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ABSTRACT

The following thesis research examined the algae and invertebrates making up a

food chain in two, hypersaline, industrial waste water ponds at the Palo Verde Nuclear

Generating Station in Phoenix, Arizona. The ponds had high levels of total salts (65 g/I,

mainly NaC1), nitrate (580 mg/1), BOD (31.6 mg/1) and algae (up to 650,000 cells/m1).

Currently, the only toxic element of concern is selenium (1641 IA g/ 1) . The dominant algae

were the diatoms Chaetoceros sp. and Nitzschia frustulum (Kurtz.) Grun. and the

cyanobacteria, Synechococcus Nageli 1849. The only aquatic fauna were two

invertebrates: Artemia sp. (brine shrimp) and Trichocorixa sp. (water boatmen). A

salinity tolerance experiment on algae indicated that the current dominant species will not

persist above 150 g/I salt, hence the ponds, which are not expected to reach this salininity

for many years, will continue to support a food chain and attract waterfowl as the mineral

content increases.
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CHAPTER 1

INTRODUCTION

Biological Activity and Hazards Associated with Evaporation Basins

Natural and anthropogenic basins are common feeding stations for resident and

migratory waterfowl (Jehl, 1996). Natural, although human-altered, hypersaline

ecosystems such as Mono Lake, California and the Great Salt Lake, Utah, both support

large, seasonal brine shrimp populations which serve as food for waterfowl.

Anthropogenic evaporative basins, such as the Salton Sea, California also support food

webs for waterfowl (Boyle, 1996).

Currently, anthropogenic evaporation basins are used by agriculture, industry and

municipalities to dispose of wastewater. Agriculture uses ponds for storage of subsurface

drainage (Ong et al., 1995) as well as feed lot waste (Sweazy and Whetstone, 1976);

industry uses ponds for storage of chemical wastes (Rose et al., 1992) and radioactive

wastes (Millard et al., 1990); municipalities use ponds to treat sewage effluent (Sweazy

and Whetstone, 1976). Evaporation ponds function to isolate the water from the

environment, minimizing the exposure of wildlife and humans to contaminated water. As

a result, they are not heavily regulated (Hooper, 1976). However, these ponds are used

by animals as stopovers, nesting and hunting grounds (Millard et al., 1990; Jehl, 1996;

Cieminsici and Flake, 1995).

Evaporation basins were once perceived as the best management alternative to the

open discharge of waste water to the environment (Ong and Tanji, 1993). Based on
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chemical hazards, more recent analyses conclude that they are at best a temporary solution

since toxins increase in concentration as the water evapoconcentrates (Ong and Tanji,

1993; Ong et al., 1995). Currently, the Salton Sea, a 93,000 ha saline lake, is home to

threatened or endangered waterfowl displaced by urbanization (Kratzer et al., 1985), but

is also suffering from pollution, build-up of salt and trace elements (Saiki, 1990; Glenn et

al., 1996; Boyle, 1996).
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CHAPTER 2

LITERATURE REVIEW

Waste Water Problems and Solutions 

Waste Treatment History

Waste water treatment in ponds is an ancient means of waste treatment and has

been used in Europe and Asia for centuries (Rohlich, 1976). In England, in the mid-

nineteenth century, waterborne diseases such a cholera were rampant, resulting in the

death of thousands of people (Bitton, 1994; McKay, 1996). This event helped establish

microorganisms as a causative agent of human disease and resulted in an increased

demand for the construction of treatment facilities (Bitton, 1994).

Approximately 15,000 waste water treatment facilities exist in the United States

and over 75% of these have secondary treatment or greater (Bitton, 1994). Both

domestic and industrial wastes are treated at these plants, although many industrial waste

generators are required to pretreat their waste water before sewage disposal. Once waste

water is treated it can--and usually is--released into a larger body of water such as a river,

lake, or ocean where dilution can occur (Zabel, 1996). Evaporation ponds can be used

when water ways are unavailable, land is plentiful (Sweazy and Whetstone, 1976) or waste

water is unable to meet discharge standards (Rose et al., 1992). Today industrial wastes

are on the rise and are often considerably more difficult to treat (McKay, 1996).

The complexity of effluents has increased, but the technology for treating recalcitrant

compounds in waste waters has not kept pace (McKay, 1996).
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Waste Water Standards

The Federal Water Pollution Control Act, commonly known as the Clean Water

Act (CWA) of 1972 was last amended in 1987 and is the basic water pollution control law

in the U.S. (Zabel, 1996). It established national effluent limitation guidelines for industry,

water quality standards for specific bodies of water and includes standards for 126 priority

pollutants. However, if the Environmental Protection Agency (EPA) or a state determines

that more stringent standards are required to protect a specific body of water, stricter

standards can be enforced. Industrial waste water discharged directly into U.S. waters are

required to meet standards based on the best available technology, while discharges to

sewers are subject to pretreatment requirements with standards derived by the National

Pretreatment Program (NPP). Discharges established after the declaration of the CWA

may be subject to standards based on best available technology, or may be required to

meet zero discharge of pollutants (Zabel, 1996).

Migratory Bird Treaty Act

Evaporation ponds may enable users to escape the cost of treatment required to

meet increasingly strict discharge standards. However, the use of evaporation ponds does

not protect the user from the ramifications of poisoning wildlife which may visit the ponds.

The Migratory Bird Treaty Act (MBTA) of 1918, was established between the U.S. and

Great Britain to protect certain birds which migrate between the U.S. and Canada

(Margolin, 1979). Mexico and Japan were subsequently included in the treaty in 1936 and

1972, respectively. Violations of hunting regulations result in the most prosecutions under
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the act. However, intent to kill birds is not required to be held liable. Violations of the

treaty can result in a misdemeanor charge, punishable by a maximum $500 fine or 6

months imprisonment, or both. In the case, United States vs. FMC, the United States Fish

and Wildlife Service was able to demonstrate that pesticides in a holding pond at the

FMC manufacturing plant were responsible for a bird mortality and FMC was

subsequently charged with 36 violations (Margolin, 1979).

Waste Water Disposal in the West

In the west, natural wetlands in arid regions exist due to special hydrologic

conditions and flow balances (Lemly et al., 1993). The most important source of water

for these wetlands comes from rain and snow melt from higher elevations in the

surrounding mountain ranges. Because evaporation exceeds precipitation by 5 to 10 times

in these areas, rainfall in the immediate vicinity of these wetlands is not an important

source of water (Lemly et al., 1993). Many arid wetlands are closed systems and

incoming contaminants can become trapped and accumulated as the water evaporates

(Presser et al., 1994). Even areas which receive inflows carrying low concentrations of

contaminants can reach toxic levels. Substantial changes in the biogeochemical cycle of

naturally occurring trace metals in soil have occurred due to human modification of

hydrologic regimes (Lemly et al., 1993). This has resulted in the poisoning of fish and

wildlife in several arid wetlands. Factors which alter the flow of fresh water from higher

regions to desert wetlands has created a situation of habit loss and an accumulation of

trace elements to toxic levels (Lemly et al., 1993).
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In California's Central Valley over 91% of the inland wetlands have been lost; in

Colorado, Idaho, and Nevada wetlands have declined by over 50%; and in Utah, Oregon

and Arizona wetlands have declined by 35% (Robinson and Oring, 1996). Bird

populations, such as avocets and stilts, which rely on inland habitats for breeding,

migration and wintering, have declined in response to this habitat loss (Robinson and

Oring, 1996).

Water diversions for agriculture in the San Joaquin Valley of California have been

responsible for much habitat loss (Lemly et al., 1993). To combat this, the U.S. Fish and

Wildlife service and the U.S. Bureau of Reclamation entered an agreement in 1970 to

bring subsurface irrigation water to the Kesterson Wildlife Refuge. The original plan was

to build a canal to take used irrigation water to the San Francisco Delta and release some

into designated wetlands in times of great outflow to ensure dilution. However, financing

problems and environmental concerns related to delta discharge began to mount, so

further construction of the drain was halted. By 1981, Kesterson Reservoir became the

terminus for drainage from agricultural soils (Brown and Beck, 1989) with naturally high

levels of selenium (Se), boron (B), molybdenum (Mo), arsenic (As) and salt (Lemly et al.,

1993). In 1986, Kesterson, which was located in the Pacific Flyway for migratory birds,

was shut down due to an abnormally elevated incidence of embryonic death and deformity

found in the eggs of waterfowl nesting at the Reservoir. The exposure to excessive

amounts of Se in the food chain was found to be the cause of these high mortalities

(Ohlendorf et al., 1990; Davis et al., 1988; Lemly et al., 1993). In 1987, the lands

comprising Kesterson were removed from the national refuge system. Cleanup and
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containment began under the jurisdiction of the U.S. Bureau of Reclamation for

management as a contaminated landfill (Lemly et al., 1993).

Between 1972 and 1985, twenty-eight evaporation ponds or basins were installed

to collect subsurface agriculture drainage in the San Joaquin Valley and of these, five are

inactive or being closed (Tanji et al., 1992). When concentrations of Se exceed 1 mg/I,

they are considered toxic waste pits which must be closed or double-lined to prevent

leakage (Brown and Beck, 1989). Currently, thirteen ponds appear to have the potential

to adversely affect bird reproduction due to the presence of Se (Tanji et al., 1992). The

ponds receive a yearly water input of about 32,000 acre-feet from about 56,000 acres of

tile-drained croplands, while the San Joaquin River continues to receive one-fifth of the

irrigation return flows produced by agriculture on the San Joaquin Valley's west side

(Tanji et al., 1992).

Evapoconcentration has lead to the accumulation of trace elements such as Se,

Mo, As, B and uranium (U) to levels which occasionally exceed hazardous waste liquid

threshold limits (Westcot et al., 1989). The concern is that these practices could

produce results similar to those associated with the Se toxicity encountered at

Kesterson Reservoir and National Wildlife Refuge. While very little information is

currently available on the effects of elevated levels of Mo, B, and U on wildlife (Westcot

et al., 1989), Se is well known for its adverse effects on water birds and it has received

much attention.
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Selenium: Essential Nutrient Requirement and Toxicity

Se is an essential nutrient for animals. However, in excess it can be toxic. Se

deficiency diseases can appear when the dietary intake is < 0.04 mg/kg (Herring, 1991). A

dietary deficiency can produce degenerative disease of the cardiac and skeletal muscles,

but the most well known cases of deficiency involve white muscle disease in sheep and

cattle (Herring, 1991). Toxicity can appear in animals when the intake is > 4 mg/kg

(Herring, 1991). Since the 1930s, concentrations of 5 to 15 mg/kg Se dry weight in

chicken feed for domestic chickens has been known to cause multiple malformations in

chicks (Hoffman et al., 1988). In excess, Se can result in a reduced ability to reproduce at

all levels of the food chain (Davis et al, 1988).

Water Quality Criteria for Selenium

The EPA water-quality criteria for Se in drinking water is 10141; the Se level for

the protection of freshwater aquatic life is 5 j.ig/1 (Engberg, 1991). While the guideline

represents a reduction of one-half the drinking water standard, it is still insufficient for the

protection of aquatic ecosystems because it does not take into account actual food chain

pathways for bioaccumulation. For example, Stillwater Wildlife Management Area in

Nevada and the Riverton Reclamation Project in Wyoming have low concentrations of Se

in water (generally < 3 1.1g/1) but high concentrations of Se in fish and/or bird livers (up to

48 mg/kg dry weight) (Presser et al., 1994). Water quality alone is not sufficient to

determine the hazard that Se might pose. Therefore, it is important to understand the

origin, chemistry, and mobility of Se in an aquatic ecosystem.
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Seeking Solutions

Measures to mitigate the adverse effects of the contaminants in evaporation ponds

are being investigated (Herbel et al., 1996). Drainwater treatment by reverse osmosis to

remove salts and trace elements, biological reduction, deep well injection of drainwater,

land retirement, and tiered water pricing have all been proposed. Improved water

management through the reuse of drainwater on salt tolerant agroforestry systems has also

been suggested (Tanji and Karajeh, 1993).

The saline waters of evaporation basins are known to have a proliferation of algae,

Artemia and other organisms which attract waterfowl (Herbel et al., 1996). This can

present a hazard to waterfowl due to the biomagnification of Se. Chemical treatments to

decrease the pH and reduce the productivity of pond water have been studied

(Herbal et al., 1996).

Treatments with target pH values of 4 to 5 were studied on sediment-water cores

collected from evaporation ponds in the western San Joaquin Valley. The experiment

produced conflicting results with some treatments producing higher chlorophyll-a values

than the controls. The resulting proposal to acidify three evaporation ponds would cost

tens to hundreds of thousands of dollars for each pond (Herbal et al., 1996).

Another idea which has been studied is the use of salt tolerant crops to

evapotranspirate water and thereby reduce the volume for ultimate disposal (Watson and

O'Leary, 1993). The use of halophytes and Eucalyptus trees has been recommended to

manage subsurface drainage, salt and trace contaminants and lower shallow ground water

in water-logged irrigated farmland (Karajeh et al., 1994). Preliminary studies by Watson
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et al. (1994) show that halophytes, Atriplex spp., have low mean tissue values of Se (0.6

mg/kg dry weight) when grown for a period of 27 months on subsurface irrigation water

on the west side of the San Joaquin Valley (Watson et al., 1994). Consideration of salt

transport to aquifers and bioaccumulation of toxins in plant biomass must be assessed so

this technology can be used in other areas.

Algae

Toxin Production

Evaporative basins, in addition to being known for trace contaminants and salts,

are also known for the algae they support. Algae form the first link in the food chain and

are estimated to carry out over 80% of the Earth's photosynthesis (Tortora et al., 1989).

They can survive in fresh, saline and hypersaline waters (Sze, 1991). However, increasing

importance has been put on their ability to produce toxins (Hallegraeff, 1993). Fresh

water algae have been responsible for mortalities of livestock due to the consumption of

water during a toxic algae bloom (Carmichael, 1981; Carmichael, 1994). In China, algal

toxins at low levels in drinking water may be linked to stomach cancer in humans

(Carmichael, 1994). Toxic algae blooms in sea water have caused death of fish, birds and

mammals including humans, but of the 5,000 existing species of algae only about 40 are

known to be capable of potent toxin production (Hallegraeff, 1993). Toxic algae blooms

in the saline waters of the Salton Sea have been suspected for years (Kim, 1973), but not

yet confirmed (jehl, 1996; Boyle, 1996). The National Wildlife Health Center is currently

conducting an investigation at the Salton Sea to determine if toxins from cyanobacteria
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could have been a contributing factor in the recent waterfowl mortalities (Jehl, 1996).

However, non-toxic algae can also cause mass mortality of fish due to oxygen depletion

caused by bacterial respiration during bloom decay (Hallegraeff, 1993).

In general, toxic cyanobacteria exist naturally without incident, but under certain

conditions they can proliferate and form monocultures (Carmichael, 1994). In fresh water,

a toxic bloom of cyanobacteria is generally preceded by the convergence of four

conditions: calm winds, warm water (15 to 30°C), neutral to alkaline pH and an

abundance of nitrogen and phosphorus nutrients (Carmichael, 1994). These conditions

allow the cyanobacteria to grow and concentrate on the surface, where they can be

consumed. Toxins can also be released into the water as the algal cells die (Carmichael,

1994). In sea water, dinoflagellate blooms can occur as a result of upwelling or runoff

(Sze, 1993). This nutrient enrichment can cause resting dinoflagellate cysts to germinate

and create what is commonly known as a "red tide" (Sze, 1993).

Hypersaline Environments

Environments where the total salt content exceeds that of seawater (> 40 g/1 salt)

are considered hypersaline (Sze, 1993). Interestingly, salt has been used as a preservative

for centuries, therefore one would assume that a hypersaline environment would be

characterized by low productivity (Ginzberg, 1987). However, some of the highest

biomass and productivity rates for microorganisms are known to occur in non-polluted

hypersaline lakes and ponds (Ginzberg, 1987).



In the western United States natural, although human-altered, hypersaline

ecosystems such as Mono Lake, California (Mono Lake Ecosystem Study Committee,

1987) and the Great Salt Lake, Utah both support large, seasonal brine shrimp and brine

fly populations (Javor, 1989). The Great Salt Lake is the fourth largest terminal lake in

the world and produces such large quantities of brine shrimp that they are harvested

commercially (Stephens, 1990). These basins are important staging areas for migratory

waterfowl which consume large quantities of brine shrimp and brine flies to add body fat

for migration (Jehl, 1996). To date, no toxicity problems have been reported from these

basins. However, evaporation ponds receiving industrial or agricultural wastes may

behave differently. The Salton Sea, supported by agricultural drainage and municipal

sewage effluent has elevated Se and has experienced massive bird (Jehl, 1996) and fish

kills (Kim, 1973).

Explanation of Thesis Format

Appendix A of this thesis was prepared for journal submission. It is my intent to

summit this paper to the journal of Water Environment Research. I contributed at least

75% to the research of this project and the attached paper was written by me with the

incorporation of the insightful suggestions and corrections by my committee members.
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CHAPTER 3

PRESENT STUDY

The methods, results and conclusions of this study are presented in the paper

appended to this thesis. The following is a summary of the most important findings in this

paper. The algae and invertebrates making up a food chain were monitored in two,

hypersaline, industrial waste water ponds at the Palo Verde Nuclear Generating Station in

Phoenix, Arizona. These ponds, which are not required to meet waste water discharge

standards, have the potential to accumulate toxins and toxicants and were therefore

evaluated as potential hazards to visiting waterfowl. The pond water is tertiary-treated,

municipal sewage effluent concentrated approximately 20-fold in cooling towers before

discharge into the evaporation ponds. The ponds have high levels of total salts (65 g/l,

mainly NaC1), nitrate (580 mg/I) and BOD (31.6 mg/1). Currently, the only toxic element

of concern is selenium (16-41 p,g/1). From July 1995 to June 1996, water column algae

were identified and quantified monthly. All the algae identified were found to be normal

components of hypersaline ponds which do not normally produce toxins, but total counts

were very high (up to 650,000 cells/ml) during most of the year. The dominant algae were

the diatoms Chaetoceros sp. and Nitzschia frustulum (Kurtz.) Grun. and the

cyanobacteria, Synechococcus Nageli 1849. The only aquatic fauna were two

invertebrates: Anemia sp. (brine shrimp), a filter-feeder that consumes algae, and a

carnivorous insect, Trichocorixa sp. (water boatman), that feeds on the brine shrimp.
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The brine shrimp were present during the late spring and summer and were harvested by

numerous resident and migratory waterfowl. Brine shrimp cysts and adults were tested

for 13 EPA priority pollutants: antimony, arsenic, beryllium, cadmium, chromium,

copper, lead, mercury, nickel, selenium, silver, thallium and zinc. Currently, elemental

concentrations are below levels associated with direct toxicity in birds. A salinity

tolerance experiment on the algae indicated that the current dominant species will not

persist above 150 g/I salt, however, the ponds are not expected to reach salinities of 150

g/1 or above for many years. Therefore, it is hypothesized that the food chain will persist

above such salinities based on the continued productivity of brine shrimp in waters at and

above 200 g/1 salt and assuming the replacement of more halotolerant algal species.

Hence, the ponds will remain a potential attraction to waterfowl even as the mineral

content continues to increase.
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APPENDIX A

FOOD CHAIN ORGANISMS IN INDUSTRIAL WASTE WATER PONDS

Introduction

Evaporation ponds are a common tool for disposal of wastewater from agricultural

(Ong and Tangi, 1993, Ong et al., 1995 and Manning and Burau, 1995) and industrial sites

(Rose et al., 1992). Their purpose is to provide a means of disposal for wastewater which

lacks physical proximity to an ocean or river (Ong et al., 1995), or does not meet

discharge standards (Rose et al., 1992). Lined, zero-discharge ponds protect the aquifer

and the off-site environment from contamination but many of these ponds can support a

food chain and therefore attract wildlife. Currently, migratory birds visit many types of

wastewater ponds: radioactive (Millard et al., 1990), industrial, agricultural and sanitary

(Cieminsici and Flake, 1995). As these ponds age the salinity and nutrient levels increase,

and eventually they may become hypersaline and eutrophic. Problems associated with

such ponds have included the bioaccumulation of toxic elements and the poisoning of

waterfowl (Olendorf, 1990). Therefore, investigations into the types of food chains these

systems support is warranted.

The present investigation focused on the chemistry and biology of two evaporation

ponds at the Palo Verde Nuclear Generating Station (PVNGS). Interest in these ponds

developed because of a migratory bird die-off during November 1994 through January

1995 which resulted in the death of approximately 880 birds, primarily Ruddy Duck,

Northern Shoveler, Eared Grebe and an unidentified shorebird. This study established the
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primary food chain components, their seasonal patterns and the upper limits of salt

tolerance for the primary producers (algae) currently inhabiting the pond.

The goals were to establish whether there is an immediate toxicity problem

associated with the ponds and to predict the biological potential of the ponds as they

continue to increase in salinity. The specific objectives were: (1) provide baseline data on

food chain organisms and water quality available to waterfowl in industrial waste water

ponds (2) quantify algae and identify it to genus and species (when possible), to assess the

likelihood of a toxic algal bloom (3) and to predict the effect of increased salt on algal

abundance under conditions where nutrients are not limiting. The study results and

literature review indicate that hypersaline evaporation ponds can maintain high levels of

biological activity and may present increasing levels of risk to wildlife as they age. For

example, the Salton Sea, a 93,000 ha saline lake, is home to threatened or

endangered waterfowl displaced by urbanization (Kratzer et al., 1985), but is also

suffering from pollution, build-up of salt and trace elements (Saild, 1990; Glenn et al.,

1996; Boyle, 1996).

Methods and Materials

Study Site

PVNGS is in an isolated location, approximately 55 miles west of Phoenix,

Arizona. It uses secondarily treated waste water from the City of Phoenix, the City of

Tolleson and ground water from the Hassayampa pumping station in its cooling towers.

This water undergoes tertiary treatment on site and is stored in the Water Storage
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Reservoir which holds approximately 2.5 x 106 m3 of water and has 32 ha of surface area.

Water is drawn from the Water Storage Reservoir to the cooling towers where it can be

cycled up to 20 times before it is discharged into one of two lined evaporation ponds.

Each evaporation pond has an approximate storage capacity of 7.0 x 106 in3. Water is

alternately placed in one pond or the other to maintain roughly equal salinities and water

levels. Pond 1 and Pond 2 have been in service since 1984 and 1988, respectively.

Sample Collection, Algae Identification and Estimation of Invertebrate Populations

Each month from July 1995 to June 1996, unless noted otherwise, three water

samples (two from opposite corners and one from the middle) were collected by boat from

each of the two evaporation ponds (in March only corner samples were available for Pond

2). Surface water samples were collected in 200 ml glass jars. Samples were stored on

ice and transported to the Environmental Research Laboratory in Tucson, Arizona where

they were examined within 48 hours of collection. The collection of benthic samples was

not permitted due to possible radiological hazards from chemical precipitates on the

pond bottoms.

Algae in undiluted water samples were identified and counted in an Improved

Neubauer Hemacytometer. Algae were identified to genus based on published

descriptions (Palmer, 1962; Prescott, 1978; and Caljon, 1983). Dominant algae were

identified to species levels when possible using descriptions and lists of Arizona algae

(Czarnecki and Blinn, 1977). The potential of each algal type for toxicant production was
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assessed by reference to literature reports of toxic forms based on morphological

properties (Anderson, 1994; Manhart, 1995; Todd, 1993; Moore, 1981; and Falconer,

1993). Photomicrographs were taken of all algae encountered and are available

upon request.

The only macrofauna in the ponds were two invertebrates: Artemia sp. (brine

shrimp) and an aquatic insect, Trichocorixa sp. (water boatman). Invertebrate populations

were estimated in the field. Brine shrimp were estimated in Pond 1, in the month of

August by using repeated, 1 L grab samples at each sampling station. For all other

months population densities were done by visual inspection and are represented as

present or absent.

Salt Tolerance Assays

Salt tolerance assays using pond inocula were conducted in March and April.

Filtered (0.45 p.m) pond water collected in February, supplemented with half-strength

algal nutrient solution (Fritz V2 Algae Food, Mesquite, Texas), was the base solution for

all trials. All treatments except the control were adjusted with reagent grade NaC1 to

make the following solutions: 50 (control), 75, 100, 150, 200 and 250 g/l. One ml of a

composite inoculum from both ponds was added to 3 replicate, 50 ml test tubes. Ten ml

of treatment solution was added to each tube in a step wise fashion. Tubes were

incubated in a climate controlled chamber with the temperature adjusted to the average

pond temperature for that sampling period (19°C for March and 21°C for April). The
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irradiance level was approximately 68 .i.mol/(sec x m2) and the diurnal cycle was

14:10 hrs L:D. Aseptic techniques were used throughout the experiment.

To obtain algal counts, culture tubes were shaken to resuspend clustered cells and

0.5 ml of algal culture was withdrawn and fixed with formalin (37% v/v). Fixed cultures

were counted with the Improved Neubauer Hemacytometer. Counts were taken every 2-3

days during an assay and the assay was terminated 10 days after inoculation.

Two methods were used to acclimate algae to the high salt levels to minimize

osmotic shock. For the March assay the salinity was increased stepwise by adding 0.5 ml

of treatment solution to 1 ml of inoculum, then 2 hours later 5 ml of treatment was added

and finally approximately 20 hours later 4.5 ml was added. For the April assay the salinity

was adjusted much more slowly, over a period of 6 days. Treatment solution in the

amount of 0.05 ml was added to 1 ml of inoculum, then 0.1 ml was added 3, 17, 21, 27.5,

and 43 hours later, followed by 0.2 ml of treatment solution at 46 hours, 0.5 ml at 49 and

69 hours, 1.0 ml at 74 hours, 3.2 ml at 89 hours and 4 ml at 101.5 hours. This gradual

procedure resulted in a salinity step no greater than 24 g/1 with a minimum of 3 hours

between adjustments even at the highest treatment level.

Water Quality Parameters

Nitrate (method no. 8039), nitrite (method no. 8040), phosphate (method no.

8048) and ammonia (method no. 8038) were measured in monthly samples using

spectrophotometric assays with the Hach DR/700 Colorimeter (Hach Company, Loveland,

Co). The ammonia test used undistilled samples and may be subject to interferences at the
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high salt levels encountered in the ponds (Hach Procedures Manual, 1991). pH was

measured within 48 hours of collection but may not be representative of values in situ due

to the dynamic effect of algal metabolism on pH levels in the ponds. Salinity was

measured with a temperature compensated, hand-held, Leica refractometer

(model no.10419).

Additional water quality data were supplied by PVNGS. Water samples, collected

quarterly, were analyzed for metals and nonmetals including Ar, Ba, B, Se, Cd, Pb, Hg,

Na, Cl, Ca, K, SO,' and Mg by a state-certified, commercial laboratory (McKenzie

Laboratories, Phoenix, AZ). Biological oxygen demand (BOD) was measured by the

chemistry laboratory at PVNGS.

Priority Pollutant Assays on Brine Shrimp

On August 30, 1996, a composite sample of brine shrimp cysts and adults were

collected from several locations in Pond 1 and Pond 2 respectively. Brine shrimp were

collected using a fine-mesh, nylon sieve and transferred to acid-washed polyethylene

containers, transported on ice and rinsed with distilled water to remove debris. Adult

animals were frozen and cysts were air dried. For determination of priority pollutants,

samples were digested and analyzed by Turner Laboratories in Tucson, AZ following EPA

methods. Additional samples, for analysis of Se, were digested and analyzed by the Soil,

Water and Plant Analysis Laboratory at the University of Arizona.
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Results

Algae in the Evaporation Ponds

Tables 1 and 2 summarize data on the algae identified at PVNGS. Synechococcus

Nageli 1849, a small (2-5 1.im), coccoid to rod-shaped, cyanobacteria (division

Cyanophyta), was a predominant alga during the summer and early fall months of August

through October, 1995. However, it began to decline in both ponds by November and

stayed in relatively low abundance throughout the remainder of the study. The only other

cyanobacteria found was the filamentous Oscillatoria sp., but in low abundance. Two

diatoms (division Chrysophyta), Chaetoceros sp. and Nitzschia frustulum (Kurtz.) Grun.,

were present in one or both ponds during nearly all samplings and reached their highest

abundance during the winter months. The Chaetoceros sp. was not an alga previously

documented in literature reports of Arizona algae (Czarnecki and Blinn, 1977) and was

not identified to the species level. Green algae (division Chlorophyta) were present

throughout the study and had the largest number of genera.

Although the same types of algae were found in both ponds, the ponds differed

substantially in the relative abundance of algae on some of the sample dates (Tables 1

and 2). During the winter, diatoms were the dominant algae while cyanobacteria tended

to dominant in the summer months (Figures 1 and 2). Total algal counts reached 650,000

cells/ml in the winter, but decreased by 3 orders of magnitude in the summer (Figure 1).
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Invertebrates

A zygogenetic strain (both males and females) of Artemia sp. was present in both

ponds during the spring and summer. They were present in both ponds at the start of the

investigation, but were absent from the ponds by September of 1995. Artemia did not

return to the ponds until May of 1996 (Figure 1 and 2). Their reoccurrence coincided

with the lowest abundance of algae, which was expected because they are algae grazers.

The standing biomass of brine shrimp for Pond 2 was estimated based on the mean

individuals per liter and the wet weight of a sample of animals; on August 30, 1996 Pond

2 contained 21 g brine shrimp/m3 or 6.3 x 104 kg of brine shrimp, based on the assumption

that the animals were evenly distributed throughout the pond.

Water boatmen were present in Pond 1 from July 1995 through February 1996 and

present in Pond 2 from July through December 1995. They were absent from both ponds

during March and April of 1996, but returned to Pond 1 in May and Pond 2 in June of

1996 (Figure 1 and 2). Their presence was concurrent with the reappearance of brine

shrimp in Pond 1 and lagged one month behind the reappearance of brine shrimp in

Pond 2. They are carnivorous and presumably were feeding on the brine shrimp, the only

other faunal element in the ponds.

Salinity Tolerance of Pond Algae

The March assay (Figure 3) showed an increase in algal counts in the 50-100 g/1

salinity treatments, but not in the 150-250 g/1 salinity treatments. A completely
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randomized one-way ANOVA comparing salinity level and relative algal growth rates and

a Duncan's Multiple Range Test were done. There was no significant difference

(P < 0.05) in algal growth rate between the control and the 75 g/1 treatment. Growth in

the 100 g/1 treatment was significantly less (P <0.05) than the control, but significantly

greater (P <0.05) than the 150-250 g/1 treatments. Algal cells in the three highest

treatments appeared to be damaged and it was thought that the salinity adjustment regime

might have been too rapid for osmotic adjustment of the algae (salinity in the evaporation

ponds changes slowly). Therefore, the subsequent assay was adjusted more slowly.

The April assay (Figure 4) showed substantial growth in the 50-100 g/1 salinity

treatment and little or no growth in the 150-250 g/1 treatments. The above statistical tests

were performed and there was a significant reduction (P < 0.05) in growth for salinities

150-250 g/1 as compared to salinities 50-100 g/l. There was no significant difference at

the 95% confidence level between growth in the 100 g/1 salinity as compared to the 50 g/1

and 75 W1 salinities. Thus, in both assays growth was inhibited markedly by salinity in the

150-250 W1 treatments.

Water Chemistry

Water quality in Pond 1, Pond 2 and the Water Storage Facility are in Tables 3

and 4. The Water Storage Facility was included for comparison of nutrient levels and

trace elements before evapoconcentration occurred in the ponds. Metal and nonmetal

concentrations (Table 4) are given for October 1994, one month prior to the duck

mortality, and for December 1995, approximately one year after the incident.
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Priority Pollutants in Artemia

Anemia adults and cysts were analyzed for 13 EPA priority pollutants (Table 5).

Additional samples of Anemia cysts and adults were analyzed for Se (Table 6), based on

its presence in the water column (Table 4). Se levels ranged from < 1 to 10.93 mg/kg dry

weight in adults with a median value of 5.66 mg/kg dry weight. Se levels ranged from

<3 to 5.72 mg/kg dry weight in cysts with a median value of <3 mg/kg Se dry weight.

Discussion

The algae identified in the PVNGS ponds were the normal components of

hypersaline environments (Javor, 1989) and are not commonly toxic (Falconer, 1993;

Palmer, 1962; Yasumoto and Muata, 1993; Halleg-aeff, 1993). Fresh water and marine

species of the cyanobacteria Oscillatoria (Skulberg et al., 1993) can be toxic if they form

surface mats, but only occasional, isolated filaments were found in these ponds. The other

algae that are most likely to be associated with toxin production are dinoflagellates

(Hallegraeff, 1993) and species of the diatom Psuedo-nitzschia (Manhart et al., 1995),

which were not encountered. Toxin production by species of Chaetoceros (Anderson,

1994) and by Nitzschia frustulum has not been reported and both are commonly found in

hypersaline environments (Javor, 1989). N. frustulum is one of thirty-nine species of the

genus found in Arizona (Czarnecki and Blinn, 1977). Synechococcus Nageli 1849 has

been identified in fresh water, marine (Skulberg et al., 1993), and evaporite environments

(Rothchild et al., 1994), but has not been associated with wildlife mortality in saline

waters. In general, cyanobacteria are most associated with toxicity problems in freshwater
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environments, while green algae are generally regarded as non-toxic (Carmichael and

Falconer, 1993).

More important than their potential for direct toxicity were the high total algae

levels in the ponds and their ability to support an invertebrate food chain attractive to

birds. The dominance of diatoms in winter is understandable given the high nutrient

levels, especially nitrate, available to support algal blooms in the ponds (Sze, 1992). Brine

shrimp require high temperatures (25-35 °C) for growth (Persoone and Sorgeloos, 1980);

in these ponds they formed cysts at the end of summer and the adult stages disappeared

during winter, allowing diatoms to proliferate at that time of year. On the other hand,

Synechococcus is a heat tolerant algae (Sze, 1991) that may have a competitive advantage

over diatoms in summer. However, total algal counts were severely reduced in the

summer, showing that brine shrimp controlled the overall algae populations, including

Synechococcus, during warm weather.

The salt tolerance assays suggest that diatoms may continue to dominate the ponds

up to 100 g/1 salinity. Nitzschia is a dominate benthic alga in other hypersaline water

bodies such as Mono Lake in California (Herbst and Bradley, 1989), which has a higher

salinity than the PVNGS ponds. Algae are common members of hypersaline environments

even up to NaCl saturation (Brock, 1976), but the results suggest that the current species

may be replaced by more halotolerant species as the salinity approaches 150 g/l. Such

species do not appear to occupy the ponds at present. Interestingly, the green, flagellated

algal genus, Dunahella, often grows as an algal monoculture in association with brine

shrimp in water bodies above 150 g/I; it was not found in these ponds although the related
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genus, Carteria, was present. Dunahella is a common and desirable algae in saline ponds

(Rose et al., 1992) and has not been reported to produce toxins.

Brine shrimp are common inhabitants of hypersaline water bodies and are known

to survive up to NaC1 saturation, of approximately 300 g/l, although they tend to form

dormant cysts above 200 g/l(Tackaert and Sorgeloos, 1991). On the other hand, water

boatmen are from an insect family, Corixids, which are mainly freshwater forms (Merritt

and Cummins, 1984). Twelve genera reportedly grow in moderately saline water and

Tri chocorixa is the most salt tolerant genus (Aiken and Malatestinic, 1995), but

populations are reduced in water with electrical conductivities of 66,400 mmhos/cm (ca.

45 g/1 salinity) (Tones and Hammer, 1975). Hence, as these ponds become more saline,

water boatmen can be expected to decrease in abundance and finally disappear. This will

potentially intensify the brine shrimp blooms once this predator is gone (Sorgeloos, 1980).

Artemia were analyzed for priority pollutants (Table 6). None of the parameters

were at levels associated with direct toxicity in birds (National Academy of Sciences,

1980). Additional analysis of brine shrimp was done for Se based on its presence in the

water column. Se was of special concern because it is well known for its toxic effects on

waterfowl (Olendorf et al., 1990) and because grebes, Wilson's phalaropes (Mono Basin

Ecosystem Study Committee, 1987), and avocets (Persoone and Sorgeloos, 1980), all

visitors to the ponds, are known to consume brine shrimp. In fresh water systems levels of

5 gg/1 and higher are considered unacceptable for the protection of aquatic wildlife

(Engberg, 1991). Se levels in the PVNGS ponds ranged from 3 to 8 times this level. The
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median value for adult brine shrimp was > 200 times the level in the water column

(reported in December of 1996), indicating that biomagnification had occurred.

Levels between 2-3 mg/kg dry weight Se are considered normal for food chain

organisms in uncontaminated western wetlands (Ohlendorf et al., 1990; Presser et al.,

1994), while levels of 10 mg/kg Se fresh weight at 10% moisture (ca. 11 mg/kg dry

weight Se) in Mallard's feed reduce productivity and duckling survival (Lemly and Smith,

1991). Therefore, it is unlikely that Se, at a median value of 5.66 mg/kg dry weight in

adult brine shrimp, presents a ha7ard to visiting waterfowl at this time. However, Se is

known to evapoconcentrate, so it may present a hanrd in the future (Ong and Tanji,

1993; Ong et al., 1995).

During this investigation no significant bird mortalities occurred at PVNGS. So,

whether a transient set of environmental conditions or conditions unrelated to these ponds

were responsible for the previous bird mortalities remains unanswered. However, these

ponds present a productive food chain in an arid region and serve as an attraction to

migratory birds. The food chain will likely persist up to a salinity of 200 g/1 or higher

based on the persistence of brine shrimp and assuming replacement species of algae are

recruited above a salinity of 100-150 g/l.
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Table 3. Water quality parameters (mg/1) in Pond 1, Pond 2 and the Water
Receiving Facility, with mean and high values ( ) for the sampling period.

Parameter Pond 1 Pond 2 WRF

PH 9.2 (9.7) 9.3 (9.8) 9.2 (9.4)

NH3 as N 1.8 (3.5) 2.6 (4.5) 0.42 (0.83)

NO2- 3.8 (6.9) 3.8 (8.9) 0.21 (0.37)

NO3- as N 485 (580) 305 (372) 17.2 (21.9)

PO43- as P 0.13 (0.25) 0.11 (0.43) 0.13 (0.28)

BOD* 16.0 (31.6) 13.9 (23.6) n/a

Salinity** 55 (62) 63 (65) 0 (1)

*PVNGS mean values are based on 8 months of sampling (Oct. 1995 - Feb. 1996
and April 1996 - June 1996) and the collection of 3 samples per pond.
The author's mean is based on 9 months of sampling (Oct. 1995 - June 1996) and the
collection of 7 to 3 samples per evaporation pond and 2 to 4 samples for the WRF.
**Salinity is in g/l.
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Table 5. EPA priority pollutants mg/kg on a dry weight basis.

MRL	 Cysts	 Adults
Antimony 9 ND ND
Arsenic 1 4 2
Beryllium 2 ND ND
Cadmium 1 ND ND
Chromium 2 5 ND
Copper 2 34 5
Lead 10 ND ND
Mercury 0.1 ND ND
Nickel 10 17 ND
Selenium 1 4 ND
Silver 1 ND ND
Thallium 6 ND ND
Zinc 1 71 48

MRL = Method Reporting Limit.
ND = None Detected at or above the method reporting limit.

Table 6.	 Selenium levels in brine shrimp adults and cysts
mg/kg on a dry weight basis.

Replicate	 Cysts	 Adults
1 5.72 10.9
2 <3 10.1
3 <3 5.93
4 <3 <3
5 <3 4.56
6 4.04 5.66
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Figure Captions

Figure 1. Concentration of diatoms, green algae, blue-green algae and presence or

absence of brine shrimp and water boatmen, in Evaporation Pond 1 from August, 1995 to

June, 1996, at the Palo Verde Nuclear Generating Station, Arizona. The absence of brine

shrimp or water boatmen is indicated by absence of a symbol for a given month.

Figure 2. Concentration of diatoms, green algae, blue-green algae, and presence

or absence of brine shrimp and water boatmen, in Evaporation Pond 2 from August, 1995

to June, 1996, at the Palo Verde Nuclear Generating Station, Arizona. The absence of

brine shrimp or water boatmen is indicated by absence of a symbol for a given month.

Figure 3. Growth of pond algae at different salinities. The inoculum was a

composite sample of water from both evaporation ponds collected in March, 1996 at the

Palo Verde Nuclear Generating Station, Arizona. Each datum is the mean of 3 replicate

tubes per salt level.

Figure 4. Growth of pond algae at different salinities. The inoculum was a

composite sample of water from both evaporation ponds collected in April, 1996 at the

Palo Verde Nuclear Generating Station, Arizona. Each datum is the mean of 3 replicate

tubes per salt level.
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