lagoon 

amounts to approximately 0.088 ems. The third source of discharge, and 

the only one used in the fish monitoring system, is the waste generated 

by the manufacturing process itself, at a rate of about 0.086 cms. This 

latter discharge averaged only about 0.1% of the river flow based on 

daily averages totaled over a six-month period during which the fish 

monitoring system was in operation. These data are summarized in Table 

2. Waste flow figures were obtained from a flow meter at the Celanese 

plant, while river flow data were obtained from a gauging station several 

miles downstream, before the river was joined by any large water source. 

The manufacturing process waste has three main components: direct 

process wastes, overflow from settling ponds where waste heavily laden 

with cellulose acetate flakes is pumped, and sanitary sewage generated 

by the some 1500 employees of the plant. The first two components flow 

together into an equalization pond with a retention time of approximately 

two days. This retention prevents rapid changes in waste composition 

which might be detrimental to the effectiveness of a subsequent biolog

ical treatment stage. Upon leaving the equalization pond, the waste 

stream is joined by the sanitary sewage which has received primary treat-

32 
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ment in an Imhoff Tank. The waste then flows into a large aerated lagoon 

where microbial degradation of the largely organic waste produces an 

effluent of acceptable quality for direct discharge into the New.River. 

The fish monitoring system received waste from two pOints in the 

treatment process. One type of waste was sampled prior to entering the 

equalization pond (influent waste), while the other was sampl~d as it 

was discharged into the New River (effluent waste). Table 3 summarizes 

the components of both wastes during the time that the fish monitoring 

system was operating (June 1976 - February 1977). The data "Jere derived 

from the following sources, .as indicated in the table: (1) chemical

physical sensors operating continuously with each number being a 24-hour 

average; (2) refrigerated composite samples, again accumulated over 24 

hours; and (3) grab samples taken during experiments. Percent acidity 

(Tables 3 and 5) gives the percent acetic acid solution equivalent to 

the acidity of the waste. 

The influent and effluent wastes tended to have low dissolved 

oxygen concentrations with high levels of BOD, COD (not measured for the 

influent waste), solids (mostly dissolved), and magnesium. The influent 

waste had higher temperature and solvent levels, lower pH, and, because 

it was sampled before equalization, greater variability in composition 

from moment to moment. The effluent waste had a pH near neutrality, 

moderate temperatures, and negligible solvent concentrations. Much of 

the suspended solids were due to bacterial floc, whereas those in the 

influent waste were usually due to cellulose acetate flakes. 

To characterize these wastes in terms of their relative toxicities 

to bluegills, a static 96-hour aerated bioassay was performed. The 
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mortality figures and analyses of waste composition for both the in

fluent and effluent wastes used-are given in Tables 4 andS, respectively. 

Smaller fish were used in the bioassay (average length - 3.8 cm) ,than in 

the monitoring system itself (average length - 12.6 em), and the dilution 

water in the bioassay was softer (Table 4 and 6). Nevertheless, if the 

wastes used in this test are reasonably representative of the 'general 

composition of Celanese wastes, the effluent waste appeared to be much 

less acutely toxic than the influent. The deaths at 18% effJuent are an 

exception which have no obvious explanation. 

Monitoring of waste water quality of both influent and effluent 

wastes at the Celanese plant is performed at the waste treatment building 

on the plant grounds, and this was the site chosen for the location of 

the fish monitoring system. This facility, which includes a small lab

oratory, is supplied with a continuous sample of both waste streams as 

they enter the equalization pond (influent) and the river (effluent). 

Waste composition is monitored ~y 24-hour refrigerated comppsite samplers 

and continuous flow-through sensors. The sensors measure pH and tem

perature for influent waste; pH, temperature and dissolved oxygen for 

the effluent waste. Upper and lower alarm limits for these parameters 

can be set. When either limit is exceeded, an alarm light is automatic

ally activated in the gate house in the plant, which is manned 24 hours 

a day, 7 days a week. The fish monitoring system had its own alarm light 

which could·have been set when abnormal waste conditions were detected, 

but this capability was not used in.an on-line situation. 

The location of the fish monitoring system provided a rigorous 

environment for its testing. The treatment building, while providing 
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easy access to the influent and effluent waste streams, also had a 

sl ightly corrosive atmosphere, a. great deal of heavy duty electrical 

equipment, warm temperatures, and was located less than 2 km from a 

radio station broadcast tower. Together, these factors caused much 

interference with the operation of some of the electronic components. 

Vibrations and noise from the construction and renovation of the treat

ment facilities were also present at times during the monitoring system's 

operation. Fortunately, plant personnel were helpful in making accom

modations for the operation of the fish monitoring system. 



METHODS AND t1ATERIALS 

The bluegil1s used in this ~tudj were seined from a far~ pond near 

McCoy, Virginia, except those used in experiment 9 and in the bioassay, 

which were obtained from Zett's Fish Hatchery (Drifting, Pennsylvania). 

Following preventative treatment for disease by the ORSANCO method 

(Smith et al., 1974), the fish were kept in holding tanks at Virginia 

Polytechnic Institute and State University for at least one month before 

being transferred to a smaller holding tank in the waste treatment 

building at the Celanese plant. Once there, they were allowed to accli

mate for at least two weeks ,before- being used in the monitoring system. 

The fish were fed once daily with Trout Chow (Ralston Purina Company). 

A photoperiod (on at 0800 hrs, off at 2000 hrs) was maintained during 

both the holding and test periods by an automatic time switch (Model 

T175, International Register Company). The fish (excluding those used 

in the bioassay) had average total lengths and weights (plus or minus 

one standard deviation) of 12.65 cm (~1.35) and 30.81 g (+10.81), res

pectively. 

Following acclimation at the industrial site, fish were transferred 

individually into test tanks similar to the one shown in Figure 1. A 

single fluorescent bulb mounted above each tank maintained the photo

period. The tanks were fiberglass and held 30 liters of water. The fish 

were unrestrained in the tank but generally remained in the section of 

10 cm diameter opaque plastic pipe which served as a refuge. Stainless 

steel electrodes at either end of the tank picked up the small electrical 

signals (10-100 microvolts) generated each time the fish passed water 

over its gills. Figure 12a shows a typical signal, \vith each large peak 

36 
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representing one ventilatory movement (or "breath"). The signal becomes 

smaller if the long axis of the·fish·is not perpendicular to the plane 

of the electrodes and is obscured by violent body movements. The refuge 

minimized both of these interferences. Each tank was vigorously aerated 

by an airstone supplied with air by a pump (Silent Giant Model 120, 

Aquarium Pump Supply Company), to insure adequate dissolved oxygen in 

the tank. This had no observable effect on the reception of ventilatory 

signals from the fish. 

Several modifications were required in the original design of the 

test tanks. At first t the ~ater flow pattern in the tank used two inlets 

and a bottom sloping toward a standpipe and drain to produce a self

cleaning effect. Air blockages and microbial growth in the two inlet 

lines required that one of them be removed to achieve better flow char

acteristics. Another modification (not shown in Figure 1) was the addi

tion of a plastic baffle to prevent the fish from swimming behind the 

standpipe in the corner of the tank. Once behind the standpipe, the 

fish tended to assume a vertical position that made it difficult to pick 

up the ventilatory signal. Finally, the drain line of four of the tanks 

lacked a sufficient drop in elevation to prevent water from backing up 

over the top of the standpipe during occasional surges of water flow. A 

new drain system was installed to correct this problem. 

Since the fish remained in the test tanks for a period of two weeks 

or more, an automatic feeding device was installed (Figure 1). Up to a 

30-day reservoir of food could be s40red in the upright glass tube (17 

mm in diameter). The food at the bottom of the tube rested in a 9.5 

111m hole in a 3.2 mm thick bar of P1exiglass, which itself rested on a 
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larger piece of 6.4 mm Plexiglass. Once each day, at 0900 hrs, a 

computer-controlled solenoid attached to a threaded steel rod pulled 

the 3.2 mm bar with the food trapped in the 9.5 mm hole over another 

hole in the 6.4 Plexiglass piece. The food then dropped directly into 

the tank, and a spring returned the 3.2 mm bar to its original position. 

The amount of food delivered each day plus or minus one standard devia

tion was 0.1099 g ~ 0.0066. This was 0.36% of the average body weight 

of the fish used. Prather (1975) reported a maintenance diet for blue

gills as 0.5% of their body weight per day. Operation of the feeders was 

not ideal due mainly to the ,high humidity of the environment, which some

times caused the food to stick together. The number of blocked feeders 

at the termination of an experiment ranged from two to eleven (out of 

twelve). 

In order to minimize the effects of external disturbances on the 

fish, the 12 test tanks were contained in plywood modules in groups of 

four (Figure 2). Each module measured 203 x 84 x 78 cm. Each tank was 

partitioned from the adjoining one and separated from the outside by in

dividual doors. At one end of the module the water delivery and dilution 

apparatus was mounted; the feeder solenoid (not shown) was located at 

the other end. The diluter and all four tanks shared a common drain 

line, with the exception of the bottom module, where the dilutor had 

its own drain line. Tygon tubing (3.2 mm) running from the standpipe 

end of each tank through the module door to the outside permitted water 

samples to be obtained without unduly disturbing the fish. 

One of the three modules received exclusively dilution water 

throughout the time the monitoring system was in use; in each test this 
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set of four fish served as controls. The other two modules' could be 

supplied with either influent or effl,uent waste. All four tanks within 

the same module each received th~ same dilution of waste. Figure 3 is 

a photograph of fish monitoring system showing the dilution system at 

the end of each module. The on-site microcomputer used t~ monitor the 

fish ventilatory signals is below the window to the left of the modules. 

Obtaining a high quality dilution water with which to dilute the 

waste was a major problem at the study site. The high cost of acquisi

tion prohibited the use of river water, so unchlorinated well water was 

used instead. The well water had a very low level of dissolved oxygen 

(2.0 mg/l) and frequent pulses of particulate iron-containing material. 

To elleviate these problems, the well water was modified prior to 

the point that it entered the dilution system. The water first passed 

through a large tank (580 liter) to settle out some of the larger iron

containing particles. The water was vigorously aerated at this point 

by forcing it through two small nozzles into which air was drawn. A 

one-~lf horsepower centrifugal pump (Goulds Model 3642) sent the water 

through a cartridge-type filter (Carborundum Model #1-BRX-10B) which 

removed the remaining particulate material, and then to the monitoring 

system1s dilution apparatus where airstones provided durther aeration. 

The dissolved oxygen levels in the test tanks prior to waste 

introduction averaged 6.5 mg/l (range 5.4-7.4). By the end of an 

experiment, dissolved oxygen levels had declined an average of 0.45 mg/l 

for the control fish (range (+)0.2 - (-)0.9 mg/l), 1.2 mg/l for the 

effluent exposed fish (range 0.2-1.9 mg/l), and 1.3 mg/l for the influent

exposed fish (range 0.7-2.1 mg/l). The most apparent reason for 

the decline in oxygen levels was microbial growth on the airstones 
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which reduced air flow. Oxygen demand in the tanks receiving diluted 

was te was probably a 1 so a factor.. Other than di sso 1 ved oxygen, the other 

physical and chemical characteristics of the dilution water remafned 

fairly constant over the duration of the project. These are summarized 

in Table 6. 

Utilization of the influent and effluent waste streams pumped into 

the treatment plant building was more difficult than the acquisition of 

good quality dilution water. The major problem with using the wastes 

directly was the presence of either bacterial floc and sludge particules 

(effluent) or cellulose acetate flakes (influent). In order to prevent 

clogging of the dilution apparatus, .the larger of t~ese solid materials 

had to be removed. A Plexiglass settling chamber constructed for the 

effluent had a volume of approximately 30 liters and 50% replacement time 

of 5-10 minutes. The latter figure is derived from a table in an article 

by Sprague (1973) which related replacement time to water inflow rates 

and chamber volume. Once every half-hour a computer-contro'lled solenoid 

v~lve was opened to drain off accumulated solids; this resulted in a 

stoppage of flow to the effluent diluter for approximately 5 minutes. 

The influent settling chamber was a stainless steel cylinder with a volume 

of 21 liters and a 50% replacement time of 3-6 minutes. This chamber was 

emptied manually once a day. Although these settling chambers were of 

some help, heavy solid loads periodically clogged either the main de

livery valves at the treatment plant or some part of the plumbing leading 

to the fish monitoring tanks. 

When the waste effluent reached the modules, they were mixed with 

well water in a diluter based on a constant-head principle (Westlake et 
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al., 1976 and Figure 4) . vJell v/ater entered chamber A and 'overflowed 

into chamber C. Waste water entered chamber B and also overflowed into 

chamber C. Two adjustable weirs regulate the amount of fluid flowing 

out of chambers A and B. The mixing baffle insures that the waste and 

dilution ·water are well mixed prior to flowing to the test tanks. A 

standpipe helps to keep the flow rates to the tanks constant .. When only 

dilution water is being directed to the test tanks, the four hol~s in 

the bottom of chamber E are closed off. Similarly, the holes in chamber 

o are blocked when diluted waste is flowing to the tanks. A V-tube just 

below the bottom of the diluter joined the two sets of holes together, 

with a single 6.4 mm inner diameter Tygon tube transporting the water 

the rest of the way to the test tanks. A small baffle adjoining chamber 

o prevents dilution water from mixing with the diluted waste water. Air

stones were added to chamber A to improve dissolved oxygen levels; one 

was also placed in chamber E as needed to aid in mixing waste and dilu

tion water. No diluter was required for the module which housed the 

control fish. In this case, a simple standpipe overflow arrangement 

(as in chamber 0, Figure 4) was used to maintain a constant head above 

the four lines delivering dilution water to the test tanks. 

The average flow rate into each tank at the beginning of an experi

ment (plus or minus one standard deviation) was 724 ml/min (~87). Based 

on this figure and again using the table from Sprague (1973), the time 

for 50% replacement in the test tanks was about 30 minutes. When com

bined with the figures for the influent and effluent settling chambers 

mentioned previously, it is likely that a persistent change in waste 

composition would not reach 50% of its original level until at least 
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40 minutes after the change began. 

Blockage of waste flow at the di"ution chamber due to mi-crobial 

growth and particulate matter was a serious problem despite the waste 

settling chambers and screens placed ,in front of the diluter's v-notch 

opening. Waste flow was generally maintained during the day~ but stop

pages overnight were common. Considering all the experiments using 

various dilutions of influent and effluent waste, the waste delivery 

system was found to be blocked in the morning on 13 of 33 days for tests 

using the effluent waste and 19 of 21 days for the influent waste. This 

complicates the interpretation of night-time data from waste-exposed 

fish since the exact time of waste flow stoppage is not known. 

The biological activity of the waste also resulted in a reduction 

of water flow to the test tanks, which affected the retention time of 

the test tanks and thus the response time of the fish to changes in the 

. waste. Over a 10-day period, average flow rates through the tanks drop

ped by about 20% for both influent and effluent wastes. The same figure 

for tanks receiving dilution water only was around 4%. The major excep

tion to this was a set of two consecutive experiments (numbers 6 and 7). 

All 12 fish received only dilution water in the first experiment. The 

same fish were used in the second experiment, in which 8 were exposed to 

waste dilutions. The water delivery system was not cleaned out between 

experiments to avoid disturbing the fish, and the flow rates were greatly 

reduced~with decreases ranging from 50-60% for all test tanks whether 

they received dilution water or waste. 

Dilution rates for the wastes were set using a conductivity meter 

(Barnstead Model PM-70CB). The conductivity of both the influent and 
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effluent wastes was 8 to 10 times that of the dilution water. Using 

volumetric glassware, the conductivity of the desired dilution of waste 

was determined. The adjustable weirs of the diluter were then positioned 

until the conductivity in chamber E of the diluter (Figure 4) was as 

close to the desired conductivity as possible. The temperature differ

ence between the two measurements was less than 1°C, minimizin~ this 

source of error for the non-temperature compensated conductivity meter. 

The weirs were cleaned and dilution rates determined at least once daily 

during tests. Table 7 includes information on the relation between the 

desired dilution rate and th~ actual one obtained for both the influent 

and effluent wastes. 

The organization of the monitoring system, based on the operation 

of three computers, is shown in Figure 5. The microcomputer at the 

Celanese waste treatment building recorded the ventilatory rates from 

each fish and sent them at half-hour intervals to the minicomputer on the 

VPI&SU campus 30 miles away. During an experiment, the minicomputer 

recorded the data and determined whether each fish was breathing outside 

its normal ventilatory confidence limits previously determined by the 

large IBM computer, also on campus. 

The process of data acquisition and analysis originated with the 

microvolt electrical signals generated by the fish during its ventilatory 

movements. From the electrodes in the test tanks, the signals were 

transmitted along shielded cable to the microcomputer. An electronic 

amplifier and filter then magnified .the signal by a gain adjustable bet

ween 22,500 and 250,000, in addition to filtering out much of the elec

trical noise (see Gruber et al., in press). The analogue multiplexer 
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allowed the ~omputer to select any fish for analysis, while the analogue 

to digital convertor changed th~ sign~l into a digital form'suitable for 

direct use by the computer. 

The program in the microcomputer which monitored the fish signals 

was sensitive to changes in ventilatory rate, breathing amplitude, and 

the form of the signal. It determi ned the hei ght of each pea k, in the 

signal by determining the difference between successive maxima and minima 

and counting only those peaks larger than a certain value which represent

ed background electrical noise. A simple increase in the frequency of 

breathing also increased the number of peaks counted by the computer. If 

the fish began to breath very shallowly but at a constant rate, the am

plitude of the breathing signal may have decreased to a point where the 

smaller peaks were below the minimum acceptable size, so that fewer peaks 

were counted. 

Depending on the relative movements of the buccal and opercular 

pumps, a single movement of the fish's ventilatory apparatus may result 

in one sharp peak (Figure 12f), a large peak and a small peak together 

(Figure l2d), or one large and one medium peak together (Figure lOc). 

This change in pattern will also affect the computer count. The numbers 

alone may not reveal which of these factors produced a change in counts 

recorded from a particular fish, but the change should still have some 

biological significance. 

Ventilatory signal counts were obtained from the fish in 10 second 

blocks. The, 12 fish were monitored sequentially so that each fish signal 

was sampled every two minutes. At the end of a half-hour, the accumulated 

data from all the fish was sent over a leased telephone line to the mini-
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computer on campus for analysis (Figure 5). In addition to its data

logging 'functions, the microcomputer controlled several devices at the 

Celanese site, including the fish feeders and effluent waste settling 

chamber drain. In the event of the detection of toxic conditions in 

the waste, an alarm light at the plant1s gate house could have been 

triggered and an automatic refrigerated sampler (SigmamotorModel WR-

1-24R) could have been activated. The microcomputer would then have 

selected a waste sample from either diluter by opening one of two sole

noid valves which led from the waste chamber in each diluter to the 

refrigerated sampler. This ·feature was not used due to the number of 

false toxicant detections indicated by the fish monitoring system. 

Fish ventilatory counts received by the minicomputer were stored on 

magneti c tape and pri nted out on a teletype along ~Ji th the time of the 

day and an identifying number. At the beginning of each experiment 

following acclimation of the fish to the test chambers, ventilatory re

cords were collected for a four to six day "standardization period" 

during which all fish were exposed only to dilution water. At the end 

of the standardization period, the accumulated data was sent by the mini

computer over a dial-up telephone connection to the IB~1 370/58 computer 

on campus for computation of the confidence limits on the ventilatory 

counts. 

Occasionally, missing data or data transmission errors were en

countered. Of all the data collected, about 5% were lost due to shut

down of computer operation caused by such factors as power failures or 

electrical storms; another 11% were deleted due to electronic and other 

problems on the basis of criteria discussed below. The 11% figure de-
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creases to 7% if experiment 6 is not .included. Experiment 6 was a spec

ial problem in that an electrical grounding problem caused.extremely high 

electrical noise levels. After the end of the standardization period, 

erroneous data were excluded from the data analyses, but during the 

standardization period the data had .to be replaced so that the statisti

cal analysis could be performed. 

Replacement of single number or records (ventilatory counts from 

all 12 fish for anyone half hour) was done by averaging corr€sponding 

values from the two preceeding and two following half hour records. If 

more than three consecutive half-hour records were missing, these were 

replaced by the average ventilatory counts for those particular half 

hours of the day from the remaining days of the standardization period. 

For the three days with more than 20 half-hour records missing, the en

tire day of data was dropped. If less than four days of standardization 

data was available for anyone fish, that fish'was dropped from the 

experiment entirely because the statistical program required a minimum 

of four days of data to compute the confidence limits. 

The statistical evaluation of the data was an adaptation of an 

earlier method used for setting confidence limits on fish movement pat

terns (Hall et al., 1975). The standardization data was used to set 95% 

'confidence limits on the ventilatory counts for each fish for each of 

the 48 half-hours of the day. Once calculated, this information was 

sent back over the telephone line to the minicomputer where it was stored 

in memory_ The elapsed time between the start of transmission of the 

standardization data to the IBM 370 and the reception of the confidence 

limits by the minicomputer was one to one and one-half hours. 
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After the standardization period, data from the fish at Celanese 

was compared to the appropriate~onfidence limits for each fish and half 

hour of the day. A fish with a ventilatory count above its upper limit 

or below its lower limit was said to be showing a high or, low response, 

respectively. The criterion for a IIwarn ing" situation (one possibly 

indicative of abnormal water quality) was simultaneous responses by three 

or more fish out of anyone group of four during a single half-hour per

iod. 

Some data output from the minicomputer after computation of the 

confidence limits is shown in Figure 6. After printing out the record 

number (a) and half-hour of the day (b), the ventilatory counts were 

typed for the control fish (first four numbers) and fish receiving di

luted waste (second and third sets of four numbers). An appropriate 

letter (H-high, L-low) was printed below any number from a fish showing 

a response. The word "warning" was typed if any group of four fish fit 

the criterion given above. In the event of a warning, the minicomputer 

could have immediately interrupted the microcomputer at Celanese and 

informed it which group of fish had shown the abnormal responses. The 

microcomputer could then have responded by turning on an alarm light 

and operating an automated refrigerated sampler in a manner described 

above. 

Each experiment conducted with the monitoring system had basically 

the same format. The dilution system and test tanks were first cleaned 

with a chlorine solution; any residu'al chlorine was removed by the addi

tiol1of sodium thiosulfate and flushing of the tanks overnight with 

dilution water. Twelve fish were then transferred into the test tanks 
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from the holding tank and allowed to acclimate at least 48 hours. 

Pri'or to the start of an experiment, the ampl ified ventilatory 

signals from each fish were examined on oscilloscope and the level of 

electrical noise determined. A numerical value representative of this 

level was then stored in the Celanese microcomputer, and peaks recorded 

below this level during the test were not counted. The visually and 

computer-counted ventilatory rates were compared and further adjustments 

were made until the two counts agreed. The ventilatory signals were 

rechecked on the oscilloscope at least once a day to determine the vent

ilatory rate and electrical noise level and check for proper amplifier 

operation. 

Computer monitoring of the fish began at 1400 hrs on the designated 

day following acclimation, so that one day of experimental data consisted 

of 48 records received from 1430 on one day through 1400 on the next. 

After the four to six days of the standardization period, waste was in

troduced into two sets of four fish, again beginning at about 1400 hrs. 

One set of four fish always served ~s controls. 

The original experimental strategy was to run a series of short 

tests in which the non-control fish were exposed to a given dilution of 

either influent or effluent waste over a four-day period. The number of 

responses from the fish under normal waste conditions were compared to 

the values obtained from the control fish, in order to find the highest 

dilution level at which the waste-exposed fish would continue their 

ventilatory behavior in an essentially normal manner. The goal was to 

have the fish maximally sensitive to developing toxic conditions while 

at the same time avoiding as many false warnings as possible. 
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Establishment of these dilution levels was to be followed by longer 

term tests in which fish would b.e exposed to waste for pericidsup to 

several weeks, during which warnlng situations would be evaluated by 

analysis of the automatically sampled waste and conferral with Celanese 

personnel~ Several factors prevented long-term monitoring'and limited 

tests to a waste exposure period of several days. The waste itself, with 

its high solids level and biological activity, slowed down flow rates 

into the test tanks considerably in only a few days in additon to leaving 

accumulations of bacterial floc in the test tanks at even the lowest di

lution levels. Also a problem were the fish signal amplifiers, which re

quired cleaning and readjustment at least every two weeks due to the 

deterioration of electrical contacts and electrical interference. 

During the eight month period over which the monitoring experiments 

were conducted, no acutely toxic spills were known to have occurred in 

either the influent or effluent wastes. Two spills were simulated in 

order to test the response characteristics of the monitoring system. The 

first one was done before the statistical limits program had been in

corporated and was intended to show how the system might respond to a 

sudden pulse of chlorine (sodium hypochlorite). Ventilatory counts were 

monitored at 15 minute intervals rather than half-hour intervals, and 

the total duration of the test was less than 12 hours. Eight fish were 

used. Four received dilution water only, and four received a chlorine 

pulse which was introduced 2.75 hours after the start of monitoring. 

Total residual chlorine was determined with an amperometric titrator 

(Wallace and Tiernan Series A-790). 

For the second test, the whole monitoring system was operational. 
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Two groups of four fish received the same 5% dilution of effluent to 

which acetone was added on days. two and four after the start of waste 

exposure. In addition to computer monitoring, recordings of ventilatory 

signals were made on a strip chart recorder (r-·1oseley Model 7100B, Hewlitt

Packard Co.), using the output of the fish signal amplifiers. These 

data were obtained from the sam~ two fish, one from each group of acetone

exposed fish, before and during the time acetone was added. 

The concentrations of acetone, ranging from sublethal to acutely 

toxic, were raised to a maximum in 45 to 55 minutes and then allowed to 

fall back through dilution. The stock solution was 98.6% acetone uti

lized in the cellulose acetate manufacturing process. It was gravity 

fed into the waste diluters prior to the point where the waste and di

lution water were mixed (Chamber D, Figure 4). Water samples were taken 

periodically from two of each set of four tanks receiving acetone, re

frigerated, and analyzed for acetone content by the Celanese Corpora

tion's gas chromatograph system. 

During each of the eight experiments with the fish monitoring 

system, real time analysis of the fish breathing data was carried out. 

Confidence limits determined from the standardization period were used 

on the following days to instantly compute for each half-hour the num

ber of abnormal responses and warnings, if any, for each group 'four 

fish. Direct interpretation of the data was complicated by problems 

with the statistical model, electrical noise difficulties, and occa

sional amplifier malfunctions. In order to gain a proper picture of 

the system1s potential for operation, it was necessary to reanalyze the 

data in an attempt to remove these non-biological effects. For this 
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reason, data from all experiments were adjusted as described below. 

1. Confidence limits were' initially determined for each fish based 

on the distribution of all the data collected during the standardization 

period. Because the ventilatory counts were often quite ~ifferent from 

day to night, grouping all this data together produced confidence limits 

which were too wide during the day and too narrow at night. To alleviate 

this, data from the day and night periods were reanalyzed separately, 

and the resulting confidence limits were recombined to give a full set 

of 48 upper and lower limits. Figure 7 shows a plot of the confidence 

limits for a typical fish along with the 6 days of data from which they 

were determined. In general, the day-time ventilatory counts ~Jere fairly 

constant, increasing to a peak just before dark. The counts dropped 

immediately after dark, then rose slowly until the lights went on at 

0800. 

2. Occasionally the data were affected by various malfunctions in 

the system. Such data were deleted and not considered in the analysis 

of the results. The following criteria were used for the deletion of 

data: 

a. Data were deleted during the times that a fish signal am

plifier produced only a straight-line signal due to the development 

of an excessive DC voltage potential between the electrodes in the 

test tanks. 

b. The fastest ventilatory rate observed from any bluegill 

was about 130 movements per minute. Counts for a half-hour period 

which corresponded to over 200 movements per minute (less than one

half of 1% of all data) were found to be due either to very high 
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noise levels or to data transmission errors and were deleted. 

c. If, on two or more successive days, examination of the 

fish signal amplifiers revealed such high levels of electrical noise 

that the ventilatory signal was completely masked, the data accum

ulated during that time was deleted. 

d. In four instances, widely different ventilatory counts 

from the standardization period caused the statistical program to 

produce lower confidence limits which were actually higher than the 

upper confidence limits. Data corresponding to these half-hour 

periods were dropped. , 

After the data had been corrected and reanalyzed as described above, 

it was evaluated by combining data from different experiments and also 

by considering each experiment separately. In the first case, data were 

combined from fish exposed to comparable materials (i.e., dilution water, 

similar influent or effluent waste concentrations). Combined control 

fish data was used to determine the appropriateness of the statistical 

model and also to provide another basis for gauging the effects of waste 

exposure on the fish. Data from the fish involved in the simulated ace

tone spill were not included in the combined effluent data. 

Among the specific parameters determined from the data both sepa

rately and in combination were: 

1. Total Response Rate. This represents the amount of time that 

the half-hour ventilatory counts were above or below the confidence 

limits. For the control fish, this .figure should give some idea of the 

degree to which the data fits the statistical model at the theoretical 

reponse level of 5%. The effect of th.e waste on the fish ventilatory 
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patterns may be indicated by a comparison of overall response rates with 

the control fish. 

2. Ratio of High Responses to Low Responses. In the absence of 

environmental disturbances the fish should show a fairly even number of 

high and low responses. In this case the ratio should be near one; a 

marked departure from this could be significant in terms of the behavior 

of the fish. 

3. Warning Rate. The number of warnings per four fish per day is 

determined by first taking the total number of half-hour data points and 

reducing it to a number of IIfour fish-daysu through division by 192 (48 

half-hour periods per day times 4 data points per group of fish per half

hour). The total number of warnings is then divided by this figure to 

give an average number of warnings per group of 4 fish per day_ This 

provides another basis for comparing the degree of abnormal ventilatory 

activity for fish exposed to dilution water and various waste concentra

tions. 

4. Subgroups of Data. The above three parameters were also cal

culated for two subgroupings of the data which are especially important 

for delimiting the normal ventilatory behavior displayed by the control 

fish. These subgroupings are: 

a. Day and Night. Data from comparable 24 half-hour periods 

representing day and night were combined to see how the response 

patterns varied. This is of interest in view of the marked diurnal 

variation ;n ventilatory counts. displayed by most of the fish tested. 

b. Increasing Time from the Standardization Period. Data 

were combined by day for each successive 24-hour period following 
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the last day of the standardization period. The purpose was to 

determine if the fish changed their ventilatory patterns signifi

cantly as the time after determination of the confidence limits 

increased. 

These procedures were designed to give an overall picture of the 

ventilatory behavior of the fish under control and waste-exposed condi

tions. In addition, each experiment was examined in detail in order to 

correlate any warnings with external disturbances, influent waste per

turbations, or other factors. 



RESULTS 

A total of 12 experiments were carried out at the Celanese Fibers 

Company plant between June, 1976 and February, 1977. Table 7 summarizes 

the type of experiments performed during this period. Wi~h the exception 

of the simulated chlorine and acetone spills, no fish died during any 

experiments. Experiments 2 and 10 were terminated before completion of 

the standardization period due to equipment malfunction. 

Experiment 1 was a preliminary test of the system (Westlake and van 

der Schalie, 1977) in which fish were exposed to a brief pulse of chlorine 

and their breathing reactions were monitored by the microcomputer. For 

this short-term test, no confidence limits were established, but the re

sults illustrate how the monitoring system might respond to a toxic spill. 

Figure 8 shows the ventilatory counts for 8 fish, 4 in dilution water and 

4 exposed to a pulse of chlorine. The chlorine was introduced beginning 

2.75 hours after monitoring began and reached a peak of 0.14 mg/l (total 

residual) 1.5 hours later. Rosenbloom and Rickey (1976) reported a 96-

hour TLm for bluegills of 0.33 mg/l. The dotted line represents the 

estimated, not measured, decrease in chlorine concentration. The four 

control fish exhibited relatively little fluctuation in their ventila

tory patterns, while ventilatory counts for all four exposed fish de

creased following chlorine introduction. This change was not due solely 

to a drop in ventilatory frequency. The breathing signals, as viewed 

on an oscilloscope, changed very little in frequency from pre-exposure 

levels. However, the amplitude of the signal dropped and, as described 

earlier, the computer reflected this in the very low counts recorded 

from the chlorine-exposed fish. 

55 
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Before examining the results from the remaining experiments indivi

dually, .combined data from comparable groups of fish will .be discussed. 

Table 8 summarizes the data from the control fish used in each of the 

experiments. The total number of data points does not include missing 

or delet~d data which have been removed according to criteria given ear

lier. A warning is defined as a simultaneous response by three or four 

fish out of any group of four. If only three amplifiers were in operation, 

all three fish had to show simultaneous responses to create a warning. 

Virtually all parameters show a great deal of variability from ex

periment to experiment. The overall response rate of 17.8% is large with 

respect to the theoretical level of 5%; the lowest response rate in the 

control fish from any experiment was 10.1%. The ratio of high to low 

responses (1.2) is not far from the figure of 1.0 which might be expected 

on the basis of a random occurrence of high and low responses. Again 

there was great variability, with a ratio of 0.2 in one experiment and 

no low responses at all in another. The average number of warnings per 

day follows this same pattern of variability_ The overall figure of 

1.86 is biased by two experiments (7 and 8), without which the warning 

rate would drop to 0.86 warnings per four fish per day. 

Combined response data for groups of fish exposed to comparable 

effluent dilutions are shown in Table 9. The effluent dilutions given 

are approximate and subject to the problems with waste flow described 

earlier. Experiment 11 is separated from the other 5% effluent tests 

because these fish were exposed to qcetone. The response rate of fish 

exposed to 10% effluent is higher (35%) than those exposed to 5% efflu

ent (20%). The 20% rate is comparable to the 17.8% rate of the control 
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fish. The 1% effluent response rate (23.6%) is somewhat higher than the 

5% effluent figure, but it is a1so based on only one experiment. As with 

the control data, the high to low response ratio is quite variable (0.56-

10.3 in the 5% effluent fish). The control ratio of 1.2 £ompares with 

0.78 for the 10% effluent fish, 2.0 for the 5% effluent fish, and 1.1 

for the 1% effluent fish. 

Warning rates follow the same trend as the response rates. Fish 

exposed to 10% effluent had an average daily warning rate of'6.0, while 

the same rate for 5% effluent fish is 1.4. The control figure was 1.86. 

The 1% effluent warning rate was 1.5. 

Table 10 summarizes the results from the fish exposed to influent 

waste. The overall response rate (17.9%) is close to that of the con

trol fish, although experiment 9 was much lower (7.8%) while experiment 

8 was much higher (35.2%). No consistent differences were evident bet-

, ween the 5% and 1.5% dilutions. High-low response ratios were generally 

higher (2.9 for the 1.5% dilution) than those for either the controls 

(1·.2) or the effluent-exposed fish (2.0 for the 5% dilution). The aver

age number of warnings per day tended to be higher for the, influent

exposed fish, but this depended greatly on the particular experiment 

considered. The range was from 0 to 13.2 warnings per four fish per 

day. Some of this large amount of variability may be related to the 

problems encountered with the influent waste dilution system. 

Comparisons between day- and night-time response rate data from 

the control fish are given in Table ~l. Both the overall response rates 

and the average warning rates are quite similar for day and night. The 

high to low response ratio indicates that there may be more high res-
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ponses at night and more low responses during the day, but this observa

tion is"not always consistent with the individual experiments. 

Day-night comparisons were also carried out on the two waste con

centrations for which data from several experiments was available (5% 

effluent and 1.5% influent, Tables 12 and 13, respectively)~ The varia

tion among experiments is again high. Data from the 5% effluent-exposed 

fish gave overall response rates which did not differ greatly. The day

night differences in warning rates and high to low response ~atios are 

not large with respect to the differences between experiments. 

Similarly, the overall "response rate of the 1.5% influent-exposed 

fish shows little contrast between day and night. There is, however, a 

somewhat consistent relationship for the high-low response ratio and aver

age warning rates; both seem to be higher at night than during the day_ 

It should be remembered that on 19 and 21 days, the influent waste stop

ped flowing·at some point during the night. This may contribute to the 

observed differences, although it seems more reasonable to expect these 

parameters to decrease rather than increase when the waste was not flow

ing through the system. 

Besides the possibility of day-night response differences, there 

was also the chance that the fish1sventilatory pattern might change as 

the time from the standardization period increased. Information relat

ing to this was compiled for the control fish (Table 14), for the fish 

exposed to 5% effluent (Table 15), and for fish exposed to 1.5% in

fluent (Table 16). The patterns of·change in the three major parameters 

measured (overall response rate, high to low response ratio, and warning 

ratio) are quite similar to each other in both the control and waste-
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exposed fish. In the control fish, each of these parameters decreases 

consistently as the number of d~ys f~om the standardization period in

creases until the fourth day, when they increase to near their first day 

values. It is difficult to generalize further based on the small number of 

data points available for the fifth and sixth days after the standardiza

tion period. The main difference between the control and waste-exposed 

fish is that in the latter the values of the three variables sometimes 

start to increase toward their first day levels on the third rather than 

the fourth day after the standardization period. 

In this next section, each of the 8 complete experiments will be 

treated separately. Since the emphasis is on detection of abnormal 

ventilatory patterns, the date and time of each warning are reported along 

with any factor which might have caused the warning. Also listed are 

various disturbances which did not produce warnings in the fish monitoring 

system. Interferences encountered included faulty lighting, clogged feed

ers, problems with waste and dilution water flow, bad fish position (be

hind the standpipe in the tank) and external noise or vibrations. In

fluent pH alarms (triggered when the pH dropped below 4.0 pr went above 

6.0) are listed for the experiments in which a set of fish received a 

dilution of the influent waste. Also included in each experiment summary 

are the dates and times when data were either missing due to computer or 

power failures or when only two fish signal amplifiers in one group of 

four was operational. Obviously under the latter circumstances it would 

not be possible for a warning situation to occur, since this requires a 

simultaneous response by three fish. 

Individual summaries for the eight completed experiments are shown 
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in Table 17 through 24. The format for each is the same. It should be 

remembered that a warning can onJy oc~ur once each half-hours' ori the half

hour. External disturbances are noted as they occurred s but some' factors 

which may have affected the fish could not be observed directly until the 

end of the experiment. These include clogged feederss faulty fluorescent 

lights and bad fish position. 

Experiment 3 was conducted at the highest effluent dilution tested 

(10%); the influent waste dilution was near the 1.5% level. ·The most 

significant problem was an overflow of the effluent settling chamber 

during the night of June 29.' The main effect of this overflow was to 

dampen the aerators which maintained oxygen levels in the test tanks. 

However s the aerators were still operational and dissolved oxygen levels 

did not appear to have decreased greatly. For example, one tank re

ceiving effluent had a dissolved oxygen level of 6.0 mg/l at 1550 hrs on 

June 29. At 0930 on June 30, the level was 5.8 mg/l. The reason for the 

large number of warnings which occurred that same night in both the 

influent- and effluent-exposed fish is not clear. 

Of the , three warnings which were recorded from the control fish, 

only one seems to correlate with an external events. At 1530 on June 29, 

the control fish may have responded to a short malfunction in the light

ing system, but neither of the other two sets of fish similarly affected 

showed a reaction. No warnings seem to be related either to stoppages 

of waste flow which occurred during the night or to the restarting of 

waste flow in the morning; this same pattern was found in later experi

ments. It is difficult to draw definite conclusions since the exact 

time of waste flow stoppage is not known. The two influent pH alarms on 
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July 1 failed to produce warnings from the exposed fish. 

Waste concentrations in experim~nt 4 were at the highest levels 

tested; 10% effluent and 5% effluent. Again, there are several days when 

the waste delivery system clogged overnight. The influen,t waste-exposed 

fish produced three warnings, two of which may have been related to an 

influent upset recorded by the Celanese pH sensors from 0850-0930 on July 

22. On the other hand, several other pH alarms caused no corresponding 

warnings from these fish. 

The effluent waste-exposed fish gave a number of warnings during 

the night and into the morning of July 2l-July 22. These may be related 

to the fact that of the three fish in this group whose amplifiers were 

operational, one was found at the end of the experiment to be positioned 

behind the standpipe in its tank. This, as mentioned previously, leads 

to some reduction in the quality of the signal. One fish was found in 

this position in the control tank as well, but the control group had 

only one warning over the entire experimental period, and this fish did 

not give a response at that time. 

The next experiment (number 5) was carried out at lower waste di

lutions than its predecessor (5% effluent, 1.5% influent). In general, 

there were less warnings in this experiment, but both the influent- and 

effluent-exposed fish produced several warnings on the night of August 

15. Four of these eight fish had consistently high ventilatory counts, 

which may have been due to an increase in electrical noise levels. Also, 

both waste lines became plugged sometime during the night, but this was 

not associated with increased warnings when it occurred during the night 

of August 12. The recorded influent pH alarms did not appear to cause 
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warnings from the influent-exposed fish. 

Some data on the ventilatoty patterns of control fish alone were 

obtained in experiment 6. Unfortunately, an electrical grounding problem 

produced such a large amount of electrical noise in the signals from 8 

of the 12 fish that only the data from the remaining 4 could be used, 

and even these were affected on one day. Of the six warnings produced 

over a time span of as many days, two appeared to be a product of the 

electrical problem mentioned above, while no definite cause could be 

attributed to the other four. 

No waste flowed through any of the tanks during experiment 6, so 

these same fish were kept in place for use in experiment 7. A new set 

of confidence limits were determined for each fish because of adjustments 

made in the fish signal amplifiers. Two different effluent concentrations 

were used. Some difficulty was encountered due to a storm which caused 

high river levels and large amounts of debris that interfered with opera

tion of the effluent sampling pump. In this experiment there were few-

er warnings associated with the 5% ~ffluent-exposed fish than with either 

the 1% effluent-exposed fish or the control fish. There are no obvious 

causes for the warnings, with the exception of the morning of October 

10, when the signals from all four control fish developed a large amount 

of electrical noise and produced six warnings. 

Experiment 8 was conducted with a 5% effluent dilution and with 

influent waste at a 1.5% level. It was difficult to keep the influent 

waste flowing due to periodic high levels of particulate matter which 

clogged the delivery apparatus. Because of this, influent waste flow 

was terminated at 1515 on November 4. Less than 1% of all the responses 
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recorded during the entire experimental period were low responses. This 

may be related to increased lev~ls of electrical noise which 'would have 

increased the number of counts picked up by the computer. On the aver

age, 6 of the 12 fish had noise levels during the experimental period 

0.5 volt~ or more above levels recorded during the standardization period. 

There were several warnings in each of the three groups of fish, none of 

which could be definitely correlated with external disturbances. It is 

unlikely that the problems discovered at the end of the experiment could, 

by themselves, account for these high warning rates. The pne effluent 

fish whose light malfunctioned had a response rate of less than 3%. The 

other two fish with special problem~ (one out of position, one with water 

backing up over the standpipe in the tank) did not show response patterns 

greatly different from similarly exposed fish. 

The fish used in experiment 9 were accidently exposed for several 

minutes to a low level of chlorine three days prior to the start of the 

experiment. Sodium thiosulfate was added immediately to reduce the chlo

rine and there were no obvious harmful effects. The ventilatory rates 

did not seem to be greatly affected; the daytime rates for, the control 

fish averaged over the whole experiment from counts made on the osci11o

scope were high but close to the averages from two other experiments 

where no chlorine exposure occurred (Table 25). There were relatively 

few warnings during the experimental period, none of which were related 

to external disturbances. The two influent pH alarms may be irrelevant 

since they occurred at a time when the influent waste delivery system 

may have been plugged. The noise and vibration caused by workmen on 

November 19 produced no warnings from ,the fish monitoring system. 
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The final experiment, number 11, tested the response of the monitor

ing syst~m to a simulated acetone spill. Both sets of waste~exposed fish 

e'Elll and "E2") received a 5% dilution of effluent to which the atetone 

was added at two different times during the five-day experimental period. 

The test fish were in the diluted effluent for about 48 hours prior to 

their first exposure to acetone. 

The control fish produced only one warning during the experiment 

which was not associated with any known external factor. Prior to their 

first exposure to acetone, the El group of effluent-exposed fish gave 

only one warning. The E2 group had several warnings in their first 12 

hours of exposure to effluent, but tn the last 33 hours prior to acetone 

addition only two warnings were recorded. Two important differences bet

ween the El and E2 fish are that (1) particulate matter and microbial 

growth resulted in the blockage of effluent flow overnight more often in 

the E2 group, and (2) only three fish signal amplifiers were operational 

during the acetone exposures in the E1 group. 

The first addition of acetone to both groups was begun at 1100 hrs 

on February 15. The pattern of acetone exposure was the same for both 

groups, but the El fish received a higher concentration. Figure 9 shows 

the concentrations of acetone and the number of responses from each set 

of exposed fish on February 15. The average and range of acetone levels 

are given for samples taken from two tanks in each group. Acetone con

centrations in the diluted waste were estimated to be 0.64% for the El 

fish and 0.29% for the E2 fish. Assuming an average effluent waste flow 

rate of 0.086 ems, and with acetone added to the waste for 50 minutes 

and 40 minutes for the El and E2 fish; respectively, the total acetone 
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that would have been released in a real-life spill was about 33,000 1. 

for the.El fish and 12,000 1. for th~ E2 fish. 

None of the acetone levels reached on February 15 were above the 96-

hour 100% survival concentration, according to a static qcetone bioassay 

conducted with bluegil1s in soft water at laoe (Cairns and Scheier, 1968). 

No fish died and warnings were not recorded from the El fish. The E2 fish 

did give warnings at a lower concentration, but these could not be attri

buted to acetone since one of the warnings occurred before the acetone 

was introduced. Three bioassay levels shown for the second acetone spill 

(Figure 11) are the LC50, the highest 100% survival concentration, and 

the lowest no survival concentration. The levels reported from the bio

assay were those introduced into the test chambers; therefore, the actual 

concentrations may have been somewhat lower due to the volatile nature 

of the acetone. 

Recordings of the ventilatory signals from one fish in the E1 group 

and one fish in the E2 group are shown in Figure 10. Acetone concentra

tions peaked at 1150 for the E1 fish and 1140 for the E2 fish. Acetone 

levels given are those measured nearest the time at which the ventilatory 

signals were recorded. For both fish, the ventilatory rate seemed to 

increase only slightly for the El fish and somewhat more for the E2 fish 

after acetone was added. By 1230, the E2 fish was breathing at a rate 

close to the pre-exposed level, while the E1 fish still had an elevated 

rate. The form of the signal did not change greatly for either fish 

during acetone exposure. 

The second acetone addition was done 48 hours after the beginning 

of the first and at substantially higher concentrations of acetone, with 
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approximate peak values of 16,000 mg/l and 8,000 mg/l for the E1 and E2 

fish, respectively. During the'interim period, there were two warnings 

from the E1 fish and five from the E2 fish. Prior to the second'ace

tone introduction, there were no warhings from these groups for 12.5 and 

6 hours, respectively. 

Three of the four fish in the El group were killed by acetone levels 

which peaked out over 14,000 mg/l; the 96-hour "no survival" concentra

tion referenced above was 11,500 (see Figure 11). These fish, which 

apparently died soon after the peak concentration was reached, did not 

produce continuous warnings 'for the remainder of the experiment as might 

have been expected. One reason was that one of the three fish that died 

was in a tank which could not be monitored due to electronic problems. 

The other two dead fish did produce continuous low responses, but the 

third fish whose response was necessary for a warning to occur recovered 

rapidly enough that only four warnings were produced during the height 

of acetone exposure. 

The lower acetone concentration supplied to the E2 fish peaked out 

near the predicted 96-hour Le50 concentration of 8,300 mg!l. None of 

these fish died, but high breathing responses caused warnings starting 

one hour after acetone introduction. These warnings continued for five 

more half-hour periods, until the acetone level dropped below 1,000 mg/l. 

The concentration of acetone in the diluted waste was about 2.6% for the 

E1 fish and 1.6% for the E2 fish. Had this been a real spill, the 

amount of acetone lost would have baen approximately 141,989.1 at 

the E1 level, and 70,892 1. at the E2 level. 

Ventilatory signal recordings done for the same fish as in the 
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first acetone exposure are shown in Figure 12. The El fish monitored was 

the only one to survive this exposure to acetone. Acetone flow started 

at 1000 and reached peaks at about 1050 for the El fish and 1040 for the 

E2 fish. The large number of warnings at these acetone concentrations as 

compared to the first acetone addition may be related to the. much greater 

ventilatory response exhibited by the fish. Ventilatory rates' for both 

fish at the peak acetone levels were two to three higher than the pre

exposure rates and were still quite high 30 minutes later. In addition 

to an increased ventilatory rate at the peak acetone concentration, the 

amplitude of ventilation of ~he El.fish dropped and became more variable. 

By 1130, some recovery was evident in the increased amplitude and re

gularity of breathing. The E2 fish also displayed these changes but to 

a lesser degree. 

The computer-counted ventilatory rates showed an apparent lag time 

in response to the acetone. The earliest either set of fish could have 

shown a warning was 1030, the ti~e of the first computer report of vent

ilatory counts after the start of acetone flow. At this·time, the ace

tone concentration had gone over 6,000 mg/l in both of the tanks sampled 

for acetone. The first warning for both groups of fish actually occurred 

in the very next half-hour, which was recorded at 1100. One explanation 

for this lag is that even if the fish began changing their ventilatory 

patterns 15 minutes after the acetone introduction, there may not have 

been enough change for the half-hour period as a whole to push the in

dividual ventilatory counts outside ,of their confidence limits for that 

half-hour period. The delay in response may also be due to biological 

factors internal to the fish. 



DISCUSSION 

"VentilatoryPatterns'Under"Control "Conditions 

In order to use the ventilatory data from the fish to monitor waste 

toxicity, two methods of data analysis were required: the microprocessor 

program used to compute the number of peaks per unit time iri the electri

cal signal from the fish and the statistical program used to set confi

dence limits on these numbers. Since the results presented here involved 

the number of times fish generated ventilatory counts lying outside of 

their confidence limits, the degree to which the control fish data cor

responds to the statistical 'model "under presumably normal conditions is 

important. 

Two measures of this correspondence are the response and warning 

rates. Assuming that the control "fish in each experiment were not ex

posed to stressful environmental conditions, the 95% confidence limits 

generated should have resulted in 5% of the ventilatory counts being 

above or below the limits. The actual figure was consisten"tly higher than 

this (17.8%). One contribution to this high rate may have been the e1ec

trical noise problems mentioned previously, which would have increased 

the number of high responses by adding to the number of peaks counted. 

While the ratio of high to low responses may reflect this in some exper

iments (5 and 8, Table 8), in most cases the number of high responses 

were close to or less than the number of low responses. A preponderance 

of low responses may indicate a decrease in either ventilatory rate or 

amplitude. In any event, it is possible for only one fish out of a 

group of four to bias the results by showing an excessive number of res

ponses; this may also have added to the high total response rate. 

68 
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The warning rate was also higher than would have been expected theo

retically •. The probability of ~ warning (at least three simultaneous res

ponses from a group of four fish) should have been (0.05)3+(0.05}4 or 

0.000131. The actual average probability observed for th~ control fish 

was computed as follows from the data in Table 8: 

Total number of Warnings (54) 
Total Number of Data Points (5577)/Number of Fish per Group (4) 

The value obtained, 0.0387, was over 100 times the theoretical value. 

As with the response rate data, this value shows consideration variation 

between experiments, ranging from 0.0054 in experiment 5 to 0.130 in 

experiment 8. The single likeliest factor contributing to this would 

again be electrical noise which would make warnings more prevalent by 

raising the response rate. This by itself does not explain the high 

warning rates in all the experiments; some of the problem may lie in the 

statistical model itself. 

The warning rate, response.rate, and the ratio of high. to low res

ponses all showed a trend toward a decrease in value through the first 

three days following the standardization period with an increase on the 

fourth day. The reason for this trend is not obvious; one possible ex

planation is a gradual decrease in fish ventilatory rates, amplitudes, 

or both over the four-day period combined with increased electrical noise 

levels on the fourth day as the result of a deterioration of the electri-

cal contacts in the electronics. However, manual counts of· fish ventila-

tory rates and amplitudes on the oseilloscope did not show a consistent 

trend towards a decrease in these parameters. 

Any future application of the fish monitoring system should include 
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a reevaluation of the suitability of the statistical model of fish vent

ilatory -patterns. Control data ',for this purpose should be derived under 

more carefully controlled circumstances than were possible in the Celanese 

environment. Electrical noise has already been indicated as a major 

of interference, but there are several others. During the standardization 

period, these interferences could have resulted in the computation of 

improper confidence limits. These would have affected all subsequent 

data by causing extra responses and warnings after the standardization 

period. Additional problems affecting the control fish included: 

1. External disturbances. Noise and vibration were an unavoidable 

byproduct of the industrial environment, especially in the latter months 

of the project when the waste treatment facilities were being renovated. 

Their actual effect on the fish ventilatory patterns may not have been 

too great, since examination of responses from the control fish revealed 

little correlation with known occurrences of these disturbances. On the 

other hand, a number of these disturbances may have gon~ unrecorded. 

2. Fish feeder malfunctions. Food'was normally dropped into each 

tank once a day by the automatic feeder. When this device,clogged, the 

particular fish involved was left without food for the remaining days of 

the experiment. Although there did not appear to be increased responses 

during the first half-hour after feeding (0900-0930) for fish with block

ed feeders, there may have been a longer term effect on the ventilatory 

behavior of the unfed fish. 

3. Fi"sh movement. Excessive -body movements mask the ventilatory 

movements and produce extra computer-counted peaks in the electrical sig

nal. This effect would be minimized for movement occurring at the same 
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time every day (for example movement associated with feeding), since it 

would be taken into accountwhe~ the 'confidence limits for that period 

of the day were determined. In fact, fish in the test tanks seemed to 

have little tendency to stray from their refuges, especially when the 

tank was illuminated. The small day-night differences in response and 

warning rates may be an indicatio~ that movement at night wai also nor

mal. 

The single factor having the greatest impact on the operation of 

the statistical program was probably the way in which the ventilatory 

counts were generated. The microcomputer program written for this pur

pose counted all the peaks in the electrical signal from the fish over 

a certain level, which means that the counts from the fish reflected both 

the frequency and depth of breathing. Programming which separated these 

two components would generate ventilatory counts that would differ from 

those obtained in the present set of experiments, but would require an 

environment with less electrical noise to operate successfully. These 

new data would result in different values for the confidence limits and 

would thus probably change the response and warning rates. 

Ventilatory Resp6nses of Fish Exposed to Wastes 

The problems with the interpretation of the results from the con

trol fish makes analysis of data from waste-exposed fish that much more 

difficult. The fact that a warning occurred in a group of waste-exposed 

fish during any particular half-hour is not by itself so significant 

when the same situation occurs in tne control fish without any obvious 

cause. In addition to the interferences affecting the control fish, the 

waste-exposed fish were subjected to the interruptions of waste flow and 
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lowered dissolved oxygen levels discussed earlier. 

If -normal ventilatory behav·.ior cannot be taken as a lack of warnings, 

comparisons can still be made between control and waste-exposed fish on 

the basis of responses and warning rates found in the con~rols. With this 

method, it appears that fish exposed to 5% effluent under presumably nor

mal effluent conditions do not show greatly different warning and response 

rates from the control fish. The same is not true at the 10% effluent 

level, suggesting that fish ventilatory patterns are affected at this 

dilution even when there are no abnormally toxic materials present in the 

effluent. Influent-exposed fish at both the 5% and 1.5% levels had over

all response rates similar to the controls, but the warning rates were 

higher and there were relatively more high responses. Interpretation of 

the influent waste data is complicated by the following factors not affect

ing the effluent waste: (1) more frequent overnight stoppages of the 

influent waste flow to the tanks, (2) occasional backup of water draining 

from the tanks over the top of the drain standpipes, and (3) greater var

iability in waste composition. The influent waste was sampled prior to 

traversal of the equalization pond. The relatively large number of pH 

alarms indicate this variability and the problem of presuming a "normal" 

waste composition. 

The primary questions with respect to abnormalities in either the 

influent or effluent wastes are: (1) Do the fish response patterns 

show any correlation with the occurrence of the waste disturbances? 

(2) What level of disturbing factor is necessary to produce a given 

level of response? (3) What is the time delay between onset of the 

disturbance and the reaction from the fish? For the influent waste-
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exposed fish, pH was the most significant continuously monitored para

meter capable affecting the fish.. Temperature was also monitored, but 

it was unlikely to affect the fish at the dilutions tested. The pH sen

sor exceeded its alarm limits (4.0-6.0) 21 times, 17 of wnich were for 

a pH below 4.0, while four were above 6.0. Although changes in pH alone 

would have been offset by the buffering capacity of the dilution water, 

there is a chance that toxic materials (for example, solvents) may have 

accompanied the pH change. In only one case (experiment 4, July 22, 1976, 

Table 18) did a warning from the fish occur within two hours after a 

recorded pH alarm, even though a 50% replacement of water in the test 

tanks requires at most 60 minutes. The lack of warnings from the moni

toring system indicates one of the following: (1) the fish were insensi

tive to the influent waste changes, (2) the change involved only pH and 

was not encounted by the fish or (3) waste changes were too short-lived 

to have an effect. 

The major test of the response of these fish was the simulated ace

tone spill (experiment 11, Table 24). While the results do show the 

fish capabl~ of responding to acutely toxic levels of acetone, the res

ponse may not be useful under conditions of a real-life acetone spill. 

Even though the fish produced warnings corresponding to peak concentra

tions of about 0.78% acetone in the test tanks (7800 mg/l) the fish re

ceived this as part of a 5% waste dilution, so that the acetone level in 

the actual effluent would presumably have to have been 20 times higher 

(15.6% acet6ne) before warnings would have been recorded from the fish. 

Besides this, the retention time of the test tanks was so long that the 

constant rate of acetone introduction .into the diluted waste had to be 
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high in order to attain the desired level in the tanks rapidly. Taking 

this into account, the lowest constant level of acetone causing warnings 

in the fish (presuming it all to be concentrated in the waste effluent) 

was about 32%. Reduction of retention times of the test ~anks would 

alleviate this latter problem. 

Another difficulty is the lag time of one hour between the onset of 

the acetone spill and the first warning from the fish. This might be 

corrected to some degree by reducing the retention time of the test tanks 

through increased flow rates or decreased tank size, or by increasing the 

ventilatory rate sampling frequency from once every half hour to perhaps 

once every 15 minutes. The latter change would require that the shorter 

sampling interval not affect the reliability of the statistical program 

used to set confidence limits on the data. Even after these corrections, 

there may be a certain biological lag time dependent on the species of 

organism tested and a large number of environmental parameters, including 

the specific toxic materials being released. Only more experience with 

biological monitoring systems under" a variety of conditions will reveal 

how much the organism's response time will affect the overall usefulness 

of the system. 

Recommendations for the Design of Future Monitoring Systems 

The operation of the Celanese fish monitoring system illustrated some 

of the potential of an industrial biological monitoring system as well 

as many of the associated problems. These difficulties are perhaps to 

be expected when complex techniques·are transferred from the laboratory 

into a rigorous industrial environment. One of the major objectives of 
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the Celanese project was to gain the experience needed to develop a more 

practical IIsecond generation" monitoring system. The recommendations be

low involve both the physical components (hardware) and the computer pro

gramming for data acquisition and analysis (software). r1any of these 

suggestions have been incorporated in the design of a new system now under 

construction in our laboratory to be used as a waste effluent monitor at 

a U. S. Army ammunition plant (Gruber et a1., 1977). 

One of the most important hardware problems affecting the operation 

of the fish monitoring system was electrical interference with the vent

ilatory signals from the fish. Sources of this problem included direct 

electrical interference from machinery in the treatment plant building, 

a mildly corrosive atmosphere which acted to degrade electrical contacts, 

and radio frequency interference from a radio station tower less than 

2km. away. One possible solution to these difficulties would be enclo

sure of the entire monitoring system in a mobile trailer. This would 

allow control over atmospheric conditions and permit more thorough elec

trical shielding of components, if necessary. It would also make the 

whole system quite flexible in that the trailer could be moved to dif

ferent effluent discharges at an industrial site or to an entirely new 

location with very little difficulty. Within the trailer, the elec

tronics could be separated from the area of the fish tanks to reduce 

possible harmful effects from high humidity_ 

Some electronic components themselves require improvement. Most 

of the problems encountered with the fish signal amplifiers were related 

to the poor electrical environment, but few minor modifications have 

been made. The final design is described elsewhere (Gruber et al., in 
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press). Recent advances in small computer technology have made it possi

ble to perform all the tasks wh1chr~quired three separate computers in 

the Celanese system with one small minicomputer at a substantial'reduc

tion in cost. The speed of this ~achine is about 10 times that of the 

Celanese microcomputer used to monitor fish ventilatory patterns so that 

all fish could be monitored simultaneously rather than consecutively. 

This computer system, Digital Equipment Corporation's Model PDPllV-

03, is being used in the second generation monitoring unit in conjunction 

with a plug-in module made by the ADAC Corporation to perform all nec

essary data acquisition and.analyses. These functions include integration 

of the biological data with readout from physical and chemical sensors 

measuring temperature, pH, dissolved oxygen, and conductivity. This is 

important with respect to the original aim of developing a more complete 

view of waste effluent toxicity. 

The test tank and waste dilution system are two other items needed 

revision. Reduction of the size of the test tanks from 30 liters to 2 

liters would have several advantaaes. The retention time of the tanks 

would be areatlv reduced (assuming the same flow rates), t~us improving 

the response time of the system to changes in waste composition. The 

small tank size would make everything more compact, allowing ea~ier 

handling and less cost in construction. The smaller fish used in these 

tanks would also be both less expensive and easier to obtain, and it 

would be fairly simple to expand the monitoring system to include more 

fish at each waste dilution and/or more waste dilution levels. This 

should mean more reliability in the detection of an abnormal waste situa

tion. For example, a warning might b~ 6 of 8 fish responding simulta-
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neously rather than 3 of 4. The extra cost of such expansion involves 

only extra test tanks and fish ~ignal amplifiers; the computer system 

could handle up to about 25 fish without the need for extra equipment. 

Frequent overnight waste flow stoppages and large drops in flow 

rates to the test tanks during the experimental period indicate the need 

for a new waste dilution system. The quarter inch Tygon tubing deliver

ing fluid to the test tanks should be changed to perhaps one-half inch 

tubing to avoid a reduction in flow due to microbial growth around the 

inside of the tubing. Flow rates would then be determined. by the open

ings at the bottom of the dfluter (Chambers 0 and E, Figure 4). The basic 

weakness in the design of the diluter itself is the small size of the 

orifice through which the waste must pass before it is mixed with the 

dilution water. This problem could be overcome by a chamber which would 

predilute the waste by a fixed amount (e.g. 1:10). The exact dilution 

rate would still be determined at the adjustable orifice of the diluter, 

but with ten times the flow to achieve the same dilution as before, 

there would be much less chance of clogging. A rotating filter arrange

ment or some type of automatic backflushing of the orifice. could also 

be used to keep particulate material from stopping the waste flow. Waste 

settling chambers might still be necessary depending on the waste in

volved, but a filter system would be preferable since it would not delay 

the passage of the waste into the test tanks. 

One other modification involves the automatic feeding system, which 

was subject to frequent blockages iIT operation. The food reservoir 

should be located further away from the surface of the water in the test 

tanks, so that the high humidity and possible spray from the air stones 
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would not dampen the food and clog the feeder. This could .be accomplished 

by placing the feeding system o~ts;de and above the test tank enclosure, 

with glass tubes guiding the food from the bottom of each feeder "into the 

appropriate test tank. 

In addition to these hardware modifications, certain changes in the 

computer software handling the data analyses could be useful. The pro

gram used to monitor the fish ventilatory signals, rather than counting 

all the peaks with a height greater than a certain voltage, should be 

modified so that the number of peaks counted truly represents breathing 

frequency and not a combination of frequency and amplitude. This would 

be much easier to accomplish with the hardware of the second generation 

monitoring system. Spurious electrical noise peaks would be reduced to 

a minimum, and the much smaller volume of water in the test tanks would 

mean less attenuation of the fish ventilatory signals. One approach to 

an amplitude independent ventilatory peak counting program might be to 

record the amplitude of a given number of peaks (perhaps 20) in the 

ventilatory signal, excluding only those small peaks representing low 

level noise. Once the mean peak height and the corresponding standard 

deviation had been determined, a uniform criterion would be used to 

determine which of the 20 peaks are large enough to represent individual 

ventilatory movements. For example, this might be all peaks larger than 

1.5 standard deviations from the mean. Smaller peaks as would be found 

in the typical bimodal ventilatory signal produced by the fish (Figure 

12d) would not be counted. In order not to miss counts when the fish 

are producing the single large peaks characteristic of stressed breath

ing (Figure12f), another criterion could be applied involving the size 
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of the standard deviation. When this value was small enough, all the 

peaks would represent ventilatory counts, whereas a large value could be 

used as an indication of the masking of the ventilatory signal by move

ment of the fish and none of the peaks would be counted. 'This approach 

would not be possible if the sampling interval for the fish ventilatory 

signals were too short to allow completion of all these calculations. 

This method would permit recording of both the ventilatory rate and 

the depth of ventilation, which is directly related to the amplitude of the 

peak in the electrical signal for a given orientation of the fish with 

respect to the electrodes. (The smaller test tanks would effectively 

keep the fish in one orientation.) Recording the depth in addition to the 

rate' of ventilatory movements would be advantageous, since it would pro

vide a second means of assessing the effects of toxic materials in the 

water. Coughing movements, which generally appear as spikes much higher 

than the normal breathing peaks, are a third para~eter which could be 

counted and used to evaluate toxic effects. Together, thesi three indica

tors could prove to be more sensitive than anyone of them separately. 

Sellers et al. (1975) tested the effects of copper and zinc· on several 

ventilatory components of bluegills (buccal and opercular pressure, ampli

tude, ventilation and coughing frequency) and found that no one component 

by itself was best as an indicator of toxicity. 

Improvements in the software routines should be extended to the 

development of new means for setting confidence limits on the normal values 

of the ventilatory parameters sited above. The statistical method for 

doing this must be obtained from a data base for each of the parameters 

for an adequate number of fish collected over several 24-hour periods. 
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Care must be taken to assure that acclimation to the test chambers has 

occurred. Once the statistical 'disttibution of the data is determined, 

the programming to compute confidence limits can be written. Thi's should 

prevent at 1 eas t some of the problems encountered Yli th th,e Celanese 

statistical program. 

Economic Considerations 

The Celanese fish monitoring system was not intended to be ready for 

immediate installation at any industrial site. The value of the project 

lies in the basis it provided for construction of a second' generation 

system which will be much closer to a practical unit. Even if the idea 

proves useful and the technical problems are overcome, there remains a 

question of cost effectiveness. The purpose of this section is to give 

some rough approximations of the cost for the construction and operation 

of a second generation fish monitoring system similar to the one now 

under construction at our laboratory. Order of magnitude figures given 

below for equipment include the cost of labor for construction, if any. 

Manpower required for operation and maintenance, as well as preliminary 

testing needed before the system could be used for continubus effluent 

monitoring are discussed. 

The proposed system would be capable of monitoring four sets of 

six fish, arranged ;n two parallel systems each containing one set of 

controls and one set of waste-exposed fish. By staggering the intro

duction of fish into the two systems, effluent monitoring could go on 

continuously without a need to stop for several days to acquire standard

ization data on a new set of fish. The cost estimates, given in Table 
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26, are based on the following conditions: 

1 .. Cost on items not commercially produced (test tanks, dilution 

system, etc.) includes only materials and labor. 

2. Computer programming (software) is available without the need 

for many site-specific modifications. 

3. Where possible, prices are based on commerical equipment 

purchased for a similar system now under construction. 

It is assumed that sources of waste effluent and suitable dilution 

water are available. Cost would increase if an alarm system were to be 

activated when warning criteria from the fish are met. Implementation 

would depend on any existing monitoring arrangement for physical-chemical 

parameters and the desired location for the alarm. Significantly, a great 

~anyphysical~chemical . sensors available today are capable of generating 

analogue electrical signals which could be fed, with little modification, 

into the fish monitoring system1s data acquisition system. In this way, 

the computer could monitor both .biological and physical-chemical data 

simultaneously, saving the extra money otherwise required for duplicate 

data analyses systems. 

About two-thirds of the total equipment cost of $29,000 is related 

to two items: the trailer and the computer system. Cost could be reduced 

considerably through alternate arrangements in these areas. For example, 

if a suitable on-site location were available and the flexibility afford

ed by the trailer was not needed, this item could be eliminated. Recent 

technological advances in the elect~onics industry have lessened the price 

of computing systems in general, with the result that less expensive com

puters capable of fulfilling the data analyses requirements of a monitor-



82 

ing system should soon be availabe. 

The manpower costs needed for such a system must also be consider-
. . 

ed. Personnel required would include shop technicians to install the 

non-electrical equipment, an electronics technician to install the com

puter system and wiring and to check its operation, and a computer 

programmer to implement any sit~-specific modifications in the basic 

software. The proposed cost estimates based on experience with con-

struction of such a system are: shop technician, 640 hours at $5/hr = 

$3,200; electronics technician, 100 hours at $8/hr = $800; computer pro

grammer, BO hours at $B/hr = $640. Thus, to get to an operational stage 

with a fish monitoring system as described above, the total cost would 

be approximately $4,640 plus $29,075 = $33,715. 

The necessary daily maintenance for an operational monitoring system 

could be carried out by a laboratory technician who would have responsi-

bilities including care and feeding of the fish in the holding tank, 

checking for proper operation of the fish signal amplifiers and waste 

dilution system, cleaning of the test tanks and dilution system as need

ed, replacement of the fish in the test tanks at the proper intervals, 

and control over the computer's operation. Because of the automatic 

nature of the system, these activities should average no more than 20 

hours per week. At $5/hr, this comes to $2,600/year to keep the monitor-

ing unit running. Non-scheduled maintenance is not included, but in 

general the computer-based system should be quite reliable. 

There will be a time lag between the point that the monitor becomes 

operational and when it becomes possible for on-line testing to begin. 

Preliminary tests will be necessary to determine at what dilution of 
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waste the fish will show ventilatory patterns comparable to the controls 

under essentially normal waste conditions. The range of dilutions to 

be tested could be narrowed considerably "by conducting standard acute 

bioassays on the waste while the system is under construction to get an 

approximate idea of its toxicity. Two to three months should be allowed 

prior to on-line operation depending to a large extent on the nature of 

the waste itself. During this time, some adjustments may also be needed 

to make the system compatible with site-specific conditions. Once this 

process has been completed, continuous monitoring of the waste effluent 

would be possible. 

An investment of over $33,000 ;s not insignificant, but this should 

be viewed in terms of the possible benefits. The prevention of even one 

major toxic spill could more than make up for this cost in terms of the 

preservation of the aquatic environment, not to mention manufacturing 

product lost (especially expensive chemical such as solvents), fines 

assessed, and bad public relations. Furthermore, the cost of biological 

monitoring systems in general should decline as better methodology is 

developed. The basic question is not so much the cost as it is the 

value of the concept of biological monitoring, and this can only be 

determined if other industries are as willing as the Celanese Corporation 

to allow field evaluations of laboratory-developed systems under actual 

industrial conditions. 



SUMMARY AND CONCLUSIONS 

1. Ventilatory counts reflecti"ng both the frequency and amplitude 

of gill ventilation taken at half~hour intervals from control fish (those 

exposed only to dilution water) showed considerable variation among 

individual fish. In general, nighttime counts were lower than those 

during the day, probably reflecting lower nighttime breathing amplitudes. 

2. The statistical model utilized to set 95% confidence limits 

on the ventilatory data for each fish and half-hour of the day was not 

satisfactory. Control fish showed response rates and warning rates 

much larger than the theoretical values. However, there was little 

difference between the day- and nighttime values for these parameters. 

Furthermore, over the four-day period for which a large amount of data 

was available, there was not a marked increase in response or alarm rates 

from the control fish. 

3. Fish exposed to waste effluent showed response and alarm rates 

similar to the control fish at the 5% dilution level but not at the 10% 

level. No known toxic spills occurred to test the systems response, as 

evidenced either by the continuous physical-chemical sensors in operation 

or by gross evidence of damage to the river. A simulated acetone spill 

resulted in warnings at concentrations which peaked at or above the approx

imate 96 hour Le50 value. No clear reaction was seen to concentrations 

with maximum values near or below the 96 hour 100% survival concentration. 

Warnings which were apparently due to the acetone did not occur until 

the second half-hour recording period following the introduction of 

acetone. The problems encountered with the monitoring systems operation 

in general prevented a thorough test of the systems potential. 

84 
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4. Analyses of data from fish· exposed to influent wa~te were com

plicated by frequent interruptions in waste flow due to clogging of the 

waste delivery system. There was no apparent correlation between pH 

alarms recorded by the physical-chemical monitoring sensors and warnings 

from fish exposed to either 5% or 1.5%.waste dilutions, but changes re

corded in pH alone would have been minimal due to the buffering capacity 

of the dilution water. 

5. The operation of this fish monitoring project illustrates the 

problems which can occur with the transferral of technology from the lab

oratory into an industrial environment. This experience has formed the 

basis for the design of a second generation monitoring system in which 

many of the difficulties encountered should be overcome. Besides changes 

in hardware components such as the test tanks, dilution system, and the 

computer itself, new computer programming approaches to the monitoring 

and statistical evaluation of the ventilatory patterns of the fish were 

proposed. Utilization of a mobile trailer to house the fac'ility should 

provide flexibility and improve the system by maintaining a more optimal 

environment for its operation. Inclusion of physical and £hemical 

sensors of water quality as inputs to the fish monitoring system would 

help give an integrated picture of waste toxicity without greatly in

creasing the cost. 

6. The total cost for putting a second generation fish monitoring 

system into operation was estimated at $34,000. The majority of this 

amount is due to two major equipment items: the mobile trailer which 

houses the monitoring facility and the computer used for data analyses 

and acquisition. Daily required maintenance should be minimal once the 

system is operational, due to the degree of automation involved. 



86 

7. The second generation monitoring system is only one of the 

many possible designs for biological monitoring systems. Different 

species of fish or entirely different types of organisms could be used, 

and parameters other than ventilatory movements could be ,monitored. No 

matter how well any system works under laboratory conditions, the final 

test of a system which uses aquatic organisms to monitor waste toxicity 

must be at an actual industrial site. The Celanese fish monitoring 

project showed that the experience of operating in a real industrial 

situation is invaluable to the development of future biological monitor

ing systems. 



Table 1. Response -Times of Some Aquatic Organisms to Various Toxicants 

Response Time 

1 hour 

52 hours 

11 hours 

>45 hours 

2-4 hours 

Toxicant Level 

Peak of 6200-6800mg/l 
acetone . 

2.55 mg/1 zinc 

4.16 mg/l zinc 

5.22 mg/l zinc 

Less than or equal to 
the 48 hr. LC~2 of 2+ 
t02icant~+ Cu ,Cd 
Mg ,Pb ,phenol, 
ammonia, cyanide, 
carbamate 

Response Criteria 

Abnormal ventilatory 
rates in three of four 
fish 

Elevation in ventilatory 
rate 

Elevation in ventilatory 
rate 

Elevation in ventilatory 
rate 

High ventilatory rates 
from 60% or more of fish 
tested 

parathion, PCP, chlordane 

several minutes 

3-6 hours 

115, 55 ~g/l copper 
(96 hr TLm=115 ~g/l) 

0.1 to 5 mg/l copper 
(96 hr. TLm~2.4 mg/l) 

25 minutes 150 ~g/l Lindane 
(death at 2 hrs.) 

45 minutes 60 ~g/l Lindane 
(death at 4-8 hrs) 

Increase in coughing 
frequency 

Time of maximum eleva
tion in oxygen consump
tion 

Loss of rheotaxis 

Loss of rheotaxis 

Organism(s). 

Bluegill (Lepomis 
macrochirus) 

II 

II 

1\ 

II 

Micropterus 
salmoides 
Sarotherodon 
mossambicus 
Barbus 
holubi 

Reference 

(see Fig. 11) 

Cairns and 
Sparks, 1971 

Cairns and 
Sparks, 1971 

Cairns and 
Sparks, 1971 

Morgan, 1977 

Brook trout (Sal- Drummond et al., 
velinus fontTnafis) 

Bluegill (Lepomis O'Hara, 1971a. 
macrochirus) 

Rainbow trout 
(Salmo gairdneri) 

Rainbow trout 
(Salmo gairdneri) 

Poel s, 1977 

Poe 1 s, 1977 

0:> 
....... 



Response Time 

<1/4 of the LT50 

<1/2 of the LT50 

<1 hour 

41-44 hours 

'1 hour 

Approx. 15 

Toxicant Level 

0.05 mg/1 DOT 

1.5 mg/1 mercury 

2.5,0.5 mg/l 
cadmium 

0.1 mg/l cadmium 

0.1 mg/l cyanide 

10 mg/l copper 
10 mg/l cyanide 
pH 11 
pH 3.4 

,Table 1. Continued 

Response Cri teri a _ Organ; sms (5)_ Reference 

Maximal time to loss 
of swimming ability in 
50% of test fish 

Maximal time to loss 
of swimming ability in 
50% of test fish 

carp (no 
species given) 

carp 

'Besch et al., 
1977 

Besch et al., 
1977 

Abnormal activity levels, Crayfish (Cambarus Maciorowski et 
in two of four crayfish acuminatus al., 1977 

Abnormal activity levels, Crayfish (Cambarus Maciorowski et 
in two of four crayfish acuminatus) al., 1977 

Reduction of 36% in 
nitrification 
efficiency 

Increase of 1 mg/l 
in dissolved oxygen 
level of effluent 

Biological nitri- Stroud and Jones, 
fication column 1975 
(microbial) 

Biological Solyom et a1., 
filtration unit 1976 
(microbial) 

co co 
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Table 2. Summary of River and Waste Effluent Flow and Dilution Rates 

Month River Flow (ems) Effluent flow (ems) Dilution rate (%) 
(1976) . Max Min Avg Max Min Avg Max Min Avg 

Jun 1200.6 41.6 254.4 0.104 0.078 0.091 0.234 0.007 0.062 

Ju1 177.3 38.2 98.9 0.104 0.075 0.085 0.222 0.048 0.097 

Aug 94.6 30.3 59.3 0.104 0.069 0.081 0.267 0.084 0.147 

Sep 108.2 32.2 57.7 O. 112 0.071 0.083 0.278 0.093 0.155 
co 

Oct 1124.2 53.8 250.4 O. 112 0.075 0.089 0.193 0.006 0..077 
\.0 

Nov 167.6 50.4 115.7 0.126 0.075 0.086 0.172 0.049 . 0.081 

Avg 139.5 0.086 0.103 

Range (30.3-1124.2) (0.069-0.126) (0.006-0.278) 



Table 3. Effluent and Influent Waste Composition During 
Fish Monitoring System Experiments 

Effluent Influent 
Parameter Mean Std Dev Range Mean Std Dev 'Range 

Acidity (%) 0.0019 0.0023 0.0- 0.0399 0.0300 0.0035-
0.008 0.097 

pHa 7.39 0.109 7.2- 4.S 0.318 3.6-
7.6 5.2 

Dissolved Oxygen (mg/l)a , .92 1.06 0.4- 2.07 0.928 , .3-
3.5- .4.4 

BOD (mg/l)b 266 171 120- 991 164 .800- \!) 

0 

680. '217 

COD (mg/l)b 651 430 168-
1367 

Temperature (oC) 21.6 5. 15 13.9- 39.8 4.53 32.8-
28.3 46.1 

Fecal Coliformsb 921.4 1275 0-
(no./l00 ml.) 1500 

Magnesium (mg/l) 497.7 97.7 403- 596.6 93.6 419-
650 730 

Solids (mgll) 

Total 4878 730.2 3418- 5353 1710.1 3264-
5510 8380 



Table 3. (continued) 

'Effluent Influent 
Parameter ,Mean Std Dev Range Mean Std Dev Range 

Solids (mg/l) 

Dissolved 4469 801.6 2778- 5002 1687.6 2824-
4970 7810 

Suspended 442.5 222.9 32- 234.6 226.9 20-
640 540 

Solvents (%) 

t1ethyl Cyani de 0 0 0.0024 0.0013 '0:0008-
1..0 

0.0045 

Benzene 0 0 0 0 

r1ethanol 0 0 0.0026 0.0045 0.0072-
0.0107 

Ethanol 0 0 0.0096 0.0088 0.0-
0.0226 

r1ethyl acetate 0 0 0 0 

Ethyl acetate 0 0 0.00026 0.00047 0.00006-
0.0012 

Acetone 0.00026 0.00066 0.0- 0.0054 0.0010 0.0042-
0.002 0 • .0068 

Methyl ethyl ketone 0 0 0.0016 0.0024 0.0-
0.0066 

bDa11y average from continuous in- ne sensors. 
Determined from 24 hour composite sample. All other values from grab samples taken during 
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Table 4. Bioassay ~esults Including Dilution 
Water Analyses 

Waste % Waste (no. 
96-hr Mort~lity 
alive out of four) 

Effluent 100 3 

56 4 

32 4 

18 1 

10 4 

Influent 100 0 

56 0 

32 0 

18 1 

10 4 

Control 0 4 

Dilution Water 

Temperature = 250 C 

pH = 7.9 

Alkalinity = 40 mg/l 

Hardness = 43 mg/1 
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Table 5. Bioassay Waste Component Analysis 

Parameter 

Acidity (X) 

pH 

Dissolved Oxygen (mg/l) 

BOD (mg/l) 

COD (mg/l) 

Temperature (oC) 

Magnesium (mg/l) 

Solids (mg/l) 

Total 

Total Dissolved 

Suspended 

Solvents (X) 

. Methyl cyani de 

Benzene 

Methanol 

Ethanol 

Methyl acetate 

Ethyl acetate 

Acetone 

Methyl ethyl ketone 

Effluent 

0.0006 

7.5 

3.7 

125 

475 

26.7 

630 

·5364 

5331 

33 

0 

a 
0 

a 
a 
0 

0 

0 

Influent 

0.0226 

3.6 

2.0 

967 . 

N/A 

. 42.2 

540 

4360 

3820 

540 

0.0008 

0 

0 

0.0030 

0 

a 
0.0048 

0 



94 

Table 6. Summary. of 'Pilution Water Quality, 
May 1976-February 1977 

Mean (+1 Std Dev) Range 

Temperature (oC) 14.5 2: 1~0 (13.0-16.5) 

pH 7.3 + 0.17 (6.9-7.7) 

Alkalinity (mg/1) 170.0 ~ 3.2 (166-174) 

Hardness (mg/1) 214 + 15 (172-232) 

Dissolved oxygen, without 2.0 + 0.25 (1.6-:-2.6) 
aeration (mg/l) 



Table 7. Summary ,of Experiments, Celanese Fish Monitoring System 

Number of Number of Waste Dilutions Tested 
Experi- Standardi- Days of Waste Effluent Influent 
ment No. Dates zation Days Exposure Target Actual {Rangel Target Actual {Range) 

1 8/29/75 Chlorine Test Spill - short-term only 

3 6/22/76- 6 3 10% 9.9 9. 1- 1.5% 1 .8 1 .8-
7/3/76 10.4 1 .9 

4 7/12/76- 5 4 10% 10.5 9.7- 5% 4.5 1 .9-
7/22/76 11 .5 6.2 

5 8/6/76- 6 4 5% 4.5 4.3- 1.5% 1.2 0.8-
8/15/76 4.8 1 .5 \D 

(J1 

6. 9/15/76'- 6 6 Dilution water only 
9/27/76 

7 10/1/76- 6 4 5% 5.5 4.8-
10/11/76 6.5 

1 .5% 1 .5 0.93-
2. 1 

8 10/28/65- 6 4 5% 4.5 3.9- 1.5% 1 .6 1.4-
4.8 1.9 

9 11/13/76- 4 4 5% 4.B 4.3- 1.5% ' 1 .4 '1.2": 
11/22/76 5.2 1.6 

11 2/7/77- 6 5 5% 5.0 2.5- Acetone Test $pi1l 
2/iB/77 6.9 



Table ,8. Summary of Data, Control Fish 

Experiment No. 3 4 5 6 7 8 9 11 Total 

No. of Days in 6 5 6 6 6 6 4 6 
Standardization 
Period 

Total Points 399 741 687 860 768 676 741 705 5577 

No. of Responses 

High 12 28 123 86 66 120 45 69 549 

Low 61 47 15 73 142 0 38 65 441 
1..0 

Total 73 75 138 159 208 120 83 134 990 en 

Percent Response 

High 3.0 3.8 17.9 10.0 8.6 17.8 6. 1 9.8 9.8 

Low 15.3 6.3 2.2 8.5 18.5 0 5. 1 9.2 7.9 

Total 18.3 10. 1 20.1 18.5 27.1 17.8 11 .2 19.0 17.8 

High to Low Response Ratio .20 .60 8. 1 1 .2 .46 1.2 1 . 1 1.2 

No. of Warnings ' 3 1 2 6' 17 22 2 1 54 

No. of Warnings per 1.44 0.26 0.56 1.34 4.25 6.25 n.52 0.27 1.86 
four fish per day 



Table 9. Summary of Data, Effluent Waste-Exposed Fish 

Dilution 10% 10% 10% 5% 5% 5% 5% 5% 5% 1% 

Experiment No. 3 4 Total 5 7 8 9 Total 11 Total 7 

El E2 
Total Points 429 558 987 687 576 676 700 2639 809 901 1710 768 

No. of Responses 
High 104 47 151 41 78 155 88 362 199 224 423 94 

Low 23 170 193 72 52 15 21 160 164 86 250· 87 

Total 127 217 344 113 130 170 109 522 363 310 673- ·181 1.0 ......, 

Percent Res~ 

High 24.2 8.4 15.3 6.0 13.5 22.9 12.6 13.7 24.6 24.9 24.7 12.2 

Low 5.4 30.5 19.6 10.5 9.0 2.2 3.0 6. 1 20.3 9.5 14.6 11.3 

Total 29.6 38.9 34.9 16.4 22.6 25.1 15.6 19.8 44.9 34.4 39.3 23.6 
High to Low Response 4.5 .27 .78 .56 1 .5 10.3 4.2 2.3 1 .2 2.6 1.7 1 . 1 

Ratio 
No. of Warnings 15 16 31 5 0 12 1 18 11 34 44 14 
No. of Warnings per 6.7 '5.5 ,6.0 1 .4 0 3.4 .26 1 .3 2.'6 7.2 4.9 .3.5 

Four Fish per Day 



Table 10. Summary of Data, Influent Waste-Exposed Fish 

Dilution 5% . 1.5% 1.5% 1.5% 1 .. 5% 1.5% 

Experiment No. 4 3 5 8* 9 Total 

Total Points 706 429 643 204 746 2.22 

No. of Responses 

High 78 79 96 72 43 290 

Low 48 20 37 0 15 72 

Total 126 99 133 72 58 '362 \.0-
co 

Percent Response 

High 11 . 1 18.4 14.9 35.2 5.8 14.3 

Low 6.9 4.7 5.8 0 2.0 3.6 

Total 18.0 23.1 20.7 35.2 7.8 17.9 

High to Low Response Ratio 1 .6 4.0 2.6 2.9 4.0 

No. of Warnings 3 10 7 14 0 31 

No. of Warnings per .82 4.5 2.1 13.2 0 2.9 
four fish per day 

*Inc1udes data for one day when influent was was flowing. 



Table 11. Summary of Control Fish Data by Day-Night Periods 

Experiment Da,l Night. 
No. High Low Total High Low Total· 

3 Total Points 213 171 
No. of Responses 4 61 65 8 0 8 
Percent Response 1 .9 28.6 30.5 4.7 0 4.7 
High to Low Response 0.07 

Ratio 
No. of Warnings 3 0 

4 Total Points 359 382 
No. of Responses 2 38 40 26 9 35 
Percent Response 0.5 10.6 11 . 1 6.8 2.4 9.2 \.0 

High to Low Response 0.05 2.9 \.0 

Ratio 
No. of \~arnings 0 1 

5 Total Points 380 307 
No. of Responses 47 13 60 76 2 78 
Percent Response 12.4 3.4 15.8 24.8 0.7 25.4 
High to Low Response 3.62 38.0 

Ratio 
No. of Warnings 0 2 

6 Total Points 472 
No. of Responses 32 38 70 54 35 89 
Percent Response 8.2 9.8 18.0 11.4 7.4 18.9 
High ta Low Response 0.84 1 .5 

Ratio 
No. of Warnings 5 1 



Table 11. Continued 

Experiment Da~ Night 
No. High Low Total High Low --'- Total 

7- Total Points 384 384 
No. of Responses 49 74 123 17 68 85 
Percent Response 12.9 19.3 32.0 4.4 17.7 22.1 
High to Low Response 0.66 0.25 

Ratio 
No. of Warnings 16 1 

8 Total Points 364 312 
No. of Responses 33 0 33 87 0 87 
Percent Response 9. 1 0 9.1 27.9 0 27.9 --' 

High to Low Response 0 
0 

Ratio 
No. of Warnings 4' 18 

9 Total Points 367 374 
No. of Responses 14 28 42 31 10 41 
Percent Response 3.8 7.6 11 .4 8.3 2.7 11 .0 
High to Low Response 0.5 3. 1 

Ratio 
No. of Warnings 0 2 

11 Total Points 345 359 
No. of Responses 39 .15 54 30 50 80 
Percent Response 11 .8 4.3 15~6 8.4 1.3.9 22.3 
High to Low Response 2.6 0.6 

Ratio 
No. of Warnings 1 -0 



Table 11. Continued 

Da~ Night 
Overall Totals High Low Total High Low- Total 

Total Points 2300 2761 
No. of Responses 220 267 487 329 174 503 
Percent Response 7.9 9.5 17.4 11 .9 6.3 18.2 
High to Low Response 0.82 1.89 

Ratio 
No. of Warnings Per Four 2.0 1 .7 

Fish Per Day 

--' 
C> 
--' 



Table 12. Summary of Data from 5% Effluent-Exposed Fish by Day-Night Periods 

Experiment Da~ Night 
No. High Low Total High Low Total 

5 Total Points 380 307 
No. of Responses 22 38 60 19 34 53 
Percent Response 5.8 10. a 13.8 6.2 11 . 1 17.3 
High to Low Response 0.58 0.56 

Ratio 
No. of Warnings 0 5 

7 Total Points 288 288 
No. of Responses 44 49 93 34 3 37 
Percent Response 15.3 17.0 32.3 11 .8 1.0 12.8 ---0 
High to Low Response .90 11.3 N 

Ratio 
No. of Warnings O· 0 

8 Total Points 364 312 
No. of Responses 75 14 89 80 1 81 
Percent Response 20.6 3.8 24.5 25.6 0.3 26.0 
High to Low Response 5.4 80 

Ratio 
No. of Warnings 10 2 

9 Total Points 348 352 
No. of Responses 61 10 71 27 11 38 
Percent Responses . 17 _,5 2.9 20.4 7.7 3. 1 10.8· 
High to Low Response 6.1 2.5· 

Ratio 
No. of Warnings .0 



Table 12. 

Dal 
Overall Totals High Low 

Total Points 
No. of Responses 202 111 
Percent Response 14.6 8.0 
High to Low Response 

Ratio 
No. of Warnings Per Four 

Fish Per Day 

Continued 

Total High 

1380 
313 160 
22.7 12.7 
1.8 

1.5 

Night 
Low 

49 
3.9 

Total 

1259 
209 
16.6 
3.3 

1 . 1 

-J 

o w 



Table 13. Summary of Data from 1.5% Influent-Exposed Fish by Day-Night Periods 

Experiment Da~ Ni ght. 
No. High Low Total High Low Total' 

3 Total Points 213 216 
No. of Responses 27 22 47 52 0 52 
Percent Response 12.7 9.4 22.1 24.1 0 24.1 
High to Low Response 1 .4 

Ratio 
No. of Warnings 0 12 

5 Total Points 360 283 
No. of Responses 42 15 57 54 22 76 
Percent Response 11 .7 4.2 15.8 19. 1 7.8 26.9 -.I. 

0 
High to Low Response 2.8 2.5 ..p... 

Ratio 
6 No. of Warnings l' 

8 Total Points 108 96 
No. of Responses 36 0 36 34 0 34 
Percent Response 33.3 0 33.3 35.4 0 35.4 
High to Low Response 

Ratio 
No. of Warnings 7 7 

9 Total Points 371 375 
No. of Responses 21 9 30 22 6 28 
Percent Response 5.7 2.4 8. 1 ·5.9 1 .6 7.5 . 
High to Low Response 2.3 3.7 

Ratio 
No. of Warnings 0 0 



Table 13. (Continued) 

Oat 
Overall Totals High Low Total 

Total Points 1052 
No. of Responses 126 44 170 
Percent Response 12.0 4.2 16.2 
High to Low Response 2.9 

Ratio 
No. of Warnings Per Four 1.5 

Fish Per Day 

Night 
High Low 

162 28 
16.7 2.9 

Total 

970 
190 
19.6 
5.8 

4.9 

--' 
o 
<.n 



Table 14. Summary of Data from Control Fish with Increasing Time from 
the Standardization Period 

No. No. of High to Low 
Days after Total Res~onses of Warnings/ Response 

Standardization Experiment No. Points High Low Total Warnings four fish/day Ratio 

1 3,4,5,6,7,8,9,11 1333 174 95 269 22 3.2 1.83 
13.1% 7.1% 20.2% 

2 3,4,5,6,7,8,9,11 1397 140 103 243 16 2.2 1.36 
10% 7.4% 17.4% 

3 3,4,5,6,7,8,9,11 1258 95 114 209 10 1 .53 0.83 
7.6%' 9 ~ 1 % 16.6% --' 

a 

4 4,5,6,7,8,9,11 1255 153 71 
0) 

224 16 2.45 2. 15 
12.2% 5.7% 17.8% 

5 6,11 321 27 39 66 2 1 .20 0.69 
8.4% 12.2% 20.6% 

6 6 176 11 26 37 0 0 0.42 
6.3% 14.8% 21.0% 



Table 15. Summary of Data from 5% Effluent-Exposed Fish with Increasing 
Time from the Standardization Period 

No. No. of High, to Low 
Days after Total Res~onses of Warnings/ Response 

Standardization Experiment No. Points High Low Total Warnings four fish/day Ratio 

5,7,8,9 631 130 21 151 9 2.7 6.2 
20.6% 3.3% 23.9% 

2 5,7,8,9 717 61 58 119 1 0.27 1 . 1 
8.5% 8.1 % 16.6% 

3 5,7,8,9 621 50 64 114 2 0.62 0.78 
8.1% 10.3% 18.4% --' 

0 
.......s 

4 '5,7,8,9 711 121 49 170' 8 2.2 2.5 
17.0% 6.9% 23.9% 



Table 16. Summary of Data from 1.5% Influent-Exposed Fish with Increasing 
Time from the Standardization Period 

No. No. of High-to Low 
Days after Total Reseonses of Warnings/ Response 

-Standardization .Experiment No. Points High Low Total Warnings four fish/day Ratio 

1 3,5,8,9 644 142 20 167 25 7.5 7.4 
22.8% 3.1% 25.9% 

2 3,5,9 528 44 17 61 0 0 2.6 
8.3% 3.2% 11.6% 

3 3,5,9 497 56 32 88 6 2.3 1 .8 
11 .2% 6.4% 17.7% ...... 

a 
ex:> 

4 5,9 353 55 24 79 6 3.3 2.3 
15.6% 6.8% 22.4% 



Table 17. Summary of Experimental Period, Experiment 3 
Dates: 6/29/7/2/76 Target Waste Dilutions: 10%, Effluent (E) 

2%'" I nf1 uent (IJ 
o , Control (C) 

Fish 
Influent pH Monitor Warning Affected 

Date Time alarm (*) *(no. of warnings) (C,E,I) Comments 

6/29 1345 E Effluent waste flow started 
1455 I Influent waste flow started 
l50b All Lights off briefly 
1530 *( 1 ) C May be reaction to lights 
1600 I Water backing up in drain system 

1930-2000 All Missing data --' 
0 

"" 
6/30 . 0100-0800 C Only two fish amplifiers operational 

0130-0600 *(10) I Unknown cause, may be reaction 
0130-0830 *( 15) E to effluent overflow 

? -0900 Effluent settling chamber overflowed 
0800-0900 All Lights off 
0900-0930 All Aeration off 
0930-1100 E Effluent waste off 
1200-1230 
1300-1340 
1530-1550 

7/1 ? -0930 I ~nf1uent waste off overnight 
0800-0930 All Lights off , 
0940-1000 E Effluent waste off 

1245 * I Influent pH alarm (pH 3.9) 
1340-1605 * I Influent pH alarm {pH 3.7-3.9) 
1630-1730 *(2) C Unknown cause 



Date Time 

7/2 0030-0800 

Termination data: 

Table 17. Continued 

Fish 
Influent pH Monitor Warning Affected 
alarm (*) *(no. of warnings) (C,E,I) 

C 

Comments 

Only two fish signal amplifiers 
operational 

No. of Feeders clogged: Control (2), Effluent (2), Influent (1) 

--l 

--' 
o 



Table 18. SU,mmary of Experimenta 1 Peri ad, Experiment 4 
Dates: 7/18-7/21/76 Target Waste Dilutions: 10%, Effluent (E) 

5%, Influent (I) 
o , Control (C)· 

Fish 
Influent Monitor Warning Affected 

Date .Time alarm (*) *(no. of warnings) (C,E,I) Comments 

7/18 1500 E Effluent waste flow begun 
1520 * I Influent pH alarm (6.4) 
1530 I Influent flow begun 

7/19 ? -0945 E, I . Both waste lines plugged overnight 
? -1310 E Effluent waste line plugged 

--'I 

1430 *( 1 ) E Cause unknown --z 
--z 

7/20 . ? -1000 C Low water flow rates to control fish 
? -1030 E, I Both waste lines plugged overnight 

1115 * I Influent pH alarm (3.8) 
1205-1215 * I Influent pH alarm (3.7) 

1245 * I Influent pH alarm (3.8) 
1320 * I Influent pH alarm (3.7) 
1730 *( 1 ) E One fish shows erratic ventilatory 

counts 
2400 *( 1 ) C Cause unknown 

7/21 0030 *(1.) I Cause unknown 
0530-0600 *(2) E 'One fish again with erratic ven~jlatory 

counts 
? -1410 I Influent waste'lineplugged 

1530-1600 E Effluent waste off 
1930-1935 * I Influent pH alarm (3.6) 
2350-2400 * I Influent pH alarm (6.8) 



Influent pH 
Date' Time alarm (*) 

7/22 0130,0230, 
0300-0600 
0330,0600 

0830,0900 
0850-0930 * 
1000,1130 

1100 
1200,1230 

Termination data: 

No. of Feeders clogged: 

No. of Fish behind standpipe: 

Table 18. Continued 

Fish 
Monitor Warning Affected 

*(no. of warnings) (C,£,I) 

*(8) £ 

I 

*(2) E 
I 

*(2) I 
All 

*(2) E 

Effluent (2) 

Control (1 ) , Effluent 

Comments 

One fish very low ventilatory counts, 
not behind standpipe 

Only two fish signal amplifiers 
operational 

One fish very low ventilatory counts 
Influent pH alarm (3.8-3.9) 
May be due to influent pH alarm 
Missing data 
Cause unknown 

(2) 

..... , 
--' 
N 



Table 19. Summary of Experimental Period, Experiment 5 
Dates: 8/12-8/15/76 Target Waste Dilutions: 5%, Effluent (E) 

-1.5% , Influent (I) 
0, Control (C) 

Influent pH Mon; tor ~/arni ng Affected 
Date Time alarm (*) *(no. of warnings) (C,E,I) Comments 

8/12 1400 E,I Influent and effluent waste flow 
started 

1500 *(1) I Unknown cause 
1530-1810 * I Influent pH alarm (3.6, 3.8-3.9) 

8/12 2230-0830,8/13 All Missing data ...I 

--J 
w 

8/13 ? -0900 E,I Both waste lines plugged overnight 
. 1440-1510 * - I Influent pH alarm (3.4) 

2050-2150 * I Influent pH alarm (3.5) 

8/14 2400-0100 * I Influent pH alarm (3.6) 
0400 *(1 ) E Unknown cause 

0910-1110 * I Influent pH alarm (3.7) 
? -1030 E Effluent waste line plugged overnight 

1120-1200 * I Influent pH alarmy (8.6) 
? -1200 I Water ;n drainpipe backed up 
? -1300 C Water flow rates low through tanks 

8/15 0600 *( 1 ) C -One fish consistently high responses 
0955-1140 * I Influent pH alarm (6.1) 

8/16 0100-0230 *(4) E Two fish consistently high responses 
0200-0400 *(5) I Two fish consistently high responses 

0330 *( 1 ) C Unknown cause 
? -0900 E Effluent line plugged overnight 
? -1030 I Influent line plugged overnight 



Table 19. Continued 

Termination data: 

No. of Feeders clogged: Control (3), Effluent (4), Influent (4) 
No. of Fish behind standpipe: Control (1) 

-' 
-' 
~ 
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Table 20. Summary of Experimental Period, Experiment 6 
Dates: 9/21-9/27/76 Target Waste Dilutions: None; 

Date Time 

9/22 0300 
0830 

1300,1400 

9/22 1400-1100 

9/23 1100-2100 

9/24 1400-1700 

9/25 1400,1430 

9/27 0900-0930, 
1230-1400 

No termination data; 

four control fish only due'to, 
electrical noise problems for 
other eight fish 

Moni tor vJarni ng 
*(no. ofcwarnings) Comments 

*( 1 ) Unknown cause 
*( 1 ) Unknown cause 
*(2) Maybe related to electrical 

noise problems affecting 
other eight fish 

Data deleted due to excessive 
electrical noise 

Missing data 

Missing data 

*(2) Unknown cause, all high 
responses 

Missing data 

fish carried through to Experiment 7. 



Table 21. Summary of Experimental Period, Experiment 7 
Dates: 10/7-10/11/76 Target Waste Dilutions: 5%, Effluent (E5) 

1%, Effluent (El) 
O2 Control (C) 

Fish 
t4onitor Warning Affected 

Date Time - *(no. of warnings) (C,E,I) Comments 

10/7 1450 E5 5% effluent flow started 
1505 E1 1% effluent flow started 
1600 *( 1 ) E1 Unknown cause 
2400 *( 1 ) E1 Unknown cause 

10/8 0700 *( 1 ) C One fish with consistently low 
responses 

? -0950 E5,E1 Both waste lines plugged overnight 
1020-1050 E5 Waste line plugged 
1430,1600 *(2) C Two fish with consistently low· --' 

ventilatory counts '" 
0400,0500,0530 *(3) E1 Unknown cause 

? -1140 E5,E1 Waste line plugged overnight 
1215-1430 E5,E1 Further waste line clogging due to 

solids from aerated lagoon 
10/10 0100-0300,0430 *(6) El Almost all high responses, reasons 

unkno\'1n 
? -0800 E5,E1 Waste restarted, waste pump had 

been plugged 
0900 *( 1 ) C Unknown cause 

? -1230 El Waste line clogged 
1500, 1530) 1630 *(3) E1 Unknown cause 

1700, 1730 *(2) C. Unknown cause 
0830-1400 Cl,E5 4 of 4 control and 2 of 2 5% effl~ent 

. fish signal amplifiers showing 
considerable noise 

100,1100,1130, *(6) C Maybe due to electrical noise 
1300-1400 



Table 21. Continued 

Termination data: 

No. of Feeders clogged: Control (1), 5% Effluent (2), 1% Effluent (2) 

-..t 

--' 
""'-l 



Table 22. Summary of Experimental Period, Experiment 8 
Dates: 11/3-11/7/76 Target Waste Dilutions: 5%, Effluent (E) 

1.5%, Influent (1) 
(to 1515, 11/4 only 
0, Control (C) 

Fish 
Influent pH Monitor Warning Affected 

Date Time alarm (*) *(no. of warnings) (C,E,I) Comments 

11/3 1400 E,1 Waste flow started 
1520-1530 I Influent waste off 
1500-1730 
1830,1900 *(8) E All high responses 
1530, 1630 -1800 *(5) I All high responses ~ 

.-I 

1630-1730 *(3) C All high responses 0:> 

2200-2400 E Caustic added to effluent by Celanese 
personnel to increase pH 

2200-0300,11/4 *( 10) C All high responses 
2300-0030, 
0120,0200,11/4 *(6) I All high responses 

11/4 ? -0900 C Water flow rates low to tanks 
0910-0920 * I Influent pH alarm (3,8) 
1020,1040-

1050 * I Influent pH alarm (3.9, 3.8) 
1115 E Effluent flow slowed by microbial 

growth in dilutor 
? -1145 1 Waste line plug~ed 

1300 *(l) I All high responses 
1330 *( 1 ) C,I,E. All high responses 
1400 All Workmen causing noise and vibration 

nearby 
1430,1630 *(2) 1 All high responses 



Date 

11/6 

11/7 

Time 

1515-1400, 11/7 

2330 and 
0230, 11/5 

2230-0730,11/6 

0830-1100 

0230-0300 
0400-0430, 
0530-0600 
0300-0500, 
0600 
0330,0600 

0830 

Termination data: 

Table 22. Continued 
Fish 

Influent pH Monitor Warning Affected 
alarm (*) *(no. of warnings) (C,E,I) 

*(2) 

*(6) 

*(6) 
*(2) 
*(1 ) 

I 

C 

All 

All 

I 

C 
E 
E 

Comments· 

Influent waste off for remainder of 
~xperiment 

All high responses 

Missing Data 

Missing Data 

All high responses 

All high responses 
All high responses 
Unknown cause 

No. of Feeders clogged: Control (3), Effluent (3), Influent (3) 
No. of Lights off: Effluent (1) 
No. of Fish behind standpipe: Influent (1) 
Water backup through drain: Effluent (1) 

...... 
--' 
\0 



Dates: 11/8-11/22/76 

Date Time 

11/18 1400 

11/19 0300 
1730 

? -0900 
? -0930 

1000-1200, 

11/20 ? -0930 
? -1000 

2015-2030 

11/21 0400,0530 

0400-0430, 
0500-0530 

? -1100 

11/22 ? -0800 

0830 

0855-0905 
? -0930 
? -1230 

Table 23. Summary of Experimental Period, Experiment 9 
Target Waste Dilutions: 5%, Effluent (E) 

Influent pH Monitor Warning 
alarm (*) *(no. of warnings) 

* 

* 

*( 1 ) 
*( 1 ) 

*(1) 

Fish 
Affected 
(C,E,I) 

E, I 

C 
C 
1 
C 

All 

I 
C 
I 

E 

I 

I 

E,I 

E 

I 
C 
I 

1.5%, 'Influent (I) 
o , Control (C) 

Comments 

Waste flow begun 

Two fish, very high ventilatory counts 
Two fish, very high ventilatory counts 
Influent waste flow stopped overnight 
Water flow rates low to tanks ' 
Workmen outside using jackhammer 

Influent waste stopped overnight' 
Water flow rates low to tanks 
Influent pH alarm (pH 3.8, 3.9) 

Only two fish signal amplifiers 
operational 

Only two fish signal amplifiers 
operational 

Influent waste flow stopped overnight 

Influent and effluent flows stopped' 
overnight 

Two fish with signal ampl~fiers with 
high levels of electrical noise 

Influent pH alarm (3.9) 
Water flow rates to tanks low 
Influent line clogged at Celanese valve 

--' 
N 
o 



Table 23. Continued 

Termination data: 

No. of Feeders clogged: Control (1), Influent (2), Effluent (2) 

--' 
N 
--' 



Tabl e 24. Summary of Experimental Period, Experiment 11 
Dates: 2/13-2/18/77 Target Waste Dilutions: 5% Effluent (E1,E2) 

0 Control (C) 

Range, concentrations of 
acetone (mg/l) Monitor Fish 

Date Time E1 E2 Warning*(no) Affected Comments 

2/13 1430-1600, *(6) E2 Cause unknown 
1700-1730 
2130-2200, *(5) E2 Cause unknown 
2300-2400 

2/14 0030 *( 1 ) E1 Counts from one fish quite low ~ 
0100-0130 *(2) E2 Counts from one fish quite low ~ 

? -0800 E1,E2 Waste flow stopped overnight 
0900-0925 E1,E2 . Waste flow off 

1230 *( 1 ) E2 All high responses 
2200 *( 1 ) E2 Cause unknown 

2/15 ? -0800 E2 Waste flow stopped overnight 
1100 *( 1 ) E2 All high responses 
1100 E1,E2 Acetone added to effluent waste 

1130 2500-2900 1200-1400 
1200 2200-2900 900-950 *(1) E2 Probably not due to acetone 
1230 1400-1700 522 
1300 800-1000 325 
1330 *( 1 ) E2 . Probably· not due to a.cetone 
1530 *(1) E2 Cause·unknown 

2/16 ? -0920 E2 Waste flow clogged overnight 
1130,1300 *(2) E2 Cause unknown 
1930,2130 *(2) E2 Two fish with consistently 

high responses 



Table 24. Continued 

Date 

2/17 

Time 

0200-0230, 
0400 

? -0845 
1000 

Range, concentrations of 
acetone (mg/1) 

E1 E2 

1030 6400-8000 6200-6800 
5460-5600 1100 13000-18000 

1100-1300 
1130 9000-11500 

1130-1200, 
1300-1330 

1830 
1900-2000 

2130,2300 
0730 
0930 

1130-1400 

3200 

Termination data: 

Monitor Fish 
Warning*(no.) Affected 

*(3) 

*(6) 

*(4) 

*( 1 ) 
*(3) 

*(2) 
*( 1 ) 

E2 
E2 

E1,E2 

E2 

E1 

C 
E1,E2 

E2 
E1 

E1,E2 
All 

No. of Feeder clog~ed: Control (1), Effluent - E1 (1), Effluent - E2 (1) 

Comments 

Cause unknown 
Waste flow stopped overnight 
Acetone added to effluent 

waste 

Probably due to acetone 

Probably due to' a~etone; 
3 fi s·h dead 

Cause unknown 
E1: 3 fish dead, E2: Cause 

unknown 
Cause unknown 
3 fish dead 
Effluent waste flow stopped 
~1issing data 

....... 
N 
W 
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Table 25. Average of Daytime Ventilatory Rates 
fo~ Control fish as Observed on an Oscilloscope 

...... 

Experiment Ventilatory Rate (per min. 

3 29.8 

4 43.6 . 

5 30.8 

6 48.0 

7 28.0 

8 29.9 

9 45.8 

11 33.8 

Average 34.8 

Peaks) 
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Table 26. Cost Estimates for Equipment, Second 
Generation Fish Monitoring System 

Item 

Mobile Trailer 

Enclosure for Test 
tanks 

Test Tanks 

Fish Holding Tanks 

Waste and Dilution 
Water Supply System 

Bluegill Sunfish 

(1977 dollars) 

Descripti on 

30 x 12 fodt, with heat and 
air conditioning, fiber glass 
floor with drains. 

Individual compartments for 
test tanks with timer-controlled 
lighting and feeding apparatus 

Approximately two liters, glass, 
24 

Fiber glass, about 400 liter 
capacity 

Includes constant-head diluters 
and drainage system 

Eight centimeter, price per 100 

Estimated Cost 

$ ~,OOO.OO 

1,500.00 

1 ,000.00 

500.00 

Fish Signal Amplifiers 28 at $75.00 each 

2,500.00 

75.00 

2,100.00 

Enclosure for Fish 
Signal Amplifiers 

Osci11iscope 

Computer System 

Includes card rack and power supply 

General purpose, for viewing fish 
vent11atorysignals and checking 

400.00 

amplifier operation 1,000.00 

With equipment necessary for 
data acquisition and analyses, 
includes hard copy terminal 
and data storage unit 12,000.00 

TOTAL $ 29,075.00 
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Figure 1. Fish Monitoring System Test Tank. 
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Fi gure 2. Fi sh Mon; tori ng System ~1odul e. 
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Figure 3. Overall View of Fish Monitoring System. 



131 



132 

Figure 4. Diagram of Waste Diluter. 
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Figure 5. Schematic Diagram of Fish Monitoring System. 
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Figure 6. Printout of Data by Minicomputer at VPI&SU (see 

text for explanation) 
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Figure 7. Graph of the 48 half-hour 95% Confidence Limits for 

One Fish. The data from which the limits are derived 

are also shown. Data point numbers refer to the day 

of the standardization period on which they were 

recorded. 



139 

--t 

III 

rn 

OS£ SL£ OSZ S7l aLl SLl 07l SOl 01. S£ 0 

slunO::> AJ010l!luaA 

0 
M 
r---
0 

0 
M 
<..0 
0 
a 
M 
I.() 

0 

0 
M 
"-l' 
0 
0 
M 
M 
0 

0 
M 
N 
0 
0 
C"') 

0 
0 
M 
0 
0 
0 
C"') 

M 
N 

0 
M 
N 
N 

0 >-
C"') (1 

N 0 

0 ~ 
M ..c 0 
N 

0 -M 0 
$ 

OJ 
0 E M 

$? I-
0 
M 
~ 

0 
M 

~ 

0 
M 

~ 

0 
M 
;1 

0 
M 
~ 
0 
C"') 

~ 

0 
C"') 

0 
M 

S 
0 
("1 
(]) 

0 

0 
M 
0:::> 
0 



140 

Figure 8. Effect of a Pulse of Chlorine on the Computer-Counted 

Ventilatory Rates of Bluegi11. 
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Figure 9. Response Levels and Acetone Concentrations for El 

and E2 Fish, on 2/15/77. 
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Figure 10. Recordings of Ventilatory Signals from E1 and' E2 

Fish during Acetone Exposure, on 2/15/77., 
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Figure 10. Continued 
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Figure 11. Response Levels and Acetone Concentrations for 

El and E2 Fish, on 2/17/77. 
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Figure 12. Recordings of Ventilatory Signals from E1 and 

E2 Fish during Acetone Exposure, on 2/17/77. 



Q. FISH: El 
TIME: 0955 
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Figure 12. Continued 



d. FISH: E2 
TIME: 0955 
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EST. ACETONE CONe: Omg/l 
Ventilatory Rate: 381 min. 

r----------------~ 
10 Seconds 

e. FISH; E2 
TIME: 1040 
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Ventilatory Rate: 1261 m!n. 
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f. FISH: E2 
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THE UTILIZATION OF AQUATIC ORGANISMS FOR 

CONTINUOUS AND AUTOMATIC MONITORING OF THE TOXICITY OF 

INDUSTRIAL WASTE EFFLUENTS. 

by 

William Hendrik van der Schalie 

(ABSTRACT) 

Spills of toxic materials into bodies of water receiving industrial 

waste discharges can be prevented only if frequent or continuous assess

ments of wastewater quality can be made. Currently available methods 

can automatically measure individual physical or chemical waste compon

ents, but cannot assess toxicity caused by the interaction of components 

or the presence of an unsuspected material. Aquatic organisms, on the 

other hand, respond to their total environment and in this way integrate 

the effects of all the various chemical and physical waste parameters. 

The objectives of this study were to evaluate the possibility of 

using the continuously and automatically recorded physiological and/or 

behavioral responses of aquatic organisms to monitor the toxicity of 

industrial waste effluents. The requirements for this type of biological 

monitoring system and the suitability of various types of organismal 

responses for use in this manner were reviewed. This was followed by an 

evaluation of a method which used the computer-monitored ventilatory 

patterns of 12 b1uegills (Lepomis macrochirus Rafinesque) to monitor the 

toxicity of an industrial waste effluent as it flowed into a river. No 

known toxic spills occurred in the effluent during any experiment, but 

a short-term exposure to acetone added to the effluent waste caused 

responses from the fi sh at concentr~ti'ons whi ch peaked near the 96 hour 



LC50 level. Some responses were also noted when no known toxicant was 

present; these are related to environmental disturbances and system de

sign problems. Recommendations are made for the design of future biolo

gical monitoring units similar to the one tested, and the'economic costs 

of using one of these new systems are discussed. 




