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ABSTRACT

in order to limit the discharge of toxic materials in toxic amounts to the waterways
of the United States, the U. S. Environmental Protection Agency (EPA) has developed a
7-day survival and reproduction toxicity bioassay test using the freshwater cladoceran,
Ceriodaphnia dubia. The North Carolina Division of Environmental Management has
developed a less expensive modification of this test called the NC Ceriodaphnia
Mini-Chronic Pass/Fail Toxicity Test. These tests are used to monitor discharges from
wastewater treatment plants. Failure to satisfy the requirements (evidence of either
acute or chronic toxicity) of the discharge permit constitutes an effluent violation.

Effluent violations require that studies be conducted to determine the means to
eliminate the violation.

The present investigation had three basic objectives: (1) to develop and test a
toxicity test-based method for locating the sources of toxic materials discharged into a
collection system; (2) to investigate the effect of culture/dilution water on the health of C.
dubia and reproducibility of the NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test;
and (3) to investigate the effect of 3 diets on the health and robustness of C. dubia.

~ The toxicity test-based method was shown to be useful for locating the source of
toxic materials discharged into the collection system. Further development of this
method should allow it to be used to directly control toxic discharges to the collection
system by incorporating this testing into industrial sewer use ordinances.

The culture/dilution water investigations established that there is large and
possibly cyclic variation in the reproduction of C. dubia cultured in standard dilution
waters. Both survival and reproduction were acceptable in Botany Pond water (a
natural surface water), 10% Perrier™ solution, 20% Perrier™ solution, and reconstituted
water. Survival and reproduction were unacceptable in dilutions of MS Animal Media.
The culture/dilution water which allowed the most acceptable survival, reproduction, and
resistance to a potential toxicant (NaCl) was a 20% Perrier™ solution.

C. dubia were raised on 3 diets for 19 generations to evaluate survival and
reproduction. The 3 diets used to culture C. dubia were the green alga Selenastrum
capricornutum plus a mixture of yeast, cereal leaves, and trout chow (YCT), the green
alga Chlamydomonas reinhardtii plus YCT, and a combination of the two species of
algae plus YCT. C. dubia were also subjected to various copper concentrations to
evaluate the relative sensitivity to toxicants of animals raised on different diets. Both
survival and reproduction were acceptable for all 3 diets. Survival was not significantly
different in any diet tested. Reproduction was higher in the S. capricornutum/C.
reinhardtii/YCT diet than in the other diets. C. dubia raised on the S. capricornutum/C.

reinhardtii/YCT diet were also less sensitive to copper than animals raised on the single
algae diets.
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These results suggest that, while the NC Ceriodaphnia Mini-Chronic Pass/Fail
Toxicity Test (and very likely the similar EPA test) is useful to determine the presence of
toxic materials in discharges, the standard test dilution waters and foods do not support
the highest reproduction or robustness of the test organism. A more adequate
culture/dilution water and/or diet might result in changes in the conclusions derived
from NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Tests.

(KEY WORDS: Ceriodaphnia dubia, whole effluent toxicity, wastewater effluent toxicity
testing, wastewater effluent chronic toxicity, toxicity reduction evaluation, cladoceran
culture waters, cladoceran diet, dilution water, culture/dilution water)
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SUMMARY AND CONCLUSIONS

In order to assure that toxic materials are not discharged in toxic amounts to the
waterways of the United States, many National Pollutant Discharge Elimination System
(NPDES) permits require that wastewater treatment plant effluents meet certain limits of
toxicity as determined by laboratory toxicity bioassays. This type of testing is assumed
to be more integrative than the analysis of specific toxic chemicals because such
chemical analyses cannot be complete and there is little information concerning the
toxicity of combinations of chemicals.

Toxicity bioassays may evaluate either acute or chronic end points. The acute
end point is usually death while the chronic end point is less extreme (perhaps the
amount of reproduction). Acute end points are expressed as the amount of a toxicant
(perhaps wastewater) which results in the death of 50% of the test organisms during
some period of time (the lethal concentration for 50% of the organisms or LCs().
Chronic end points are usually expressed as the highest amount of a toxicant which
causes no effect (No-Observed-Effect-Concentration or NOEC) and the lowest amount
of a toxicant which does cause an effect (Lowest-Observed-Effect-Concentration
(LOEC). The geometric mean of these two values is termed the chronic value (ChV).
Because the end point is not as extreme as death, the ChV for a any toxicant or
wastewater is always less than or equal to the LCgy.

Currently, the most commonly used test organism for wastewater toxicity
bioassays is the freshwater cladoceran, Ceriodaphnia dubia. C. dubia is grown in
different concentrations of wastewater diluted with the same water used for culturing the
animal. Either the survival or the amount of reproduction (number of neonates
produced per adult in 3 broods within 7 days) is observed as a function of the
concentration of wastewater. Typically, the permitted concentration must be less than
the proportion of wastewater which would be downstream from the discharge when the
treatment plant was at design flow and the stream was a the lowest flow which occurs
for 7 consecutive days with a return frequency of 1 in 10 years (7Q10). This proportion
of wastewater is termed the Instream Wastewater Concentration (IWC).

The standard (Environmental Protection Agency recommended) chronic toxicity
bioassay with C. dubia involves testing at 10 animals at each of 5 concentrations of
wastewater to determine the NOEC and LOEC. Survival and reproduction are
recorded, and the adults are transferred daily into fresh, diluted wastewater. The test
continues for 7 days. The culture conditions are quite specific for some significant
variables (for example temperature) and not at all specific for others (for example
culture/dilution water has specifications for only pH and hardness). The recommended
food is a combination of the green alga, Selenastrum capricornutum and a mixture of
yeast, cereal leaves, and trout chow (YCT). The sources and preparation of this food
suggest that the chemical quality may be variable from batch to batch.
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In an effort to reduce the complexity and expense of the EPA chronic testing
methodology, the North Carolina Division of Environmental Management has developed
the North Carolina Ceriodaphnia Chronic Effluent Bioassay Procedure which describes
the Mini-Chronic Pass/Fail Ceriodaphnia Toxicity Test. Instead of using an expanded
dilution series to calculate the NOEC and LOEC, the NC Ceriodaphnia Mini-Chronic
Pass/Fail Toxicity Test compares survival and reproduction of C. dubia in a single
dilution of wastewater (the IWC) to that in a control. The control is a group of animals
grown under the same conditions (temperature, culture chamber, light, and food) in the
culture/dilution water. The objective of the test is to determine whether the exposure of
the test population to an effluent concentration equal to the IWC has significant
detrimental impact upon survival and/or reproduction as compared to the control
population. Unlike the more elaborate EPA-recommended procedure, the NC
Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test exposes 12 organisms (instead of
10) and transfers organisms to fresh, diluted wastewater 2 times during the 7-day test
(instead of daily). In addition, the statistical test for significant differences between the

control and the dilution of wastewater is at the a significance level of P < 0.01 (rather
than P < 0.05). '

Most dischargers in North Carolina are required to conduct chronic toxicity tests
quarterly. A single failure can result in requirements for more frequent testing or even
the initiation of a Toxicity Reduction Evaluation (TRE) to eliminate the toxicity. A TRE is a
site specific study designed to identify the causative agents of effluent toxicity, isolate

the sources of toxicity, evaluate the effectiveness of toxicity control options, and then
confirm the reduction in effluent toxicity.

TREATMENT PLANT STUDIES

The EPA-recommended protocol for conducting a TRE is laborious and often
fails to isolate a cause for the toxic effluent. This study was designed to test a toxicity
test-based procedure for locating sources of toxic materials within the collection system.
Six treatment plants (5 in Durham and 1 in Burlington) were sampled to determine the

consistency of impairment of reproduction (chronic toxicity violations) and the source of
the toxic materials.

The specific conclusions are as follows:

1. All of the Durham discharges exhibited either acute toxicity or very
inconsistent chronic toxicity. Plant modifications for improving
treatment were underway. Therefore, these facilities were not good
candidates for testing the toxicity test-based means for locating the
sources of materials which cause chronic toxicity.

2. One of the Durham plants demonstrated increased toxicity late in
the week. When the collection system was tested, this toxicity was
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shown to have its source in the primarily industrial input to the
treatment plant.

3. The toxicity test-based method was successful in locating the
geographic areas of the discharge of materials into the South
Burlington Treatment Plant. These were associated with basins in
which there were significant industrial discharges.

4, The results suggest that incorporation of toxicity test-based limits
into industrial sewer use permits may be an effective means of
limiting effluent toxicity. However, this will require the development
of a standard surrogate wastewater with which to dilute the
industrial wastewater prior to bench-scale treatment.

CULTURE/DILUTION WATER STUDIES

Various laboratories have reported that the survival and reproduction of C. dubia
varies over long periods of time. In the present investigation, the chronological
variability in the 3-brood reproduction of C. dubia in individual cultures and controls with
both a natural (Botany Pond) and 10% Perrier™ culture/dilution water was large and
showed some cyclic tendencies in spite of the fact that culture conditions (food,
temperature, light, etc.) were maintained constant. These results suggest that unknown
variables greatly affect the reproductive success of C. dubia. This, in turn, may affect
the results of bioassays using these techniques.

Both the presence of toxicants and the lack of essential components (trace
elements and organic nutrients) have been cited as the cause of C. dubia culturing
problems. Although contaminants may periodically cause toxicity, concentrations great
enough to cause such problems are unlikely to occur if an adequate system to prepare
reagent water is used and properly maintained. Essential components can be provided
by either food or culture/dilution water. Because the supply of these components from
food varies with the batch of food and the form of the component, culture/dilution water
may be an important source for daphnids in culture.

In this investigation, C. dubia was cultured in different culture/dilution waters to
determine the effect of the culture/dilution water on survival, reproduction, and
sensitivity of C. dubia to toxicants. There were 3 levels of experimentation. The first was
an initial screening experiment which investigated 9 different culture/dilution waters. The
results of this set of experiments were used to select 5 culture/dilution waters to test in a
long-term (20 generation) experiment. Finally, organisms from the long-term
experiment were used to initiate NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Tests
using NaCl as a reference toxicant in each of the 5 culture/dilution waters.

It was shown that the water used to culture C. dubia and dilute potential toxicants
or wastewater effluents is an important factor affecting the survival, reproduction, and
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sensitivity of C. dubia to toxicants. In fact, the culture/dilution water may effect the
outcome of the NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test.

The specific conclusions are as follows:

1. Survival and reproduction were above the minimum levels required
when C. dubia were cultured in Botany Pond water, 20% Perrier™
solution, 10% Perrier™ solution, and both soft and moderately hard
reconstituted water (RCW). Survival and reproduction were below
minimum acceptable levels when C. dubia were cultured in MS
Animal Media. The addition of selenium to 10% Perrier™ solution

did not affect survival, reproduction, or the sensitivity of C. dubia to
NaCl.

2. Variability was high (coefficient of variation = 30 - 40%) in all
culture/dilution waters. The culture/dilution waters which were
based on dilutions of Perrier™ supported significantly higher 3-
brood reproduction than a natural water or soft RCW. High
variability suggests that only a limited amount of confidence can be
placed in a single outcome of the NC Ceriodaphnia Mini-Chronic
Pass/Fail Toxicity Test.

3. C. dubia were least sensitive to NaCl when cultured in 20%
Perrier™ solution and most sensitive when cultured in soft RCW.
The addition of selenium to 10% Perrier™ solution did not affect the
sensitivity of C. dubia to NaCl.

4, Because of the above trends, 20% Perrier™ solution was
determined to be the best culture/dilution water tested. Botany

Pond water, 10% Perrier™ solution, and both soft and moderately
hard RCW were also acceptable.

5. In this experiment, trends of increasing robustness concomitant
with increasing trace element concentration suggest that
culture/dilution water may be an important source of essential
components.

DIET STUDIES

Some studies have suggested that providing essential nutrients in particulate
food is preferable to providing them in the culture/dilution water. C. dubia were raised
on 3 diets for 19 generations to evaluate survival and reproduction. The 3 diets used to
culture C. dubia were the green alga Selenastrum capricornutum plus a mixture of
yeast, cereal, and trout chow (YCT), the green alga Chlamydomonas reinhardtii plus
YCT, and a combination of the two species of algae plus YCT. C. dubia were also
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subjected to various copper concentrations to evaluate the relative sensitivity to
toxicants of animals raised on different diets.

It was shown that the diet used in culturing C. dubia is an important factor
affecting reproduction and the sensitivity of C. dubia to toxicants. In fact, the diet may
effect the outcome of the NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test.

The specific conclusions are as follows:

1. Survival and reproduction of C. dubia were above the minimum
standards recommended by the NC Ceriodaphnia Mini-Chronic
Pass/Fail Toxicity Test procedure in all diets tested.

2. Variability in reproduction remained high (coefficient of variation =
18 - 37%) in all diets tested and did not seem to be directly related
to inadequacies in any particular diet. If these animals were used
as controls in a NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity
Test, confidence in a single outcome of the test would remain low.

3. Survival was not significantly different for C. dubia raised on any
diet tested. On many occasions, survival remained high while
reproduction was low. It is possible that the factors that affect
survival and reproduction are not the same.

4. Reproduction was significantly different for C. dubia raised on the
different diets. Reproduction with the
Selenastrum/Chlamydomonas/YCT diet proved slightly better than
the Selenastrum/YCT diet and the Chlamydomonas/YCT diet. The
Selenastrum/YCT diet proved slightly better than the
Chlamydomonas/YCT diet.

5. The sensitivity to copper of animals raised on different diets was
significantly different. C. dubia raised on the
Selenastrum/Chlamydomonas/YCT were significantly more resistant
to copper than C. dubia raised on the Selenastrum/YCT diet. C.
dubia raised on the Selenastrum/Chlamydomonas/YCT were also
more resistant to copper than C. dubia raised on the
Chlamydomonas/YCT diet, although significance was not noted.
Measures of survival and reproduction may not be sufficient to
evaluate the health and robustness of C. dubia. A more effective
indicator is response to a toxicant.

6. The nutritional adequacy of the diet used to culture C. dubia does
affect the outcome of chronic toxicity experiments. Diet must be
taken into account when comparing the results of different
experiments.



The results of this experiment suggest that a multiple algal diet
supports healthier (higher reproduction) C. dubia than a single alga
diet. This, therefore, may be a better choice for conducting chronic
toxicity tests.
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RECOMMENDATIONS

Toxicity test-based methods should be used to geographically
locate the potential sources of materials which cause chronic
toxicity in wastewater discharges.

In order to limit the extent of effluent violations of chronic toxicity
standards, toxicity-based limits should be incorporated into
industrial sewer use ordinances. However, a surrogate wastewater
with which to dilute the industrial wastewater prior to bench-scale
treatment must be developed because industrial discharges may
not have the organic and inorganic constituents necessary to
support normal biological wastewater treatment.

In order to improve the reproducibility of the Ceriodaphnia whole
effluent chronic toxicity tests, the number of extraneous intra- and
inter-laboratory variables should be reduced. Because
culture/dilution water and diet have been shown in this investigation
to be an important variables affecting survival and reproduction, a
better-defined culture/dilution water and diet should be developed
and required.

To be effective, a standardized culture/dilution water must maintain
robust cultures of C. dubia, be easily prepared in all laboratories,
and allow for adjustments to be made for regional differences in
surface water characteristics. Currently, the Perrier™ solutions fulfill
these requirements, and are the best choice for a standardized
culture/dilution water.

A completely defined, synthetic water is preferable to the, perhaps,
variable quality of Perrier™. The long-term, research goal should
be the development of a completely defined, synthetic

culture/dilution water which provides all of the essential soluble
constituents required by C. dubia.

The present study has shown that a diet consisting of
Selenastrum/Chlamydomonas/YCT is generally superior (greater
reproduction and robustness) to the standard one of only
Selenastrum/YCT. However, there was no specific identification of
the nutritional requirements of C. dubia which are met by this diet.

This experiment should be repeated without the inclusion of YCT in
the diet. If it can be shown that C. dubia can be successfully
cultured and maintained for multiple generations and remain
resistant to toxicants without YCT in the diet, it should be eliminated
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since it is a source of nutritional inconsistency in the currently
recommended diet for C. dubia.

In general, the specific nutritional requirements of C. dubia need to

be determined along with the form (particulate or soluble) which
can best be assimilated.
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INTRODUCTION

Through the Federal Water Pollution Control Act of 1972 (P.L. 92-500) Congress
attempted to increase Federal responsibility for establishing, implementing, and
enforcing water pollution control standards. A system was developed whereby
minimum effluent standards are set universally for all dischargers, and these standards
are modified based on the actual effect the discharge will have on the receiving water
(Vesilind, Peirce and Weiner 1990). This policy is implemented through the National
Pollutant Discharge Elimination System (NPDES) which prohibits the discharge of
pollutants into any public waterway unless authorized by a permit. NPDES permits
contain effluent limits that require baseline use of treatment technologies regardless of
the impact on receiving waters. The interim goal of the 1972 Federal Water Pollution
Control Act was to provide for "the protection and propagation of fish, shellfish, and
wildlife, and...for recreation in and on the waters" (Macek 1985), with the ultimate goal
being the attainment of zero discharge of wastes into streams by 1985 (Lamb 1985).
Also included in the legislation was the statement that "it is the national policy that the
discharge of toxic pollutants in toxic amounts be prohibited." It is this statement that
enables chemical and toxicity limits to be set for effluents from point-source dischargers
through permit programs administered by either EPA or authorized state agencies
(Burkhard and Ankley 1989).

The basic regulatory approach adopted in the 1977 amendments to the Clean
Water Act (P.L. 95-217) required dischargers to use the highest available and affordable
technology to treat their effluents. The emphasis on technology-based standards was
intended to control toxics in wastewaters, yet toxicity to aquatic organisms was never a
significant criterion for evaluating alternative technologies (Macek 1985). Traditionally,
EPA has pursued a chemical-specific approach to regulate discharges of toxic
pollutants, which requires industrial and municipal dischargers to analyze their
wastewaters for a number of common toxic compounds known as the "priority
pollutants". However, limiting priority pollutant concentrations in effluents does not
guarantee compliance with the Clean Water Act since many chemicals other than
priority pollutants cause toxicity (Burkhard and Ankley 1989).

EPA has recognized limitations in the chemical-specific approach. Data on the
toxicity of substances to aquatic organisms are available for only a limited number of
compounds. Also, additive, antagonistic and synergistic effects between toxic
substances in complex effluents are not indicated by traditional chemical testing (EPA
1984). Since it is not economically feasible to determine the toxicity of each of the
thousands of potentially toxic substances in complex effluents or to conduct exhaustive
chemical analyses of effluents, EPA has determined that effluent toxicity testing with
aquatic organisms is the most direct and cost-effective approach to the measurement of
the toxicity of effluents (EPA 1985a).



A toxicity test is designed to measure the degree of response of an organism to
a specific concentration of a substance or effluent. Aquatic toxicity tests are used to -
identify effluents that have adverse effects on aquatic organisms (Rand and Petrocelli
1985). In order to be considered a valid and effective indicator of toxicity, a toxicity test
must meet certain criteria. To keep the tests cost-effective, test organisms should be
simple and inexpensive to maintain in the laboratory. The organisms chosen as
indicators must be sensitive enough to toxicants to protect the aquatic environment and
should be representative of organisms in the environment (Rand and Petrocelli 1985).
Tests must also be reproducible, with minimal inter- and intra-laboratory variation.
Interlaboratory variation results from the use of different populations of organisms, test
conditions and procedures between laboratories. Intralaboratory variation is usually the
result of temporal changes in the health of test organisms due to inadequate diet,
culture/dilution water or culturing techniques (EPA 1990). Test procedures should have
a sound statistical basis and should be quantifiable through graphical interpolation or
statistical analysis (Rand and Petrocelli 1985).

In 1985 EPA published the third edition of the manual presenting the
methodology for acute toxicity testing (EPA 1985b). This manual describes acute
toxicity tests, which are used to determine the effluent concentration, expressed as a
percent volume, that is lethal to 50% of the organisms within the prescribed period of
time (LCsq), usually a period of four days or less. In order to detect the response to the
toxicant, the indicator organisms are exposed to a serial dilution of the chemical or
effluent, and are examined at specified time intervals to determine mortality. The-

freshwater invertebrate recommended for acute toxicity tests was the cladoceran,
Daphnia pulex.

Recognizing that acute toxicity tests do not always detect the more subtle, low-
level, long-term adverse effects of effluents on aquatic organisms, such as reduction in
growth and reproduction, EPA developed a protocol for chronic toxicity testing, which is
published in the manual "Short-Term Methods for Estimating the Chronic Toxicity of
Effluents and Receiving Waters to Freshwater Organisms" (EPA 1985c). EPA (1985c)
recommended the 7-day life-cycle test with the small cladoceran, Ceriodaphnia dubia,
for chronic toxicity testing. The second edition of this manual was issued in 1989. The
major changes in the second edition were to establish this as a 3-brood test and require
that the food include the green alga, Selenastrum capricornutum (EPA 1989).

Although C. dubia do not have a long history of use in toxicity testing (Cowgill, et
al. 1985), the development of a toxicity test protocol for C. dubia has definite
advantages over test methodologies using other species. The use of other
Cladocerans such as Daphnia pulex for chronic testing requires longer and, therefore,
more expensive tests. It is also believed that Ceriodaphnia are more widely distributed
than other species used in toxicity testing and are, therefore, more representative of
organisms that appear in typical receiving waters (Berner 1986). Perhaps the most
important factor that makes C. dubia a more desirable indicator than other species is
the greater sensitivity to both organic and inorganic toxicants that it repeatedly exhibits



versus other potentially useful test organisms (Cowgill, Takahashi and Applegath 1985;
Elnabarawy, Welter and Robideau 1986; Winner 1988; Kszos, et al. 1992). Using a

more sensitive species as an indicator of toxicity assures a greater protection of
receiving waters.

The objective of chronic aquatic toxicity tests with whole effluents is to estimate
the highest "safe" or "no-effect concentration" of wastewaters using a sublethal
endpoint, such as hatchability, gross morphological abnormalities, survival, growth, or
reproduction. As in the acute test, organisms are exposed to a serial dilution of the
chemical or effluent. The duration of the exposure varies depending on the organism
used, but should cover much of the reproductive life cycle. Unlike acute tests, the
organism must be fed to allow the long-term survival and reproduction required to
detect the more subtle chronic test endpoints. The food and culture water specified in
the chronic test protocol are not necessarily intended to satisfy all the nutritional
requirements of C. dubia. These are defined as acceptable if the required survival,
growth, and reproduction in the controls (containing no known toxicant) is maintained
during a test. Two terms used to describe the chronic test endpoints are No-Observed-
Effect-Concentration (NOEC) and Lowest-Observed-Effect-Concentration (LOEC). The
NOEC is the highest concentration of the toxicant to which organisms are exposed that
causes no observable statistically significant adverse effects on the test organisms. The
LOEC is the lowest concentration of the toxicant to which organisms are exposed which
causes statistically significant adverse effects on the test organisms (EPA 1989). The
geometric mean of these two values is termed the chronic value (ChV). Because the
end point is not as extreme as death, the ChV for a any toxicant or wastewater is always
less than or equal to the LCsp.

In an effort to reduce the complexity and expense of the EPA chronic testing
methodology, the North Carolina Division of Environmental Management has developed
the North Carolina Ceriodaphnia Chronic Effluent Bioassay Procedure which describes
the Mini-chronic Pass/Fail Ceriodaphnia Effluent Toxicity Test (NCDEM 1989). Instead
of using an expanded dilution series to calculate the NOEC and LOEC, the Mini-chronic
Pass/Fail Test compares a single dilution of wastewater to a control. The single dilution
of wastewater is the Instream Waste Concentration (IWC) which is the proportion of
wastewater which would be downstream from the discharge when the treatment plant
was at design flow and the stream was a the lowest flow which occurs for 7 consecutive
days with a return frequency of 1 in 10 years (7Q10). The controlis a group of animals
grown under the same conditions in the culture/dilution water. Dischargers in North
Carolina are required to conduct chronic toxicity tests quarterly. Failures can result in
requirements for more frequent testing, or even the initiation of a Toxicity Reduction
Evaluation (TRE) to eliminate the source of the toxicity (Fergen and Budd 1990). A TRE
is a site specific study designed to identify the causative agents of effluent toxicity,
isolate the sources of toxicity, evaluate the effectiveness of toxicity control options, and
then confirm the reduction in effluent toxicity (EPA 1991). Currently, it is EPA’s policy to



interpret a single exceedence of a whole effluent toxicity limit as a violation of the
NPDES permit (EPA 1990).

The identification of the cause of toxicity in effluents from wastewater treatment
plants is quite difficult because of the wide variety of known and unknown constituents
which are potentially responsible, the difficulty in identifying and measuring all such
constituents, and the temporal variability of the discharge of such constituents into the
sewerage system. The EPA (Mount and Anderson Carnahan 1988; EPA 1991) has
developed a procedure known as the "Toxicity Identification Evaluation" (TIE). This
procedure was originally designed to identify the cause of acute toxicity. The EPA
National Effluent Toxicity Assessment Center cautioned that this approach was not to
be used to identify the cause of chronic toxicity (Burkhard and Ankley 1989).

The acute TIE procedure (Mount and Anderson Carnahan 1988; EPA 1991) has
been used in this laboratory to evaluate both municipal and industrial discharges
(DiGiano, et al. 1992a, DiGiano, et al. 1992b). Our results obtained with much effort and
expense have not been conclusive in identifying the causes of acute toxicity. We
believe that these procedures are too complicated to be conducted in most municipal
wastewater treatment plant laboratories. A leading consulting firm that conducts TIE
analyses for wastewater treatment plants indicates that the cost of a TIE is at least
$3,000 per sample (Morris 1992). Botts, et al. (1989) suggest that several samples are
required to adequately characterize the temporal variability of the toxic constituents.

EPA recognized that there are circumstances in which the results of the acute
TIE would not lead to a successful identification of a chemical specific source for
toxicity. In this case EPA recommended an influent toxicity tracking approach in the
collection system which would locate sources of toxicity rather than sources of specific
toxic chemicals. Toxicity of influent wastewaters are not necessarily the same as in
treated effluents because the treatment may remove or alter the toxic constituents. The
toxicity which remains after treatment is refractory to treatment or refractory toxicity.
The Refractory Toxicity Assessment (RTA) uses a bench scale aeration tank with solids
from the treatment plant being tested to biologically treat the raw wastewater (Botts et
al., 1989). This treated wastewater is then tested for toxicity. There are other variations
which use synthetic wastewaters and spike non-toxic wastewater with wastewater which
is suspected of being toxic. We were unsuccessful in determining the source of pass
through toxicity using RTA procedures (DiGiano, et al. 1992b). EPA indicates that
further studies are in progress to improve the utility of the RTA test (Botts et al., 1989).
Versteeg and Woltering (1990) used a similar approach with a continuous feed reactor

for assessing the toxicity of detergent manufacturing wastes on municipal wastewater
treatment plants.

EPA has published procedures for chronic toxicity identification and evaluation
(Norberg-King, et al., 1992). These chronic TIE procedures are quite similar to those for
acute toxicity; therefore, they are at least as complicated, laborious, and expensive.



it is unlikely that the average municipality in North Carolina would have the
internal resources (personnel and equipment) to carry out such an investigation.
Therefore, they would have to engage a consulting firm to determine the cause of
chronic toxicity violations. It would be advantageous if less expensive procedures could
be developed which would allow the municipality to conduct its own TRE. We believe
that many municipal wastewater treatment plant laboratories would be qualified to
conduct studies based on the RTA approach.

Before attempting to locate the source or the cause of the chronic toxicity, it is
necessary to know the frequency of chronically-toxic discharges. If the problem occurs
only occasionally, the evaluation technique must address spills or periodic discharges
into the sewerage system. Furthermore, this would probably also suggest an analysis
of whether the infrequent nature of the discharges exhibiting chronic toxicity obviates a
chronic toxicity response in the receiving stream. If, on the other hand, the problem is
more evenly distributed in time, the evaluation technique should be designed to locate
continuous sources of toxic materials.

The evaluation technique for continuous sources must first establish whether the
chronic toxicity originates in the Publically-Owned-Treatment-Works (POTW). If the
chronic toxicity originates in the POTW, the particular unit process which is responsible
should be identified. If the chronic toxicity does not originate in the POTW, it must be
being introduced into the collection system. The evaluation technique should then
identify at least the geographic bounds of potential dischargers.

The nature of the chronic toxicity test is that it assesses relatively minor
challenges to the integrity of the living organism which is the test organism. The control
of such tests is extremely important since all effects must be compared to the control. It
is assumed that the control water has no constituents which result in chronic toxicity. It
is also assumed that if there is no toxicity when compared to the control, there will be
essentially no toxicity exhibited in the receiving stream. In the receiving stream the
effluent is diluted in ambient, upstream water; therefore, toxicity must be manifest in a
matrix of natural stream water. Dilution with the stream water may result in synergistic
or antagonistic effects on chronic toxicity. This is not regularly evaluated in the self
monitoring performed by NPDES permit holders.

Because a TRE may be both complicated and expensive to perform, a high level
of confidence must be placed in the Mini-chronic Pass/Fail Ceriodaphnia Effluent
Toxicity Test outcome. However, problems have arisen with the application and
interpretation of chronic bioassays with C. dubia. Many investigators who culture and
test with C. dubia periodically encounter problems maintaining healthy populations of
animals in the laboratory (DeGraeve and Cooney 1987). Other sources of uncertainty in
toxicity tests include the inter- and intra-laboratory variation in culturing techniques, test
methods, and organism sensitivity that may affect toxicity test results (Warren-Hicks and
Parkhurst 1990). The acceptability of the levels of precision observed in inter- and intra-
laboratory studies has been examined. Round-robin studies have shown that the



variability of the 7-day Ceriodaphnia test is similar to the variability observed with other
toxicity tests and analytical measurements (EPRI 1989; DeGraeve, et al., 1992;
Anderson and Norberg-King 1991). DeGraeve, et al. (1992) conclude that the variability
is similar to other analytical tests. However, they also point out that of the 6 possible
results for each sample in the interlaboratory study, the mean obtained was 4.7. For

this reason, Warren-Hicks and Parkhurst (1990) argue that these results demonstrate
an unacceptably high level of variation.

Problems with this bioassay have most frequently been attributed to diet
(Cowdill, Keating and Takahashi 1985; Winner 1989) or to the waters used for culturing
and effluent dilution (DeGraeve and Cooney 1987). Some investigators have indicated
that nutritional deficiencies cannot always be remedied by changing the food source
since daphnids uptake certain elements, particularly trace nutrients, preferentially from
the water used to culture the animals rather than the food. In one study using D.
magna, partial correlation techniques comparing the chemical compositions of the
animals, food, and culture water indicated that the rearing water was more important in
determining the chemical composition of the organisms than the algal food (Cowgill, et
al. 1986). However, it is clear that foods of poor nutritional quality do adversely affect
survival and reproduction of daphnids (Goulden, et al. 1982; Cowgill, Keating and
Takahashi 1985; Patterson, et al., 1992). In fact, Winner believes that food is more
important than culture/dilution water as long as the food contains a proper balance of
essential nutrients. He notes that animals fed a diet of either Chlamydomonas or
Selenastrum/YCT survived and reproduced more than adequately for multiple
generations in a culture/dilution water containing only four salts (Winner 1989). Since
the water used to culture C. dubia and dilute the effluent samples is usually the same,
this will be referred to as culture/dilution water in this report. Because a variety of diets
and culture/dilution waters may be used (EPA 1989), it is imperative to define the effect
of both on daphnid health and test reproducibility. Several studies have been done to
determine the effects of diet on C. dubia survival and reproduction (Belanger, et al.
1989; Bryson 1990; Cowgill 1987; Winner 1989). Before the initiation of the present
study, only a few studies had been done to determine the effects of the culture/dilution
water (EPRI 1988, Belanger, et al. 1989, and Keating, et al. 1989). Further investigation
into an adequate diet and culture water for C. dubia is warranted.

Most studies with culture/dilution water have compared the survival and
reproduction of daphnids in only two or three different waters. Further, results of these
studies have varied. In Daphnia magna, reproduction was compared in two natural
surface waters (Lake Huron water and Tittabawassee River, Michigan) and an industrial
water (Lake Huron water clarified with alum and ferric chloride, and softened with
lime)(Cowgill, et al. 1986). Two tests were done. In one test, 50 neonates were reared
in waters to maturity (approximately 4.5 weeks). In the other test, neonates were batch
cultured in the waters for 4 weeks. The largest number of broods and neonates per
female in both tests were in populations cultured in lake water, while the smallest were
in populations cultured in processed water. Winner (1989) studied C. dubia



reproduction in two different culture/dilution waters for 5 to 6 generations. Each
culture/dilution water contained the same four salts (CaCQOs, MgSQO,, NaCl, KCI) in
distilled deionized water, but in different concentrations (EPA 1985; Winner 1985). The
waters were termed either low- or high-sodium relative to the total salt concentration
(total salts: 120.9 and 174.8 mg/L, respectively). Although there was no loss of vitality
of cultures in either water over the six generations, absolute values for total broods,
mean brood size, total young per cohort, and survival times were all slightly higher for
C. dubia cultured in high sodium water. But these differences were not statistically
significant. C. dubia survival and reproduction in different culture/dilution waters were
investigated by the Electric Power Research Institute (EPRI 1988 and Cooney, et al.
1992b). A surface water (Darby Creek, Ohio), a well water, and a culture/dilution water
termed Hard Reconstituted Water containing four salts (NaHCOg3, CaSQO4, MgSOs, KCI)
in lab pure water (total salts: 440 mg/L) were evaluated with both 14 day screening
tests and generation tests. Neither survival nor reproduction differed significantly
among the different culture/dilution waters. The screening results were based on only
10 C. dubia cultured in a single 250 mL beaker one time for each test condition. In the
second level of their study, they tested three diets in the same manner for 4 generations
(Cooney, et al. 1992b). Patterson, et al. (1992) tested 3 culture/dilution waters (2
synthetic and 1 natural) and concluded that the natural water supported the higher
reproduction in all tested combination of food types 'This study was based on < 30
adults for each test treatment (combination of food and culture/dilution water).

The need for the addition of trace elements and organic nutrients to
culture/dilution water has often been discussed (Keating, et al. 1989), but only a few
studies have been done. Elendt and Bias (1990) developed a defined medium
containing an extensive set of trace elements and reported that it was a successful
medium for the culture of D. magna. Investigations of selenium additions to
culture/dilution water have given contradictory results. Keating and Dagbusan (1984)
found that healthy populations of D. pulex and D. magna could not be maintained in
culture/dilution waters containing less than 0.1 ppb of selenium. Culturing with less
selenium resulted in premature cuticle deterioration, progressive loss of distal segments
of second antennae, and a shortened lifespan. Keating, et al. (1989) suggested that
selenium may need to be dissolved in solution (not available in solid food) to be
assimilated by the daphnid. Winner (1989) reported that the addition of selenium
decreased the number of eggs aborted, the number of dead young, and increased the
number of young per female. Elendt and Bias (1990) reported that the addition of
selenium to a defined medium improved the quality of the medium. In other studies,
however, the addition of selenium to cultures did not affect survival or reproduction
(EPRI 1988; Cooney, et al. 1992b).

Although laboratories have performed toxicity tests with C. dubia for almost a
decade, proper culturing techniques and feeding regimes are still widely debated. The
earliest culturing procedures for Ceriodaphnia recommended feeding each animal 250
Hg of baker’s yeast daily. The investigators reported average reproductions of 15



young for 3 broods with no loss of fecundity over seven generations (Mount and
Norberg 1984). They speculated that the actual source of nutrition was not the yeast,
which settled quickly on the bottom of the test vessel, but the bacteria that grew on the
yeast film. A modified version of this diet which includes yeast, Cerophyl® and trout
chow (YCT) appears in the first edition of the manual "Short-Term Methods for
Estimating the Chronic Toxicity of Effluents and Receiving Waters to Freshwater
Organisms" (EPA 1985c) as the prescribed diet for the culturing of C. dubia. EPA
added the Cerophyl® and trout chow components to the diet presumably at the
suggestion of other laboratories that anecdotally reported greater success with YCT
than with yeast alone (Mount and Norberg 1984). Knight and Waller (1992) have
recently suggested that CerophylIR extract stimulates the reproduction of C. dubia both

because it allows the growth of particular bacteria and because it contains some
unidentified, soluble stimulant.

As previously noted, many laboratories conducting toxicity testing with
Ceriodaphnia reported poor success with the synthetic YCT diet (DeGraeve and
Cooney 1987), and it became necessary to develop a more adequate laboratory
culturing protocol than the one suggested by Mount and Norberg (1984) to maintain the
organism for extended periods of time. In a round-robin study conducted by the
Electric Power Research Institute, it was found that only 47% of the participating
laboratories could effectively initiate a toxicity test according to the criteria outlined in the
first edition (EPA 1985c) of "Short-Term Methods for Estimating the Chronic Toxicity of
Effluents and Receiving Waters to Freshwater Organisms" (EPRI 1989 and DeGraeve, et
al. 1992). It was noted in this study that successful test initiation and completion was
most common in laboratories that regularly maintained healthy cultures of animals. In
other words, when animal health is marginal, tests are marginal, and are therefore less
desirable in a regulatory compliance setting. If control survival and control reproduction
could be improved, a greater number of toxicity tests could be successfully initiated and
completed (EPRI 1989 and DeGraeve, et al. 1992). Interestingly, the laboratories which
had the greater experience in culturing the organisms and conducting the test had
about the same coefficient of variation on the mean reproduction results as the total
group which included inexperienced laboratories (DeGraeve, et al. 1992).

One way to improve the health of control organisms is to improve the diet for
Ceriodaphnia. Cooney, et al. (1992b) evaluated the several diets for C. dubia culturing
and concluded that a diet consisting of the alga S. capricornutum with yeast and trout
food was comparable the one containing S. capricornutum with yeast, trout food, and
Cerophylr. As previously noted, their study involved very few test animals or
experimental replicates. Cooney, et al. (1992b) experienced a number of instances of

high mortality that they tentatively attributed to toxic materials periodically present in the
hard reconstituted water (EPA 1985c).

Many researchers using other daphnid species, particularly D. magna and D.
pulex, had consistently noted considerably greater survival and reproduction in cultures
fed an algal diet rather than a synthetic diet. For instance, D. magna sustained on the



green alga Chlamydomonas reinhardtii lived longer but had smaller broods than
animals reared on trout chow and Cerophyl® (Winner, et al. 1977). Winner attributed the
larger brood sizes of animals fed trout chow to the higher caloric content of the diet
rather than its overall nutritional adequacy. Since this study was conducted on cohorts
of animals rather than multiple generations of animals, long-term effects of the diets are
uncertain. In a multi-generational study comparing a two algae diet, a single alga diet
and a trout chow/yeast diet, it was shown that both algal diets supported adequate
survival and reproduction of D. magna over many generations while the synthetic diet
did not (Goulden, et al. 1982). Goulden points out that daphnids used in toxicity testing
are planktonic organisms and, therefore, an algal diet more closely resembiles the
organism’s natural feeding regime than a synthetic diet. Keating (1985a) suggested
that D. pulex maintained on multiple algal diets reproduce better than animals
maintained on single alga diets. She further indicated that animals isolated from
different geographic regions preferred different algal species as food. Cowgill (1987)
expands this idea in the following statement:

Daphnids in nature derive the majority of their nutrition from
the consumption of a variety of algae. Algae...contain 55
detectable elements in their tissues, at least 18 amino acids
and a substantial array of saturated and unsaturated fatty
acids. Although feral daphnids have been collected and
analyzed for their chemical composition...no deficiency
symptoms have been noted. Furthermore, the chemical
composition of feral daphnids is similar to algal-reared
daphnids but not to trout chow-reared daphnids.

According to these investigators, one can conclude that an organism would prefer to
eat in the laboratory what it eats in its native habitat.

Choosing an acceptable algae for the laboratory culture of daphnids is not a
simple task. Goulden, et al. (1982) reviews research on this subject and notes that
blue-green algae, filamentous algae, algae species larger than 50 um and species that
are enclosed in gelatinous sheaths are unsuitable foods for daphnids. Furthermore, the
culturing of the algae can change their nutritional quality. For instance, Selenastrum
capricornuturn grown on MBL (Marine Biological Laboratory) medium proved a better
food source for D. pulex than the same alga raised in the medium recommended by
EPA for the algal bottle bioassay test (Goulden, et al. 1982). In another study, D. pulex
fed algae grown in a vitamin-enriched medium produced healthy, viable offspring while

animals fed algae grown in a vitamin-free medium produced very few live progeny
(Keating 1985b).

Unfortunately, very few dietary studies have been conducted specifically on
Ceriodaphnia, and some of the results of experiments that do examine Ceriodaphnia
nutritional requirements are uncertain. For instance, Cowgill, Keating and Takahashi



(1985) reported that upon offering Ceriodaphnia 17 different algal diets, Ankistrodesmus
convolutus resulted in the highest reproductions. However, the investigators drew this
conclusion from data gathered by using only four replicate animals per food type, one
in each of four different types of water. Furthermore, the diet identified as the best food
source resulted in unacceptably low reproduction in 2 of the 4 culturing waters. A multi-
generational study conducted by the Electric Power Research Institute subsequently
demonstrated that the algal diet A. convolutus was unacceptable for the long-term
culturing of Ceriodaphnia, as were the other algal diets C. reinhardtii and S.
capricornutum (EPRI 1988 and Cooney et al. 1992b). Winner (1989), however, found
that C. reinhardltii cultured in a medium enriched with vitamins and selenium proved an
adequate diet for maintaining healthy cultures of Ceriodaphnia over multiple
generations.

Nutritional studies using S. capricornutum in combination with YCT have shown
that the diet provides adequate nutrition for the long-term culturing of Ceriodaphnia
(EPRI 1988; Winner 1989). This diet was subsequently included in the second edition of
"Short-Term Methods for Estimating the Chronic Toxicity of Effluents and Receiving '
Waters to Freshwater Organisms" (EPA 1989). Although no other algae have been
specifically tested in conjunction with YCT, it is plausible that other species could
replace Selenastrum as the algal component of the diet. Many laboratories maintain

Selenastrum for use in the algal bottle bioassay, so this alga may have been chosen by
EPA for the sake of convenience.

While the recommended diets for the culturing of Ceriodaphnia have been
examined in terms of longevity and reproduction, few have been evaluated with regard

to the effects they might have on the sensitivity of the organism to toxicants. As Winner
(1989) states:

There seems to be a general, but unwarranted, assumption
that there is, necessarily, a positive relationship between
fecundity and robustness of cladoceran populations. Since
brood sizes are proportional to caloric intake, large broods
do not necessarily indicate healthy animals.

Some researchers suggest that the culturing techniques employed in the
laboratory do have an effect on the sensitivity of cladocerans to toxicants. For example,
selenium deficiency seems to sensitize daphnids to copper (Winner 1984) and to
cadmium (Winner and Whitford 1987). It has also been shown that D. magna
maintained on a vitamin-enriched algae were less sensitive to copper stress than
animals maintained on a trout-granule diet (Winner, et al. 1977). In a review of factors
affecting the variability of toxicity testing results, Cowgill (1987) compiled data from six
sources that illustrated D. magna’s greater resistance to assorted toxicants when fed
algal diets versus synthetic diets. Since this information is based on data collected from
different studies and investigators, it is difficult to determine whether other factors such
as handling, culture water or temperature affected the results, but it does illustrate a

10



trend. In a study using Ceriodaphnia, Belanger, et al. (1989) found that animals fed a
combination of three algae were 1.5 times more resistant to copper than animals reared
on synthetic diets. Patterson, et al. (1992) found that those combinations of diet and
culture/dilution water that allowed the greatest reproduction of C. dubia in culture were
not the ones in which the animal was the most resistant to copper stress. It is clear that
when evaluating the acceptability of a diet or culture/dilution water, one should examine
not only longevity and reproduction but also toxic response. The robustness of test
organisms may not be immediately apparent when evaluated in terms of reproduction
but might be indicated by the response to a toxicant. Clearly, if a toxicity test fails due
to the poor health of the culturing animals, the test is probably not valid for that toxicant.

Most of the studies which have been conducted on the effects of culture
variables on the survival reproductive success of C. dubia have utilized experimental
methods which cultured only a few animals in each treatment and repeated the test very
few times (EPRI 1988 and 1989; Cooney, et al. 1992a and 1992b; Patterson, et al. 1992).
Cooney, et al. (1992a) included screening phases which used only 20 animals in a
single test for each treatment for the determination of the effect of the treatment
(temperature, food concentration, test chamber size, etc.) on survival and reproduction.
Oris and Bailer (1993) showed that the statistical power of the Ceriodaphnia dubia
toxicity bioassays is low due to the large variance of the control reproduction. They
suggest that an increase in the sample size will also increase the ability of the test to
detect differences. It should also follow that this large variance of reproduction would

necessitate a large sample size and multiple repeats to determine the effects of culture
conditions on survival and reproduction.
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OBJECTIVES

TREATMENT PLANT STUDIES

The studies of treatment plants were designed to identify treatment plants with

chronic toxicity problems and identify the sources of the toxicity. The specific objectives
were:

1. to determine whether the discharge consistently exhibited chronic
toxicity;

2. to determine whether the toxicity was produced within the treatment
plant; and

3. to determine the source of toxicity in the collection system using
methods that may be implemented by the staff of the treatment plant.

CULTURE/DILUTION WATER STUDIES

- The culture/dilution water studies were designed to determine whether the
reproducibility of the NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test is, in part,
determined by the culture/dilution water. The objectives were:

1. to determine the effect of selected culture/dilution waters on C. dubia
survival, reproduction, and sensitivity to toxicants;

2.  to determine the effect of culture/dilution water on the reproducibility of
the NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test; and

3. to identify the culture/dilution water(s) that maximizes C. dubia health
and test reproducibility.

DIET STUDIES

The diet studies were designed to determine whether the reproducibility of the
NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test is, in part, determined by the
standard diet. The specific objectives were:

1. to determine the effect of 3 diets which differ in the algal component on
C. dubia survival and reproduction, and

2.  to determine if a multi-algal/YCT diet provides a greater resistance to
toxicants than a single-alga/YCT diet.
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METHODS

GENERAL LABORATORY PROCEDURES

Chronic toxicity test methods All of the chronic toxicity tests conducted during
this study were in general accordance with the methods described for the NC
Ceriodaphnia Mini Chronic Pass/Fail Toxicity Test (NCDEM 1989). In this test, twelve, 4-
24 hr-old neonates of C. dubia are placed into individual cups with diluted wastewater
and another twelve into individual cups of culture "control" water. The survival and
reproductive success (number of offspring per reproducing adult) of each is monitored
for 3 broods or 7 days of incubation. The survival and reproductive success of the "test"
organisms are then compared to that of the "control" organisms using the procedures
discussed in "Short-Term Methods for Estimating the Chronic Toxicity of Effluents and
Receiving Waters to Freshwater Organisms" (EPA 1989). Deviations from the standard
method will be noted where appropriate for specific experiments.

The North Carolina Mini-Chronic Pass/Fail Toxicity Test (NCDEM 1989)
procedure differs from the EPA-recommended test (EPA 1989) primarily in that it is a
single concentration, pass-fail test; uses 12 instead of 10 replicates; determines
statistical differences at P < 0.01 (instead of 0.05); and requires only 2 animal transfers
to fresh sample (day 2 and 5) instead of daily transfers. The test requires that the
controls meet certain minimum standards in order to be considered valid. A minimum
of 80% of the adult C. dubia used in the control must survive for the duration of the test
(when 60% of the controls have had a third brood not to exceed 7 days), and they must
produce an average of at least 15 neonates/adult during that period (NCDEM 1989).
These minimum standards are intended to ensure that the animals used in a chronic
test are healthy enough to place a high level of confidence in the outcome of the test.

Ceriodaphnia dubia culturing All C. dubia used in this study originated from
animals provided by the North Carolina Division of Environmental Management in
February, 1988. Animals were grown and maintained in both mass cultures and
individual cultures according to the guidelines described in "Short-Term Methods for
Estimating the Chronic Toxicity of Effluents and Receiving Waters to Freshwater
Organisms" (EPA 1989). An overview of laboratory culturing and maintenance
procedures is provided below.

Mass cultures were maintained continuously in order to provide animals for acute
toxicity testing in ongoing research projects. They also served as a "backup" reservoir
of animals in case of an unanticipated decrease in reproduction due to conditions such
as low dissolved oxygen in the culture vessels, poor food quality or breakage of a
culture dish. A mass culture consisted of 50 animals plus their offspring in an 8"
diameter culture dish (Carolina Biological) containing one liter of natural surface water
(Botany Pond). Cultures were started each weekday (Monday through Friday) using
neonates less than 24 hr old from other culture dishes. Adults were transferred to fresh
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water twice a week for 14 days. On days of transfer, neonates that were not required to
initiate new mass culture dishes were discarded. After 14 days, all of the animals
remaining in the culture dish were discarded. On days of transfer, adults were counted
and mortality was noted. Neonates were not enumerated. These cultures were fed
daily and aerated gently with laboratory air three times a week.

Mass cultures were fed both 2.0 mL of a mixture of Yeast, Cereal and Trout chow
(YCT) and 0.4 mL of a 1.4 x 107 cells/mL concentrate of the green alga, S.
capricornutum, per liter of culture water daily, including weekends. The YCT was made
according to EPA protocol (EPA 1989). The yeast, cereal and trout chow components
of the YCT were distributed by Fleischmann’s Yeast Inc., Sigma Chemical Company,
and Carolina Biological, respectively. YCT was prepared in 2 L batches and frozen in
80 mL aliquots until needed. Thawed YCT was kept at 4°C in the dark. Unused thawed
portions were discarded after one week. Algae culturing is described elsewhere in this
report. The daily concentration of YCT given to mass cultures was approximately 2.0 x
102 mL YCT/mL of culture water. The concentration of algae given to mass cultures
yielded a cell concentration in the culture dish of 5.7 x 104 cells/mL of culture water.

The water used for mass cultures came from Botany Pond, a 3.5 acre pond
located in the Mason Farm Biological Reserve, a protected wooded watershed in
Chapel Hill, North Carolina. Water was stored in a 208 L high-density polyethylene tank
(Nalgene, Inc.) which was covered with black plastic to keep out light and was
continuously aerated with laboratory air using a Silent Giant aquarium pump (Aquarium
Pump Supply, Inc.). Approximately 38 L of filtered water were collected weekly from the
end of a 10 M long dock using a plastic pump and a 5 um polypropylene wound filter
(Carborundum Corp.). The point of collection was approximately 1.5 M below the
surface of the pond. The hardness of the water was adjusted to 33 mg/L as CaCO;
using equal weights of reagent grade calcium sulfate (Mallinckrodt, Inc.) and
magnesium sulfate (MCB Manufacturing Chemists, Inc.). Water was aerated for at least
24 hrs with laboratory air and hardness was verified before use.

Mass cultures were kept in a temperature controlled room at 25° = 2°C. The
temperature was checked and recorded each weekday. An automatic timing device
kept the room on a 16 hr light - 8 hr dark cycle. During the light cycle, 65 foot candles

of illumination reached the culture dishes. lllumination was provided by overhead
fluorescent lights.

In addition to mass cultures, animals were also maintained regularly in individual
cultures. These animals provided a constant source of animals for all chronic toxicity
tests. Animals were held singly in 30 mL disposable plastic cups (Plastics, Inc.)
containing 15 mL of a 10% Perrier™ : 90% deionized distilled water mixture [prior to
1/1/91 the individual cultures and the culture/dilution water for chronic tests was from
Botany Pond as in the mass cultures]. The set of animals kept in individual cultures
originated from mass culture animals. Subsequently, individual culture cups were
initiated from other individual culture animals. Twelve new cups were started each
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Monday, Wednesday and Friday with neonates of known origin from third or later
broods and less than 24 hr old. On those days, adults were transferred to new solution
and the neonates counted and recorded. A Bausch and Lomb dissecting microscope
placed on top of a fluorescent light table was used to count neonates. Animals were
discarded after 14 days.

Animals used in both individual cultures and chronic tests were fed 100 uL of a
mixture of YCT and S. capricornutum daily using a micropipeter to facilitate feeding. A
food in which the algae component is mixed with the YCT component prior to feeding is
referred to as a "combination" food. The mixture fed to the individual cultures was half
YCT and half algae by volume. The algae component of the combination food was
prepared using the formula X = (1.71 x 107)(V)/(C) where X (mL) is the volume of algae
concentrate used in the combination food, 1.71 x 107 (cells/mL) is the desired cell
concentration in the algal portion of the combination food, V (mL) is the desired volume
of the algal component of the combination food, and C (cells/mL) is the cell
concentration in the algal concentrate. Preparation of algal concentrates is described
elsewhere in this report. The algal concentrates used in food preparation were diluted
to the desired volume (V) using 10% Perrier™. An equal volume (V) of freshly thawed
YCT was added to the combination food. Therefore, the combination food was 50%
YCT and 50% algae at a concentration of 1.71 x 107 celis/mL by volume. The
concentration of YCT given daily to each cup was 3.3 x 102 mL of YCT/mL of culture
water. The concentration of algae given daily to each cup was 5.7 x 104 cells/mL of
culture water. Combination foods were kept at 4°C in the dark. Unused portions were
discarded after one week. The procedure recommended in NC Ceriodaphnia
Mini-Chronic Pass/Fail Toxicity Test (NCDEM 1989) does not use a combination food
but rather feeds C. dubia with separate 50 uL portions of algae and YCT. The

combination food had the same concentration of algae and YCT as recommended
(NCDEM 1989).

The 10% Perrier™ solution used to culture the animals was made using
deionized- distilled water (Corning Megapure System DI Deionizer using a Corning
High-Capacity Inorganic Deionizer and a Corning AGlII Still). The solution was aerated
continuously with a Whisper 800 aquarium pump (Second Nature) and for at least 18
hrs before use . The hardness of the water remained consistently between 39.5 and
40.3 mg/L as CaCOs. The mean conductivity of the 129 batches was 92.7 umho/cm
with a standard deviation of 1.9 umho/cm as determined with a Fisher Scientific Digital
Conductivity Meter. 10% Perrier™ was made fresh every three days and was held in a
20 L high-density polyethylene (Nalgene, Inc.) container.

Animals grown in individual cultures and any animals being used in chronic
toxicity tests were incubated in a Precision Dual Program llluminated Incubator (CGA
Corp.). The temperature was checked each weekday and remained at 25°C + 1°C.
The fluorescent lights in the incubator provided 37 foot candles of illumination. An
automatic timing device kept the incubator on a 16 hr light/8 hr dark cycle.
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Algal Cultures The two species of algae were used in this project were
Selenastrum capricornutum and Chlamydomonas reinhardtii. S. capricornutum was the
algal component of the normal laboratory maintenance diet for C. dubia. The normal
diet (S. capricornutum + yeast + cereal + trout chow) was used for all studies except
the investigation of the effect of diet on C. dubia survival, reproduction, and sensitivity to
toxicants. Both of these cultures originated from slants obtained from the Starr
Collection at the University of Texas in Austin. Their reference numbers were UTEX
1638 and UTEX 90 respectively. Both algae were grown in Marine Biological Laboratory
(MBL) media (Stein 1973) with a vitamin enrichment (Goulden and Henry 1991). The
two species of algae were cultured separately and no cross-contamination occurred
between species throughout the course of the experiment. The culturing methods for

all algae were identical whether grown for experimental purposes or for general
laboratory maintenance unless otherwise noted.

Two types of algal culture systems were used in the laboratory. Stock cultures
were grown on agar containing MBL nutrient medium were kept for long periods of
time, often up to six months, in screw capped test tubes at 4°C in the dark. Batch
cultures consisted of approximately 125 mL of medium in a 250 mL Erlenmeyer flask
capped with a gauze stopper. Flasks, gauze stoppers and media were autoclaved prior
to use. The vitamin solution was added after the media was autoclaved and
immediately prior to the introduction of the algae inoculum into the flask. After
inoculation, the flasks were placed on a G10 Gyrotory Shaker table (New Brunswick
Scientific) set at 130 rpm. Algae were cultured under fluorescent lights that provided
continuous illumination of approximately 225 foot candles. Six flasks of each species of
algae were inoculated every week with approximately 0.1 mL of the culture from the
previous week using sterile technique. If batch cultures had become contaminated with
bacteria, flasks were inoculated from slant cultures using sterile technique. Each set of

six flasks were grown for seven days. On day seven, new cultures were inoculated and
the algae were harvested.

Algae were harvested at a cell concentration just below maximum density to
insure good food quality. S. capricornutum was harvested at a cell density of
approximately 1 x 107 cells/mL. C. reinhardtii was harvested at a cell density of
approximately 3 x 106 cells/mL. In the first step of the harvesting procedure, the six
flasks of algae were combined and mixed in a 1000 mL graduated cylinder. Two drops
of the combined algae were pipetted onto a Bright-Line Hemacytometer (American
Optical) to determine cell density. Ten replicate squares on the hemacytometer were
counted under a Bausch and Lomb compound microscope and averaged. The
average cell concentration was determined with the formula C = (A x 10¢)/4, where C
(cells/mL) is the cell concentration of the combined flasks, A is the average cell count
per hemacytometer square, and 4 and 108 are constants to convert the cell count to
cells/mL. The volume of the combined flasks was noted and recorded.

In order to use the algae for food, it had to first be separated from the algal
nutrient medium and resuspended in 10% Perrier™ solution. The algae culture was
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evenly distributed into twelve 50 mL glass centrifuge tubes. Tubes were capped with
aluminum foil and centrifuged at approximately 1400 revolutions per minute for 30
minutes. The supernatant was discarded, and the algae were rinsed into four tubes
using approximately 100 mL of 10% Perrier™. The tubes were recapped and
centrifuged for 20 minutes. Finally, the algae were rinsed into 2 tubes and centrifuged
for 20 minutes. After centrifugation, the cells were resuspended in 10% Perrier™
solution. S. capricornutum cells were resuspended to a concentration of approximately
1.4 x 108 cells/mL. The C. reinhardtii cells were more difficult to retrieve from the
centrifuge tubes and required more solution to wash the cells free from the sides of the
tubes. Therefore, the C. reinhardtii was stored at a lower cell density which was usually
between 3 x 107 and 5 x 107 cells/mL. After resuspension, the algal concentrates were
stored in the dark at 4°C. For the routine feeding of laboratory cultures including the
culture/dilution water experiments, algae were used within 30 days of harvesting.
During the diet experiment, algae were used within one week of harvesting.

TREATMENT PLANT STUDIES

The treatment plant studies were designed to determine (1) whether the effluent
exhibited consistent chronic toxicity, (2) whether the chranic toxicity originated in the
treatment plant, and (3) whether the source of toxicity in the collection system could be
isolated. All samples were 24-hr composites collected by treatment plant personnel.
These were transported to the laboratory on ice within 12 hrs of the completion of the
compositing period. Only samples which were delivered at a temperature less than 4°C
were retained for testing. Collection system sampling sites were selected by the

municipal personnel to be geographically dichotomous or to isolate significant potential
discharges of toxic materials.

The standard NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test (NCDEM
1989) requires that the test solution in each cup is renewed on the fifth incubation day
with a composite sample collected on second incubation day. Since one of the
objectives of this investigation was to assess the temporal variability of chronic toxicity,
each of the 2 test solution renewals were with the initial sample water which remained
refrigerated during the experiment. All samples were diluted with either Botany Pond or
10% Perrier™ non-toxic culture/control water. Effluent samples were diluted in the
same proportion as required by the NPDES permit for the facility while collection system
samples were tested at multiple dilutions to more readily differentiate between locations.
Quality control was by the procedures specified in "Short-Term Methods for Estimating
the Chronic Toxicity of Effluents and Receiving Waters to Freshwater Organisms" (EPA
1989). The reference toxicant was NaCl.

Samples from the collection system as well as influent to the wastewater
treatment system typically demonstrate acute toxicity. In order to more accurately
demonstrate the effect of these samples on chronic toxicity, these were biologically-
treated using a bench-scale aerated reactor to remove readily decomposable or
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volatile compounds. This technique is similar to the EPA refractory toxicity assessment
approach (Botts, et al. 1989). We centrifuged the solids from 1.8L of mixed liquor from
the aeration tank at the treatment facility and resuspended these biosolids in enough
sample (treatment plant or collection system) to make 1.8L of mixed liquor. This was
aerated (dissolved oxygen exceeded 2 mg/L) until the concentration of NHs-N was less
than 1.5 mg/L (NHU probe method). This normally required 6-8 hrs of aeration. After
completion of aeration, the mixed liquor was allowed to settle over night in a dark
refrigerator at 4°C. The next morning, the supernatant was withdrawn and filtered
(Whatman GF/C) into a "tox cleaned" (EPA 1989) 2 L bottle. This was used immediately
to begin a chronic toxicity test. The remainder was stored in the dark at 4°C until
needed for the day 2 and 5 replenishments. The subsequent toxicity analyses generally

were conducted at the Instream Waste Concentration (IWC) and factor of 2 serial
dilutions of the IWC for the facility.

We conducted tests to determine whether the mixed liquor had adsorbed toxic
constituents which would contaminate the sample. All of these tests were negative. The
mixed liquor did not release materials which caused chronic toxicity. These tests
included treating the test wastewater with mixed liquor from another treatment plant that
did not evidence effluent chronic toxicity and treating the effluent from this plant (non
toxic). with the mixed liquor from the treatment plant which was experiencing chronically-
toxic effluents. Such tests were not conducted with -each test reported herein.

The treatment plants included in this investigation were in the City of Durham and
the City of Burlington. In each case the record of chronic toxicity analyses was
reviewed with city personnel to determine the most likely plants for study. The City of
Durham was experiencing variable or no toxicity in most of its facilities while the City of
Burlington was experiencing more consistent toxicity at the South Burlington Plant. We
studied the Farrington Road, County, Lick Creek, Northside, and Eno Plants operated
by the City of Durham and the South Burlington Plant in Burlington. Because toxicity in

Durham was so variable, most of the effort of this investigation focused on the South
Burlington Plant.

CULTURE/DILUTION WATER STUDIES

The culture/dilution water studies were designed to determine the factors which
determine whether culture/dilution water allows acceptable and consistent reproduction
of C. dubia. All studies compared the reproduction in one culture/dilution water or
treatment thereof with that in another. The technique was identical to the NC
Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test (NCDEM 1989).

Screening Experiments of Various Culture/Dilution Waters Initial screening
experiments were done to determine the survival and reproduction of C. dubia cultured
in 9 different waters which had been used or recommended. The following waters were
tested: Botany Pond water, 10% Perrier™ solution, 10% Perrier™ solution with selenium
dioxide (2 ug Se/l) (EPRI 1988), soft and moderately hard reconstituted water (RCW)
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(Marking and Dawson 1973), and 4 dilutions (100%, 10%, 1%, and 0.1%) of MS Media
(Keating 1985a).

Initial screening experiments were started with neonates from both individual and
mass cultures. The source was dependent upon availability of neonates at the start of
the experiment. When started from individual cultures, each C. dubia was observed 24
hr prior to the start of the experiment. If the third or latter brood was likely to be born
within the next 24 hr the cup was marked. When started from mass cultures, C. dubia
likely to have their third or later brood within the next 24 hr were pipetted into a beaker
with 100 mL of Botany Pond water. YCT and S. capricornutum were then added to the
beaker as food and the C. dubia were kept in the beaker overnight.

Tests were started before the neonates were 24 hr old. To start the test, one
neonate was pipetted into each of the twelve replicate 30 mL cups of containing 15 mL
of each water being tested. When tests where started with neonates originating from
individual cultures, the neonates were used only if there were at least eight neonates per
female. When tests were started with neonates originating from mass cultures, the
number of neonates per female could not be determined. - Test procedures were carried
out as described for the control (100% culture/dilution water) in the NC Ceriodaphnia
Mini-Chronic Pass/Fail Toxicity Test (NCDEM 1989).

Long-term Culture Experiment Multiple generations of C. dubia were cultured in
different waters to determine the effect of each water on long-term survival and
reproduction. The following waters were tested: Botany Pond water, 10% Perrier™
solution, 10% Perrier™ solution with selenium dioxide, 20% Perrier™ solution, and RCW.

Neonates used to start the experiment were taken from mass cultures. The test
procedure was the same as for the Initial Screening Experiments, except that on day 7
the experiment was not terminated. Instead, one neonate from each of the twelve
replicate cups was transferred to a new cup containing the same water type. Each of
the twelve cups was lettered, A through L. Neonates were transferred to cups with the
same letter. For example, a neonate was transferred from cup A to cup A. By
transferring neonates in this manner, progeny originating from a single C. dubia were
followed throughout the entire experiment. This design is illustrated in Figure 1.

The progeny from each cup and water combination will be termed a "culture line".
Normally, neonates on day 7 were from the third or fourth brood; however, neonates
from earlier broods were used if necessary. Further, neonates were usually less than 24
hr old when transferred on day 7. Some neonates were slightly older because of a
faster rate of growth and development in certain culture/dilution waters, but neonates
were never more than 48 hr old at the time of transfer. Finally, if there was no
reproduction or the adult C. dubia died, a neonate was taken from a different replicate

"culture line". The use of neonates from earlier broods or from different "culture lines"
was nhoted.
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Figure 1 -- Diagram of Long-Term Culture Experiment:
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Sodium Chloride Antagonist Experiments After culturing C. dubia in an
experimental water for 18 to 20 weeks, tests were done with sodium chloride to
determine the effect of this toxicant on the survival and reproduction of C. dubia
cultured in each culture/dilution water. Neonates used to start this series of experiments
were taken directly from weeks 18 to 20 of the long-term culture experiment. The
following culture/dilution waters were tested: Botany Pond water, 10% Perrier™
solution, 10% Perrier™ solution with selenium, 20% Perrier™ solution, and RCW. After
preparation, each water was split into separate containers and a final concentration of
0.5 g/L of reagent grade sodium chloride was added to one container. Waters were
aerated for 24 hr before use.

Neonates used to start the experiment were taken from weeks 18 to 20 of the
long-term culture experiment. Only neonates from the third or fourth broods were used.
The experiment was started by pipetting neonates less than 24 hr old from a test water
in the long-term culture experiment into one of 24 cups containing 15 mL of the same
water type. Only half the cups contained sodium chloride. Experimental procedures
were then carried out as described for the NC Ceriodaphnia Mini-Chronic Pass/Fail
Toxicity Test (NCDEM 1989). Food, temperature, and photoperiod were maintained as
described above for individual cultures. ‘

DIET STUDIES

Long-term Culture Experiment Multiple generations of C. dubia were raised on
three different diets to determine the effect of diet on long-term survival and
reproduction. The three diets examined in this experiment were YCT plus the alga S.
capricornutum, YCT plus the alga C. reinhardtii, and YCT plus S. capricornutum and C.
reinhardtii. The combination YCT plus C. reinhardtii food was prepared using the same
formula that was used to prepare the combination YCT plus S. capricornutum food for
the individual cultures. The combination YCT plus S. capricornutum and C. reinhardtii
food was prepared so that the algal component of the food contained 50% S.
capricornutum and 50% C. reinhardtii based on cell count. The cell counts of all foods
used in the experiment were verified before use. All combination foods used in the
experiment were prepared on the same day, using algal concentrates that were less

than 48 hrs old and freshly thawed YCT. Foods were used for one week and then
discarded.

All animals used in this experiment were reared in 10% Perrier™, Neonates used
to initiate the experiment were the progeny of adult animals raised in individual cultures.
Approximately 18 hrs before the start of the long-term experiment, adult animals that
were likely to have their third or later broods within 8 hrs were noted and observed. The
experiment was initiated while the neonates were less than 24 hrs old. Neonates were

used for the experiment only if they came from a brood that had eight or more
neonates.
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To start the test, one neonate was pipetted into each of twelve replicate cups per
diet. The twelve replicate cups for each diet were labelled A through L. Neonates
placed in cups of the same letter came from the same brood. Therefore, the neonate
placed in the A cup that was fed Selenastrum/YCT came from the same brood as the
neonate placed in the A cup that was fed Chlamydomonas/YCT. The animals were
raised for 7 days, a period which allowed each animal to produce at least 3 broods. On
the seventh day, the progeny were enumerated and one neonate from each cup was
used to initiate the next week of the experiment. Neonates were transferred to cups
with the same letter. By transferring neonates in this manner, progeny originating from
a single C. dubia were followed throughout the experiment. Animals originating from
the same adult and fed the same diet are referred to as a culture line. This is the same

procedure used in the culture/dilution water experiments. The experimental design is
illustrated in Figure 1.

The experiment was carried out for 19 weeks. At the end of every week, one
neonate from the third brood of the adult animal in the cup was placed in a cup of the
same letter and fed the same diet, thereby initiating the next week of the experiment.
Normally, neonates on day 7 were from the third brood and were less than 24 hrs old.
On rare occasions, neonates from the fourth brood were used to initiate the test for a
certain week in order to maintain a similar age structure for the animals used in the
experiment. Some neonates were slightly older because of a faster rate of growth and
development on certain diets. Neonates were never more than 48 hrs old at the time of
initiation. If an adult C. dubia died or did not produce a third brood, a neonate was
taken from a different culture line. The use of neonates from broods other than the third
brood or from different culture lines was noted. Temperature, photoperiod and feeding
were carried out as described for the individual cultures. Changes of culture water
occurred 2 days and 5 days after initiation of the test for a given week. When culture
water was changed, any neonates in the cup were enumerated and discarded. On the
seventh day, the adults and unused neonates were discarded and one neonate from

each cup was placed in fresh culture/dilution water to carry out the next week of the
test.

Copper Toxicant Experiments After raising C. dubia on the three diets for 8
weeks, tests were performed with copper nitrate to determine if animals raised on the
different diets had different levels of resistance to the effects of the toxicant. Neonates
used to conduct these experiments came directly from weeks 9 through 19 of the long-
term culture experiment. The concentrations of copper used were 2 ug/L as copper, 4
pg/L as copper and 8 ug/L as copper. Nominal concentrations of copper were
prepared using a 1000 mg-Cu/L reference solution (Fisher Scientific). A 1 mg-Cu/L
solution was prepared using 1 mL of the 1000 mg-Cu/L reference solution in 1 L of
distilled-deionized water. 2, 4 or 8 mL of the 1 mg-Cu/L stock solution were added to 1

L of 10% Perrier™ to make 2, 4 or 8 ug-Cu/L solutions, respectively. Volumetric pipets
and flasks were used to prepare all solutions.
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The decision to use copper in this experiment was based on the fact that copper
nitrate had been used previously in the laboratory to conduct acute reference toxicant
tests. This acute data simplified the choice of copper concentrations that would result
in chronic toxicity. It was hoped that the concentrations of copper chosen would exhibit
increasing levels of chronic toxicity. EPA (1989) recommends the use of copper sulfate
as a reference toxicant, so their procedures also provided some guidance.

Tests with copper were initiated simultaneously with new weeks of the long-term
culture experiment. The neonates that were chosen to carry out the next week of the
long-term experiment were placed in fresh 10% Perrier™ solution. An animal from the
same brood was then placed in a cup containing 10% Perrier™ plus the desired
concentration of copper. The animals in the copper solutions were fed the same diet as
the animal from the same brood that was not subjected to copper (the control). The
animals in the copper solution were not kept for multiple generations. After one week,
the animals in the copper solutions were discarded, and new copper tests were
reinitiated with animals from the long-term culture experiment.
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RESULTS

TREATMENT PLANT STUDIES

City of Durham

Temporal variation -- Northside Plant This plant was sampled 9/18, 9/19, 9/20,
9/21, and 9/26/89. On each of these dates the effluent was acutely toxic. All animals
died within 2 days. In all cases the residual chlorine concentration was < 0.08 mg/L;
therefore, the acute toxicity could not be attributed to chlorine. Since acute toxicity was
not the focus of this investigation and the plant was about to be upgraded in part to

address the toxicity problem, it was determined the no further investigation of the
Northside Plant was warranted.

Temporal variation -- Farrington Road Plant This plant was sampled on 10/17/89.
The effluent was acutely toxic. All of the animals died within 2 days. The residual
chlorine concentration was < 0.02 mg/L; therefore, the acute toxicity could not be
attributed to chlorine. Since acute toxicity was not the focus of this investigation and

this plant had a history of quite variable toxicity, it was decided not to continue with this
investigation.

Temporal variation -- Lick Creek Plant This plant was sampled only once,
10/25/89. The effluent exhibited chronic toxicity. Subsequent testing by the City of
Durham established that this was an unusual event. No further testing was undertaken.

Temporal variation -- County Plant The County Plant was sampled on 10/18 and
10/20/89. On the first date the effluent exhibited chronic toxicity, but on the second date

there was no toxicity. Since the City advised that this had been the pattern at this plant,
it was decided not to pursue further studies.

Temporal variation -- Eno River Plant The Durham Eno River plant was sampled
during the period 9/17-28/90. The results are presented in Table 1. Only 3 of the 10
samples which were analyzed using our standard procedure passed the survival test (5
of the 7 failures were due to acute toxicity, death within 48 hours). Note that 2 samples
were tested beginning 9/19/90. The first listed used the same composite sample for all
transfers (days 0, 2, and 5) while the second used the standard NC Ceriodaphnia Mini-
Chronic Pass/Fail Toxicity Test procedure of one composite sample for day 0 and 2 and
another for day 5. It is obvious that the second wastewater sample contained lethal
components since all of the test organisms died after that transfer. In consultation with
the Durham personnel and after reviewing data collected in their ongoing monitoring
program, we determined that very often the second of the 2 composite samples used in
the standard procedure resulted in lethal toxicity. This suggests that the system is
being challenged by spike inputs of highly toxic materials. Furthermore, these tended
to occur in mid-to-late week rather than early in the week. It was decided to continue
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Table 1

Results of N. C. Mini Chronic 7 Day Pass/Fail Test
City of Durham Eno River Plant
Chlorinated Effluent Samples

Survival Reproduction
% Mortality # of Neonates
g e Pass/  —————=————-——- Pass/
Date Sample WW Ctrl Test Fail Ctrl Test Fail
9/17/90 Cl_EFF 72 0 100 Faill 20.08 3.83 Fail
9/18/90 Cl_EFF 72 (o} 25 Pass 21.08 9.42 Fail
9/19/90 Cl_EFF 72 0 0 Pass 16.92 21.00 Pass
9/19/902 Cl_EFF 72 o 100 Fail 16.92 19.33 Fail
9/20/90 Cl_EFF 72 0 100 Fail 16.42 0.00 Fail
9/21/90 Cl_EFF 72 0 100 Faill 17.90 0.00 Fail
9/24/90 Cl_EFF 72 0 100 Fail3 15.92 0.00 Fail
9/25/90 Cl_EFF 72 0 100 - Fail 4.92 0.00 Invalia?
9/26/90 Cl_EFF 72 o o Pass 9.83 23.25 Invalid4
9/27/90  Cl_EFF 72 17 100 - Faill®  7.s58 0.00 Invalid?
9/28/90 Cl_EFF 72 0 100 Faill 15.67 0.00 Fail

1This test resulted in acute toxicity (death within 48 hours)

2This test was conducted using the standard NC Ceriodaphnia Mini-Chronic Pass/Fail
Toxicity Test which uses the initial composite sample for the day 0 and day 2
transfers and a second composite for the day 5 transfer.

3Excessive mortality after 48 hours.
4Results are invalid due to insufficient control reproduction.



with monitoring of the collection system to try to determine the sources of these
constituents.

Collection System Study -- Eno River Plant The results of the Eno collection
system monitoring are presented in Table 2. There are 2 main inputs to the Eno River
Plant. The Hebron Road trunk line was sampled at the third manhole from the plant
grounds. This trunk line collects from the Treyburn development and contains a
substantial industrial component. The Roxboro Road trunk line was sampled from the
first manhole across the Eno River from the plant. This collects wastewater primarily

from residential and commercial developments. It is considered to be predominantly
domestic wastewater.

We tested these samples at both 72% (the Eno Plant IWC) and 36% wastewater
in order to more readily identify potentially harmful discharges. Only 2 of the of the 24
tests (2 samples X 2 dilutions) resulted in chronic toxicity. Both of these were in the
Hebron Road (industrial) sample on 1/30/91. On 3/1/91 the Hebron Road sample failed
because of excessive mortality. These results substantiated the indication that
discontinuous discharges of toxic materials were occurring in the Eno River Plant
collection system. Furthermore, these originate from the "industrial' Hebron Road or

Treyburn sub-basin. lt is also interesting to note that in 12 of the 21 "passes" the test
reproduction exceeded the control reproduction.

City of Burlington

Temporal Variation -- South Burlington Plant The results of intensive chronic
toxicity testing of the effluent at the South Burlington Plant are presented in Table 3.
Both the chlorinated and unchlorinated (taken before chlorination) effluent were
sampled on the same day on 11/1/89, 11/3/89, and 5 consecutive days (11/13 - 17/89,
first sampling period). In addition, unchlorinated effluent was tested for 2 consecutive 5-
day weeks 2/5/90 - 2/16/90 (second sampling period). On 11/1/89 the standard NC
Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test (2 collections of sample) test was
conducted on both effluents. On 10/1/90 a chlorinated effluent sample test was
conducted to ascertain whether the effluent was still toxic. All of the above samples
were tested at the South Burlington IWC of 82% A third set of samples was initiated on
3/20/90 at 4 factor-of-2 serial dilutions of the unchlorinated effluent.

It is evident that dilutions of both chlorinated and unchlorinated effluent often
resulted in significant mortality. There was significantly greater mortality as compared to
the controls in 16 of the 33 tests conducted at 82% effluent. All but 2 of the "passes"
were during the second sampling period (2/5/90 - 2/16/90). During the first sampling
period (10/11/89 - 11/17/89), mortality was not consistently related to the concentration
of Total Residual Chlorine (Clz) in the effluent. In fact the 2 "passes" were on samples

which had the highest Clz concentrations. It was reported that overall performance of
the treatment plant improved between the 2 periods.
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Table 2

Results of N. C. Mini Chronic 7 Day Pass/Fail Test
City of Durham Eno River Plant
Collection System Samples

Reproduction

Survival

x4

I e Pass/ =  —---mmmmo—e——- Pass/

Date Sample wWW ctrl Test Fail ctrl Test Fail
1/30/91 Hebron Road 36 (0] 0 Pass 23.33 21.25 Fail
1/30/91 Hebron Road 72 (0] 8 Pass 23.33 18.42 Fail
1/30/91 Roxboro Road 36 0 4] Pass 23.33 22,17 Pass
1/30/91 Roxboro Road 72 0 0] Pass 23.33 22.67 Pass
2/01/91 Hebron Road 36 0 0 Pass 25.50 25.33 Pass
2/01/91 Hebron Road 72 0] 0] Pass 25.50 25.25 Pass
2/01/91 Roxboro Road 36 0 0 Pass 25.50 25.08 Pass
2/01/91 Roxboro Road 72 0] 0 - Pass 25.50 26.00 Pass
2/27/91 Hebron Road 36 0 0 Pass 23.58 26.08 Pass
2/27/91 Hebron Road 72 0 0 Pass 23.58 24.00 Pass
2/27/91 Roxboro Road 36 0 0 Pass 23.58 24.67 Pass
2/27/91 Roxboro Road 72 0 0 Pass 23.58 25.33 Pass
3/01/91 Hebron Road 36 0] 17 Pass 25.83 21.92 Pass
3/01/91 Hebron Road 72 0 67 Fail 25.83 12.08 Fail
3/01/91 Roxboro Road 36 0 0 Pass 25.83 28.00 Pass
3/01/91 Roxboro Road 72 0 8 Pass 25.83 26.17 Pass
4/10/91 Hebron Road 36 0 8 Pass 20.08 24.33 Pass
4/10/91 Hebron Road 72 (¢ 0 Pass 20.08 26.92 Pass
4/10/91 Roxboro Road 36 0 0 Pass 20.08 27.67 Pass
4/10/91 Roxboro Road 72 0 0 Pass 20.08 29.25 Pass
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Table 2 (continued)

4/12/91
4/12/91
4/12/91
4/12/91

Hebron Road
Hebron Road
Roxboro Road
Roxboro Road

Survival

Reproduction
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10/11/89
11/01/89

11/01/892

11/01/89

11/01/892

11/03/89
11/03/89
11/06/89
11/07/89
11/08/89
11/09/89
11/10/89
11/13/89
11/13/89
11/14/89
11/14/89
11/15/89
11/15/89

Table 3

Results of N. C. Mini Chronic 7 Day Pass/Fail Test
City of Burlington South Burlington Plant
Effluent -- Before Chlorination =
-- After Chlorination = Cl1_EFF

Cl_EFF
NoCl_Eff
NoCl_Eff
Cl_EFF
Cl_EFF
NoCl_Eff
Cl_EFF
Cl_EFF
Cl_EFF
Cl_EFF
Cl_EFF
Cl_EFF
NoCl_Eff
Cl_EFF
NoCl_Eff
Cl_EFF
NoCl_Eff
Cl_EFF

@iz~

82
82
82
82
82
82
82
82
82
82
82
82
82
82
82
82
82

0.00
0.31
0.38
0.07
0.12
0.32

Survival

OCO0OWWMNMOOO0OO0ODO0ODO0OO0ODOOOOOOO

100 -

100
100
100
20
92

100
42
58

NoCl_EFF

Reproduction

Ctrl Test
28.08 13.83
20.67 0.00
20.67 0.00
20.67 2.58
20.67 0.75
18.58 0.00
18.58 0.00
30.50 0.00
29.17 11.83
28.17 0.00
26.17 0.00
28.25 0.00
24,92 15.20
24.92 2.42
19.00 23.17
19.00 0.00
20.58 9.75
20.58 4.58



Table 3 (continued)

Reproduction

Survival

o€

¥ 00 ememmemmemeeee- Pass/ ====m-mmeemo—- Pass/

Date Sample WW Cl,p Ctrl Test Fail Ctrl Test Fail
11/16/89 NoCl_Eff 82 0 0 Pass 23.75 7.92 Fail
11/16/89 Cl_EFF 82 0.00 0 50 Fail 23.75 2.42 Fail
11/17/89 NoCl_Eff 82 0 100 Fail 18.90 0.00 Fail
11/17/89 Cl_EFF 82 0.25 0 50 Fail 18.90 0.00 Fail
2/05/90 NoCl_Eff 82 0] 0 Pass 22.08 14.50 Fail
2/06/90 NoCl_Eff 82 0 0 Pass 27.67 13.50 Fail
2/07/90 NoCl_Eff 82 0] 0 Pass 24.83 5.92 Fail
2/08/90 NoCl_Eff 82 0 0 Pass 25.08 0.25 Fail
2/09/90 NoCl_Eff 82 0 8 Pass 25.00 1.50 Fail
2/12/90 NoCl_Eff 82 0 0 Pass 27.67 22.17 Fail
2/13/90 NoCl_Eff 82 17 0 Pass 21.50 8.42 Fail
2/14/90 NoCl_Eff 82 0 0 Pass 24.67 1.00 Fail
2/15/90 NoCl_Eff 82 0 0 Pass 26.42 0.50 Fail
2/16/90 NoCl_Eff 82 8 8 . Pass 26.75 0.42 Fail
3/22/90 NoCl_Eff 10 0 0 . Pass 22.00 24.25 Pass
3/22/90 NoCl_Eff 20 0 0 Pass 22.00 22.75 Pass
3/22/90 NoCl_Eff 40 0 8 Pass 22.00 16.75 Pass
3/22/90 NoCl_Eff 80 0 0 Pass 22.00 10.75 Fail
10/01/90 Cl_EFF 82 0.00 0 0 Pass 32.00 17.40 Fail

lgxcessive mortality after 48 hours.
27his test was conducted using the standard NC Mini Pass/Fail Ceriodaphnia Effluent

Toxicity Test which uses the initial composite sample for the day 0 and day 2
transfers and a second composite for the day 5 transfer.
3Acute toxicity (mortality within 48 hours)



During the first sampling period, 1 of the 2 mortality "passes" also "passed"
chronic toxicity. This one, in fact, significantly exceeded the control reproduction.
During the second sampling period, it is evident that unchlorinated effluent consistently
exhibited chronic toxicity. There were no "passes" for the 10 samples tested.

The factor-of-2 dilutions tested on 3/22/90 demonstrated that reproduction
decreased with increasing concentration of wastewater. However, reproduction was
greater at <40% wastewater than the controls. The test on 10/1/90 was conducted to
ascertain whether the effluent still exhibited chronic toxicity.

The next effort was to determine whether the influent to the treatment plant
exhibited toxicity. The influent was sampled on 3/20/90 and 3/22/90. It was tested
using a factor-of-2 dilution design. These results are presented on Table 4. The influent
exhibited acute toxicity at and above 20% wastewater while chronic toxicity was evident
in lower dilutions. The toxicity may well have been due to ammonia or other
constituents which are likely to be removed or transformed in the secondary treatment
system. In order to determine whether ammonia was the cause, we conducted a series
of experiments using clinoptilite to absorb ammonia. In each experiment, the pH after
clinoptilite treatment was so high that all of the adults died. Since the treatment plant
was effectively nitrifying, ammonia was not the likely cause of toxicity in the effluent.
These results support a decision to continue to determine the source of toxicity within
the collection system using a biological treatment scheme to simulate the treatment
which is provided by the treatment plant.

Collection System Studies -- South Burlington Plant The collection system was
sampled dichotomously at several points to determine the geographic characteristics of
the sources of toxicity. Figure 2 is a schematic diagram of the relevant portions of the
collection system showing the sample locations. All of these locations were chosen by
Burlington personnel to be representative of geographic areas which either do or do not
include significant industrial inputs. This figure is not drawn to scale and is intended to
show only the relationships between locations.

The results of this testing are presented in Table 5. The first locations were at
ELDER and BMOC. ELDER collected wastewater from the downtown area including a
significant industrial input. BMOC contained mostly commercial and domestic
wastewater. Both were tested at 40% wastewater since this is a conservative estimate
of the contribution to the effluent flow. Both locations were non-toxic.

Next the main branches, GRAHAM and GIBSON, closest to the treatment plant
were tested on four dates. The GRAHAM line has a larger industrial input than the
GIBSON line. On 4/18/90 the GRAHAM line exhibited significant mortality at 80%
wastewater (LOEC = 80%) while the GIBSON sample did not exhibit toxicity. On
4/20/90 the GRAHAM sample inhibited reproduction at 40% wastewater (LOEC = 40%)
while the GIBSON sample had an LOEC of 80%. On 5/16/90 the LOEC was 80% for
both samples. On 5/18/90 the tests were invalid due to insufficient control reproduction,
but the GRAHAM sample inhibited reproduction at all concentrations tested while the
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3/20/90
3/20/90
3/20/90
3/20/90
3/20/90
3/22/90
3/22/90
3/22/90
3/22/90

Table 4

Results of N. C. Mini Chronic 7 Day Pass/Fail Test
City of Burlington South Burlington Plant
Screened and Degritted Influent (Taken from Equalization Tank)

INFLUENT
INFLUENT
INFLUENT
INFLUENT
INFLUENT
INFLUENT
INFLUENT
INFLUENT
INFLUENT

Survival

Reproduction

lThis test resulted in acute toxicity (death within 48 hours)
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4/06/90
4/06/90
4/18/90
4/18/90
4/18/90
4/18/90
4/18/90
4/18/90
4/20/90
4/20/90
4/20/90
4/20/90
4/20/90
4/20/90
5/16/90
5/16/90
5/16/90
5/16/90
5/16/90
5/16/90

Table 5

Results of N. C. Mini Chronic 7 Day Pass/Fail Test
City of Burlington South Burlington Plant
Collection System Samples

GIBSON
GRAHAM
GIBSON
GRAHAM
GIBSON
GRAHAM
GIBSON
GRAHAM
GIBSON
GRAHAM
GIBSON
GRAHAM
GIBSON
GRAHAM
GIBSON
GRAHAM
GIBSON
GRAHAM

%
WW

40
40
20
20
40
40
80
80
20
20
40
40
80
80
20
20
40
40
80
80

Survival

Ctrl

OO0 O0OO0D0DO0OO0D0DO0ODO0OO0O0ODO0OO0OOODODOODOO

N W o~
eleleloleNolelNeolNelNelNeolNelNelNeolNoNeNolNeNeNeo)

=N

Reproduction
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Table 5 (continued)

5/18/90
5/18/90
5/18/90
5/18/90
5/18/90
5/18/90
6/20/90
6/20/90
6/20/90
6/20/90
6/20/90
6/20/90
6/22/90
6/22/90
6/22/90
6/22/90
6/22/90
6/22/90
7/25/90
7/25/90
7/25/90
7/25/90
7/25/90
7/25/90
7/27/90
7/27/90

GIBSON
GRAHAM

GIBSON

GRAHAM

GIBSON

GRAHAM
GRAHAM 24
GRAHAM DOMESTIC
GRAHAM 24
GRAHAM_DOMESTIC
GRAHAM 24
GRAHAM_DOMESTIC
GRAHAM 24
GRAHAM_DOMESTIC
GRAHAM 24
GRAHAM DOMESTIC
GRAHAM 24
GRAHAM DOMESTIC
GRAHAM 24
GRAHAM_DOMESTIC
GRAHAM 24
GRAHAM DOMESTIC
GRAHAM 24
GRAHAM_DOMESTIC
GRAHAM 24
GRAHAM DOMESTIC

Survival.

100

(=)
OO0OO0O0O0O0O0OD0DO0OO0OOO0OOO

Reproduction

Invalid?
Invalid?
Invalid?
Invalid?
Invalid?
Invalid?
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Fail
Pass
Fail
Pass
Pass
Pass
Pass
Pass
Fail
Pass
Fail
Pass
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Table 5 (continued)

7/27/90
7/27/90
7/27/90
7/27/90
5/15/91
5/15/91
5/15/91
5/15/91
5/17/91
5/17/91
5/17/91
5/17/91
6/19/91
6/19/91
6/19/91
6/19/91
6/21/91
6/21/91
6/21/91
6/21/91

GRAHAM 24
GRAHAM_DOMESTIC
GRAHAM 24
GRAHAM DOMESTIC
HANFORD

HWY49

HANFORD

HWY49

HANFORD

HWY49

HANFORD

HWY49

DOMESTIC
INDUSTRIAL
DOMESTIC
INDUSTRIAL
DOMESTIC
INDUSTRIAL
DOMESTIC
INDUSTRIAL

Ctrl

0
0

)
o

OO OO MMO®MOWMO®POOMMWMOOOOO

Survival

———————— Pass/
Test Fail
10 Pass
0 Pass
100 Fail3
0 Pass
0 Pass
0 Pass
0 Pass
0 Pass
0 Pass
0 Pass
0 Pass
0 Pass
8 Pass
0 Pass
0 Pass
0 Pass
0 Pass
8 Pass
0 Pass
17 Pass

Reproduction

22.90
22.90
22.90
22.90
21.25
21.25
21.25
21.25
19.75
19.75
19.75
19.75
11.83
11.83
11.83
11.83
l16.33
16.33
16.33
16.33

Pass
Invalid?
Invalid?
Invalid?
Invalid?
Pass
Pass
Pass
Fail
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lexcessive mortality after 48 hours.
2Results are invalid due to insufficient control reproduction.

significantly greater than control.
3This test resulted in acute toxicity (death within 48 hours)

Test reproduction is



GIBSON sample did not at 20% and 40%. These results suggest that while the areas
served by both of these sewers are sources of toxic constituents, the GRAHAM line is
the more significant source. We, therefore, selected the branches of the GRAHAM line
for subsequent testing.

The next samples were collected from the GRAHAM-DOMESTIC and the
GRAHAM-24" locations. The GRAHAM-DOMESTIC area is exclusively domestic
wastewater while the GRAHAM-24" location contains considerable industrial and
commercial input. On 6/20/90 both samples at all dilutions were non-toxic. In fact the
reproduction in the "test" samples exceeded the controls. Note, however, that the
controls just met the NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test minimum
standard for control reproduction. Either there was some factor (food or chemical)
which was in limited supply in the control but was supplied by the treated, diluted
wastewater or the treated wastewater detoxified an unknown toxicant in the
culture/dilution water. On 6/22/90 the GRAHAM-24" inhibited reproduction at 40%
wastewater (LOEC = 40%) while the GRAHAM-DOMESTIC location exhibited no
toxicity. These results were obtained again on both 7/25/90 and 7/27/90. These results
demonstrate that the toxic constituents discharged into the GRAHAM leg of the
collection system were primarily introduced in through the GRAHAM-24" sewer location.

The HANFORD and HWY49 locations both drain areas which have considerable
commercial and industrial sources. Neither, however, exhibited toxicity on 5/15 or
5/17/91. On the latter date the reproduction in the "tests" was once again significantly
better than in the controls.

The last samples were collected from the DOMESTIC location (which was almost
identical to the non-toxic HANFORD site) and the INDUSTRIAL location which had a
very high concentration of wastewater from a single industry (textile). During the first
test, the controls failed to meet the minimum standard established in NC Ceriodaphnia
Mini-Chronic Pass/Fail Toxicity Test, and the "tests" tended to have higher reproduction.
During the second test, the control reproduction met the minimum standards, and the
80% INDUSTRIAL sample significantly inhibited reproduction as compared to the
controls. Note also that the 40% sample also had lower reproduction. These results

are, of course, inconclusive but may indicate a greater contribution of toxic constituents
from the INDUSTRIAL source.

CULTURE/DILUTION WATER STUDIES

Control and Individual Culture Temporal Variability Throughout the course of this
investigation controls were conducted in which the organisms were treated the same as
in the tests (potential toxicants diluted with culture/dilution water) except that the
culture/dilution water did not contain added potential toxicants. This is as specified in
NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test (NCDEM 1989). In addition, the
source of the neonates for the initiation of all experiments and tests after 1/22/90 (when
this procedure was recommended by NCDEM) was individual cultures which were
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maintained in Botany Pond Water from 1/22/90 to 6/8/90 and 10% Perrier™ from 5/9/90
to 7/24/91. The 3-brood reproduction of both was monitored throughout the

investigation to allow a description of the overall variability of the culture of C. dubia
under standard conditions.

Figures 3 and 4 illustrate the variability in reproduction of C. dubia in individual
cultures grown in Botany Pond and 10% Perrier™, respectively. It is evident that there
is considerable variability in reproduction both within a week (12 replicates) and
between days (73 for Botany Pond and 184 for 10% Perrier™). Note also that the
variation has some cyclic characteristics. This is especially evident in the Botany Pond
controls. The pooled mean 3-brood reproduction for the 870 adults cultured in Botany
Pond water was 18.9 neonates/adult with a standard deviation of 6.6 while that for the
2195 adults cultured in 10% Perrier™ was 20.4 with a standard deviation of 6.23. The
resulting coefficients of variation are 35% for Botany Pond cultures and 31% for 10%
Perrier™ cultures. The mean 3-brood reproduction for the 73, 12-adult events cultured
in Botany Pond water was 18.9 neonates/adult with a standard deviation of 1.6 and a
coefficient of variation of 8%. The mean 3-brood reproduction for the 184, 12-adult

events cultured in 10% Perrier™ was 20.3 neonates/adult with a standard deviation of
2.1 and a coefficient of variation of 10%.

Figures 5 and 6 illustrate the variability of reproduction in the controls for the
various tests conducted during this investigation. These are presented in chronological
order of the initiation of the experiment. All of these were in conformance with the
culturing guidance for the NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test
(NCDEM 1989). Note also that there appears to be some regularity to the week-to-
week variation especially with Botany Pond controls. The mean 3-brood reproduction
for the Botany Pond controls was 22.8 neonates/adult with a standard deviation of 3.9
and a coefficient of variation of 18%. The mean 3-brood reproduction for the 10%

Perrier™ controls was 20.9 neonates/adult with a standard deviation of 3.8 and a
coefficient of variation of 22%.

Initial Screening Experiments Figure 7 illustrates the mean survival results of the
initial screening experiment. Survival was highest in 20% Perrier™ solution and
moderately hard RCW and only slightly lower in Botany Pond water, 10% Perrier™
solution, and soft RCW. It was somewhat lower in 100% MS Animal Media, but it was

much lower in 1.0 and 10% MS Animal Media. There was no survival in 0.1% MS Animal
Media.

As in survival, reproduction varied with the culture/dilution water and the test
(Figure 8). Reproduction was the greatest in Botany Pond water, 20% Perrier™
solution, 10% Perrier™ solution, soft RCW, and moderately hard RCW. Reproduction
was much lower in 100% MS Animal Media and 10% MS Animal Media. There was no
reproduction in 1.0% and 0.1% MS Animal Media.

Since reproduction was significantly less in the MS Animal media, these were not
included in the long-term culture experiment. The moderately hard RCW was also
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Figure 3 -- Variability in 3-brood Reproduction in Individual Cultures of
C. dubia Cultured in Botany Pond Water.

Mean # of Neonates +/- Std. Dev.
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Figure 7 -- Mean Survival of C. dubia Cultured in Each of Nine Culture Waters
(Initial Screening Experiments).
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Figure 8 -- Mean Reproduction of C. dubia in Each of Nine Culture Waters

(Initial Screening Experiments).



eliminated from further testing because reproduction was similar to that in the soft RCW

and the soft RCW would be required in North Carolina because the natural waters tend
to be soft.

Long-term Culture Experiment C. dubia survived for up to 20 weeks in all the
waters tested. While there was significant week-to-week variability, the mean survival
was very high for all 5 culture/dilution waters tested (Figure 9). A Friedman two-way
ANOVA indicated that there was no significant difference between survival in these
waters (Chi 2 = 3.12).

The mean 3-Brood Reproduction for each culture/dilution water is illustrated in
Figure 10. Reproduction (# of Neonates/Adult) was highest for the 3 Perrier™
culture/dilution waters and lowest for the Botany Pond and soft RCW waters. Each
mean represents the reproduction of 240 adults (12 adults/week X 20 weeks). A total of
4086, 4481, 4409, 4547, and 3955 neonates were produced by animals grown in Botany
Pond, 10% Perrier™, 20% Perrier™, 10% Perrier™ + Selenium, and soft RCW waters,
respectively. Reproduction was quite variable. The coefficients of variation were as
follows: Botany Pond, 39%; 10% Perrier™, 31%; 20% Perrier™, 34%; 10% Perrier™ +
Selenium, 35%; and soft RCW waters, 45%. Pairwise comparisons with the Wilcoxon
signed-rank test indicated no significant difference between the 3 Perrier™
culture/dilution waters, but these were significantly higher than Botany Pond or soft
RCW which were not different from each other (Table 6).

While most of the time all culture/dilution waters supported sufficient reproduction
to meet the minimum standards for control reproduction in the NC Ceriodaphnia
Mini-Chronic Pass/Fail Toxicity Test (NCDEM 1989), there were weeks when each
water failed this criterion. Figures 11 - 15 illustrate the weekly variability in reproduction
for each culture/dilution water. It is evident that reproduction varied both from week to
week and within each week for each culture/dilution water.

Figure 16 is a summary of the information presented in Figures 11 - 15. It

illustrates that the mean reproduction varied in a similar manner from week in all
culture/dilution waters.

Sodium Chloride Antagonist Experiments Upon the addition of NaCl, the
greatest decrease in survival was for C. dubia cultured in soft RCW (Figure 17). This
decrease was significant (Fisher’s Exact Test: alpha < .05). Survival also decreased
significantly (Fisher’s Exact Test: alpha < .05) in one of the three tests of 10% Perrier™

solution with selenium (11/27/90). There were no other significant decreases in survival
with the addition of NaCl.

Reproduction decreased with the addition of NaCl (Figure 18). Because survival
did not always decrease with the addition of NaCl, reproduction may be more sensitive
to this toxicant. As with survival, variation in reproduction with each test did not
correspond to weekly variation in reproduction in the long-term culture experiment.
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Figure 9 -- Mean Survival of C. dubia Cultured for 20 Weeks in Each Culture

Water.
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Figure 10 -- Mean Reproduction of C. dubia Cultured for 20 Weeks in Each
Culture Water.
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Mean # of Neonates +/- Std. Dev.

Figure 12 -- Variation in Reproduction Du'ring Long-Term Experiment in

10% Perrier Culture Water.
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Figure 13 -- Variation in Reproduction During Long-Term Experiment in

20% Perrier Culture Water.
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Figure 14 -- Variation in Reproduction During Long-Term Experiment in

Mean # of Neonates +/- Std. Dev.

10% Perrier with Added Selenium Culture Water.
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Figure 16 -- Variation in Mean Reproduction During Long-Term Experiment in
Each Culture Water.
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Figure 18 -- Mean Reproduction of C. dubia Cultured in Each Water With and

Without NaCl Antagonist.
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A Wilcoxon rank-sum test was used to determine if reproduction decreased
significantly with the addition of NaCl. Note that the "No NaCl" reproduction for 10%
Perrier™ + Se and soft RCW was less than the 15 neonates / adult required for a valid
test using the NC Ceriodaphnia Mini-Chronic Pass/Fail Toxicity Test (NCDEM 1989).
The greatest decrease in reproduction was for C. dubia cultured in soft RCW. This
decrease was significant at the P < 0.05 significance level. The decrease in
reproduction was also significant in one of three tests with 20% Perrier™ solution
(12/04/90) at the P < 0.05 significance level. Finally, reproduction decreased
significantly in Botany Pond water at the P < 0.05 significance level.

DIET STUDIES

Long-term Culture Experiment The average 7-day survival in the three diets over
the course of the 19 week experiment is illustrated in Figure 19. Mortality of adults
during the 7 day test period was minimal among C. dubia raised on all three diets
tested. A Friedman Two-Way ANOVA was used to determine that the difference in
mortality between the three diets was not significantly different (P < 0.05). Of the 228
adult C. dubia that were raised on each diet during the 19 week period, 4 animals died
in the. Selenastrum/YCT diet, 5 animals died in the Chlamydomonas/YCT diet, and 1
animal died in the Selenastrum/Chlamydomonas/YCT diet. Percent mortality in the
three diets was 1.2%, 0.6% and 0.4% respectively. All of the mortality in the
Selenastrum/YCT diet and the Chlamydomonas/YCT diets occurred during the 14th
week of the experiment or later. The NC Ceriodaphnia Mini- Chronic Pass/Fail Toxicity
Test requirement is for 80% survival in a chronic test control; therefore, in a 12 replicate
control, greater than 9.6 of the organisms must survive in order to be considered a valid
control (NCDEM 1989). All diets met this level of survival.

Three-brood reproduction was monitored for each adult C. dubia raised on each
diet throughout the long-term experiment (228 adults for each diet). In cases where an
animal did not produce 3 broods in a week, for reasons such as death of the adult or
abortion of a brood, the total reproduction during one week was substituted for the 3-
brood reproduction. This differs from the NC Ceriodaphnia Mini-Chronic Pass/Fail
Toxicity Test (NCDEM 1989) criteria. In the few cases where an animal produced more
than 3 broods in one week, only the 3-brood reproduction was considered. The 19-
week 3-brood average reproduction of animals raised on Selenastrum/YCT,
Chlamydomonas/YCT and Selenastrum/Chlamydomonas/YCT were 19.86, 17.66 and
20.72 neonates/adult/week respectively (Figure 20). A total of 4529 neonates were
produced by animals fed the Selenastrum/YCT, 4027 neonates were produced by
animals fed the Chlamydomonas/YCT diet and 4724 neonates were produced by
animals fed the Selenastrum/Chlamydomonas/YCT diet.

The average weekly reproduction in all diets is illustrated in Figure 21. Temporal
variation in 3-brood reproduction during the long-term experiment was high.
Differences in 3-brood reproduction varied more over time than between diets. It was
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Figure 21 -- Mean Reproduction of C. dubia Grown on Each Diet in Long-
Term Experiment.
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also noted that the average weekly reproduction seemed to decrease over the course
of the experiment in all diets. The figure also illustrates the NC Ceriodaphnia
Mini-Chronic Pass/Fail Toxicity Test (NCDEM 1989) requirement for an average 3-
brood reproduction of at least 15 neonates per adult in order to be considered a valid
control although some tests did not meet the 3-brood requirement. Periods of high
reproduction occurred in all diets during the first four weeks and during the eleventh
through fourteenth weeks of the experiment. Periods of low reproduction occurred
during the fifth through seventh weeks and during the fifteenth through seventeenth
weeks of the experiment. Although the average reproduction in each diet during the
course of the long-term experiment satisfied the North Carolina Division of
Environmental Management minimum standards, failure to meet these standards during
a given week of the experiment occurred sporadically in all diets. Failures occurred
twice in the Selenastrum/YCT diet, seven times in the Chlamydomonas/YCT diet and
four times in the Selenastrum/Chlamydomonas/YCT diet.

Periods of low reproduction during the long-term experiment resulted in the loss
of integrity of certain culture lines. When an adult C. dubia failed to produce viable third
brood offspring, neonates from other broods were substituted in order to maintain the
multi-generational aspect of the experiment. Mortality of adult organisms was rare, and,
therefore, did not often result in the loss of a culture line.

Lines were fitted to the reproduction data in each of the culture lines and slopes
were calculated. Virtually all of the slopes were negative, indicating that 3-brood
reproduction generally decreased over the course of the experiment in all culture lines.
A Friedman Two-Way ANOVA was used to determine that the slopes of the lines fitted
to the reproduction data in each culture line were not significantly different between the
three diets (P < 0.05). Therefore, all lines decreased similarly.

The mean reproduction in each culture line in each diet is illustrated in Figure 22.
In general, the reproduction was highest in the Selenastrum/Chlamydomonas/YCT diet,
slightly lower in the Selenastrum/YCT diet, and quite a bit lower in the
Chlamydomonas/YCT diet. A Friedman Two-Way ANOVA was used to compare the
mean reproduction in each culture line in each diet. In other words, the average
reproduction of C. dubia in culture line A that were raised on Selenastrum/YCT was
compared to the average reproduction of C. dubia in culture line A that were raised on
Chlamydomonas/YCT and the average reproduction of C. dubia in culture line A that
were raised on Selenastrum/Chlamydomonas/YCT. It was determined that 3-brood
reproduction was significantly different between diets (P < 0.05). Subsequent Friedman
Two-Way ANOVA of reproduction data for only 2 diets at a time indicated that the
reproduction in the Selenastrum/Chlamydomonas/YCT diet was significantly better than
reproduction in the Selenastrum/YCT diet (P < 0.016). It was also determined that
reproduction in the Selenastrum/YCT diet was significantly better than reproduction in
the Chlamydomonas/YCT diet (P < 0.016). Three-brood reproduction was analyzed
only for those individuals that arose from the original adult C. dubia in order to maintain
the genetic integrity of the organisms during the statistical analysis.
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Figure 22 - Mean Reproduction of Each C. dubia Culture Line in Each Food
Source.
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Copper Toxicant Experiment The average survival in the different concentrations
of copper is illustrated in Figures 23 through 25. The decrease in survival of animals
cultured in copper solutions compared to the controls depended upon the
concentration of copper tested. Culturing the animals in 2 ug-Cu/L did not significantly
reduce the level of survival of C. dubia raised on any of the diets, as determined by a
Friedman Two-Way ANOVA (P < 0.05). Culturing C. dubia in 4 ug-Cu/L caused a
decrease in survival as compared to the controls only in those organisms reared on
Selenastrum/YCT and Chlamydomonas/YCT. A Friedman Two-Way ANOVA confirmed
that the difference between the levels of survival observed in 4 ug-Cu/L compared to
the controls was significantly different between organisms raised on the different diets
(P < 0.05). An 8 ug-Cu/L concentration of copper caused a decrease in survival for
organisms reared on all diets. This decrease in survival was not significantly different
between the different diets (P < 0.05).

Figures 26 through 28 illustrate the average 3-brood reproduction of C. dubia
raised on each of the diets in each concentration of copper as compared to the control.
Three-brood reproduction was also affected by copper. The control reproduction was
actually the average 3-brood reproduction in each diet only during the weeks in which
copper tests were performed. Control reproduction does not refer to the mean
reproduction in each diet over the course of the long-term experiment. These figures
indicate that the C. dubia raised on Selenastrum/Chlamydomonas/YCT were not as
sensitive to the copper stress as the C. dubia raised on the other diets. In fact, for
animals raised on the Selenastrum/Chlamydomonas/YCT diet, reproduction was better
in the 4 ug-Cu/L copper solution than in the control.

The difference between the reproduction in the controls and in the copper
solutions in each culture line is illustrated in Figures 29 through 31. Large values
indicate a greater difference between reproduction in the controls and in the copper
solutions and therefore indicate a less desirable outcome of the test. Negative
differences indicate that the reproduction was better in the copper solution than in the
control. A Friedman Two-Way ANOVA was used to determine that the differences in
each culture line between the reproduction in the controls and in the copper solutions
was significantly different between the diets at all concentrations of copper tested
(P < 0.05). Subsequent analyses were performed on the reproduction data gathered
for C. dubia in each culture line that were raised on different diets and subjected to
different concentrations of copper. The differences between the reproduction in the
control and in the copper solutions were paired according to diet. Friedman Two-Way
ANOVA was performed on each pair of diets at each concentration of copper. A
comparison of the Selenastrum/Chlamydomonas/YCT diet and the
Chlamydomonas/YCT diet determined that the difference in reproduction between C.
dubia subjected to copper and the controls was not significantly different at any
concentration of copper (P < 0.016), although qualitatively, the C. dubia raised on the
Selenastrum/Chlamydomonas/YCT diet were more resistant to the copper. C. dubia
raised on the Selenastrum/YCT diet did not show any significant difference from animals
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Figure 23 -- Mean Number of Alive and Dead C. dubia Adults in Each Food

Source With 2 ug/L Copper in the Culture Water.
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Figure 24 -- Mean Number of Alive and Dead C. dubia Adults in Each Food
Source With 4 ug/L Copper in the Culture Water.
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Figure 26 -- Effect of 2 ug/L Copper on the Mean Reproduction of C. dubia for
Each Food Source.
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Figure 27 -- Effect of 4 ug/L Copper on the Mean Reproduction of C. dubia for
Each Food Source.
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Figure 29 -- Difference Between the Mean Reproduction in Controls
and 2 ug/L Copper-Exposed C. dubia for Each Culture Line and Food
Source (Negative Values Indicate Better Reproduction in 2 ug/L).
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Figure 30 -- Difference Between the Mean Reproduction in Controls
and 4 ug/L Copper-Exposed C. dubia for Each Culture Line and Food
Source (Negative Values Indicate Better Reproduction in 4 ug/L)
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Figure 31 -- Difference Between the Mean Reproduction in Controls
and 8 ug/L Copper-Exposed C. dubia for Each Culture Line and Food
Source (Negative Values Indicate Better Reproduction in 8 ug/L)
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raised on the Selenastrum/Chlamydomonas/YCT diet at 2 ug-Cu/L . However, a
significant difference in reproduction was exhibited at 4 ug-Cu/L and 8 ug-Cu/L,
indicating that the animals raised on the Selenastrum/Chlamydomonas/YCT diet were
more resistant to the copper (P < 0.016). C. dubia raised on the Selenastrum/YCT diet
did not show any significant difference from animals raised on the Chlamydomonas/YCT
diet at 2 ug-Cu/L . However, a significant difference was observed between the 2 diets
at 4 ug-Cu/L and 8 ug-Cu/L, indicating that the animals raised on the
Chlamydomonas/YCT diet were more resistant to the copper (P < 0.016).
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